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INTRODUCTION

Context and motivations

By 2020, the market for Electric Vehicles (EV) and Plug-in Hybrid Electrical Vehicles
(PHEV) represent up to 10% of all the private cars in France[l]. This observation is not
specific to France, this trend is also observed in the United States, China, and throughout
Europe [1], [2].

This recent growth in electrified vehicles is not innocent, as many countries are encour-
aging this market through laws concerning the purchase and use of this kind of vehicle.
Indeed, in Paris (the French capital) for example, thermal vehicles could be banned until
2035 and the same type of law is considered in England [3], [4].

In addition to consumers, manufacturers are also strongly encouraged to produce low-
carbon vehicles, as each gram of excess CO2 is very expensive for the car builder [5].

All these constraints and incentives have the same objective: quickly and efficiently
reduce the number of greenhouse gases released into the atmosphere to limit the global
warming predicted by climatologists [6].

Even if EVs do not directly produce gases during their use. The energy produced to
manufacture them, and to power them, does. The E4T report [7] shows the ecological
advantage of some vehicles over each other and it is clear that plug-in electrified vehicles
(Hybrids or Electrics) offer the best energy compromise. Figs. 1, 2 and 3 show that for the
whole life cycle of a vehicle, the impact of an electrified vehicle is greatly reduced against
Internal Combustion Engines (ICE). Furthermore, this observation is still true for every
vehicles class, small ones (Fig. 1), core range vehicles (Fig. 2) and bus transportation
(Fig. 3).

However, there is one important nuance to be made. These observations are true
in France where electric energy is largely decarbonized thanks to nuclear energy and
renewable energies. The observations could be different in other countries, but they are
not documented in the E4T study as it was driven by the French government [1], [7].

Thus, the pollution caused by EV and PHEV is essentially due to their construction

(extraction of materials and their manufacture Figs. 1, 2 and 3). Indeed, today’s batteries
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Figure 1 — Climate change impact of a person using their small urban vehicle within 2030
in urban use [1], [7]

are very lithium-intensive and to guarantee greater autonomy to the consumer, very large

batteries are produced [1].

Historically, increasing the size of batteries of EVs and PHEVs is the main way to
increase the vehicle range. Nevertheless, it is also possible to limit the consumption of
electrical energy and thus reduce losses in the vehicle. These losses can be greatly reduced
by optimizing some power train elements. The aim is to reduce battery losses, inverter
losses, motor losses, transmission losses to the wheels, or any electric intensive part to

increase the global vehicle efficiency and thus the vehicle range.

In this manuscript, conducted in the framework of the chair between Renault and
Ecole Centrale de Nantes-LS2N, the bet was to be focused on the electric consumption
of the entire vehicle. Thus, one part of the global EV/PHEV powertrain is investigated:
the control of the two-level three phases inverter.

For reasons of cost and accessibility of EV, the inverter considered by Renault is a three
legs voltage inverter with only two levels. This architecture has the advantage of being
minimalist as it contains only six power switches (two per leg). However, considering
the addition of extra switches, the cost would grow exponentially with the number of
vehicles produced. Indeed, to change the hardware structure it is required to perform
research and development, change the software and all the dependencies, and finally, the
industrialization process will be significantly changed.

All these changes have a non-negligible cost and would be paid by the final customer

with more expensive vehicles. Renault’s philosophy is not to build expensive cars but
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Figure 2 — Climate change impact of a person using their core range or high-end vehicle
within 2030 on the WHLVTP [1], [7]

to provide a vehicle to everybody by maintaining high safety and reliability levels. The
hardware changes to increase the vehicle range would not be appreciable. This last con-
straint led Renault to consider software changes in their vehicles instead of hardware ones.
More precisely, the global point of view is to modify every software linked with energy
consumption to improve their vehicles. Then the charger drive, the inverter drive, the
command control drive, etc. are in the scope to be improved [8]-[12].

Thanks to the previous context information, this research work subject is to work on
the Pulse Width Modulation (PWM) control of the power inverter, and more precisely on
its optimization in the context of EV use. As mentioned, because of the intrinsic structure
of the vehicles, the work is limited to the study of two-level inverters. Furthermore, to
remove harmonics lower than the electric fundamental one the researches focused on
synchronous PWM strategies. Indeed synchronicity force the harmonics generated to
be integer multiples of the fundamental one. This assumption can be legitimate as it
will necessarily reduce the losses of an inverter, nevertheless, this configuration needs
information on the motor angle due to the synchronicity that requires either a mechanical
sensor or an observer.

Thanks to the previous exposition of the context, it appears that the ecological, social,
and industrial contexts justify the research to improve the two-level inverter. Neverthe-
less, the inverter studied is not a new device to convert Direct Current (DC) energy to

an Alternative Current (AC). Then, a quick overview of DC/AC conversion history is
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proposed next to precise the origins and context of actual research on DC/AC conversion.

A brief DC/AC conversion history

The Birth of AC to DC conversion
Since the start of AC usage at the beginning of XX century, the question of conversion
between AC and DC was a problem for engineers.

Indeed, DC power appeared first and was progressively replaced by AC ones because
of the development of synchronous electric motors. Despite this replacement, AC and DC
devices existed together, and a connection between the DC power and the AC one was
required, this way the first AC/DC converters appeared [13].

The first AC/DC converters were done thanks to rotary machines and next by mercury
arc rectifiers and finally by solid-state rectifying equipment. This equipment was called

rectifiers, the name still used nowadays!.

The apparition of inverters
The principle of the inverter has been described for the first time in 1925 by David
Prince [14], in a research paper called "The inverter". The inverter term is directly linked

with the rectifier one presented in the previous paragraph. Indeed inverter works exactly

1. The actual converters are called "static converters' because they do not need rotary devices to
perform the conversion
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as a rectifier but as a reversed one [15], then an inverter is defined as the inverse of
a rectifier. In 1925 the inverter described by Prince is a rotary system, but became

progressively, at the same time as the rectifier a "static converter', using power switches.

The command control development of inverters

When the first static DC/AC converters arrived in the industry, it was necessary to
control them, a control is done with analogical devices and electronics. Thanks to this
command architecture the first control imagined was based on the mean value principle,
this is the firss PWM control, called "natural PWM" or "Sinusoidal PWM" (SPWM).
Nevertheless, with the increase of output amplitude needed, the references overcame the
original carrier signal, it is the birth of the so-called "over-modulation". This method was
a lot studied, before the appearance of injection methods, with the first Third Harmonic
Injection PWM (THIPWM) described for the first time in 1975 by Buja [16] allowing
to increase the linear use of inverters. In the following years (1977) the development
of Discontinuous PWM (DPWM) appeared to decrease losses instead of increasing the
harmonics quality with the Depenbrock works [17] (DPWMI1). In addition, the first
vectorial PWM methods also appeared approximately ten years after in 1988, as described
by Van der Broeck [18]. The Space Vector Modulation (SVM) technique was revealed to
be particularly efficient in the case of vectorial motor control. Based on these researches
a constant increase of PWM command-control was performed with the appearance of
Optimal Pulse Patterns (OPP) and closed-loop PWM as the model predictive control for
example. Nevertheless, in parallel with new control structure development, new topologies

appeared that are more efficient than the classic three-phase two-level inverter.

The new topologies

As mentioned, "inverter" designates the most basic way to convert DC energy to AC one
(three legs and two levels). On the other hand, multilevel converters perform the same
transformation but with more switches to perform a better output voltage, redundancy,
etc. All these new topologies have their pros and cons, and it would be impossible to
provide space for all of them in this manuscript, nevertheless, it is important to know
they exist and consist of very efficient alternatives to the classic inverter to perform
electric power conversion. Instead, it was decided to propose a short and non-exhaustive
list of converters without exploring them in this document [19], [20]:

— Neutral-point clamped converter
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— Active neutral-point clamped converter

— Modular Multilevel Converters

— Flying capacitor converter

— Nested neutral-point clamped converter

— Cascaded H-bridge converter

— Cascaded neutral-point clamped converter

— etc.

Those new topologies have many significant advantages as to offer greater flexibility in
control, redundancy, better output, and then, better efficiency. Those elements led Fran-
quelo in 2008 to affirm that "the age of multilevel converter arrives" [21]. Nevertheless,
the inertia of the industry in addition to the development costs, industrial changes, and
material costs are reasons explaining why Multilevel converters do not surround us today.
Then researches on two-level inverters have to be performed to improve their behavior.

As the historical context is done in addition to the social context and the industrial

one, a problem for the research work can be proposed.

Problematic

Electric power conversion, because of its internal structure composed of switches pro-
duces a lot of deleterious electrical harmonics for the connected load. For the specific case
of an electric motor, copper losses and iron losses would drastically increase. In addition
to losses, because of the non-sinusoidal voltage, an unpleasant noise could appear [22] or
an important harshness. Furthermore, a bad output quality will be harmful to the battery
as this device does not like, high-speed current changes. Current through the inverter will
also generate an important electromagnetic field affecting electronics and motor behav-
ior. Efficiency would be also decreased because useless harmonics for the motor and the
converter are spoiled energy.

All these sides detrimental effects are due to (or amplified) by the PWM command
control of the inverter. Of course, considering a natural PWM control will not forbid the
vehicle drive, but, for sure, it will require important hardware modifications, to reduce
noise, filter harmonics, and improve the ElectroMagnetic Compatibility (EMC), better
battery protection or a bigger one to ensure the predicted autonomy.

If software changes can affect positively one of these constraints or more, this change

must be done especially if its equivalent hardware change is expensive or difficult to
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archive. As mentioned at the beginning of this manuscript introduction, this software
improvement is not only relevant for cost reduction but it is also necessary to increase the
performance of EVs and then attract people to buy electrical vehicles in phase with the
ecological requirements.

This work is then concerned with the synchronous PWM optimization of a two levels
inverter, in an electrical car context. These researches are focused on the three phases,
but analog improvements can be found for p-phases inverters.

In addition, the Renault context led to suppose a voltage inverter with an electric
motor connected at the output. Nevertheless, all the works presented, are applicable with
very few modifications to current inverters and any kind of load requiring an alternative
power to work.

The positioning problem is then: "How can we change the PWM control of the in-
verter to improve its behavior under constraints of synchronicity and for low switching

frequencies?".

Contributions

This research work led to some peer-reviewed papers in international conferences and
submissions in international journals. As this work is an industrial collaboration between
Renault, 'Ecole Centrale de Nantes and the LS2N, the results of the research have been
patented by Renault.

The following list is exhaustive about the Ph.D. contributions and publications.

Peer reviewed international journal submitted

— A. Bourgeade, M. Ghanes, M. Fadel, A. Bouarfa, J-P. Barbot and R. Boisliveau,
"New PWM inverter control based on optimal pulse pattern computation with-
out phases symmetry constraints," Control Engineering and practice (CEP), 2022
[submitted]

— A. Bourgeade, M. Ghanes, M. Fadel, A. Bouarfa, J-P. Barbot and R. Boisliveau,
' A new synchronous carrier based PWM control for low switching frequencies: The
saw-tooth injection PWM," IEEE Transaction on power electronics (TPEL), 2022
[submitted]
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Peer reviewed international conferences published

— A. Bourgeade, M. Ghanes, M. Fadel, A. Bouarfa and J-P. Barbot, "Off-line PWM
control with three phases relaxed symmetry applied to a two-level inverter," 2021
IEEFE Conference on Control Technology and Applications (CCTA), 2021, pp. 595-
600, doi: 10.1109/CCTA48906.2021.9659137. (see [23])

— A. Bourgeade, M. Ghanes, M. Fadel, A. Bouarfa and J-P. Barbot, "A New PWM
Control based on an Optimized Zero Sequence Component injection: Application in
a Two-Level Inverter," IECON 2021 — 47th Annual Conference of the IEEE Indus-
trial Electronics Society, 2021, pp. 1-6, doi: 10.1109/ IECON 48115. 2021.9589469.
(see [24])

Peer reviewed international conferences submitted
— A. Bourgeade, M. Ghanes, M. Fadel, A. Bouarfa and J-P. Barbot, "Open prob-
lem: WTHD reduction understanding for a synchronous saw-tooth injection PWM
control," The 22nd World Congress of the International Federation of Automatic
Control (IFAC), 2023 [submitted]

Renault patents linked with the previous work
— A. Bouarfa, A. Bourgeade and M. Ghanes, "Méthode de MLI précalculée basé sur
la relaxation angulaire entre phases', Brevet Renault, 2021
— A. Bouarfa, A. Bourgeade and M. Ghanes, "Méthode de MLI a porteuse triangu-

laire par injection de dent de scie", Brevet Renault, 2022

Manuscript organization

The following document is organized into three chapters with appendices to help the
understanding.

Chapter 1: The First chapter provides a global overview of existing strategies for the
two-level inverter. Indeed, many PWM strategies philosophy exists as the carrier-based
PWM, the vector-based but also more recent techniques as the OPP but also closed loop
ones. All these strategies are explained and their pros and cons are underlined in terms
of performance and implementation. At the end of the chapter, a choice is done on the

future manuscript development regarding the existing strategies.
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Chapter 2: The second chapter is interested in the particular case of OPP strategies
it is well known these strategies offer the best results for a given objective. Here, the
objective chosen among all the existing ones is the Weighted Total Harmonic Distortion

(WTHD), because of its independence to load parameters.

In recent years the OPP tends to always relax the symmetry constraints to improve the
output signal quality in terms of WTHD. Nevertheless, the switching angle computation
is always done on a single phase and is extrapolated on the remaining ones. The main idea
developed in this chapter is to relax this constraint and to compute the switching angles
for all the phases independently but with respect to the global output waveform. This
consideration, due to the numerous decision variables to deal with led to the introduction

of optimization algorithm methods.

These methods were applied to a three phases two-level inverter in simulation and ex-
perimentally led to an improvement of the WTHD for low ratio between the fundamental
frequency and the switching one. Furthermore, as the Phase Symmetry Relaxation (PSR)
proposed could lead to quick changes inside the solution set, a new tool was introduced
to quantify the difference in smoothness between PSR strategies and classical ones. This
objective led us to conclude that the smoothness quality remains comparable for classical
strategies and the PSR.

Chapter 3: The main problem with OPP is the storage of the solutions inside a
memory. Then working on more classical strategies seemed to be a good compromise
between performance and easy implementation. In this context, carrier-based strategies
were explored and more precisely an extension of THIPWM was imagined. This extension
is done by computing an infinity of harmonics to inject inside the modulating signal by
the zero sequence component instead of a single one as THIPWM does. This strategy is

called Zero Sequence Component Modulation (ZSCM).

The first interesting property found of the ZSCM strategy is that it can reproduce
any carrier-based strategy as SVPWM or DPWM strategies for example. Then after
finding results, an unexpected zero sequence components waveform was found for some
specific operating points and objectives which seems to have a shape of a saw-tooth. This
Saw-Tooth Injection PWM (STIPWM) was then optimized and studied to understand
its properties. Thus, an attempt of demonstration based on double Fourier decomposi-
tion was done and some non-conclusive but interesting preliminary results were found to
understand deeply STIPWM strategy.
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In addition simulation and experimental results were found to compare both ZSCM
and STIPWM to classical strategies. The ZSCM was revealed better for every operating
point studied. On the other side STIPWM, with its very simple shape is easy to perform

and provides very interesting results for some operating points.

Conclusion: As a conclusion, an overview of the work done is performed and per-
spectives are provided to help anyone who desires to go deeper into the research field of
synchronous low frequencies PWM control applied to two-levels inverters.

Furthermore, it is highlighted some very interesting possible developments in multi-

level converters or possible applications in other research fields.
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CHAPTER 1

THE INVERTER COMMAND

In this chapter, an overview of the most common Pulse Width Modulation (PWM)
control used for three phases two-level inverter is proposed, this work is essential, as it will
draw a research context and will provide ideas for future developments. In addition, this
work will avoids the thesis to do again improvements already existing in the literature.

It is important to mention that, all the strategies presented have specific applications,
pros and cons, which would be highlighted. Furthermore, this background cannot be
exhaustive, but it provides a general overview of the existing PWM control approaches.

Another objective of this chapter is to motivate the interest in three phases two-level
PWM control as it seems to be an old and refined domain as explained in the introduc-
tion [21]. This chapter will also position the proposed strategies during the Ph.D against

existing approaches.

In this manuscript, it will be often a question of Voltage Source Inverter (VSI), never-
theless, thanks to the fundamental power conversion law [25]-[27], it also exists inverters
transforming DC to an AC voltage. But, in practice, a voltage source is more present in
the literature as it exists more voltage sources in nature, than current ones. Furthermore,
all the reasoning done on voltage is rigorously equivalent to current consideration thanks
to Thevenin-Norton consideration [28], [29]. Also, the study is focused on the Renault’s
electrical vehicles then, for the seek of simplicity, this work is mainly concerned by a DC

voltage source with an AC current load.

About the load, in the context of this work, its structure is not important as all the
strategies developed are focused on the inverter only. Then, the load is precised when the
current information is required.

In the following well known PWM strategies will be explored, the Carrier Based PWM
(CBPWM) first [27], next the vectorial ones [30]. Following, the most recent ones, ap-
peared with micro-controllers, the off-line PWM, also called OPP [31] are exposed. Fi-
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nally, a short exploration on existing closed loop strategies is performed as the Hysteresis
[32] or the AX ones.

For a reader new to PWM techniques, a short reminder on PWM control command is
done in Appendix A. This Appendix does a recall on bases of the PWM control and well
known equations. Following sections suppose a good knowledge of PWM bases.

Next section, is directly concerned by some basics CBPWM description, hypotheses

and command control assumptions.

1.1 Carrier based PWM

As mentioned in Appendix A the PWM signal can be generated thanks to a comparison
between the normalized desired signal and a carrier signal. Nevertheless, it is not the only
way to generate command of the power switches inside the inverter. First, a short recall
on the command structure will be done, even if in the whole manuscript, this command

is considered as a black box.

1.1.1 The different classes of CBPWM

1.1.1.1 Hypotheses concerning the control loop

The reference signal mentioned before have to be provided by the command control
loop. An example of a simplified control loop of a Permanent Magnet Synchronous Motor
(PMSM) is presented on Fig. 1.1

DC bus
_ - - Epc
1= 2 o 5 o
f B e~/or IL“ PWM |20 ;:
gt ¥, 2

g
e

Figure 1.1 — Synchronous electric motor control. In red, the PhD field of study
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1.1. Carrier based PWM

This control loop can have many forms, with many representation and complexities. A
dq schematic one can be seen on Fig. 1.2. Nevertheless, all this document is not concerned
about the entire control loop, but only on the PWM generation part (Fig. 1.1). Then the
regulation part is considered as a black box providing a correct information on desired

frequency f1, voltage amplitude V; = mEpc and phase ¢ ;.
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Figure 1.2 — dqg PWM control

These informations are enough to control the motor, even if a very large quantity of
regulation loop exists.

Indeed, many works treat the global problem of power electronics control in a more
global loop without considering the PWM problem [33]-[35]. The purpose of our re-
searches are done in an opposite consideration.

This research paradigm reasonable as the global control loop have not the same pur-
pose than PWM control!. The first one is concerned about, speed, torque, observation,

ete.. and the second one is concerned about the load harmonics and its impacts [27].

As mentioned before, even if the global control loop is an interesting field of research,

this control will be supposed known to focus on the PWM generation and more precisely,

1. Even if they have not the same purpose, it is obvious that PWM directly depends on the global
control loop as its computation is based on the closed loop reference.
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on synchronous PWM.
Next subsection will do a short drawback on synchronous PWM advantages to justify

this bias in our work.

1.1.1.2 Synchronous carrier based PWM

The main advantage of synchronous PWM against asynchronous ones is the absence
of harmonics below the fundamental frequency. This is understandable the number of
switches is constant per period, and switching angles? are preserved. Indeed, even if
the desired frequency changes, the synchronous property will ensure the switching angle
constancy. 3

In the opposite, asynchronous PWM will variable switching angles depending on the
frequencies*. This variation will generate a lot of low frequencies. These frequencies are
hard to filter as they are below the fundamental one (i.e. the desired one).

Nevertheless, the main problem of synchronous CBPWM remains that the angle in-
formation is needed, in order to meet the synchronicity. To reach this constraint space
vector constraints can be privileged as they already require the angle knowledge to gen-
erate the PWM (see section 1.2). Nevertheless, space vector PWM are asynchronous as
the computation time T; does not depend on the angle knowledge, and then generate low
frequencies harmonics.

Renault company, for the previous reasons, wants to develop synchronous PWM inside
the motor command control. To reach this specification, we will introduce several nota-
tions. First, synchronicity impose a fixed number of switches per period. This obligation
leads to th introduction of Ng,, which designates the number of switching per quarter
period. This number is linked with the switching frequency defined as f; = 2Ny, f1 and
then 4N, switches per period®.

Under the CBPWM a triangular wave form is implicitly supposed. Nevertheless, the
reader have to keep in mind that triangular waveform is not the only possible shape and
saw-tooth carrier based PWM also exist in the literature.

Next subsection discuss about the triangular and saw-tooth carrier differences.

2. The switching angle is the switching time reported over a period, in order to ignore the signal
frequency for the computation.

3. Even if the switching angles are the same, the switching times are not constant as the frequency
changes

4. The switching one and the fundamental one

5. It is important to notice that as f; vary the switching frequency fs is not constant.
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1.1. Carrier based PWM

1.1.1.3 Synchronous triangular and saw-tooth PWM comparison

In the previous section, we discussed the interest of synchronous PWM against asyn-
chronous one but under a triangular carrier based assumption.

This configuration was studied in the literature and led to less good results as it
generates more harmonics than the triangular carrier based PWM [36]. Furthermore as
we can see it on Fig. 1.3, triangular CBPWM generates centered pulsations. On the
other-side saw-tooth PWM generates right aligned PWM ¢,
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(a) Saw-tooth pattern (b) Triangular pattern

Figure 1.3 — Switching differences between saw-tooth based PWM and triangular based
PWM

The configuration explored Fig. 1.3, leads to better results with triangular CBPWM
instead of saw-tooth ones. Indeed, thanks to its intrinsic symmetry, more harmonics are
removed, providing better results. As an illustration of this affirmation Figs. 1.4a, 1.4b
and 1.5 show that sychronous triangle symmetry afford better results than saw-tooth ones.
Fig. 1.5, show a Weighted Total Harmonic Distortion (WTHD) comparison. The WTHD
is a Total Harmonic Distortion (THD) modified to provide a better harmonic criteria for
inductive loads. Explanations on WTHD and mathematical justifications can be found
in Appendix F.

In few words, the WTHD will represent a generic current behavior in a motor. Indeed,

6. A saw-tooth based PWM generating left aligned pulses also exists. Nevertheless, it would lead to
significant same results because of the symmetry.
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as an electric motor is a low pass filter, the WTHD will filter the voltage in the same way
except that WTHD does not depend on specific motor parameters. The WTHD equation
is defined thanks to eq. (1.1).

100
Vivrap,% = A >

n>2

Vi

n2

(1.1)

Fourier comparison for triangular and saw-tooth SPWM, m = 0.45 N, = 3
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Figure 1.4 — Synchronous triangle and saw-tooth PWM Fourier comparison

40



1.1. Carrier based PWM

Fourier comparison for triangular and saw-tooth SPWM, N, = 3

= Triemguli'-u‘ PWM|
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Figure 1.5 — WTHD comparison between Triangular and Saw-tooth PWM

For the seek of simplicity and because triangular carrier based PWM are omnipresent
in the literature, CBPWM will designate the synchronous triangular one in the rest of

the manuscript.

Next subsection is concerned about one of the usual technique consisting to inject a

periodic signal inside the normalized reference one.

1.1.2 Zero sequence component injection

Previously, different kind of CBPWM was presented and especially a comparison be-
tween a triangle or a saw-tooth PWM. These methods was compared with the natural
PWDMto generate the signals. Nevertheless, it is well known that this method is not
optimal as only two drived legs are enough to control an inverter [27].

The idea is then to drive only the first two phases of the converter. For that, we intro-
duce the Zero Sequence Component (ZSC) described as: vo(t) = £2< (S;(t) + Sa(t) + 95(1)).
The idea is to inject this signal in the normalized reference one to force the three legs to
be controllable.

Because the matrix in eq. (A.1) cannot be inverted, the idea is to impose the ZSC
(vg) voltage instead of the three voltages to obtain better performances. Doing so, and

thanks a mean value consideration, eq. (1.2) can be easily obtained.
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Figure 1.6 — ZSC injection principle

v o [z -1 -] [ae
(Va)| = =3 [=1 2 —1| - |da(t) (1.2)
vo(t) 1 1 1 ds(t)

With d;(t), da(t) and d3(t) the duty cycles and (-) designate a mean value. Duty cycles
are defined as the time ratio between the upper state one and the switching period. This

definition can be expressed as a sliding average eq. (1.3).

0= [ I g )y (1.3)

~on
The duty cycle indicates how long each commutation cell will work. Indeed, doing so,
locally the output will be performed properly as explained in the Appendix A.
By inverting the matrix of eq. (1.2), it is possible to compute the duty cycles depending
on desired voltage. This inversion can be done as the introduction of the ZSC generates

a reversible matrix eq.(1.4).

di(t) ) 1 0 1 Vi(t))

b =— 0 1 1| [k (1.4)
Epc

ds (1) 11 1] | e

Eq. (1.4) indicates that only two voltage knowledge are enough to drive a VSI. In
order to exploit this freedom degree, the ZSC, is added to the reference signal as seen on
Fig. 1.6.

It is also possible to inject a null ZSC, providing the duty cycle of the SPWM. Nev-
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1.1. Carrier based PWM

ertheless, SPWM was quickly revealed as sub-optimal by the researchers.

In the middle of the 70’ [16], [37] the first zero sequence component strategy appeared,
to correct the problems afforded by over-modulation.

This first strategy was a THIPWM technique described by Buja in 1975 [16], [38].
Historically, this strategy was developed to increase the feasibility domain and to avoid
the problems afforded by over-modulation techniques which produces a distortion of the
output waveform. More precisely, the abrupt dropping of pulses may result in a step
change in output voltage, which can cause motor current instability.

Next sub-section is then concerned about the description of THIPWM techniques.

1.1.3 Third harmonic injection PWM

The objective of THIPWM is to find a new modulating signal by injection of a third
harmonic in order to increase the feasible domain. Then, the global equation of THIPWM

modulating signal is described thanks to (1.5).
Vinoa = m (sin(0) + asin(36)) (1.5)

In eq. (1.5), m designates the modulation index and is defined as the percentage of
use of the DC bus. Then, m = ELDIC where V; is the desired amplitude of the output
signal.

It is possible to demonstrate that the a coefficient of eq. (1.5) allowing to reach the
maximum modulation index by injecting a single third harmonic is equal to ¢ [16], [38].
This demonstration is presented in Appendix B.

Thanks to this injection consideration, the maximum modulation index reachable is
Maunazr = \/Lg and represent a linear modulation increase of approximately 15%.

Even if originally the objective was to increase the linearity zone, an appreciable side
effect of this strategy is to improve the harmonic quality of the output voltage. Indeed,
the power lost before in the harmonics of the same voltage are now used to reach higher
voltages. Then harmonics improvement is a side effect of the increase of the maximum
feasible modulating index.

Nevertheless, another THIPWM strategy has been found to be optimal thanks an
injection of % instead of %. This method is known to increase the harmonic quality, and
more specially the THD, nevertheless THIPWM% remains the best to reduce WTHD.
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Another point with the THIPWM }1 is, that even if this method seems better about
the THD, the linear modulation increase is now of 12% instead of 15% [27], [39]. It is
understandable as the THIPWM % was designed and proved to afford the greatest linear
zone (see Appendix B).

It has been showed that THIPWM method improves the harmonic quality. Neverthe-
less, it is not the single criterion to qualify a PWM strategy. Next section will focus on

the discontinuous PWM, strategies known to reduce the losses inside the inverter.

1.1.4 Discontinuous PWM

Discontinuous PWM also called DPWM are ZSC injection PWM. Their purpose is to
minimize the losses inside the inverter by forbid to switch a phase for a certain amount
of time. Indeed a lot of losses are due to the joule effect, then DPWM considers a
reduction of switching losses and conduction losses. DPWM strategies force a leg to do
not switch periodically and the saturated leg also change periodically. To do that, the
idea is to force the zero sequence to a specific waveform exactly as harmonic injection
seen before (see section 1.1.3). The main difference between THIPWM and DPWM is
the final objective. Indeed both of them are concerned about injection of a ZSC inside
the normalized reference signal. Nevertheless, THIPWM purpose is to reduce THD or
WTHD and DPWM reduce the inveter losses even if the output signal contains more
harmonics.

The first DPWM description was done by Depenbrock in 1977 [17]7. Depenbrock
thoroughly investigated DPWM1 and illustrated its superior voltage linearity range, re-
duced switching loss, and the superior high modulation range current waveform quality.
However, the poor low modulation range performance® and implementation complexity
have limited the application of this modulator. Nevertheless other researches led to other
equivalent implementation and simplifications of the DPWM strategies [40], [41].

Today all the DPWM are well known and some papers compare all the DPWM to-
gether [42].

In this manuscript, all the DPWM existing (as far as we know) are all presented on
Fig. 1.8. The DPWM computation was done thanks to [40], [41] leading to eqgs. (1.6),
(1.7), (1.8) and (1.9).

7. Depenbrock did not introduced the "DPWM" name, this name arrived thanks to later works.
8. narrow pulse problems and poor current waveform quality
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Figure 1.7 — DPWM principle, here is presented an example of DPWM computation with
a phase v [40].

(1—-2a)+ (a—1)max(Vyer) — o - min(Viey) (1.6)

N —

- 1—%[1+Sign(sin(3(9+5)))] (1.7)

Egs. (1.6) and (1.7) represent an easy method allowing to implement most of the
DPWM strategies by only changing the  coefficient

The principle by doing it this way is to have the ZSC equal to the opposite of the
actual adjacent signal with a phase shift multiple of £ doing so, at some specific instants
the modulating signal will be saturated. This principle is more understandable thanks to
Fig. 1.7. Even if the variable 1) can have an infinity of value in theory. Only some specific
of them are interesting and consist the well known DPWM (0, 1, 2, 3, min and max).

According with egs. (1.6) and (1.7), the ¢ parameter can be tuned to generate the
desired DPWM:

— DPWMO , 0 = ¢ (Fig. 1.8b)

— DPWM1 , § = %“ (Fig. 1.8¢)

— DPWM2 | § = 3?” (Fig. 1.8d)

— DPWMS3, 6 = 4 (Fig. 1.8¢)

About the DPWMmin and DPWMmax strategies, the point of view is the same, but

for an easiest implementation equations are a little bit different, and the ZSC is selected
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Figure 1.8 - DPWM synchronous carrier-based PWM with their zero sequence component

equal to the saturation signal (the minimal one for DPWMmin and maximal one for
DPWMmax). Giving eq.(1.8) for DPWMmin and eq.(1.9) for DPWMmax.

min(V,.

V0,DPW M Min = ——(2 /) (1.8)
max(V,.

V0,DPWMMaz = ——(2 /) (1.9)

Thanks to all the previous description, it is possible to represent all the classical
DPWM on Fig. 1.8.

We saw that DPWM strategies reduce the losses and THIPWM increase the harmonic
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quality. Nevertheless, it exists other objectives as the noise reduction and it is the topic
of the next subsection with the random PWM.

1.1.5 Random PWM

It exist, in theory, as many random PWM strategies as we desire. All the Random
PWM (RPWM) have the same purpose: reduce the noise feeling of an human and reduce
the motor vibrations, also called harshness. Indeed classic PWM works with a funda-
mental switching frequency (fs) or with a synchronous frequency (2N, f1). With these
methods, the harmonics generated by the VSI are regular. The idea with a RPWM is
to generate an infinity of harmonics with a wide frequency specter in order to reduce

9

the perceived noise”. Indeed, the literature mention the feeling of "sand flowing" [22].

This sensation is due to the human ear sensibility, which is neither constant nor linear
and a powerful but varying noise will be appreciable against a lower but constant noise.
On Fig. 1.9, we can see that 4000Hz frequencies are way more easy to ear than others.
To eliminate noise feeling those frequencies have to be avoided or to spread them on a
lot of frequencies, which is done with RPWM. In addition with the human noise feeling

reduction, mechanical vibrations of the motor will be also significantly reduced [22], [43]—-
[45].
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Figure 1.9 — Human hearing sensitivity, the more the curve is high the more these fre-
quencies are difficult to hear [46].

Nevertheless, because RPWM generates a lot of harmonics, it’s quality in terms of

9. Let’s remark that the noise is reduced only as an illusion, because in reality more harmonics are
generated. Nevertheless it is less disagreeable because of the richness of the harmonics.
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losses or of WTHD is very poor. Furthermore the fundamental is not always feasible,
especially for low switching frequencies. This is why, this method is called a high frequency
PWM method. In addition, a lot of securities have to be planned in order to avoid narrow
pulses or simultaneous switching.

The most basic idea to generate a PWM is to use a random carrier frequency PWM.
The principle is to change randomly the frequency of the carrier [32] compared to the
modulating signal. To do so, many techniques exists as selecting the slope randomly
inside a range to generate rich harmonics (Fig. 1.10). In order to improve this technique
Shi in 2003 [47], proposed a genetic based algorithm, to select the carrier frequency but
also to reduce the THD of the signal. This algorithm compute the best frequencies off-line

and apply them thanks to a real-time algorithm.

|
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Figure 1.10 - RFPWM based on a random slope

To generate a RPWM, it is also possible to do a pseudo random carrier by selecting
ye(t) or —y.(t) at the end of each half switching period (Fig. 1.11) [48]. Many other
strategies exist as the use of Markov Chains to generate PWM [49].
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Figure 1.11 — Pseudo RFPWM

Nevertheless, due to their intrinsic random purpose, RPWM are not the privileged
strategies to be implemented, even if they benefits great advantages as the noise and

harshness reduction but also the diminution of the passive filter’s size.
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We would finish this section by the presentation of a compromise strategy, which is
between the DPWM and THIPWM in terms of performances.

1.1.6 Other ZSC injection: The OMIPWM example

An infinity of ZSC injection strategies can be imagined, but some of them afford
interesting effects, this is the case of the Opposite Median Injection PWM (OMIPWM)
[50], [51]. This strategy was first imagined to control a four legs three phases two-level
inverter but can be easily transposed to a three legs two voltage level application.

The basic principle of this strategy is to add the opposite of the median voltage inside
the normalized reference one. Nevertheless, this signal have to be saturated in order to
avoid over-modulation (see Fig. 1.12). Doing so, it was showed [50] this strategy afford a
compromise between the harmonic quality and the switching losses.

Indeed, this strategy behave exactly as to be half a DPWM and half a continuous
one. This behavior is highlighted as the strategy automatically change from a continuous
strategy to a discontinuous one while its modulation index increases.

Because of this property, the results provided by the OMIPWM are less good than
DPWM for losses reduction but affords a better harmonic quality. About continuous
strategies the OMIPWM provide a better losses reduction but a lower harmonic quality.

In another words, the OMIPWM is a compromise between harmonic quality and losses

reduction.
1
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Figure 1.12 — OMIPWM control scheme

With all the strategies presented, we underlined that CBPWM can succeed to improve
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many objectives as the losses, the harmonics, noise or some of them together. Nevertheless
this PWM generation is not unique and a vector based representation can be useful
especially in a motor control command context. Space vector modulation strategies are

then the subject of the next section.

1.2 Space vector PWM

In Appendix A, it was shown there are 8 binary possibilities to command the inverter
output, nevertheless it is possible to represent this command as a vector where each
PWM possible command corresponds to a «af frame vector (Table 1.1 and Fig.1.13).
This description was first proposed by Van der Broeck in 1988 [18].

| Sl S2 53 ” ‘/1 | ‘/2 | VE; | Wk | Vector |
1T 0 0] 2Epc | Epc| —2Epc| ZEpc | Wi
1 1 0 %EDC %EDC —§EDC %Epcei% W,
0 1 0| —3Epc| 2Epc | —5Epc %EDcei%ﬂ W;
0 1 1 —%EDC %EDC %EDC %E’Dgei7T W4
0 0 1 _%EDC’ _%EDC %EDC' %EDCe#Tﬂ W5
1 0 1 %EDC —%EDC %ED(] %EDoeiSTﬂ W6
0 0 O 0 0 0 0 Wy
1 1 1 0 0 0 0 W~

Table 1.1 — Voltage and vector representations

This vector representation is even more interesting as the desired voltage can also be
expressed as a complex time function in the af frame.
This vector representation have the advantage to be represented in two dimensions

(Fig. 1.13) and with a single complex vector Wy, in Table 1.1.

1.2.1 Principle

The highly coupled nature of VSI loads such as induction and synchronous machines
has led to the use of artificial variables rather than actual (phase) variables for the purpose
of simulation as well as for visualization [27], [30].

These currents (phase variables) can be visualized as being components of a single
three-dimensional vector (space vector) existing in a three-dimensional orthogonal space.

The projection of this vector on the three axes produces the instantaneous values of the
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Figure 1.13 — Complex representation of the feasibles voltages in a three phases two-level
VSI. This representation is linked with Table 1.1

three stator currents. In most practical cases, the sum of these three currents adds up
to zero since most three-phase loads do not have a neutral return path. In this case, the

stator current vector is constrained to exist only on a plane defined by:

The fact that eq. (1.10) defines a particular plane is evident if it is recalled from
analytic geometry that the general definition of a plane is ax + by + cz = d. Components
of the current and voltage vector in the plane are called the d-q components while the
component in the axis normal to the plane (in the event that the currents do not sum to
zero) is called the ZSC.

The idea is then, to use the ZSC properties under its vectorial representation to per-
form the desired output voltage and so, to compute the switching states thanks a vector
point of view.

To do so, the objective is to compute the switching instants thanks to a vector repre-
sentation and then to represent either the vector possibilities and the reference voltage in

the same frame Fig.1.14.

On Fig.1.14, all the feasible vectors are represented, 6 active vectors and two null.
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W,(110)

Ws(001) W (101)

Figure 1.14 — Vector graphic representation with all the switches represented in a af
frame

All these vectors cut the space into 6 part called sectors numerated from 1 to 6 (circled
numbers on Fig.1.14). Then, to compute the specific switching instants a consideration
about vector composition is required. This vector composition is explained in Appendix
C but can be also found in Holmes’s Book [27].

Nevertheless, this strategy, as for the THIPWM, have the advantage to perform an
increase of the feasible space of 15%. Doing so, a reduction of the harmonic impact
is also performed in addition with an easy implementation in a motor control context.
Nowadays, the Space Vector Modulation (SVM) is the gold standard strategy to control
an inverter. Furthermore, it also exists equivalent vector based strategy for inverter with

more voltage levels [51].

It is well known that SVM is rigorously equivalent to a carrier based strategy. For the
purpose of readability the carrier based equivalent SVM is called the SVPWM. As it is,
in fact, the same strategy, the advantages of SVPWM are the same than SVM.
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1.2.1.1 SVPWDM description

As mentioned before SVPWM is the carrier based equivalent of the SVM. This link
is easy to demonstrate by using the property that only two legs are necessary to drive an
inverter (see Appendix D). Doing so, a link between a mean value evaluation of the duty
cycle leads to consider the ZSC (vg) to add in the desired voltage is equal to the opposite
of the median voltage, then previously eq. (1.4) allows to write the duty cycle equations,

and so, the equation of the modulating signal:

alt) = 5 (A0 +w(®) (1.11)
hlt) = 5 (Va(t) + w(t) (1.12)
dy(t) — E%C(%(t)ﬂo(t)) (1.13)
w(t) = Vmezd(t) (1.14)

A graphic representation of SVPWM’s duty cycles can be seen on Fig. 1.15. As
mentioned this figure was obtained thanks Egs. (1.11), (1.12), (1.13) and (1.14).

}Wni

SVPWM inverter command TCI)I( senlatlou

%

H”‘ \I‘

\
Vwm“u

Tum( <)

Figure 1.15 — Three phases SVPWM representation with the synchronous carrier (green)

As for the CBPWM, other objectives than harmonic reduction can be considered. In
the case of vector based PWM, many works tried to reduce the common mode voltage and
then the electromagnetic compatibility issues. These works are presented in the following

subsection.
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1.2.2 Space vector based strategy for common mode voltage

reduction

Space vector modulation does not specifically mean to use the two adjacent vectors
(Wy and Wy 1) of the desired voltage and the two null vector (Wy and W7) to perform
the reference voltage 1°.

Literally, space vector modulation, means to perform a Chasles’s relation between
vectors. Furthermore, previously, it was mentioned that a freedom degree exists to control
an inverter, and this freedom degree do not disappear when considering a space vector
representation. Then, it is normal to find many space vector based strategies.

In fact, SVM increase the feasible domain and reduce the harmonics, but ignore other
problems as the Common Mode Voltage (CMV) reduction problem, directly linked with
the EMC.

The CMV mathematical representation is defined by eq. (1.15)

1

3 (Vio + Vao + Vo) (1.15)

Vemv =

Vio, Voo and V3 are defined thanks to eq. (1.16)

Epc
2

These voltages corresponds to the single voltage of the inverter. In opposition of the

single voltage of the load V.

Thanks eq.(1.15), the CMV voltage is defined as the potential difference between the
star point of the load and the center of the DC-link of the inverter [52].

Since the VSI cannot provide purely sinusoidal voltages and has discrete output volt-
ages generated from the fixed dc-bus voltage FEpo, the CMV is always different from
zero and may take the values of :I:Egil or :I:EJQE, depending on the inverter switch states
selected (see Table 1.2). While switch state changes, the CMV changes by jz%li, regard-
less of the changing states. All conventional CBPWM methods exhibit high CMV despite
their other advantages as harmonic or losses reduction [53].

In motor drive applications, CMV may lead to motor bearing failures, electromagnetic
interference noise that causes nuisance trip of the inverter drive, or interference with other

electronic equipment in the vicinity. In the application field, such problems have increased

10. For more details see Appendix D
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1.2. Space vector PWM

S1 Sy S| W |V Vao Vao | Vemuv
0 0 0 WO _FEpc | _Epc | _Ebc | _Ebc
1 0 0| W, |+ Egc _ Egc _ Egc _ E%c
1 1 0 |W,|+ Eéc + Eéc - Efzw + Lo
0 1 0 |W;s|—fpe|yEpe ) Fpe | _Epc
0 1 1| Wy | — Epc +EDC' _|_EDC _|_EDC
0 0 1 | W5 | — Ez%c _ E1270 4 Ez%o _ Ezﬁvc
1 0 1|W;5]|+ Eéc — Eéc +Epc | 4 Efgc
1 1 1 |W;|+E8c | 4Epe | 4Epe | 4 Bpc

Table 1.2 — Common mode voltage per vector W

recently due to increasing PWM frequencies and faster switching times (aimed for higher

efficiency, control bandwidth, smaller ripple, filter size, etc.)

The following strategies are some example of vector based CMV reduction PWM and
an highlighting is done on their pros and cons. It will be also underline the great impact

of null vector sequence in the CMV generation.

1.2.2.1 Near-state PWM

As mentioned, SVM is not the only vector PWM, it exists many other strategies, as
for example the Near-state PWM (NSPWM). The conventional SVM method utilizes the
two adjacent voltage vectors and the two zero-voltage vectors to program the PWM pulses
[18]. The NSPWM method utilizes a group of three-voltage vectors to match the output
and reference. These three voltage vectors are selected such that the inverter voltage
vector closest to reference voltage vector and its two neighbors (to the right and left) are

utilized. Hence, it is named “near state.” [54]

Thanks this new configuration the switching times can be computed for each sector
thanks to egs. (1.17), (1.18) and (1.19) .

11. The sector are not defined in the same way than SVM. As an example, first sector is inside: -30°
and 30°, next one between 30° and 90° (Fig. 1.16)
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% = 1—\/§msin<9—w> (1.17)

T, 3
T 3 k—2 k—2
;:"‘ = —1+§m [cos (0—%) +V/3sin (0—%)] (1.18)

ka+1 \/3 (k - 2)7T . (k — 2)71—
— = 1-— - e —— 1.1

T, 5 M V3 cos (0 5 +sin (0 3 (1.19)

W,(010) N, ,f‘ Wa(110)
76
= \\ \\‘\ /(// ~
O) N\
wioty T = jé:f:\-""'""---'7‘3""--'
//,r' '\\\'x_\\ &, W, (100)
/// s ] “‘\ K““\
//. 4 4 ‘\\ g

L4 a
Ws(001) W, (101)

Figure 1.16 — Definition of sectors for NSPWM, discrete line are the VSI feasible vectors
and continuous red line define the NSPWM sectors.

Because of the narrow pulse constraint, the only sequence feasible is
(Wii1; Wi Wi_1; Wy; W] (Fig. 1.17, which is easier to implement than SVM, which
needs a vector sequence change for each sector)

The main problem with the NSPWM strategy is its linearity zone, Fig. 1.19. Indeed
voltage below M, = %g are not feasible with this strategy. Then it is necessary to
use NSPWM in association with other strategies to be operative on an electric motor for
example. As for SVM which is rigorously equivalent to SVPWM. NSPWM is equivalent
to DPWMI1 Fig. 1.18. More generally, every vector based PWM strategy will have its
equivalent in carrier based as it was shown by Holmes in 1992 [55], [56].

NSPWM advantage is to reduce losses and to reduce common voltage mode. This last
effect reduce the electromagnetic emissions and increase the electromagnetic compatibility
[53]. The common-mode voltage reduction is due to the complete lack of null vectors (W

and W7) which generates high variations inside the common-mode voltage (see Table 1.2).
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Sy

5,

1
I
.
1 1 ]
1 1 I
1 1 I
1 1 ]
1 1 ]
s, o L bt
1 1 ] 1 I
1 1 1 1 I
1 1 ] 1 I
1 1 1 1 ]
1 1 ] 1 I
1 1 1 1 I
| 1 1 | |
T | T | T B 1+ By T 1 ¥
. 1 g 1 1 I
i Ta iTa ) :

Figure 1.17 — An example of NSPWM sequence for an angle between 30° and 90°(sector
2 of Fig. 1.16)

It especially reduces the leakage current produced by the common-mode voltage of the
PWM inverter which is the primary concern of the conducted and radiated electromagnetic
interference [57].

Another strategy is not concerned by a vector variation depending on the sector. The
following strategy only consider three fixed vectors, and express the desired one thanks
to them.

1.2.2.2 Remote state PWM

Remote state PWM (RSPWM) are, as NSPWM, strategies which do not use the
null vectors. The main idea here, is to perform the desired voltage but with only few
voltages each separated of 2?ﬂrad. Then, it exists, two strategies using vectors W;,W3
and W5 (RSPWM1 and RSPWM2A). Two other strategies using vectors Wy, W, and
Wi(RSPWM2B). And finally, it is also possible to do a "mix" between the two strategies
(RSPWM3). Nevertheless, all these strategies are different and they are reported on Table
1.3 [52)].

The principle is to use two vectors to drive the desired voltage, and to complete the
remaining with an association of the three others well balanced vectors. Indeed, as the
three vectors are %’T symmetric, their sum is equal to zero.

As the vectors does not changes while the desired voltage changes. The equation doing

the link between switching times and vectors is defined thanks to eq. (1.20).
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Figure 1.18 — Duty cycle of DPWM1 and NSPWM are overlapping

A1 A2 A3 A4 A5 AG
RSPWM1 || WsW W5 | WsW W5 | WsW, Wi | WsW, W5 | WsW, W5 | WsW, W5
RSPWM2A || WsW W5 | Wi W3W5 | WiW3;Wy | WiW; W3 | WW; W3 | WsW, Wy
RSPWM2B || W,Wy W4 | W, W, W4 | WoW, Wy | WoW, W4 | WoWW, | Wy WW
B1 B2 B3 B4 B5 BG
RSPWM3 || WsW ;W5 | W,WyW4 | W W3W; | WoW, Wi | WiW W3 | WoWW,
Table 1.3 — First part pulse pattern of the RSPWM strategies
Wk+1TWk+1 —+ Wk-+3TWk+3 -+ Wk+5TWk+5 - VTede k € {0, 1} (120)

This previous equation depends on only 2 unknown parameters. Moreover, in the
same way than for SVM, the times are linked together thanks to (1.20).

ka+1 —|—ka+3 +ka+5 =Ty ke {0, 1}

(1.21)

Then, thanks the same reasoning than for SVM (see Appendix C) but with these three
specific vectors, the conduction time of the vectors can be easily deduced and are equal
to egs. (1.22)-(1.27).

o8




1.2. Space vector PWM

Figure 1.19 — Near state PWM feasible zone representation, hatched area is the feasible
one

T, — (% + m cos (0)) T, (1.22)
Tw, = (% + % cos (0) + ?m sin (9)> T, (1.23)
Tw, = (% - % cos () + ?m sin (9)> T (1.24)
Tw, = (% — mcos (9)) T (1.25)
Tw. — (% M cos (6) - §msm (9)) T, (1.26)
Tw, = (% + % cos (6) — ?m sin (9)> T (1.27)

To avoid any extra switching, it is fundamental to respect the switching pattern.
Indeed, the succession of non adjacent PWM, generate more switches and then more

losses for the same output voltage.
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As seen on Table 1.2, it is obvious that RSPWM1, RSPWM2A and RSPWM2B does
not generate a high CMV. More precisely, the CMV generated is constant and equal to
:I:E%. This absence of variation is a very appreciable advantage of RSPWM to avoid
electromagnetic problems due to the PWM command.

On the other hand the RSPWM3 does not use only three vectors but alternate between
RSPWM1 and RSPWM2B. To do so, the same sector definition than the near-state
PWM is required (Fig. 1.16). This sector definition is called "B" in Table 1.3. With
this equilibrated strategy, the CMV is not constant anymore but is varying periodically
between —1—51(),& and _Ezﬁm with a fundamental frequency of T;. This time, the CMV mean
value is equal to zero nevertheless a EMC filter will be required to remove the periodic
electromagnetic field generated. It is important to mention that, thanks to its highly
previsible shape, this strategy afford a correct controllable CMV.

The last CMV strategy reduction presented in this chapter also remove the null vectors
usage (as NSPWM and RSPWM). It is performed by using opposite vectors to simulate

the the null sequence and more details are afforded here after.

1.2.2.3 Active zero sequence PWM

The principle of Active Zero Sequence PWM (AZSPWM), were proposed the first time
by Oriti in 1997 [58]. The principle is to keep the same formulas than for the SVM, and
the same vector succession. Nevertheless the W and W5 vectors are replaced by two
opposite vectors. Doing so, it exist three different AZSPWM [53], [58].

There are only two vectors independent of the two active vectors, indeed for the
sector k, the vector W, and Wy, are not independent of vector Wy_3 and Wy_,. This
independence is evident as W, = —W,_3 for any sector. Then it remains for a given
sector two inactive and free vectors W;_; and Wy,5. Because they are opposite, it is
possible to recreate artificially the zero sequence component if they are active the same
amount of time.

Thanks to this knowledge, it is possible to deduce the existence of AZSPWM1 and
AZSPWM2. Indeed AZSPWMI1 uses the vectors by respecting the adjacency of the
vectors and AZSPWM2 violates it (see Table 1.4).

The third possible AZSPWM is to extend one of the active vector, and to add at the
beginning or at the end of the sequence its opposite vector. This way, according to Table
1.4, for the first sector the sequence is Wi W;WyW,. Then the vector 1 in association

with the vector 4 (for this specific sector) will generate the zero sequence component. A
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1.2. Space vector PWM

Sector AZSPWM1 AZSPWM2 | AZSPWM3
1 WeW; W,y,W; | WsW, W, Wi | W WoWy
2 W, W;W,W; | W W35sWoW, | W W3 W,
3 WyW3;W, W5 | WoW3sW, W, | W3W, Wy
4 WiW; W, W3 | WsW; W, Wi | W, W; W,y
5 W W:;WsW; | W W WeW, | W5 WW,
6 WoW, WsW;5 | W W, WiW, | Wi W, W

Table 1.4 — First part pulse pattern of the AZSPWM strategies

pros about AZSPWM is they all have a linearity domain equal to the SVM one even if
some operating points are not reachable.

Nevertheless, AZSPWM2 and AZSPWM3 as all the RSPWM allow to have switching
of two commutation cells simultaneously and in practice, it is almost impossible to switch
two inverter legs simultaneously 2. Furthermore the significant overvoltage in the motor
will damage it. Then Only SVM, NSPWM, and AZSPWMI1 are allowed to be implemented
in a real motor application.

Furthermore, about the harmonic distortion, all the CMV reduction PWM have a very
bad harmonic quality, except NSPWM which is near than SVM.

All these previous strategies are easy to implement as the conduction is computed
thanks analytic formulas. Nevertheless, some researches, based on optimization algo-
rithms, found other interesting results by a relaxation of this hypothesis. Some optimal

vector based PWM are presented in the next subsection.

1.2.3 Optimal SVM

With the development of computers, a lot of PWM optimization are now possibles,
which was impossible in the past. The main problem of optimization is that it often leads
to a specific good strategy to meet one objective. Minimizing THD will provide different
result than WTHD minimization. The minimization of torque ripple for a specific motor
A will provide different results than for the specific motor B. Then it is hopeless to review
all the optimization ever studied in the literature. Nevertheless, the optimization methods
or the paradigms are possible to explore and we will draw an overview of some of this

strategies in this section.

12. Due to unidentical electronic and power hardware in each phase and also the existence of inverter
deadtime
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As we showed it, it exists a lot of space vector modulation techniques existing. Further-
more, all these strategies have their pros and cons (minimizing WTHD, THD, removing
CMYV etc...). From this point of view, Gendrin in 2017 [59] decided to propose an algo-
rithm which select depending on the operating point considered, to apply the "best"!?
vector based PWM strategy.

Sun works in 1996 [60] has proposed a new SVM method with a null vector proportion
variation. Indeed inside a classic SVM the time Ty, and Tw, are supposed to be equal.
Thanks to this proportion changes, the idea of Sun was to optimize the current variations
inside an inductive load and more specially the THD and then, an objective near the
WTHD (see Appendix F).

Not only the classical SVM was tried to be optimized and some works as Baik one
in 2020 [52]. Proposed a new vector based method in order to improve the performances
of Remote state PWM and proposed a Minimum RMS Torque Ripple RSPWM (MTR-
RSPWM). The idea is to compute some several zones inside each sectors, and for each
zone, to select the best RSPWM to use. Thanks to this consideration and computation,

Baik succeed to minimize the torque ripple of the considered motor.

We will finish this paragraph with the mention of a multilevel inverter strategies.
As the McGrath works in 2003 [61] where the objective was to minimize the number of
switches per period, as it exist many equivalent sequences with each a different number
of switches. Nevertheless this specific problematic is not present in a three phases two

level inverter as there is way less freedom degree to perform a SVM.

The presentation of all these methods draw an overview of all the existing space vector
based modulation methods without doing the affirmation to be exhaustive. Nevertheless
these strategies sample provide an idea of the different levers to be used to improve space

vector methods.

CBPWM and vector based methods affords good results and are easy to implement,
but their intrinsic structure restrict switching angle possibilities. Then, it is possible to
imagine other strategies which would select precisely the switching angles to improve a
desired objective function. These strategies appeared with micro-controllers and are called

off-line PWM or optimal pulse patterns. Next section is concerned on these strategies.

13. According to the objective function desired
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1.8. Off-line PWM

1.3 Off-line PWM

CBPWM exists since middle of the XX century to control power electronic devices
such as inverters [62]. Many works tried to improve the PWM by injecting harmonics in
the modulated signal [27], [32], [51], [63], [64], or by vector modulation methods [56], [65].

More recently, with the technical progress, the micro-controllers and memory storage
improvement. A new PWM class appeared, the off-line ones [66], [67]. This new class is
based on the storage of switching angles. One of the main advantages of OPP, is that
their working zone is extended to the modulation index m., = %, [27]. This extension is
significant in comparison with classical symmetries (as SVM or THIPWM% for example)
limited to myax = \/ig

Many works tried to minimize the impact of harmonics (THD or WTHD [47], [66], [68]—
[72]. Indeed it is very simple to compute harmonic distortion, and furthermore, WTHD
is a good way to evaluate current behaviour in an inductive load [67], [73] (see Appendix
F). The weights on harmonics of the WTHD will behave like in an inductive load with
the advantage that it do not depends on any physical parameter. This independence to
parameters, is the main reason why WTHD is a classical objective function in inverter
PWM issues.

Other works are dedicated to Selective Harmonic Elimination (SHEPWM). The prin-
ciple is to select the harmonics to eliminates and then try to reduce them, [70], [74]-[80].
This objective is the second most classic objective function. SHEPWM can be summa-
rized as a particular case of WTHD in the case of low harmonic reduction, and then in
the case of a VSI connected to an inductive load. In addition SHEPWM obliges to choose
among all the harmonics which one to eliminate. This choice is quite complex and depend
on the considered load and objective.

All the off-line PWM presented before are based on the same modelisation, with the
set of precise switching angles. This computation and this modelisation is the topic of

the next subsection.

1.3.1 The angle model

In Birth’s article of 2019 [66], it appears that, choosing the angles position inside a
same period, with respect to synchronism, affords better results than SVM or carrier

based PWM. Indeed choosing precisely switching angles '* in order to perform the desired

14. Here after, "angles" designates a switching angles for the seek of simplicity.
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voltage or current is known as the best method to solve the optimization tracking problem.
Solving this problem is difficult due to the large amount of different solutions. Here after
is a Fourier description of the classical angle model depending on different symmetries.
It exists three main types of symmetries (Quarter Wave Symmetry (QWS) Fig. 1.20,
Half Wave Symmetry (HWS) Fig. 1.21 and Full wave symmetry (FWS) Fig. 1.22) [66].

S, » 2 n 3 A
1 : |
=~ =t Y 1 e G ] R
| | 1
oy (L o, Moy m—a; T— 1 n+a mHaz T+, 2m—ity 2r—a; 2m—oy afrad)
n—oy n+a; ! 21— 0ig
Figure 1.20 — An example of Quarter Wave Symmetry
Sl ; m 2.11
| | ]
. .
0ty Oy 0z ooy oy iy, 0 Og ! m+ oy n+as T+ ag oy i a(rad)
nt+a, T+ oy T+ g T+ ag |
Figure 1.21 — An example of Half Wave Symmetry
< 'y ?,Ilt
1 1

@y a; 03 0y g @ Gy g 0y O @y @; O3 oy, N5 g oy, | ofrad)

Figure 1.22 — An example of Full Wave Symmetry

As seen on Fig. 1.20, the principle of the QWS is to select angles of the first quarter
period, and then deduce all the others angles of the signal thanks to the known symmetry.
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The advantage of this solution, resides in the low number of angles to compute. This
number is half in comparison with HWS (Fig. 1.21) and fourth less than FWS (Fig. 1.22).
With the angle knowledge, computation of Fourier coefficients of the formal control (0 or
1), driving the switches is performed, for each symmetry. Then, Fourier decomposition
provides a precise expected behaviour description of the inverter with only the angle
knowledge.

In a real application, and due to the switching of the switches, it is impossible to
realize a pure sine wave. However, by imposing the angles on each phase it is possible
to minimize the harmonic distortion thanks to the knowledge of Fourier description Ap-
pendix E [27], [63], [66].

1.3.1.1 QWS equations

For the QWS strategy the command 57 is described thanks to the symmetries by
Ae0.QWS = % and acnqws = 0Vn € [1;00] and b qws is defined by eq. (1.28). Harmon-
ics multiples of two are systematically removed due to the (1 + (—1)"*!) term. Thanks
eq. (E.2) (see Appendix E), eq. (1.28) can be computed.

The S; value is the initial value of the command S;. For example in Figs. 1.20, 1.21
and 1.22, S; = 1. Indeed, for t = 0, the S signal is equal to 1 (High state). Then, a
S; = 0, correspond to a low state and is then the opposite signal introducing a minus
in the equations. This initial value dependency is represented in the equation with the
(=1)% term.

S niﬂ(—wsi (1+(=1)") (2 S (1) cos(nay) — 1) (1.28)

j=1

1.3.1.2 HWS equations

For the HWS strategy, ac.onws = %, Aenpws is defined by eq. (1.29) and b, pws
by eq. (1.30). As for the QWS the (1 + (—1)"™') term will remove all the harmonics
multiples of two. Thanks eq. (E.3) (see Appendix E), eq. (1.29) and (1.30) can be

computed.

nm

Gemnws = —— (15 (14 (1)) (ip(—w‘“ Sin(nozj)) (1.29)
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beanvs = (=15 (1+ (~1)"*) (qu(—wﬂ cos(nay) — 1) (1.30)

1.3.1.3 FWS equations

For the FWS strategy, aco rws, Gen,rpws and b, pivs are respectively defined by egs.
(1.31)-(1.33). Here the harmonics multiples of two, are not systematically removed due
to the full period symmetry. Thanks eq. (E.4) (see Appendix E), egs. (1.31), (1.32) and
(1.33) can be computed.

1 ANg+1 |
aco.pws = —(—1)%* ( (=1 oy + 2#) (1.31)
T ¢
7j=1
1 ANgp+1 ‘
e rws = —(=1)"" ( (=17 Sin(naj)) (1.32)
nw =
1 ANg+1 ‘
benrws = —(=1) ( (=1)"*" cos(nay) — 1) (1.33)
na =

1.3.2 WTHD reduction

It said previously, it exist many ways to obtain the best OPP strategies. Furthermore
defining the "best" is not an easy task. Indeed, it is possible to reduce, the inverter losses,
the torque ripple, or the current harmonics.

These objectives are sometimes not that much easy to quantify and they highly depend
on the considered load. Nevertheless, in the case of a VSI connected to a motor, it is
possible to generalize the computation of the quality of the current in a motor. Indeed,
all the interesting parameters to minimize in a motor depends on the current quality.

As the motor is inductive, it behaves exactly as a low pass filter. Then the THD
objective is not that much relevant to estimate the quality of a PWM strategy. A much
more interesting one is the WTHD. This parameter is exactly as the THD but with a
weight for each harmonic. Then the WTHD is written thanks to eq.(1.34).

100

V2
n
VWTHD,% = 5
m

(1.34)

The proof that the WTHD show the harmonic quality of the current through a motor

is afforded in the appendix of this present document (see Appendix F). Nevertheless, we
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are aware this objective is just an objective among others, but a choice have to be done
and WTHD seems to be the more global one.

1.3.3 Selective Harmonic Elimination

Since the WTHD try to globally reduce the harmonics of the current, SHEPWM
select some harmonics important to remove and try to reduce or eliminate them. Since
the WTHD try to reduce all the first harmonics indifferently, the SHEPWM seems to be
a particular case of WTHD where the weight on several harmonics are higher than the
others.

Furthermore, the SHEPWM are very well known strategies in the literature as they
exist since 1964 with Turnbull research work [74]. The SHEPWM paradigm is with the
WTHD the main evaluation criteria of off-line PWM, as they are generalists and does
not depends on the load. The advantage of SHEPWM against WTHD is to select the
harmonics to remove, doing so, with the fundamental reference constraint it is possible

to have a full constrained problem (N, equations with N,, switching angles for the QWS
eq. (1.35)).

1 N‘IP .
(—1)Sim+§ = > (1) cos(ay)
j=1
qu

_ Z(_l)j“ cos(hy10y)

Jj=1

DN —

qu

= Z:(—l)jJrl cos(hyr n,, ()

Jj=1

N —

(1.35)

In eq. (1.35), h,x correspond to the number of the harmonic we desire to remove.

Doing so, many techniques exists to solve this kind of problem described by eq. (1.35)
[68], [70], [74]-[79].

This objective is the second most classic objective function in the literature. The
main problem of SHEPWM is, it obliges to choose among all the harmonics which one to
eliminate which is not the case in the WTHD consideration. Furthermore as mentioned

previously the harmonic choice is quite complex and depend on the considered load and
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objective as the current influence is not the same for all the harmonics.

1.3.4 OPP resolution techniques

The OPP described before with the different objectives as the WTHD or the SHE was
widely studied in the literature and especially the best way to find solutions was explored.
The literature around OPP is really rich and many strategies to find the best solutions
were explored.

— Deterministic solver [51], [68], [81], [82]

— Meta-heuristics (Particular Swarm Optimization (PSO), ant colony, deep-learning)

[69], [72], [83]-[85]

— Local deterministic search (as fmincon) [31], [66], [67], [70], [71], [78], [79], [86]-[89]

All these researches led to very good results, and with many applications. Nevertheless,
all are based on the same paradigm of symmetry inside a phase and between phases.
Indeed, the three phases have the same reference, it seems logic to consider symmetries
will remove several harmonics '° and then afford the best results. Furthermore, symmetry
inside a single phase allow to eliminate even harmonics as shown in Appendix E with eqgs.
(E.2) and (E.3). Nevertheless, some recent works showed that a symmetry relaxation
inside a single phase lead to better results [66], [87].

With all the previous strategies presented, no feedback is ever used. Nevertheless, it
exists techniques which use a feedback of the output to work, and some of these techniques

are exposed here after.

1.4 Closed loop PWM strategies

Previous strategies studied, are called open loop strategies, as the PWM is a slave
of the global control loop. Nevertheless, it was also studied in the literature some other
PWM strategies called closed loop. Where the global control still exist, but, the inverter,

to select the correct state to use, will refer to its own output.

1.4.1 The A} vector modulation

All the vector based methods presented before are open-loop methods as there is no

feedback from the output of the inverter. Nevertheless, it exists closed loop methods

15. More precisely harmonics multiple of the number of phases considered
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Figure 1.23 — AXY vector control

vector based and the AX Modulation is one of them.

The AX method was First described by Friedrich in 1987 [90] for a mono-phased VSI
before a generalization to three phases by his colleague Vilain in 1995 [91]. The general
principle of the technique is showed with Fig. 1.23.

The principle is, thanks to the actual knowledge of the desired voltage, the algorithm
will select the vector allowing to respect the voltage. To do so, when the voltage error
Y is greater than a specific value S, then the algorithm have to change the active vector
W, to another one. First, we define Y as the integral of the error A. On the other hand,

we define Aw, as the difference between the desired voltage vector and the vector Wy,.

Y = (Ua) (136)
0p
5 % ‘/;“e o W (6]
Aw, = [ =) =" & (1.37)
0w, Viers = Wi
Thanks to these definitions, it is possible to compute two parameters. the parameter

Dt and Dwy, for all the eights vectors.

1
Dt = ——— ((Aw,. Z) +/Dw,) (1.38)
[ Aw, ||
Where

Dw, = S(0y,at0w,s) — (Onadw,s — onsow,a)’ (1.39)

Dt is defined as the time, the vector Wy, will be used until X' is greater than .S. On the
other hand Dwy, specify if the use of the vector Wy, will allow X' to integer the feasible
domain represented as a circle of radius S. Finally the scalar product between a specific

voltage vector and X ((Aw,, X)), when greater than 0, means that the corresponding
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vector will not allow to integer the feasible circle.
Then, thanks to this description, it is possible write the A3 algorithm:
— If || X > S
— For all the vectors Wy, select the ones verifying (Aw,,X) <0
— Among the previous valid vectors, for all of them verifying Dy, > 0 select the
one maximizing Dt
— If there is no vector verifying Dy, > 0 select the one minimizing ||3 + Aw, ||
This way the voltage at the output can be controlled and be kept inside the tolerance
error desired called S. Furthermore, this procedure increase the voltage quality applied
to the load, and so, have a relatively good WTHD. Other advantages are intrinsic of
the strategy as it was imagined to reduce the switching frequency imposed to the VSI’s
switches. Furthermore, the AY strategy never face to narrow pulses thanks to the S
parameter setting.
The AY modulation is one of the rare model free voltage control. Indeed it exist other
strategies based on a closed loop as the Hysteresis one or the Model Predictive Control
(MPC) but are based on the current control. These strategies will be studied in the next

subsection.

1.4.2 Model predictive control

The MPC for a PWM application, is, in a way, the extension of AY modulation.
Indeed, the previous strategy was to control the voltage from its reference to the voltage
output and by ignoring the load.

The purpose is then to take into account the load in order to drive the output current
directly. The current reference properties are supposed to be provided by a black box.

The main difference with AY modulator, is that thanks to the current behavior an-
ticipation, a more accurate current control can be applied by taking into account the
connected load.

The objective of a predictive algorithm is to select the most suited switching state from
the set of all discrete switching states of a power converter. As there is only 8 possible
states, the predictive algorithm will select the one affording the less error variation d—dik.
Furthermore, thanks to its structure and the model reliability the MPC can be tuned
to follow any objective function [63], [73], [92]. It is important to mention, that other
structures than three phases two level inverter can benefits of MPC structure [93].

A scheme principle is proposed Fig. 1.24.
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Figure 1.24 — A proposition of PWM MPC

The objective, on Fig. 1.24 is, thanks to the knowledge of the model and the possible
switching states, to determine the one which will have a derivative of the error near to
0. Furthermore, by selecting the vector which is predicted to be stable for the maximum
amount of time, a choice can be done on the vector to use. Indeed, at a specific time, it
is highly probable that many vectors allow to get closer to the reference. Nevertheless,
among those strategies, it is interesting to select the one which is preferable. This "prefer-
able" selection is done regarding the amount of time each vector will be the "right one".
The one which can be use the most of time is selected °.

This time based consideration of switch is, as said previously, near the AX algorithm.

Next strategy is not based on a vector consideration and does not need a lot of con-
siderations to be operational. Indeed, the hysteresis control presented here after is one of

the simplest closed loop PWM control.

1.4.3 Hysteresis control

The principle of hysteresis control is to set, thanks to an hysteresis to keep the current
variations inside a fixed bandwidth [32]. The control scheme of an Hysteresis is presented
on Fig. 1.25.

Where a H parameter of the Hysteresis is introduced (see Fig. 1.26).

The principle is then easy to describe. Indeed, when the current error will be higher

o

than an 5

value the commutation cell will switch. In the opposite, when the error is

16. This principle is exactly the same than for AX control
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0

Figure 1.26 — Hysteresis principle

lower than %, the commutation cell will also change its value.

The Hysteresis control method is simple to implement, and its dynamic performance

are excellent. Nevertheless there are some inherent drawbacks [94], as:

— The algorithm can produce as many switches as it desires.

modulation index, because there is no obligation to use zero space vector. Then
for the number of switches per period is strongly linked with the modulation index.
— The current error is not strictly limited, as it is possible to have overshoot of 2A:.
— The generation of sub-harmonics components. Then because of their poor har-

monic quality, they should be use in an high switching frequency context.
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1.5 Conclusion and thesis bias

1.5.1 Conclusion
1.5.1.1 Global overview

In this first chapter many strategies were presented and their pros and cons were
underline. In order to understand the positioning of this research work a short summary
is proposed.

As it was showed, it exists many strategies to control a two levels inverter. Even if
this converter topology is now considered as a basic one, research continues to always find
better PWM strategies for many applications. The quantity of strategies is so huge that
it seems impossible to don’t forget at least a paper (around 20 papers only for the OPP
resolution techniques). Nevertheless an attempt to summarize all of them was done with
Fig. 1.27.
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This figure is a map, where the link between the different strategies is highlighted. Only

t17

three objectives was kept '’ as all of the objective depend principally to these behavior.

Indeed, torque ripple is linked with noise improvement and harmonics reduction. CMV
is directly linked with EMC...

It was identified two great families of strategies: The open loop strategies and the
closed Loop PWM. Among the first one, three categories were identified, the OPP, the

vector based and the carrier based.

1.5.1.2 Space vector strategies

Space vector strategies seems to have two main purposes, the following of the reference
and the CMV reduction. About the first one, SVM seems to be the "gold standard" of
strategies especially in a motor control context. But, because of its use of the null vectors,
they generate high CMV, directly linked with EMC, which have to be limited. Many
strategies exists to limit the CMV, but not all of them can be applied and they have all
some voltage reference vectors they cannot reach.

Then , the perfect space vector strategy does not exist leading to optimal space vector

modulation strategies in the recent years.

1.5.1.3 CBPWM

Some space vector strategies can be linked with CBPWM. As an example, SVM is
equivalent to SVPWM and NSPWM to DPWM1. Then, they obviously suffer from the
same problems then their space vector centered cousins.

Nevertheless, it also exists unique CBPWM not linked with space vector logic as the
THIPWM, increasing in the same way than SVM the linear zone. Its advantage is to
increase even more the harmonic quality.

On the opposite, it exists DPWM, they also allow to increase the linear zone but their
purpose is to decrease the switching losses by allowing periodically each phase to avoid
switching.

The RPWM is singular as it reduces the noise or torque ripple. Nevertheless the losses
inside the VSI are significant and cannot be ignored.

Finally, in the same way than for space vector strategies, some middle strategies

between those two objectives (losses, and harmonics) exist as the OMIPWM an example.

17. WTHD, CMV and Noise
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In this manuscript we decided to call these middle strategies the "near DPWM" (see Fig.
1.27).

1.5.1.4 OPP

Space vector modulation and CBPWM have the same purpose: finding a technique
to know the switching instants. The OPP principle, is then, under the synchronicity
hypothesis, to compute directly the switching instants to impose to the VSI. Then the
OPP principle is a generalization of synchronous SVM and synchronous CBPWM. This
way, the OPP strategies offers better results in comparison to the two previous strategies.
Nevertheless, their paradigms are not the same than the previous one and need high speed
controllers to work properly.

In addition the imposed synchronicity avoid low frequencies to appear and then offer

a better harmonic quality.

1.5.1.5 Closed loop PWM

Closed loop PWM change completely the paradigm of the previous strategies, and
then, it is difficult to compare those strategies with the space vector based or the carrier
based ones. Nevertheless, their advantages are to do not rely on any switching scheme
allowing them to be really adaptative to the asked reference, and objective optimization.
Nevertheless, these strategies are difficult to implement as a real time algorithm have to
be implemented in the MPC case and AXY one.

1.5.1.6 Other PWM purposes

Finally, in this first chapter, no other purpose was considered than following the voltage
reference with the objective to minimize the perturbations. Nevertheless, communication
protocols set aside, PWM can be also used to observe the angle of the motor [95], [96], or

to do self diagnosis of the converter for example [97]-[99].

1.5.2 Thesis bias

As seen before, many control strategies exists to control the VSI voltage. More pre-
cisely, it appears to be three method classes to control the output voltage without adding

any feedback.
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Then the developing choice for the research work we envisaged were multiple and are
depicted in the following.

— The first possibility is to work with OPP, indeed they are the strategies allowing
the most possibilities as all the voltage sequences of a commutation cell is possible
to be performed. Furthermore OPP are always synchronous. Nevertheless there
is a need to do an optimization before implementation and to store the solutions
inside the micro-controller/FPGA to be efficient. Their great flexibility allows to
follow, in the best way all the objective functions.

— The second possibility is to rely on in the carrier based strategies. They afford the
certitude to follow the reference thanks to the mean value theorem. Nevertheless,
this mean value necessities a great switching frequency value to be really efficient.
Furthermore, as the VSI is three phased, any third harmonic signal injected in
the voltage reference would lead to a reference following. In addition because they
are well known in the literature finding a new signal to inject inside would be a
significant advantage as it would be easily implementable.

— The last possibility in our paradigm, is to work on space vector based techniques.
For these strategies, when the vectors chosen to follow the reference are known,
there is not that much flexibility in the command computation. Furthermore, some
existing vector sequences often leads to an impossibility to follow some references 2.
Some works, improves the SVM, by adding some freedom degrees, as the possibility
to change the strategy, depending on the modulation index value and sector. In
addition, the greatest interest of these techniques is to be easily related to a motor
control.

With the Highlight of this three main identified research axes, our research interest
was first focused on OPP. Indeed, as they generalize the PWM command, this paradigm
would lead to the best strategies.

As the objective is to provide the most pure sine wave at the input of the motor,
the choice was done to mainly work with the WTHD. Indeed, as this objective rely
on the hypothesis that the global control loop provides a control to overcome to other
objectives 1. It tries to generate a voltage near a pure sine wave and will then avoid
motor issues.

Nevertheless, as OPP strategies need to change the hardware and the philosophy of

18. As a reminder, NSPWM, cannot be used for low modulation indexes
19. Torque ripple or the robustness of the control for example
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the inverter control, OPP are not privileged to be used in a real motor application and
especially in an industrial context.

Then, an attempt to transform the OPP to a ZSC injection was investigated. This
transformation from the command control to the ZSC is quite complex and, because to
the harmonics generated and Gibbs effect this transformation is not trivial at all. Then
an injection of an optimized off-line ZSC seems to be the better option to have the best
waveform with the easiest implementation. As the ZSC cannot be as good as OPP results,
the idea was to also work with some losses simulations to evaluate the potential advantages
on inverter losses.

In regard of all these elements, next chapter will be concerned on OPP investigations

first and next one on synchronous carrier based strategies with a ZSC injection.
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CHAPTER 2

A NEW OFF-LINE PWM: THE PHASE
SYMMETRY RELAXATION

The control of inverters has degrees of freedom that opens the way to improve the
output harmonic spectrum. Numerous works dealing with this objective have been pro-
posed in the literature particularly within the definition of switching angles [27], [66],
[67]. Among them, the well known Pulse Width Modulation (PWM) techniques such as
Quarter Wave Symmetry (QWS), Half Wave Symmetry (HWS) and Full Wave Symmetry
(FWS) are based on Optimal Pulse Patterns (OPP) computation using symmetries angles
constraints. In order to improve the harmonic quality, the symmetries angles constraints
were relaxed leading to a new OPP method called the Phases Symmetry Relaxation
(PSR). To highlight the interest of the PSR method, an evaluation in terms of Weighted
Total Harmonic Distortion (WTHD) is performed. Simulation and experimental tests
are conducted in comparison with the well known FWS, highlighting the interest of the
proposed PSR strategy.

In this chapter, a p-phases inverter is considered, with either a voltage source or a
current one. Indeed, the relaxation phases presented can be applied to any number of
phases and independently of the source type. The choice have been done to present the

strategies with a p-phases considerations and the results with a three phases VSI.

2.1 Classic OPP problem modeling

Because OPP already exists [27], [66]-[68], in order to compare the new strategy
presented after with classical ones, it is necessary to set an optimization problem in order
to find the best angle solutions. This optimization have to be performed for all the
classical symmetries, and then, an optimization problem description is needed. As all

optimization, its purpose is to minimize an objective function f.
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symmetries Ny ly Uy
QWS Ny | 0Omin(w) | T — Yminl)
HWS 2Ny 0 min(wW) | T — 00min(w)
FWS ANg + 1 | 801in(w) | 2 — 08in(w)

Table 2.1 — Optimization problem parameters
1 representation. Nevertheless, an infinity of objective function can be selected. The

advantage of the following description is, it does not depend on the f function selected.

ObF min(f(x))

UC. o< Q41 + 6«9mm(w) Vk € [[1, Nd]]
an, < up (2.1)

ap > '

ayy =0

bl,v =m

In the optimization problem eq. (2.1), there are two nonlinear constraints, because
they depend of the Fourier decomposition, where a lot of trigonometric functions appear.

Here, m designates the modulation index, defined as the percentage of use of the DC bus.

In the case of a VSI modulation index is equal to m = E‘glc, with V; the desired voltage
amplitude and Epc the bus voltage.

In Table 2.1 let’s remark that the lower bound (I,) and the upper bound (u;) are not
equal to the theoretical ones. The reason is technological, as the switches gap, 06, (w),
must be taking into account in the bounds. Another remark, is with problem defined in
(2.1), it is only necessary to focus on the first phase, because all the p — 1 other phases
will be deduced from this one. It is also the reason why the fundamental real part of
the Fourier decomposition (a;y) is equal to zero. This leads to the main assumption of
classical strategies (QWS, HWS and FWS), that is, angles of each phase are phase shifted
symmetrically according to the first phase angles 2.

As demonstrated in Appendix G, this angle phase shift affords the advantage to elim-
inate harmonics multiple of p. On the other hand, this limits the number of solutions.
Consequently solutions could be sub-optimal with respect to the set of possible solutions.

Next section will focus on this problem consideration.

1. In this chapter the WTHD is chosen for its good motor behavior
2. It is very important to distinguish the angle symmetry and the phase symmetry, the first one is
concerned on the switching angle and the second one about voltage symmetry
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2.2 Phases Symmetry Relaxation method

The purpose of PSR method is to relax the angle phase shift constraint. As Birth
[66] showed that an angle symmetry relaxation in a single phase improves the harmonic
quality. The decision has been done to also do not consider the angle symmetry between
phases. As an illustration of the proposed hypothesis relaxation, Fig. 2.1 highlights a
particular case of the angle phase shift relaxation for three phases only. Doing so, the
solution set is expanded. Nevertheless the symmetry between voltage (or current) phases
will be imposed by constraints on the optimization problem, with respect to a specific

precision.

Without the symmetric assumption, the optimization problem is now written like eq.
(2.3). The idea, here, is to find an optimal solution for the angles; according to a chosen
objective function f (in this chapter, the WTHD). This relaxation of the constraints
increases the WTHD quality of the solutions as it will be shown in the sections 2.5 and
2.6.

2.2.1 Problem modeling

From the relaxations way of thinking, a new optimization setting is proposed, gen-
erating new freedom degrees and also extra constraints. Then three types of conditions
must be met. First, the angle between two switches cannot be lower than a minimal an-
gle 00,,;n,(w). This constraint will prevent narrow pulses and allows switches to commute
properly with respect to the dead-time (660, (w) > 2wAL).

3

Secondly, angles are bounded on a period, theoretically it would be 0 to 27 and
practically see Table 2.2. Those two conditions together correspond to 4 (Ng, + 1) linear

constraints.

Finally, all the optimized output signals must respect the correct amplitude and phase
for the fundamental. Explaining why the 3p nonlinear equalities constraints eq. (2.2) and
eq. (2.3) must be verified.

3. A narrow pulse is a pulse lower than the minimal angle, dt,,;, < 2At

81



Partie , Chapter 2 — A new off-line PWM: The Phase symmetry relaxation

Vaiy +0iy = m=Eey (2.2)

2(Z —1 b
tan (—u:&@) = I’Z’V,VZG {1,2,--- ,p}
p ai,z,v

These equations are not necessary in the case of a single phase problem (QWS, HWS
or FWS), as these constraints are automatically verified as all the switching angles of each
phases are symmetric.

Remark: For the particular case presented in section 2.5 and 2.6, the equality con-
straint equations of the optimization problem are imposed to be precise at 2% on the
amplitude and at 5z on phases.

The optimization problem, is now the following one with the same objective function
as 2.1:

ObF min(f(x))
UC. x= [X17X27'.' 7Xp]
L1,k S L1, k+1 + 59mm(w)

To g < To g1 + 0Omin (W)

Tpk < Tp iyt + 00min(W)
T1 ANy +2 < Up,

L2 ANgp+2 S Upy -+

TpaNg,+2 < Up (2.3)
T >y, w90 >y, xp1 >0y

ap1y =0, apay =0,--, agpyv =0

a1,y =0

N

12V = msin(—%), e
arpy = msin(—Qw’%l)
biiv =m,

[

bioy = mcos(—?”), e

bipy =m cos(—2777%1)

To analyze the command performances of the PSR, same equations than for the FWS
are used. Precisely, eq. (1.31), eq. (1.32) and eq. (1.33) are the same for PSR, except
that j vary between 1 and 4Ny, +2. Here the symmetry between the angles is not deduced
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Ny Iy Up
PSR 3(4qu + 2) 00 min | 2 — 00,im,

Table 2.2 — PSR Optimization problem parameters

from a single phase. Then no harmonics will be systematically equal to zero, which is the
main difference with FWS. Remark that in the problem eq. (2.3), k € [1,4N,, +2]. It
appears there is one more switching in comparison with FWS and two more switching in
comparison with QWS and HWS. The first additional switching is due to the symmetry
which requires to have a switching in 7 (see Fig. 1.20 and Fig. 1.21). The second
additional switching is due to the 27 symmetry, this commutation is present in every
classical symmetry (see Fig. 1.20, Fig. 1.21 and Fig. 1.22). This 2 periodicity is the

reason why an extra switching seems to appears in the PSR problem constraints.

Concerning the dead-time (At), it is naturally implemented during the experiments
presented in section 2.6 to avoid short circuits. Nevertheless it is neglected on (2.3) to
simplify the WTHD computation. Indeed precise knowledge on dead-time influence is
quite complex as presented in [100]. This claim is confirmed under the hypothesis of
fiAt << 1, which verifies the first order development of the S; Fourier decomposition
and gives (2.4) and (2.5).

wAt Nar 1
6C7n7FWS = acyn,pwg — T(—1>SZ COS(TLO!j) + O(At2> (24)

4Ngp+1
ce,n, FWS — Ven FWS T ( )

sin(naj)) + o(A#?) (2.5)

Where a, s and Ec,m rws are the Fourier coefficient with dead-time effect. Their
computation can be found in Appendix K. So under the assumption f; At << 1, equations
(2.4) and (2.5) gives dep pws & Gep s and ’va’mFWS ~ ben rws. Consequently as to take
in consideration the dead time on the FWS’s WTHD equation and on PSR, this increases
the complexity of the computation. It is why the dead-time At is neglected in this chapter.
Nevertheless, if dead-time consideration is necessary to take in account in future works,

it would be done by modifying (2.3) and 6t
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Figure 2.1 — Three phases inverter example of PSR strategy

2.3 Computation Method

In order to compute an optimization solution, fmincon from the optimization toolbox
of MatLab (MathWorks®) is used. Because the workspace has many local minimums, it
is necessary to correctly select some starting points of fmincon.

Many techniques can be considered to generate a starting point allowing to find a good
solution. A first basic idea consists to select a large amount of solutions and to evaluate
which one is the better one. Then performing a local search with fmincon thanks to this

point.

2.3.1 Random starting point generation

To compute a good starting point, the first step, before optimization, begins with
the creation of some random initial points. After that an evaluation of the quality of
each point is performed with eq. (2.6). This equation considers the actual value of the
objective function, f, which is modified to f,, in order to respects the constraints.

The initial decision matrix x, is considered as an appropriate starting point, with
respect to f,, if the solutions has a good fitness (a low f(x)) and which violate a minimum
of nonlinear constraints (K, term) and not deeply (K term). Linear constraints are not

considered in eq. (2.6) because they are forced to be verified in the initial matrix. Indeed
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it is easy to generate a random sorted and bounded matrix.

3p 3p
fv = f(wo) -+ Kl Z(max(ci, 0)) —+ K2 ZQ(CO (26)

i=1 i=1
Where xy = [X19,X20," - ;Xp,] is the initial decision matrix, K; and K, are two penalty

coefficients*. Furthermore, g is defined as follow eq. (2.7):

1 ifg >e
C;) = 2.7
9(ei) { 0 otherwise (27)

Moreover ¢ = (¢1,¢2- -+, ¢3p) is the vector of nonlinear constraints, these constraints
are the same than for the problem eq. (2.3). Equation (2.6) is inspired by the work of
Sierra et al. [101].

The first penalty (K term) of eq. (2.6) indicates how far away the solutions are from
the acceptable domain ® and the second penalty (K, term) indicates how many constraints

are outside the acceptable domain.

2.3.2 Solution search algorithm

After computing eq. (2.6), to a large quantity of initial matrices, a selection of the
initial matrix with the minimal f, is done. Then, this matrix is considered as a starting
matrix for the optimization problem defined by eq. (2.3). Furthermore, in order to
refine the solution quality, other starting matrices are considered. Three of these starting
matrices are found by doing an extension of the previous symmetries. So QWS is extended
to HWS eq. (2.8), the HWS to compute FWS eq. (2.9) and FWS to PSR eq. (2.10).

This leads to the following symmetries extension.

WS = [aQWS,l, L, QQWS,N, T — QQWS,N, "+, T — aQWS,l] (2-8)
apws = [@gws1, *  CHWS2N, T, T + &gws1, -+ , T + Cgwsan] (2.9)
2 47
apsp = |apws;sort((apys — ?) mod 27); sort((apws — 3) mod 27) (2.10)

4. In sections 2.5 and 2.6, K; and K are chosen equal to 10. This value is set really high to privilege
feasible solutions against unfeasible but with a bad fitness value

5. The acceptable domain is the domain where the constraints are respected according to prefixed
tolerance
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A scheme of the proposed algorithm is given in Fig. 2.2. This algorithm computes the
optimal switching angles of the PSR method from the NN,, desired signals depending on
the modulation index. If the index of the initial step j is lower than N,, the algorithm
stops. Otherwise, as explained previously, an initial matrix xg is selected (eq. (2.6)) and
stored in L, ;, from a random set of matrices x. Then for each element ¢ among the ny ;
matrices of L,, j, an optimization is performed from L, ;;. Next, the best solution found
among all the starting matrices is selected and stored in X, (the set of final solutions for
each modulation indexes). The solution is also stored in Ly, j41, the next step is to set of
starting matrices and ¢ = ¢ 4+ 1. This part of the algorithm stops when ¢ is greater than
nr; and then j = j + 1, and the algorithm go to the j < N, test. In order to preserve
at least the local minimum found from the previous step of the algorithm. The solution
from the previous modulation index is also chosen as a starting matrix. It can be seen on
Fig. 2.2 where the j*' solution is stored in the starting matrix list for the next modulation

index Ly, ., °.

2.4 Evaluation criteria

As mentioned in the first chapter, the WTHD is one of the most used objective con-
cerning the OPP with the selective harmonic elimination. Then the WTHD was selected
to perform the following evaluation (see Appendix F). Nevertheless, a risk was identified,
it is about the risk of brutal variations inside a set of solutions, which risk to generate
unexpected behavior. It was then decided to study the smoothness of the solutions found.

Indeed, because we are relaxing symmetries, it can exist a risk that the intrinsic
brutal changes of the solutions is getting worse. Then the following smoothness criterion
is introduced in order to verify that the solutions found do not introduce more brutal
changes inside the set of solutions than classical OPPs as QWS, HWS and FWS.

2.4.1 Smoothness

This section is concerned to present a load independent criteria in order to decide if
the smoothness of the angle set can be considered as good or poor. In other terms: What

influence will have a tiny mistake on angles on the voltage or current load behavior? To

6. All the results are obtained with a modulation index discretization step of 0.001 and then, the
solution found for m = 0.5, will be one of the starting matrix of the computation for the next discretization
step m = 0.501
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Figure 2.2 — Schematic view of the computation algorithm, N,, is the number of modula-
tion index considered and Yy, is the final set of solutions found by the algorithm.
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evaluate this influence, a polynomial regression is done on the switching angles, the idea
behind is, if the variation for a specific angle is polynomial than its smoothness is consid-

ered as a good one.

In the following a precise methodology to evaluate this smoothness is presented. This
methodology provides a number based on all the solutions found for a single symmetry.
For OPP, decision variable in the algorithm is a vector or a matrix for PSR. Considering
all the operating points a matrix could be establish where each line is a set of angle for
a specific modulation index. Then a search for a polynomial equation eq. (2.11) of a
specific order n is performed which fit a maximum with the evolution of an angle. Finally
the correlation factor between estimated angles with a polynomial function and the real

angles set is computed eq. (2.14). This number will be called the smoothness factor.

If the smoothness factor is close to 1 (a good smoothness) that mean that the two
curves (the one described by eq. (2.11) and the solution set) are similar. The angle
evolution can be then approximated by a polynomial equation of the specific order n.
Otherwise correlation factor near 0, means there is no correlation between the computed
curve and the real one. Then a degradation of the selected objective function must be

considered in order to increase smoothness factor.

P(m) = cum™ + cpoym™  + -+ ¢ (2.11)

Where ¢; Vi € [0;n] are computed with eq. (2.12). Note that in this equation the
multiplication is a usual one of matrix by a vector. Consequently the Hankel matrix
composed of H; have to be inverted thanks to the pseudo-inverse matrix of Moore-Penrose
because the H; matrix is not regular. Then the chosen estimated angles minimize the

euclidean norm to the angles computed with the algorithm (2.3) 7.

Hy --- H, Co To
H --- H, c T,
N = (2.12)
Hn H2n Cp, Tn

7. The norm 2 have been chosen as it is similar to a distance estimation, then norm 2, in our context
seemed to be the best choice
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2.5. Simulation results

Parameter value
€y +7/25rad
€y :I:QmEDC/100V
K, K, 10°
5tm1ﬁn 1#‘9
N, 300
Epc 400V
fi 50Hz

Table 2.3 — Values of the parameters in order to find the presented results

Where T; and H; are defined in eq. (2.13)

T, =" mla;,,
J zl;l Lj 7,1 (213)
Hj =53 m;
As Wy = [ mys >Oék,m,;m(,,w]t a vector of mjp,, dimensions of the angle number k

computed with the problem defined with eq. (2.3). On the other hand W, is a vec-
tor of estimated values of Wy, according to the solution found by eq. (2.11), 0, =
t

[P(ml)y P(mz), Y P(mmax)r = [&knnlv @k,mga Y dk,mmaz} .

i = 100 () — BB (2.14)
(B(W2) — B(W4)?)(E(¥E) — B(¥y)?) '

Where r;, is the smoothness factor.
In order to highlight the well founded of the proposed method (i.e. optimization
problems and criteria) an example of computation is proposed in the next section on a

three phases voltage inverter.

2.5 Simulation results

2.5.1 WTHD comparison

The WTHD comparison, in simulation, is done with respect to the parameters given
by Table 2.3. In this section, only FWS and PSR are presented because Birth’s paper
[66] showed the superiority of FWS over the QWS and HWS. Note that this superiority
has been also found while investigations but are not presented here.

Because the more Ny, is great, the more a QWS consideration is enough to obtain good
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results, the decision have been done to limit the computation to Ny, = 5. Furthermore,
the choice have been done to consider only a three phases voltage inverter in order to
highlight the well founded of the proposed method.

In the Fig. 2.3 and Fig. 2.4 WTHD comparison are shown respectively for N,, = 2
and Ny = 5.

WTHD comparison for N, =2
‘ —FWS

12

WTHD(%)
[0 4]

2 1 1 1 | L |
0.1 0.2 0.3 0.4 0.5 0.6

m

Figure 2.3 — Comparison between FWS and PSR method according to WTHD for N, = 2
when minimizing WTHD
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WTHD comparison for Ny, = 5

—FWS|
—PSR

0.1 0.2 0.3 0.4 0.5 0.6

m

Figure 2.4 — Comparison between FWS and PSR method according to WTHD for N,, = 5
when minimizing WTHD

The curves show that the PSR method provides best solutions than the other ones.
For the WTHD objective function, the advantage of PSR method is for m around % for
Nyp = 5 and around \/Lg for Ny, = 2. Furthermore tables 2.4 and 2.5 show an improvement

in comparison to other strategies.

Strategy | Nyp =2 | Ngp =5
QWS 8.16% | 4.30%
HWS 8.16% | 4.26%
FWS 811% | 4.21%
PSR 8.06% | 4.16%

Table 2.4 — Simulation mean value of WTHD for different solutions in percentage accord-
ing to (F.13)
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Ngp m = E—‘gl; €
0.53 3.52%
Ngp =2 0.55 7.11%
0.57 15.85%
0.27 5.02%
Ny =5 0.3 5.67%
0.33 4.84%

Table 2.5 — Simulation comparison between FWS and PSR for six specific operating points
inside the improvement zone. Percentage of improvement have been computed thanks to
(F.13) and (2.15).

It is interesting to note that all the symmetries relaxation allow to improve the results.
Finally PSR strategy improve FWS with a mean value Viyrgp o = 8.06% for N, = 2 and
Vwrupg = 4.16% for N, = 5 according to (F.13). It could seem negligible because all
the solutions give the same WTHD, on a wide range of modulation indexes. Nevertheless
as it can be seen in Figs. 2.3 and 2.4 but also in Table 2.5, the maximum improvement
of PSR in terms of WTHD in comparison with FWS is ¢ = 16.15% for N,, = 2 and
e = 6.37% for N,, =5 according to (2.15). Then, even if the global mean value affords a
small improvement, some operating points improve the WTHD of 16%. Furthermore the
improvement zone is not negligible as it covers more than 30% of the feasible operating

points.

WTHDpys — WTHD
e =100 Fws PSR (2.15)
WTHDpyws

2.5.2 Smoothness

Another criterion identified is the smoothness. To illustrate this criterion Fig. 2.5 and

Fig. 2.6 show the regularity of the solutions.
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ay and d; for FWS with Ny, =5
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Figure 2.5 — Example of smoothness for the first angle of the WTHD, for the FWS solution
with Ny, =5

ay and ¢ for PSR with Ny, =5

I
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Figure 2.6 — Example of smoothness for the first angle of the WTHD, for the PSR solution
with Ny, =5
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Strategy | Ngp =2 | Ngp =5
QWS 85.6% | 84.5%
HWS 85.6% | 83.7%
FWS 67.7% | 76.1%
PSR 63.8% | 86.1%

Table 2.6 — Value of smoothness for different solutions in percentage (computed with
WTHD) according to (2.14)

The smoothness computation has been done with a 8 order polynomial approxima-
tion®. In this case the smoothness is considered good enough, verified by the smoothness
factor given in Table 2.6). In this table QWS affords the best smoothness and PSR the
worst one for Ny, = 2 but for Ny, = 5 the PSR is the best one.

For QWS and HWS, the smoothness is better than FWS, this is due to the imposed

symmetries inside the solutions which reduces the gaps between angles solutions.

Fig. 2.5 and Fig. 2.6 illustrate how works the smoothness factor. Indeed those curves
are examples for the first angle of the first phase solution set, which is respectively equal
to rpy = 75.2% and rp = 89.6% according to (2.14).

2.5.3 Switching losses influence

About the influence of PSR on switching losses, it was decided to compute the efficiency
of FWS and PSR in simulation for a particular case and compare both of them. The
comparison is performed by computing the relative gap between the two efficiencies (2.19).

In the following example the number of phases is also set to p = 3.

First, the efficiency 7 is defined thanks to eq. (2.16) and eqs.(2.17)-(2.18)

Ptot

Ui (2.16)

P, designates the useful power and P, the total one. As the three phases could be differ-

ent because of the lack of symmetry, it is mandatory to compute their power independently

8. This order number is arbitrary, nevertheless, this order have to be chosen high enough to be precise
and not too much high to avoid computational problems with badly scaled matrix. Then, different tests
led us to consider the number 8.
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Efficiency relative gap between FWS and PSR for N, = 2
4 . . . . . .

A

g Poms U B |
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m

Figure 2.7 — Efficiency relative gap for (g,) for N,, =2

and not to use the usual P, = 3V [ cos(p) formula.

p

Z VierIy1 cos(pr1) (2.17)

P o
Piot = Psw + Peon + Z z Vk,h[k:,h (218)

k=1h=1
With Py, the power lost when the switches state change and P,,, the power lost while
the current go through the switch (see Appendix I for more details.)
Thanks to previous equations and arbitrary parameters of R, L, IGBT and diode
components ?, it is possible to compare the FWS efficiency ngy s and the PSR efficiency
npsg with eq. (2.19).

NFws — 1PSR

gy = 100
NFwWs

(2.19)

As shown in figures 2.7 and 2.8 the influence of angle symmetry relaxation is positive
on efficiency for highest operating points when N,, = 2. For N, = 5 losses impact is
almost negligible, because the impact is lower than 1%. Even if for this last configura-

tion PSR decrease a little the efficiency value in comparison of FWS. These conclusions

9. The parameters are R = 10mJ{2; L = 170pH; similar but not equal to the ones provided by Renault.
The arbitrary chosen switches are: https://www.onsemi.com/pdf/datasheet/ngtb40n60ihlw-d.pdf
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Efficiency relative gap between FWS and PSR for N, = 5
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Figure 2.8 — Efficiency relative gap for (g,) for Ny, =5

are not surprising as it is well known that the main influence on the switching losses is
the switching frequency f,. Furthermore a reader who would specifically reduce switch-
ing losses or increase efficiency can easily change the objective function in eq.(2.3) from
WTHD to efficiency one or whatever he desires.

In this paper it is shown that the PSR strategy provides best results than FWS one.
The superiority of PSR, in simulation, is then established for two purposes, increasing
the solution quality and increasing the smoothness quality (as defined in section 2.4.1)

without increasing drastically the switching losses.

2.6 Experimental results

In order to confirm experimentally the well funded of the proposed strategy, an ex-
perimental setting has been set up. It is composed of a DSpace® system (RTT 1103 with
MatLab® 2010) that is generating the PWM signals sent to a three legs two levels inverter
via I/O ports. Each switch is composed of a MOSFET with two freewheeling diodes. The
power of the inverter is provided by a stabilized DC generator of 25V for safety reasons.
Then the inverter is connected to a balanced three-phases inductive load composed with
R~ 129, L ~ 1.2H.

Remark that the angular precision in simulation section is equal to 1007 - 10~° rad for

an electrical frequency of 50Hz. Then in order to at least respect this angular precision
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Figure 2.9 — Schematic representation of the experimental bench.

=
13
e

Parameter | Value
f1 1Hz
Ot imin 30ps
At 60ps
Epc 25V

R 12.902
L 1.2H

Table 2.7 — Experimental parameters

and the experimental device limitations, the experimental electrical frequency is set to
1Hz. Indeed a technical limitation of the micro-controller sampling period equal to 30ps.
By doing so the angular precision is equal to 607 - 107% rad, which is lower than the
simulation one. Since the simulink scheme is real time the dead-time is equal to one step

of controller computation and then is equal to 30ps= 60mprad

Concerning the voltage measurement, a Rohde Swartz’s® probe is used and connected
between the input of the RL load and the neutral point. The voltage is sent to the
DSpace, by saving datas for ten periods (i.e. 10s). Then the harmonic spectrum of the
voltage is extracted and finally the WTHD is computed by using eq. (F.12). A video of
the experimental bench can be found in [102] and on figure 2.9, the parameters are sum
up in Table 2.7.
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In the Table 2.9, three specific points where selected for Ny, = 2 and N,, = 5, with
respect to the improvement zone visible on Figs. 2.3 and 2.4. The table results are
computed with (2.15), and show a WTHD improvement of the PSR against the FWS.

In order to verify the behavior of the PSR against the FWS in all the validity domain.
Other operating points are evaluated and are represented on Figs. 2.10 and 2.11. The
shape of the curves is very similar to the simulation ones (Figs. 2.3 and 2.4). Thanks to
these experiments a mean value of improvement was also computed and the results have
been compiled in the Table 2.8. As for simulation results the mean increase is not that
much impressive, but, by considering a local improvement with Table 2.9, the value of

the PSR strategy is then much more visible.

WTHD experimental comparison for N, = 2
12 . | | . . . :

'Z".:ﬁﬂ

WTHD(%)

2
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
m

Figure 2.10 — WTHD value for N,, = 2, the points have been computed with a step of
0.02
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WTHD experimental comparison for Ny, = 5
T I I I I I I

~—FWS

.1
0.2

0.35
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Figure 2.11 — WTHD value for N, = 5, the points have been computed with a step of

0.02

Strategy | Ngp =2 | Nyp =5
FWS 6.44% | 3.85%
PSR 6.34% | 3.79%

Table 2.8 — Experimental mean value of WTHD for FWS and PSR in percentage. This
percentage was computed with the same points than Figs. 2.10 and 2.11.

m=

Nyp jorem €
0.53 5.53%
Ny =2 0.55 9.03%
0.57 16.02%
0.27 3.28%
Ny =5 0.3 4.12%
0.33 4.39%

Table 2.9 — Experimental comparison between FWS and PSR

for six specific operating points inside the improvement zone. Percentage of improve-
ment have been computed thanks to (F.13) and (2.15).
Experimental results confirm the superiority of the PSR method against QWS, HWS
or a FWS for low N,,. For higher N, the results are similar for all the considered methods

99



Partie , Chapter 2 — A new off-line PWM: The Phase symmetry relazation

Fourier specter for FWS and PSR for IV, = 2 and m = 0.57
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Figure 2.12 — Fourier spectrum for the FWS and PSR for N,, = 2 and m = 0.57.

because significant voltage harmonics of eq. (F.13) would be in high enough frequency to
be negligible.

Experimental results are also validated thanks the simulation ones as Table 2.4 cor-
roborates with Table 2.8, but also Table 2.5 is similar in terms of improvement to 2.9.

As the experimental results depends on dead-time, it is shown there is no significant
influence of At on experimental results. Nevertheless for higher electrical frequencies, it
would be necessary to start again an optimization in order to ensure this kind of solutions
quality (see Fig. 2.14). Indeed an increase of electrical frequency will also decrease the
angular precision as dt,,;, is set to 1ps.

Fig. 2.12 is the Fourier transform of the phase voltage of Fig. 2.13 obtained with
Ny =2 and m = 0.57. It can be seen from Fig. 2.12 in red color (PSR) the harmonics
multiple of three are not removed (see zoom on first harmonics), which confirms the
relaxations constraint of angle symmetry between phases (see eq. (G.5)) for PSR strategy.

About general implementation issues of classical methods and PSR method, the com-
puted angles have to be stored inside a micro controller [66], [103]. The controller always
reads the tables and send an interruption when the internal clock value (converted in an-
gles) corresponds to the table one (Fig. 2.14). As the precision is function of the sampling

time and electrical frequency, it is necessary for the same precision to increase the speed
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2.7. PSR and Space vector modulation

Phase voltage for FWS and PSR for N,, = 2 and m = 0.57
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Figure 2.13 — Voltage waveform for the FWS and PSR for N,, = 2 and m = 0.57.

of a micro controller if the electrical frequency increases. In the same way of thinking
for a fixed controller speed the precision can be increased by lowering the electrical fre-
quency, which is done in this section. It is important to remark that the storage of PSR
is three times greater than the FWS one and twelve times greater than the QWS one.

Nevertheless, the size of the tables is still technologically and economically acceptable.

Even if the previous example is dedicated to three phases RL load, the proposed

strategy can be used for p-phases and any inductive or capacitive load.

2.7 PSR and Space vector modulation

The PSR, due to its intrinsic structure, select the switching angles for each phase
independently. This selection, is rigorously equivalent to a space vector modulation.
Indeed, every solution found will always belongs to the set of feasible vectors. Then an

OPP, is always a vector method with extra freedom degrees.

The difference between classic space vector methods and OPP resides in the fact that

the voltage reference following is not observed locally (see Appendix C) but on a whole
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i Time to angle
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Figure 2.14 — Off-line PWM control in the particular case of a three phase inverter.
Solutions depends also on fundamental frequency for the angular precision. For this third
dimension, each table should be understood as a frequency interval and not as a specific
frequency.

period . This non-local condition is necessary to perform a low frequency vector method.
Indeed, in a SVM paradigm, thanks to a high frequency ratio, the PWM voltage mean
value is for every switching period equivalent to the desired voltage. This mean value
hypothesis cannot be done when the frequency ratio is low.

Then the previous exposed constraint in a vector based idea force to release the classic
vector hypothesis, i.e. to use two !l adjacent vectors to generate the desired voltage, and
for example use only one of them in addition with the zero voltage one and with a varying
time value (Fig. 2.15). This technique allow to follow the reference even if the switching

frequency is very low, which is impossible with classic techniques.

2.7.1 The zero sequence component extraction

For the same reason than for the vector consideration, the mean value computation
of the duty cycle is not evident, due to the impossibility to use the mean value theorem
(see Appendix D). Then, the more a low switching frequency is used, the more the duty
cycle as an injection of Zero Sequence Component (ZSC) in the modulating signal is hard
to extract.

Furthermore, it is well known that CBPWM have regular switches due to the carrier.
This property is not shared with OPP. Then, this clue could mean that a link from OPP
to CBPWM does not exist. Nevertheless, this impossibility have not been proved yet.

10. A quarter period for QWS, half period for HWS and full period for FWS and PSR
11. or three for other space vector modulation techniques
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2.8. Conclusion

Vectorial representation of PSR for Ny, = 2 m = 0.55
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Figure 2.15 — PSR command as a space vector point of view

This probable incompatibility led us to consider the ZSC optimization as an entire
work, as we faced to this physical barrier to extrapolate the PSR'? to a ZSC injection
one.

This is even more interesting as a carrier based PWM is way more easy to implement

than an OPP which necessities to completely change the software structure.

2.8 Conclusion

In this chapter a new PWM method with a relaxation of symmetry for low switching
frequency is exposed, called Phases Symmetry Relaxation (PSR). A simulation evalua-
tion of this strategy was performed according to WTHD compared with classical PWM
symmetry strategies for the specific case of a three phases voltage inverter. Furthermore
experimental results corroborates the first results obtained in simulation for the same
conditions.

For all the studied operating points, PSR strategy affords the best results in compari-
son with the classical OPP solutions as FWS, described in [66]. Indeed computation and

12. More generally, all the other low frequencies OPP, QWS, HWS and FWS
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experiments performed shows an improvement of WTHD for some specific modulation
index and for low switching frequency.

As a generic optimization problem was defined without specific load, it was highlighted
that PSR method can be applied to a p-phases inverter to feed either an inductive (voltage
WTHD) or a capacitive load (current WTHD). Furthermore a new smoothness criterion
(Evaluates the smoothness of the switching angles when the modulation index changes)
was presented and simulation results shown that PSR is competitive with other OPP.

In future works experimental validation of the proposed strategy will be done on
a synchronous electric motor, which implies a variation of the electrical frequency and
modulation index dynamically. Furthermore even if WTHD and smoothness are the most
important criteria, some other criteria could be interesting to study in future works. In
addition, the WTHD optimization related to PSR probably underestimate the benefits of
the technique. Indeed on a motor with a non sinusoidal electromotive force, the interest
is intuitively better for PSR as it plays with the phases symmetry. Nevertheless showing
the PSR improve the WTHD is an important step as it is easy to understand and classic
for OPP considerations especially thanks with the generic optimization proposed.

Future works would be interested to some sort of generic space vector equivalence or
carrier based PWM equivalence in order to increase the feasibility of the solutions on a
embedded device. Nevertheless, this generalization is presupposed hard due to the low
switching frequency as explained in this chapter.

About a concrete real time implementation, it is not easy to perform as it needs a
hardware configuration change (FPGA for example). In addition an attention to dead-
time consideration would have be done. Indeed, for high electrical frequencies, the dead-
time hypothesis we did (Appendix K), will be not feasible anymore.

Next chapter will be concerned on the zero sequence component and especially to its
optimization. As exposed, in this chapter, the main problem is the implementation, then,
finding a structure which keep the previous software architecture is appreciable for an

easier and quicker implementation.
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CHAPTER 3

SYNCHRONOUS CARRIER BASED PWM

Because of the Optimal Pulse Pattern (OPP) problems presented in the previous
chapter, vector based strategies and the carrier based ones seems to be easier to implement.
Then, a sub-optimal strategy would be preferable if its implementation is easier to be done
and rely on well known techniques. In addition, OPP strategies cannot be overpass in
terms of results, explaining why the presented researches was focused on finding new easy
implementable synchronous carrier based strategies. Following chapter will present two
synchronous Carrier Based PWM (CBPWM), the Zero Sequence Component Modulation
(ZSCM), which is an extension of Third Harmonic Injection PWM (THIPWM). But also
the Saw-Tooth Injection PWM (STIPWM) which generalizes ZSCM for some operating
points.

These two strategies will be explained and their improvement will be phased with the
classic synchronous strategies knowledge.

In order to have a better understanding of these strategies, a short carrier based PWM

context description is proposed in the next section.

3.1 The carrier based PWM context

CBPWM exists since almost one century [14] to control power electronic devices such
as inverters. Many works tried to improve the PWM by injecting harmonics in the
modulated signal [24], [27], [32], [51], [63], [64], [104].

More recently it also appeared OPPs strategies as [23], [47], [66], [69]-[72], [88], [105].
Most of the papers are concerned about the improvement of the harmonic quality thanks
the WTHD. Indeed as it was explained, it is a good way to evaluate current behavior in
an electric motor. As the motors behaves as a low pass filter, WTHD allows to take into
account this dynamic without considering a specific electrical motor.

Even if OPPs offers better results, their main problem, is that for many power con-

version structures, it necessities to change the whole command structure. Which cost a
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lot of money !, and is more difficult to ensure the security and the safety of the device .
These difficulties explain why OPP are not popular in the industry, despite their better
results [23], [66], [67], [105].

To avoid OPP problems more recent researches was concerned about synchronous
CBPWM optimization [86], [106], [107]. Furthermore, at the end of the 80’s Boost
suggested in a state of the art the apparition of a strategy which would generalize the
THIPWM by injecting more than one harmonic [37]. Nevertheless, because of the tech-
nical limitations, it was not feasible to implement efficiently the suggested idea in 1988,
because of the heavy optimization problem and technical limitations to implement such
idea.

The present chapter, show investigations on the injection of a lot of third harmonics
in order to reduce WTHD or losses, we will show that the harmonic quality of the output
voltage of a three phases two-level inverter can be improved by this strategy we decided to
call ZSCM. More precisely, we will highlight the benefits of ZSCM to reduce the WTHD
and losses against the most classical CBPWM as THIPWM and SVPWM [24]. The idea
of this strategy is basically to generalize CBPWM and by extension the THIPWM by
injecting an infinity of harmonics multiple of three, in the same idea as Boost one [37].

Furthermore with ZSCM strategy, only the modulation component software is changed
without modifying the existing hardware. Then, the well known robustness of classical
CBPWM and the phase symmetry is also preserved.

Nevertheless ZSCM limits will be also highlighted as the Gibbs effect due to potential
discontinuities inside the zero sequence component. In addition, it appears that for some
specific operating points and objectives the ZSCM strategy looks like to converge to a saw-
tooth shape. This convergence is the second subject of this chapter, and more precisely
the mathematical understanding of this saw-tooth convergence and its benefits in terms
of WTHD and losses.

As for the previous chapter, the control loop is considered as a black box, providing
information about sinusoidal signal reference (f;, V7). These information are necessary
to perform a correct synchronous CBPWM.

Thanks the context highlighting of this section, next, a description of the ZSCM is
performed with the highlighting of its benefits and generalization to the other strategy
proposed, the STIPWM.

1. Due to architecture and philosophy changes
2. Dead-time management and narrow pulses avoidance
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Figure 3.1 — Principle of ZSCM, a zero sequence component is generated from the com-
puted optimal Fourier specter (here is represented as an example the SVM equivalent
one).

3.2 A THIPWM generalization: The Zero Sequence

Component Modulation

3.2.1 ZSCM description

The ZSCM consists to find the optimal harmonics to inject in the modulating signal
[24]. The principle is not new regarding THIPWM strategies [37], but its generalization
was not tested before.

The THIPWM principle is to inject inside the normalized reference signal a part of the
third harmonic. This third harmonic have the advantage to be removed when provided
to a three phased balanced load.

Nevertheless, this removing property is not only a specificity of the third harmonic. it
is also true for every harmonic multiple of three, i.e. harmonics 3, 6, 9... Then injecting
one or more of these harmonics inside the modulating signal would not impact the signal
output.

The general idea of the ZSCM is then to generate a Zero Sequence Component (ZSC)
signal, from the knowledge of n; harmonics multiple of three. This principle, is deduced
directly from the Fourier description of periodic signals. This principle is described more
precisely thanks to Fig. 3.1.

On this figure, on the left is the Fourier specter of vy, and thanks to the eq. (3.1),
the temporal signal can be found. This signal would be injected inside the normalized
reference one in order to generate the modulating signal. This procedure is shown on Fig
3.2.

In an analog representation than for THIPWM Fig. 1.6, Fig. 3.3, show a replacement
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Figure 3.2 — First, Fig. 3.2a represent the ZSC and the reference. On Fig. 3.2b it is the
modulating signal (sum of the two last ones). Next Fig. 3.2c is the comparison between
the modulated signal and the carrier signal. Finally Fig. 3.2d represent the generated
switches.

of "Zero sequence component calculator', with a table, where are stored the real Fourier
coeflicients.
Vo (t) = Copg + om0y 3t (3.1)
vo(t) € {‘%% %}

It is also possible to write the eq. (3.1), thanks to real coefficients with eq. (3.2)

Vo(t) = @ouy + Sowy Qny COS(3nWt) + by, 4, sin(3nwt)
- (3.2)

vo(t) € {—57 5}
Once the ZSCM principle is exposed, it is necessary to find the correct complex coef-
ficients of the ZSC?3, or equivalently, the real ones*. Next section is concerned about the

concrete method helping to find these coefficients to inject in the reference signal.

3. Cnug, in eq. (3.1)
4. An gy bn,vo, in eq. (32)
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Figure 3.3 — Generation of ZSCM command

3.2.2 ZSCM optimization

It is well known that it is impossible to compute a complete Fourier decomposition,
then, it is necessary to set the maximal harmonic we would consider to generate the
7ZSC, this number is called n;,. As an example it can be fixed arbitrary to n, = 20,
corresponding to 60 harmonics over the electrical frequency thanks to the third harmonic
property of the ZSCM.

As this strategy, is based on a Fourier decomposition paradigm, this strategy can
reproduce any periodic signal, under the hypothesis that ny is large enough.

Consequently, this technique can reproduce SVPWM, THIPWM, Discontinuous PWM
(DPWM), or any ZSC signal. Nevertheless this harmonic regeneration does not work
properly with some strategies, due to discontinuities generating a strong Gibbs effect.
This Gibbs effect generates unexpected extra switching discrediting some strategies to
decomposed them as a ZSCM strategy, as the number of switching per period is fixed
and equal to 4N,,°. Furthermore, the principle of some DPWM is to forbid to switch a
commutation cell for a defined amount of time. Doing so, it is impossible to set a fixed

number of switching per period and then classic DPWM cannot be implemented under

5. The number of switching is different of the pulse number, indeed, for 4V,, switches, the number of
pulses is equal to 2N,
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the fixed number of switches.

As mentioned in the previous section, Fig. 3.1 shows the principle scheme of ZSCM.
The idea is now to compute Fourier coefficients (¢, ,,) with an optimization algorithm
in order to generate the ideal ZSC according to a specified objective. This optimization
problem is computed for a specific modulation index (m), frequency (f;) and number of

switches per period (4N,,) with respect of the Fourier description of vy® found in eq.

(3.1). In the next, the vector of Fourier coefficient is called ¢,y = [Coug> Clugs " * s Crpuo )’
2N, 1
0) = (—1)% [ —20 - ——) 3.3
wl®) = (-1 (-5 3 (33)
2N,
- [
T

With [-] the floor function which keep only the integer part of the number.

The intersection with a synchronous carrier signal (defined eq. (3.3)) with the ZSC
(eq.(3.1)) added to the desired voltage normalized by Epc leads to generate switching
angles Fig. 3.2. The number of switching angles by period is equal to 4V,,. The switches
found are then enumerated for the first leg as 0 < o < ag--- < ayn,, < 2. The first leg
only have to be considered as all the legs are symmetric.

With these angles determination, eq. (3.4) and eq. (3.5) [66] allow to compute switch-
ing sequence (S(t)), and then phase voltage of the inverter is accessible thanks to eq.
(A.1).

Remark: Eq. (3.4) and eq. (3.5) are computed thanks the switching angles of only

one phase, as the CBPWM generates symmetric switching angles.

1 4Ngp
- _ 1V .
Coc = 5 (27T ;( 1) 04]) (3.4)

Cn,e = L (ip(_lyemaj) (35>

3.2.2.1 ZSCM algorithm

The algorithm used to solve the ZSCM problem, is very similar than for the PSR one,

Nevertheless, it exist some particularities which have to be explained in the following.

6. Fourier coefficients are normalized over the DC voltage
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First, as for the PSR optimization procedure, the fmincon function of the optimiza-
tion toolbox of MatLab is used to perform the computation. As fmincon propose only
local minimum solutions, a first good minimum search would be to select among a lot
of solutions the best one. To do so, the same randomly evaluation start than PSR eq.
(2.6) is used to evaluate the vy Fourier coefficients proposed. Nevertheless, the difference

resides of the form of initial decision variable xo = [@0.40;, @1,005 " - * s @np w05 01,005 - Dny 0]

In addition, the choose of a specific objective function f is necessary. For this strate-
gies, three objective functions are considered. The WTHD eq. (F.13), the losses inside

the inverter only eq. (3.6) and the losses inside a RLE model with a sinusoidal EMF eq.
(3.7)7.

7)K - Pcond + Psw (36)
Ptot =Pk +3 Z VnIn (37>
n>2

Psw is computed thanks to eq. (1.6) ,P.ong is computed thanks to eq. (I.12), and the
currents used in eq. (3.7) are directly deduced from eq. (J.5).

It is interesting to underline that the second part of eq. (3.7), is similar to WTHD.
We decided to consider it because the power in the harmonics do not produce work and
have to be reduced. Furthermore, even if theoretically, this power go back to the battery,

a very discontinuous current have to be avoided.
K, and K, are set to K; = Ky = 10% in the same way than for the PSR strategy.

In the case of the ZSCM optimization, there are only three constraints leading to the
constraint vector ¢ = (c1, ¢, ¢3). These constraints are the same then the ones defined for
the problem eq. (3.8) . In eq. (2.6), g is also defined thanks to eq. (2.7).

After selection of the best first vy (starting point) according to eq. (2.6). Fmincon find
a local minimum around the starting point with respect to the problem defined by (3.8).
This problem try to minimise objective function (eq. (F.13), eq. (3.6) or eq. (3.7)), which
means decreasing WTHD and increasing efficiency. Those objectives are constrained by

three constraints, to force the solutions to respect the desired voltage.

7. These three objective functions are always evaluated separately in the optimization
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ObF min(f(x))
U.C. Qo,v; = 0 (3 8)
a1y, = 0 '

biv, = mEpe

In the same way than for PSR the algorithm presented on Fig. 2.2, is also used, in
order to preserve local minimums found for previous modulation indexes.

In addition, and to ensure that harmonic injection increase the solution quality, the
solutions obtained (vy) from Fourier decomposition of SVM, DPWMMin, DPWMMax,
THIPWM1/6, Opposite Median Injection PWM (OMIPWM) and THIPWM1/4 are also
considered as starting points for (3.8) to be computed with Fig. 2.2. Nevertheless, even all
these strategies are realisables, the algorithm will not retain them if, after the optimization
procedure, more or less than 4N, switches are observed.

Thanks to this optimization method, some results were found and their description is

the objective of the next section.

3.2.3 ZSCM results

As mentioned before, the procedure was computed for three specific objective func-
tions, and for some number of pulses inside a period. More precisely the computation
were performed from Ny, = 2 to Ny, = 5. Which correspond to very low switching
frequencies. ®

In the next, results found for Ny, = 5 and Ny, = 3 are presented. The first one, as its
results are typical of what we found for other N,,, and the second one (N, = 3) because

its results are singular.

3.2.3.1 Five switches per quarter period

Improvements of the strategy First, Fig. 3.4, represent a WTHD comparison be-
tween SVPWM, THIPWM% and optimal harmonic injection. The idea here is to represent
the relative margin eq. (3.9) between ZSCM and two classical PWM methods.

e, = 1009 Y (3.9)

Ye

8. Switching frequency belongs to fs = 4f1Hz to f; = 10f1Hz
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Figure 3.4 — Relative margin, (g, eq.(3.9)) for optimal harmonic injection compared with
SVPWM and THIPWM £ applied to WTHD (eq.(F.12)) for Ny, =5

In eq. (3.9) y. represent the objective function cost of one of the classical symmetries
(SVPWM or THIPWM% in this chapter) and y, the proposed objective function value of
harmonic injection one.

In addition to the WTHD, Fig. 3.5 provides the improvements for the switching losses
only (i.e. eq. (3.6)) and Fig. 3.6 does the same comparison for the RLE load total losses
(i.e. eq. (3.7)).

As we can see, for the proposed ZSCM the WTHD is improved in front of SVPWM
for any modulation index and reach almost 2% for high modulation index (Fig. 3.4). On
another hand, our optimal computation affords a small gain in comparison to THIPWM%
(according to WTHD objective function), the improvement never overcome 0.5% of im-
provement. Furthermore, for THIPWM% the WTHD improvement is only for low and high
modulation index. This observation is a confirmation of the literature, where THIPWM%
is considered as the best manner to reduce current harmonics. It is also important to
notice very strong variations for very low modulation indexes, this instability can be
explained to the switches precision that have a huge importance for these voltages.

About the losses in the converter, for switching losses only, the improvement is visible
for a the SVPWM strategy and for the THIPWM3: one (Fig. 3.5). On the other hand,

the total losses (Fig. 3.6) are not improved on high modulation indexes considering

9. The "c¢" indice in y. stand for "classic" and "o" in y, stand for "optimal"
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Figure 3.5 — Relative margin, (&, eq.(3.9)) for optimal harmonic injection compared with
SVPWM and THIPWM £ applied to switches losses only (Pk eq.(3.6)) for Ny, =5

Piot increase for Ny, = 5
T T

2.5 1 7
2 ‘ i
|
?15‘ ‘ ! =
R I —SVPWM
% [ — THIPWM
& 1) y 3
05 il
' LA L
ik
0.

005 01 015 02 025 03 035 04 045 05 055

m

Figure 3.6 — Relative margin, (&, eq.(3.9)) for optimal harmonic injection compared with
SVPWM and THIPWM # applied to total losses (P €q.(3.7)) for Ny, =5
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WTHD zero sequence component for Ny, = 5 and m = 0.5
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Figure 3.7 — Normalized and centered vy comparison between harmonic injection and
SVPWM for WTHD (eq.(F.12)) considering N,, = 5 and m = 0.5

the THIPWM in the same way the WTHD did. On another hand, for low modulation
indexes the improvement can be seen and correspond to the kind of amplitude we saw on
the inverter switching losses Fig. 3.5. This way, we can understand total losses as a mix
between WTHD and switching losses. Indeed the results form is near the one found for
WTHD in high modulation, and for low modulation indexes it looks like the switching
losses one.

Let’s notice on Figs. 3.4, 3.5 and 3.6, SVPWM and THIPWM% solutions has a neg-
ative relative margins. This implies that classical solutions are better than optimal zero
sequence component. Nevertheless, for these modulation index, SVPWM and THIPWM%
do not respect the specified constraints. So, both classical strategies are unfeasible ac-

cording to constraints definition (see eq. (3.8)) and especially inside tolerance.

Zero sequence component shape Another interesting study besides the improvement
is to observe the zero sequence component shape of the ZSCM results.

In Fig. 3.7 and Fig. 3.8 is represented respectively the zero sequence component for
WTHD objective function and losses. For the WTHD (Fig. 3.7 corresponding to Fig. 3.4),
as expected the optimal harmonic signal is near THIPWM% wave form for the particular
case of m = 0.5, which is not surprising according to the corresponding improvement of
harmonic injection seen on Fig. 3.4.

About total losses and switching losses (Figs. 3.5, 3.6 and 3.8), the optimal curve for
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Losses zero sequence component for Ny, = 5 and m = 0.1
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Figure 3.8 — Normalized and centered vy comparison between harmonic injection and
SVPWM according to Py and P,y losses for Ny, =5 and m = 0.1

low modulation index (m = 0.1) is quite surprising because it does not looks like any
classical carrier based strategy. The curve looks like a saw-tooth function, and a small
Gibbs effect appears near the discontinuities.

Furthermore the optimal injection for total losses and for switching losses only, seems
to be the same.

As mentioned previously, the results are singular among the others when N, = 3,

next subsection is concerned on the study of this specific operating point.

3.2.3.2 Three switches per quarter period

The previous result are presented for Ny, = 5, this choice has been done as its results
are typical for all the other N,, value computed. Nevertheless, the more N, will increase
and the less the percentages performances will be great. However, there is a singularity
among the results found for the specific case of Ny, = 3. Indeed, for this particular case,
the improvement is way more visible and seems to largely improve the classic strategies.

On this specific case the improvement reach high values such as 25% of improvement for
some high modulation indexes (see Fig. 3.9). Furthermore, for the losses the improvement
can reach 6% in the case of Py, (see Fig. 3.11) considerations and almost 4.5% for the

Py objective function (see Fig. 3.10). These results have a relative margin way more
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Figure 3.9 — Relative margin, (&, eq.(3.9)) for optimal harmonic injection compared with
SVPWM and THIPWM ¢ applied to WTHD (eq.(F.13)) for N, = 3
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Figure 3.10 — Relative margin, (&, eq.(3.9)) for optimal harmonic injection compared with
SVPWM and THIPWM £ applied to switches losses only (P eq.(3.6)) for Ny, = 3
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Figure 3.11 — Relative margin, (g, eq.(3.9)) for optimal harmonic injection compared with
SVPWM and THIPWM 3 applied to total losses (P eq.(3.7)) for Ny, = 3

impressive than for Ny, = 5. Furthermore, the saw-tooth shape in the zero sequence
component is also found here and visible on Figs. 3.12 for the WTHD objective function
and Fig. 3.13, for the losses objectives.

All those result, are interesting since they improve classical strategies. Next, a study
of the saw-tooth shape is necessary as it seems to be found for a large amount of operating

points.

Conclusion on ZSCM results In order to do a synthesis of the ZSCM strategy, two
tables have been done Table 3.1, is a table on the WTHD improvement and Table 3.2 on
the losses one. For the computation of the previous results we decided to select only the
modulation index greater than 0.03, as below the results are not relevant with the global

curve obtained and would bias the following table.

Ngp || WTHD mean WTHD max
2 -8.31% 7.85%
3 3.91% 14.49%
4 0.06% 0.14%
5 0.07% 0.42%

Table 3.1 = WTHD improvement againt THIPWM% for different Vg, maximum and mean
value
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Figure 3.12 — Normalised and centred vy comparison between harmonic injection and
SVPWM for WTHD considering Ny, = 3 and m = 0.5
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Figure 3.13 — Normalised and centred vy comparison between harmonic injection and
SVPWM according to Py, and Py losses for Ny, = 3 and m = 0.5
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» || Pk mean Py max P, mean Py, max
7.66% 31.02% 6.10% 26.14%
2.60% 4.49% 1.11% 5.12%
0.82% 2.53% 0.31% 1.32%
0.82% 2.50% 0.32% 2.37%

myzxoowgz

Table 3.2 — Losses improvement againt THIPWM% for different Ng,, maximum and mean
value

Thanks to these tables we can globally observe that a minimization of the number of
switches will provide better relative results in comparison to classical one. An exception
is done for the WTHD when N, = 2. Indeed, for this specific case, the SVPWM and
the THIPWM% are not feasible, and there is no feasible solutions succeeding to improve
the WTHD. Nevertheless, the advantage of our strategy is to provide a strategy which is
feasible even if the WTHD seems less good than for SVPWM and THIPWM strategy.

Furthermore, sometimes, the mean WTHD improvement is below 1% of improvement,
nevertheless, the maximum improvement show, it exist, very interesting operating points

to use the proposed ZSCM strategy.

After those results, and due to the carrier based property of the proposed strategy, a
fast enough computation will ensure a relevant implementation. Nevertheless, the main
problem of this strategy seems to be the synchronism, because one of our main assumption

is to set invariant the number of commutations per period and per phase.

In this previous section, the idea beyond the so called ZSCM method is really simple,
because it is just a particular case of harmonic injection. Because of the method carrier
based property, this strategy will be easier to implement in comparison to the OPPs
presented in the previous chapter. Off-lines solutions affording better solutions but are

way more complicated to implement on a real engine.

Furthermore, electromagnetic compatibility (EMC) [108], or noise and harshness [22],
[109], [110] problems are ignored but should be considered in future works as they will

limit or not the easy implementation.

Previously it was shown that for some specific operating points and especially on
losses, a saw-tooth like shape for the zero sequence component was found. The following

section, will investigate on this specific observation.
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3.2.4 ZSCM convergence to a saw-tooth waveform

In previous section, no certitude was afforded to confirm that the saw-tooth like wave-
form is really a saw-tooth and not some sort of approximation [24]. Then, to verify this

conjecture, a least squared method was set up eq. (3.10).

. 2
min || Csaw — Cu |I5 (3.10)
where
Csaw — [CO,saun C1,saws C2,saws " * * Cn;“saw]t
hmax + hmm
Co,saw = T
/) Nnp
C3k,saw — % (hmm - hmax) 5 Vk € |[17 \\?J:ﬂ

Thanks to the least square problem eq. (3.10), it was possible to obtain the correspond-
ing exact saw-tooth waveform. On Fig. 3.14 it is impossible to distinguish the ZSCM and
the saw-tooth approximated with the first harmonics. Doing a Zoom on specific angles
allow to distinguish the two signals on Fig. 3.15. As a complement, by computing the
mean value for Ny, = 3 for modulation indexes below 0.5. The obtained mean value is ap-
proximately equal to 7.8-10"7, as this value is below the least square algorithm precision
(1079), it is possible to conjecture that the ZSCM effectively converged to a saw-tooth
waveform.

Now, as the correlation between saw-tooth and ZSCM is highlighted. It is interesting
to confirm the saw-tooth performances against classic strategies to justify the presented

researches and investigations.

3.3 STIPWM interest for power electronics

As for the ZSCM and for PSR an optimization problem was set on eq. (3.11) with the

objective to find the optimal saw-tooth waveform.

{ObF min(f([hmin;hmax])) (3.11)

UC. mEpc—cy < |Cn,V| < mFEpc+ ey

In eq. (3.11) & is the objective function defined for the STIPWM problem, for example
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Figure 3.14 — Here are represented the ZSCM initial computation (blue) for N,, = 3 and
m = 0.5, the equivalent saw-tooth wave form with n;, = 20 harmonics considered (red)
and the exact saw-tooth waveform (yellow). As shown, the ZSCM converged to a perfect
saw-tooth as it is impossible to distinguish the ZSCM and the 20" firsts harmonics saw-

tooth.
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Figure 3.15 — Zoom on a saw-tooth edge to explicitly see the saw-tooth convergence of

ZSCM.
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for the WTHD ¢ is defined thanks to eq. (3.12).

n

Vin\2
S(Vme; hmax]) = VWTHD,% - 5 Z ( L > (312)
n>2

In eq. (3.12) Vi, is the desired fundamental voltage of the first phase (expressed as
mEpc), and Vi, is the n*® voltage harmonic amplitude of the first phase [23], [27], [67].

Remark: Eq. (F.13) is directly linked with A, and hpe., as the voltage is deduced
with eq. (A.1). Depending on the switching angle determination found by the comparison
between the carrier signal and the modulating signal. Modulating signal depending on
Romin and hyy,,,. This same reasoning is possible to be done for every objective function,
since the saw-tooth amplitude can be linked with the switching angles.

Thanks to the optimization problem eq. (3.11) optimised with the WTHD, Pf and
Pt with ey is the desired voltage precision. In this paper, ¢y is equal to 2% of the desired
voltage.

The next following subsection are first concerned on WTHD and then on the losses

analysis.

3.3.1 WTHD reduction

Thanks to the optimization problem (3.11), optimal Ay, and Ay, values were found
for different Ny, values. For the WTHD optimization, only the N,, = 3 affords significant
results, and, then, we will be focused on this specific IV, in the following.

The values describing the saw-tooth zero sequence component allow to draw WTHD
values showed on Figure 3.16.

Figs 3.16 and 3.17 are the most interesting curve in terms of improvement, indeed
on these curve ZSCM and STIPWM clearly improve classical THIPWM% and SVPWM.
Furthermore these curves confirm the presumptions of the previous section. Indeed, the
STIPWM is not feasible after a modulation index of approximately 0.52, and the shape
of the WTHD after m = 0.4 is not the same than for Fig. 3.17 meaning, that some
STIPWM extrapolation operating points are not feasible. Still on Fig. 3.16, the presence
of an impossibility for the ZSCM to converge to the best saw-tooth because of its technical
limitations is visible between 0.3 and 0.4 modulation index.

In order to do an overview on all the operating points, Table 3.3, sum up the results
found when the objective function is the WTHD. Thanks to this table, only the N,

value equal 3 improve the WTHD on all the modulation indexes. Nevertheless, for some
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WTHD values for N, = 3
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Figure 3.16 — Theoretical WTHD values for N, = 3

WTHD improvement against THIPWM% for Ny, = 3

—STIPWM
—ZSCM

WTHD (%)

005 01 015 02 025 03 035 04 045 05 055
m

Figure 3.17 — Theoritical WTHD improvement against THIPWM for N, = 3

Ngp || STIPWM mean  STIPWM max
2 -10.42% 0.5%
3 2.29% 5.76%
4 -2.171% 0.83%
5) -3.27% 0.95%

Table 3.3 — Theoretical improvement mean and max value of WTHD against THIPWM
for different N, values
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3.8. STIPWM interest for power electronics

Saw-tooth values for N, = 3 and ObjF: WTHD

0.25 —
|—hmax — Bmin]

0'2 =

o
s
o

=
-l

vy Amplitude

0.05

005 01 015 02 025 03 035 04 045 05 055

m

Figure 3.18 — Saw-tooth amplitude for N, = 3

operating points the STIPWM is the best strategy against the THIPWM even if, with the
mean value, its global interest seems limited. Finally, for N, = 2, it is important to keep
in mind that SVPWM and THIPWM are not feasible inside the considered bounds and
then, even if the results seems poor, at least the STIPWM succeed to reach the reference.

As we showed it, the WTHD can be improved either with a ZSCM consideration or a
STIPWM one for some operating points. Nevertheless, this section does not mention the
possibilities of improvement of the STIPWM on losses, then, in the same way than for

ZSCM, a theoretical study on losses is presented in the following subsection.

3.3.2 Losses reduction

About the losses reduction, improvement values are way different than for WTHD
one, indeed, for the Py losses, the improvement is visible for all the modulation index
except when m is greater than 0.5 for Ny, = 3, Fig. 3.19. About the total losses, even if
the STIPWM suceed to improve the SVPWM, for every N, computed except Ny, = 2,
the losses are poorer for the STIPWM.

Thanks to Fig. 3.19, we can conclude the losses in the inverter are improved thanks to
a saw-tooth shape, even if, this objective does not suceed to reduce efficiently the power
lost inside the harmonics as we can see with Fig. 3.20.

In addition Table 3.4 sum up the results found for all the Ny, computed. This table
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Py improvement against THIP\VM% for Ny =3
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Figure 3.19 — Theoritical Pg improvement against THIPWM for N, = 3
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Figure 3.20 — Theoritical P;, improvement against THIPWM for N, = 3

P mean Pg max Py mean Pj, max
10.05% 31.12% 8.32% 26.19%
0.18% 0.84% -0.59% 0.84%
0.34% 1.56% -0.32% 1.50%
0.47% 2.06% -0.13% 1.95%

Table 3.4 — Theoretical improvement mean and max value of Losses against THIPWM
for different N, values
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3.4. Results and discussion

show a large improvement for Ny, = 2 for Pk and P, this improvement is even more
interesting as the SVPWM and THIPWM are not feasible for these operating points.

Nevertheless, it is important to be cautious with the theoretical losses found as they
depend on the inductance the resistance and the power switches taken in account for the
simulations and the experiments. The benefits to use a relative margin is that it makes a
difference against two strategies, reducing the biais without removing it completely.

This way, even if WTHD is less precise than a specific loss, it have the advantage to
always provide the same results independently to the load.

Then, as for some operating the WTHD but also the inverter losses can be improved, it
is then interesting to understand deeply the STIPWM strategy. To do so, a presentation
of some experiments on WTHD are provided to confirm the well funded of STIPWM

found in simulation.

3.4 Results and discussion

3.4.1 Experimental Results

In order to confirm experimentally the well funded of the saw-tooth strategy, the same
experimental setting than for PSR (Fig. 2.9 and Table 2.7)has been set up to evaluate
the WTHD. Indeed, due to the platform limitations, a concrete study on losses was not

possible to be done under the same assumptions than the simulation ones.

3.4.2 Discussion

Figs. 3.21 and 3.22 show the results found on the experimental platform. The first
one are the WTHD found for 4 different strategies including the ZSCM, in order to do a
comparison. The second figure Fig. 3.22 shows the improvement of ZSCM and STIPWM
against the THIPWM%. For the three last points of the experimental STIPWM, the curve
is exactly the same than for THIPWM, indeed, as the STIPWM cannot reach modulation
index greater than 0.52, the decision was done to replace the saw-tooth injection by the
THIPWM one when the point is not reachable.

As we can see on the improvement Fig. 3.22, the STIPWM improve the ZSCM for
modulation indexes below than 0.52. Nevertheless, after this point the ZSCM becomes
the best strategy. It is also important to notice a quality fall visible on both Figs. 3.17 and
3.22 around m = 0.45, probably due that the saw-tooth have less amplitude possibilities
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Experimental WTHD values for N, = 3
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Figure 3.21 — Experimental results of WI'HD for different strategies when N, = 3

Experimental WT'HD improvement against THIPWM% for Ny =3

' ' ' —7Z5CM |
 STIPWM

12

_2 | 1 1 L | L | 1
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

m

Figure 3.22 — Experimental relative gap for different strategies against THIPWM% when
Ny =3
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3.5. Mathematical description and presentation of the incomplete demonstration

due to the saturation and then cannot succeed to meet both reference criteria and WTHD
minimization.

The main advantage of STIPWM is its fast implementation, even if, for now, this
strategy is better only for some specific operating points.

Indeed, the carrier based property with the simple shape of the STIPWM will ensure
a fast implementation. Nevertheless, the main problem remains that no generalization of
the STIPWM exist yet and an optimization have to be done to use the STIPWM properly.

This generalization, does not seems impossible as the saw-tooth amplitude is regular
for all the N,,. For example, for Ny, = 3 the shape looks like a ramp Fig. 3.18.

Then finding a method to compute simply the saw-tooth would lead to many advan-
tages, the first one, would be an easy implementation without any solution storage. The
second one, is to deeply understand the properties of STIPWM which allow such improve-
ment. Understanding these properties could lead to new strategies even more interesting
than the actual saw-tooth injection. Due to all these motivations, an understanding
attempt based on mathematics is presented in the following section.

To simplify the problem, next section will not be concerned on efficiency as it depends
on the considered load. Then, only WTHD reduction will be studied, for N, = 3.

3.5 Mathematical description and presentation of the

incomplete demonstration

First of all, some additional details and demonstrations can be found at the web

address in the foot note '°

. This document will help the reader with the understanding
of the equations. These equation development are not in appendix of the thesis as this

document due to the number of equations is up to 40 pages.

3.5.1 Problem description and hypothesis

In this section, in order to simplify the WTHD reduction problem, it is considered
that A0 = —hmin = h. This hypothesis was done because the mean value of saw-tooth
waveform is equal to zero leading to consider a single parameter h. This hypothesis

simplify eq. (3.13).

10. https://box.ec-nantes.fr/index.php/s/kGImIfgZjYjTmNm

129



Partie , Chapter 3 — Synchronous Carrier Based PWM

3
UO,STIPWM(Q) - (hmaw - hmm) (7 - %9) - thm

2
V€ Z.V6 € %]%7%—1]

(3.13)

On the other side, ZSC of THIPWM is described thanks eq. (3.14), and its computation
is developed in [27] page 249.

m .
UO,THIPWM(Q) = E S1n (30) (314)

Then, in the following, vy(0) = vo srrpwr (6)

Conjecture 1

Jh € R*\,
Z <V1,n,STIPWM>2 < Z <V1,n,TH1PWM>2
n>2 n - n>2 n 7
VYm € }O' 1]

b 2 )

Nop = 3, Vi1srrpwym = Vi, rarpwy = Vi

With natural language, conjecture 1 says that it exist a saw-tooth with an amplitude
h which can reduce the WTHD of the THIPWM when N,, = 3 with the respect of the
desired amplitude. Indeed reducing the WTHD must not be done at the expense of the
reference following.

It is also possible to formulate a "low" conjecture by replacing THIPWM by SPWM.
Where SPWM (h = 0) is the natural PWM [27].

3.5.2 An incomplete demonstration

As the conjecture 1 is strongly linked with Fourier decomposition, the idea is to study

them. To do it, a good start seems to develop the Fourier coefficients in the same idea than
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3.5. Mathematical description and presentation of the incomplete demonstration

in Holmes’s book [27] page 99, thanks to double Fourier description. To do the proposed
comparison, here is only presented the Fourier coefficient computation of STIPWM as the
THIPWM coefficients are accessible in Holmes book[27] page 249.

Thanks to the double Fourier description method and in the same way than Holmes,
a description of the command S;(6) egs. (3.15) and (3.16) can be done. In this thesis, a

short reminder on double Fourier equations is presented in appendix H.

S1(0) = ATO Z [Ag., cos (nf) + By, sin (nh)]
+ > [Agocos (2kNy,0) + By sin (2kN,,0)]
k=1

o)

+ Z i [Aj.n cos ((2kNg, +n)0)

k=1n=—o0
n#0

+  Bynsin ((2kNy, +n)0)]

(3.15)
Fourier coefficients of eq. (3.15), are deduced thanks to eq.(3.16)
ik+1 T " )
_ ik (msin(0)4vo(6))
Chn = —5— /_ (e o) (3.16)

(" + (=1)F+1e ™) b, Vn € Z,Vk € N

Previous Fourier coefficient description could be described thanks to integer Bessel’s
function when vy is equal to 0 (SPWM) [27].

Nevertheless, by considering eq. (3.13) with A, = —hpmin = h, it behaves exactly
as if n'™® coefficient is modified by a factor 8 = 3kh (eq.(3.20)). Then h influence can be
understood as an artificial move to the harmonics with a upper frequency (harmonic n
are moved to 3kh £ n). This fact is interesting because harmonics are reduced the more
they are high frequency in a WTHD purpose. Then an intuitive understanding about the
WTHD reduction for some h parameters can be done even if no mathematical proof of
this intuition can be afforded yet.

In the next, f,(w,z) is introduced to simplify the writing eq. (3.17).
fy(UJ,Z> — ei(wsin(z)—uz) (317>
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Remark: If v an integer in eq. (3.17), its integration on a period is a Bessel’s function.

Coo=1 (3.18)
C()’l = 1m
Con = z% (1 + 2 cos (271—#)) Vn > 2
nmw 3
(3.19)

The previous equation, eq. (3.19) gives the Fourier decomposition of the saw-tooth

function.

Z'k:+1

C2km?
{egm /, " Fown (e, 6)d6

Ck,n =

27
+ & [ o (b, 0)d0

4 i /0 P n(km, )d0

+ e [ g (k. 6)d0

(0 [ ki, 6)d8
3

_ (1)K /0 R A e Y
. N /0 * Fvamn(km, 0)dO
_ (_l)kei’n‘khﬂ /; fn+3kh(km7r,9)d9}

Vk € N*,¥n € Z.Yh € R,¥m € ]o; %}
(3.20)

To find interesting values for eq. (3.20), an evaluation of the antiderivate of fz1,, = f,

can be considered.
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3.5. Mathematical description and presentation of the incomplete demonstration

W =i(wcos(z) —v) f,(w, z) (3.21)
This eq.(3.21) implies:
F,(w,z):= /f,,(w,z)dz = gfy(w, 2) (3.22)

b 2 (fra.2) + for(w,2) dz + Cla)

Eq. (3.22) leads to the following sequence:

2v
Fo(w,2) = EFy(wz)—F,,_l(w?z)

21 2
— Ezf,,(w,z) + C(w,v) Yv,w € R

(3.23)
let’s set:
Fu+1(w7 Z)
Xu+1 w,z)=
(w,2) F,(w, z) )
X, 1 (w,2) — (f _1) X, (w, 2)
B 2f(w,z)—C(w,v)
0

= A (w,2)X,(w,z) — B,(w, 2)

(3.24)

This sequence eq. (3.24) is interesting as it is possible to describe each harmonics
thanks to the knowledge of the previous one. Doing so, it is possible, from a recur-
sion demonstration, to demonstrate eq. (3.25) for every n > 1. This demonstration is

accessible at the web address provided as a footnote at the beginning of section 3.5.
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Xoo(w:2) = (T Avs(00)) Xpuo.2)

(3.25)

Eq. (3.25), can be used inside eq. (3.20). Indeed, [’ f,(w,2)dz = F,(w,b) — F,(w, a).
Because the link between X, and X, was found, the voltage reference constraint allows
to select some precise possible values for Xz, ; and then each harmonic of the STIPWM
should be computed as they all depend on Xgyq (eq. (3.25)). To archive the demon-
stration of the conjecture, the previous computation must be linked with the THIPWM
computation. Indeed the proposed conjecture propose a comparison between THIPWM
and STIPWM. Fourier description of THIPWM is classic in the literature and can be
found in Holmes’s book[27] and more precisely in page 249. The Holmes’s description
provides a Fourier decomposition thanks to Bessel functions, such a same description is
not possible in the proposed paper. Indeed, as it is shown in eq.(3.20), it is not possible
to do the same Bessel dependency as the v part of eq.(3.17) is not an integer and then,
cannot be described by a Bessel’s functions. Doing so, it was decided to find a similar
link thanks to eq. (3.22) and eq. (3.23), leading finally to eq. (3.25). Nevertheless, even
with an analytical Fourier decomposition of STIPWM and THIPWM, the demonstration
would not be over, as the conjecture is concerned on the WTHD and not on specific

harmonics.

Based on the conjecture 1, it is possible to develop perspectives in addition with the
WTHD reduction (Fig. 3.16), as for example:

— Reduction of electrical noises due to the specter spreading[22]

— Real time diagnostic or detection [111] of the connected device is possible thanks
to the rich harmonic injection.

— Existence of a space vector modulation equivalent to the STIPWM in a motor

control context.

The remaining open problem is to demonstrate the STIPWM conjecture 1.

134



3.6. Conclusion

3.5.3 A Mathematical intuition on STIPWM

Even if the previous demonstration is incomplete, some interesting path of under-
standing can be presented. Indeed, eq. (3.20), is particularly interesting, in fact, this
description is almost a Bessel’s function. Furthermore the modifications afforded to the
integer Bessel’s definition are the complex coefficient of each integral an the second one
is the 3kh coefficient which appears in the f,(x,y) definition. This second term is par-
ticularly interesting as it seems to behave as an harmonic offset. Then, for the harmonic
n, it move to the harmonic n + 3kh, then as the WTHD filter the high harmonics we can
intuitively understand the addition of a saw-tooth will reduce the WTHD. Nevertheless,
there is of course a side effect of this reduction otherwise the saw-tooth would be always
the minimum and h would be maximum. In fact this side effect is probably due to the
necessity to follow the reference, and then possible h value are limited. Furthermore, for
now, we ignore the effects of the complex coefficient of each integral, which can also limit
the improvements of the STIPWM on the WTHD.

All these reasoning have to be explored, thanks to the sequence eq. (3.25), or any other
mathematics tool, to still improve low switching frequencies synchronous carrier based
PWM. This particular intuition led us to another unsuccessful idea. Indeed, considering
the harmonics shift, it is possible to try to find a Cj,, function that would be written as
eq. (3.26).

Chn = C() [ fuecn(X(R), )0 (3.26)
With C, K and & functions to determine depending on the vy shape and amplitude.

Indeed, finding a vy function leading to eq. (3.26) would be very efficient on WTHD.

Nevertheless, its results would not be miraculous as the reference have to be followed.

For us, actually, such vy equation satisfying eq. (3.26) remains unsuccessful.

3.6 Conclusion

In this chapter two new modulation strategy (ZSCM and STIPWM) are exposed. The
first method have been obtained by doing a generalization of THIPWM by injecting a
large amount of harmonics.

The second one was obtained thanks to the previous one, by an observation wich gave

the intuition of a saw-tooth injectin.
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The new solutions turns out to have interesting characteristics which opens the way
to other proposals of this type that are interesting to the power electronics community.

For the STIPWM, we are convinced that a better mathematical understanding would
allow to find new simple PWM strategies in the future. It is why an incomplete demon-
stration is presented here.

We would finish this chapter with highlighting some interesting future works we could
imagine to be done.

In this research work, the STIPWM demonstration is under the assumption h,,., =
—hmin and Ny, = 3 for a synchronous PWM but can be generalized to asynchronous
PWM or other Ng,. It is also possible to imagine a phase shift inside the saw-tooth,
which could lead to different solutions.

As the saw-tooth seems to be an intermediate form between continuous PWM and
DPWM one, it could be also interesting to allow the saturation of the saw-tooth and then

study how it behaves in a DPWM consideration.
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GENERAL CONCLUSION

This thesis on the PWM command control optimization, led us to consider two kind
of strategies. The OPP ones and the carrier based ones, these two classes belongs to a
triptych with the closed loop strategies and a choice has been done to only be concerned
on the two first ones. These researches was done under some assumptions as, the syn-
chronicity and a low number of switching per period. These constraints have shown many
advantages.
— The first one is to reduce the switching losses as it directly depends on the switching
frequency.
— The second one is more practical than theoretical, indeed, for a high speed motor,
the ratio between the switching frequency and the fundamental will be small.
— The third one is due to the synchronicity itself which removes harmonics below the
fundamental.
On the other hand, a three phases two level inverter was considered for further advan-
tages
— It is a well known and robust device.
— The cost of a three phases two level inverter is reduced in comparison to multilevel
ones.
— The industrial production of multilevel converter is difficult and necessities a lot
of changes
— The size of this inverter is reduced
— It necessities no hardware changes in the vehicle.
In the light of the previous assumptions advantages, it was first possible to study the
OPP strategies.

Conclusion on optimal pulse patterns

The first researches was on the OPPs, indeed, theoretically, they will always afford
the best results as the switching angles are selected precisely and then finding a better

OPP is comparable to approach the global minimum of PWM strategies. Furthermore it
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appears in the literature that the idea is always to relax the symmetry constraints inside
each phases. Then, first the QWS was found, next the HWS, and the FWS. In the same
line, the idea was to relax the angle symmetry between phases and to keep the feasibility
of the output voltage.

This idea led to improve the WTHD for low switching and synchronous frequencies.
Furthermore, even if the results was found for a three phases inverter, it is possible to
generalize the problem to any number of phases. Then the main idea behind this strategy
is to afford a methodology to generate optimal OPP with a phase symmetry relaxation.

The WTHD reduction can be understood as a better spreading of the harmonics. In
fact, the harmonics multiples of two or three are often systematically removed. By relaxing
the phases symmetry the harmonics can have a better distribution and then improve the
WTHD. The last advantage is that it can reproduce any other OPP as the QW, HWS or
the FWS and then will never decrease the results found.

On the opposite the main problem of OPPs are their implementation, which need a
fast micro-controller or FPGA with large tables computed off-line to perform a correct

output voltage or current.

Conclusion on carrier based PWM

On the opposite, the carrier based PWM, does not generate the most perfect output
waveform but benefits of the simplicity. In fact, carrier based PWM, with the space vector
based PWM are the gold standard of PWM. All those strategies have pros and cons,
DPWM reduce losses, NSPWM the EMC, SVM and THIPWM increase the maximum
modulation index, RPWM reduce noise and harshness ...

The first idea developed in this thesis was to do a generalization of THIPWM, by
injecting not a single third harmonic but an infinity. In fact, an infinity of harmonics is
not feasible, and we decided to be limited to the 20 firsts harmonics '*.

This method, called the zero sequence component modulation (ZSCM), succeed to
improve the losses and the WTHD against classic strategies. Nevertheless, it was high-
lighted a difficult implementation as the zero sequence component have to be computed
with a high precision. Furthermore some Gibbs effect appears for some operating points
which means the algorithm modulate precisely the angle by adding extra harmonics. Nev-

ertheless, for some operating points and N, the ZSCM solutions seems to converge to a

11. i.e. 60 harmonics for the fundamental electrical frequency
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Figure 3.23 — Map of existing PWMs after the PhD thesis. blue: vector based strategies,
green carrier based strategies, purple, closed loop strategies

saw-tooth.

The saw-tooth injection convergence was confirmed and was then optimized. It is
the so called saw-tooth injection PWM. This strategy showed very interesting results
especially for WTHD and N, = 3. This observation led us to consider a mathematical
understanding, which is for now not conclusive even if some interesting preliminary results
were found.

After the presentation of the strategies, we can draw again the map of existing PWM
presented in the first chapter Fig. 1.27, but, in addition the strategies developed during
this thesis work are also presented in yellow Fig. 3.23

However, despite all the presented results and strategies, many researches are still
possibles to be done on carrier based PWM and OPP. Next section is concerned about
the description of interesting ideas but also about ideas that does not succeed during the
PhD works. Since a method that has not worked does not mean a method that will never

work, we decided to mention them in the following perspective section of the conclusion.
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Nevertheless, a separation is done between the attempted ideas and the brand new ones.

Perspectives

Not conclusive ideas

Among all the ideas that did not provide enough interesting results, we can mention:

From PSR to ZSC One of the first idea was to convert the PSR into a ZSC to inject
in a carrier based strategy. The first thing that appeared is, if the modulating signal is
exactly the switching pattern, then, the output will be the switching pattern. Then we
supposed that it exist a ZSC vy, which could lead to a similar switching pattern than
an OPP (QWS, HWS, FWS or PSR). This idea was proposed as an OPP is not easy to
implement on a real embedded system in comparison to carrier based ones.

This idea led to first extract the vy signal from well known strategies in order to study
its feasibility, this step was blocking as due to the low switching frequencies considered,
the information is completely melted with noise. This impossibility to extract the vy from
a simple strategy, led us to ignore this strategy and to do the opposite, i.e. optimize the

vg to inject in the normalized desired signal which led to the ZSCM strategy.

Fifty shades of ZSCM The idea to inject a generalization of a THIPWM, was not
the first idea, an attempt was done to perform the ZSCM with polynomial equations, but
also with not periodic functions, or with harmonics multiples of 1. All these strategies
was unsuccessful as they provided results poorer than classical ones.

Once the idea to generalize the THIPWM was found, we decided to do a computation
similar to Appendix B. In order to find what kind of amplitude should be considered to
perform the best output signal, and perhaps increase the maximum modulation index.
Indeed, the THIPWM proof, show that it is impossible to overcome My, = \/Lg, but
no paper was found about an injection of an infinity of harmonics. This demonstration,

leading to a positive or a negative result, was not successful.

STIPWM demonstration wanderings The incomplete demonstration presented in
this thesis, was not the first idea we had, many attempt was done, the first one was
to compute theoretically the switching angles for any vy and to determine the switching

angles for the saw-tooth case.
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Another attempt was done by trying to start from the C ,, shape and then to determine
the corresponding vy, but here again the attempt was not successful.
As a PhD cannot be exhaustive on all the strategies it remains many ideas to explore

for future works. The following subsection is concerned about providing some of them.

Short an middle term perspectives

Here are some ideas completely unexplored in this thesis work but which would be
interesting to investigate to go further in the specific topic of synchronous PWM optimi-
sation.

— In the same idea than a RPWM, but with a regular pattern, how would behave
the output if the carrier is optimized and no more the modulating signal? What
happen if both are optimized? What would be the behavior if a classical strategy
is used with an optimized carrier?

— Thanks to the PSR, it is possible to choice the amplitude of many harmonics, then
is it possible to use this effect in order to observe the angular position of the motor?
Meaning the PWM will generate itself the angular knowledge to control itself.

— The PSR improves the WTHD for a balanced load, does it still work for an un-
balanced load? Is there is advantages? What would happen with non sinusoidal
EME? As the PSR can be unbalanced the benefits of this strategy can be supposed
way better.

— The STIPWM is a carrier based strategy, nevertheless, is it possible to find a vector
equivalence of the STIPWM? would it help the understanding of the STIPWM
benefits? In the same way, is there is an equivalence between PSR and vector
based methods?

— Is it possible to find an optimal STIPWM where there is no need of optimization
or to store parameters?

— About the ZSCM, what would happen if the ZSC is different for each phase? What
would happen is the carrier is optimized for each phase? Is it possible to find some
regularities? Is it possible to generalize it?

— How would behave a ZSCM, a STIPWM or the PSR on a real electrical motor?
Will we found unexpected behavior? What would be their effect on EMC?

— How would behave closed loop strategies (Delta-Sigma, Hysteresis, Model predic-
tive control) with a low switching frequency? Is it possible to improve them for

this specific case?
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— What would happen if we allow the STIPWM to saturate, i.e. to behave as a
DPWM?

— All the strategies presented relies on local minimum search algorithms, nevertheless
it is almost sure we can increase the speed and reliability of these local minimum

search.

Long term perspectives

Researches on a specific field, can have unexpected applications on other fields. In the
following are presented, some applications we can develop without being exhaustive.

— In cryptography domain, it is possible to imagine a communication protocol through
the electricity wires. In fact, as we are able to select the harmonics amplitude, and
especially of harmonics which are usually removed, then, we can still provide power,
but, in the same time provide information.

— In cyber-security, it is possible to imagine to inject deleterious harmonics to an
enemy plant, almost invisible, in order to destroy slowly their infrastructure, or to
damage their process.

— In the electrical grid management domain, the injection of some specific harmonics,
could be used as a signature of an electricity provided by fossil power plant, or of
a zero emission one. In fact, the energy transformation inside the grids through
an inverter could be used to add a signal inside the power to discriminate if the
energy comes from a polluting source or not. This idea could be used to provide a
solution of the so called "green electrons" detection.

— In electrical engineering, we can use the harmonics generated to perform self diag-
nosis of rotary machines, gears or any device sensible to specific harmonics.

— Still in electrical engineering, All those strategies and methods can be modified to
fit to other power conversion devices as multilevel converters, DC/DC, AC/DC or
AC/AC ones.

Thus, in the light of this PhD work, the well known two-level inverter has not given
all its secrets. Additionally, for all his advantages, the two-level inverter topology would
remains the most used device thanks to its robustness and easy topology. As mentioned,
the results found, could have unexpected applications in many surprising fields, and future

applications of the present work could surprise us in a short or long term future.
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APPENDIX A

THE INVERTER STRUCTURE

A.1 The Voltage source Inverter

An inverter is a static converter able to transform the electrical energy from a contin-
uous form (DC) to an alternative one (AC). More precisely, in this thesis, a three legs,
two-level inverter is considered (see Fig. A.1). This topology, with a DC voltage as an
input, transforms the continuous voltage to three phases voltages phased of %’rrad two by

two.
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Figure A.1 — Scheme of a three phase two levels VSI

As all the static power converters are made of commutation cells, a short reminder is

proposed to settle some definitions ans constraints .
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A.2 Commutation cells

A commutation cell is a model of a power electronics circuit providing the controlled
connection between a voltage source and a current load and vice versa [26]. This structure
is the most basic one in power electronics.

To illustrate a commutation cell, Fig. A.2 represent a generic voltage (respectively
current) source connected to a generic current (respectively voltage) load. In this Figure,
K, represent the upper switch and Vi, its voltage. On the opposite, K5 represent the
lower switch and Vi, its voltage. V is a voltage source (DC or AC) and J is a current
source (DC or AC).

lg1 k1

> e i |

VKlI \r ] ] VKlX \' V
V () U >

VK% VMI

- | < .

Ly ig2

Figure A.2 — Two examples of commutation cell. Voltage source to a current load (on the
left). Current source to a voltage load (on the right).

Remark: In the case of a voltage to current commutation cell, the two switches K,
and K, are allowed to be open together. But must be not closed together (short circuit)
destroying the entire circuit.In the opposite, a current source is not allowed to be open,
then K; and K, are allowed to be closed together but not open together.These strong

constraint explain why dead-times have to be considered in a real application.

A.3 VSI structure

As seen on Fig. A.1, a VSI is composed of three commutation cells, one per phase. As
an inverter is a DC/AC converter, it is usually composed IGBT with anti-parallel diode
to behave as a bidirectional switch.

Abusively, the state of the commutation cell is summarized by the state of the upper
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switch of the commutation cell as the second one will have a complementary state with

the first one. Usually, to simplify the equations, switching time® is considered as null.

Thanks the previous VSI description, only eight (2%) different inverter states are pos-

sibles as every commutation cell have two different states.

These possible states are summarized thanks to Fig. A.3
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Figure A.3 — Possible switch positions for a three level inverter

1. Time required to turn on the switch or to turn off
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A.4 VSI fundamental principle and equations

The basic principle of an inverter is to distribute the electrons from the DC source to
the legs of the AC output thanks power switches, doing so, it is possible to deduce the

output voltage thanks the switching sequence driving the commutation cells eq. (A.1).

V. (t) is the single voltage output for the phase x and S, (t) the upper switch command

of the leg x.
i) (2 -1 1) (S0
Va(t) :%C —1 2 1] |80 (A1)
V3(t) -1 =1 2 ] \S3(t)

Let’s remark that the matrix eq. (A.1) has a determinant equal to zero. Meaning there
is an infinity of solutions in order to impose the desired voltage output value thanks to
switches states. This very simple equation is an element to explain why so many control
strategies exists to control VSI in the literature. Indeed the existence of this infinity of
solutions show the presence of an additional freedom degree to control a three phases
two-level VSI.

eq. (A.1) is fundamental as it allow to understand that all the purpose of a DC/AC
converter command is to choose properly the S;(¢) (command of each leg of a VSI), in

order to realize the best voltage output according to a specific objective.

Nevertheless, besides this specific objective, it is imperative to keep in mind the ne-
cessity to follow the desired voltage. Doing so, decompose a period into many parts and
compute the mean voltage inside each part, is historically the way considered to compute
the PWM signal. Indeed, this mean value computation can be archived with a compar-
ison between the desired signal (also called the modulating signal) and a carrier. These
two signals have to be normalized, then, the voltage reference is divided by the DC bus

voltage and the carrier will be between -0.5 and 0.5 (see Fig. A.4).
This is the so called natural PWM, also called Sinusoidal PWM [27]. The comparison

between the sine wave and the carrier one will drive the switches.

Indeed, if the sine wave is greater than the carrier one, then the corresponding com-
mutation cell value will be set to 1. In the opposite, if the carrier is greater, a 0 value will

be obtained. A logical representation of this command generation is represented with eq.

(A.2).
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Figure A.4 — Modulating signal and carrier based signal in order to select the switches

S(t) = (ve(t) > Vies (1))

Nevertheless a carrier signal as presented here, is not the only way to generate the
correct output signal. Saw-tooth PWM and synchronous carrier based PWM are also

existing methods to generate PWM. On another hand a vectorial representation is also

1
2 & yi.'(t)
! //" "'--\ /f'_""-. L Vl(t)
N i N i Epc V(1)
N 1 N L/
¥ 7} NV 4 Va(t) Epc
AN /N N
/ AN Epc
1 / W 1/ L
N / N /
\‘ / \\ | \\ / b
/:<’ \'\ >K
/ q TN A 1IN
\\___._// N I LA

possible and will be presented in chapter 1 (see section 1.2).
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APPENDIX B

THIPWM PROOF

The objective of this appendix, is to prove the original idea of THIPWM as defined
by Buja et al. [16], [38].

To find the amplitude of the third harmonic injection, it is necessary to find which
amplitude of a in eq. (1.5) will minimise the amplitude of V4. Indeed, as the third
harmonic injected in the desired signal will be invisible in the voltage due to its third
harmonic component (see Appendix G), a minimization of the amplitude of V4 will
increase the maximum feasible modulation index.

To find a minimum, it is usual to use derivations and check whenever it is equal to

Zero.

Then derivation of eq. (1.5) leads to eq. (B.1).

dvmod
db

This last derivation eq. (B.1) can be simplified as follow:

= cos(f) + 3acos(30) =0 (B.1)

0 = cos(f)+ 3acos(360)
= cos(f) (1 + 3a(2cos(20) — 1))
) ( + 3a (2COS ) — 2sin(0)* — 1))
) (1 + 3a (2 cos(6 [ COS(G)Q] - 1))
) ( (0)* — 9a+1)

= cos(f

(
(
= cos(f
(
(0) (12a cos

= cos(f

Then the minimums and maximum of V,,,4 are reached when:

cos(d) = 0 (B.2)

cos(d) = =+




From eq. (B.2), (B.4) is obtained.
sin(f) =1 (B.4)

And from eq. (B.3), eq. (B.5) is found.
sin(@) = =44/1 — cos(6)?

- /1_9a—1
12a

3a +1
= 4+ B.
12a (B5)
Remarking that:
sin(30) = 3sin(#) — 4sin(9)? (B.6)
Then thanks Eq. (B.6), Eq. (1.5) becomes:
Vinod = (1 + 3a) sin(f) — 4sin(0)? (B.7)

Then, thanks to egs.(B.4) and (B.5), the maximums and minimums of V,,,,4 are called

Vinoa- Then, V,,,q becomes:

)

mod — 1—a (BS)
~ 3a+1 1

The optimum values of a are then obtain by derivation of maximums and minimums
of Vinoa (egs. (B.8) and (B.9)).

dvmod
da

= -1 (B.10)

= ia_\l/a a+%<a—%> (B.11)

Then Vmod is maximal /minimal when a = {—% U %} As the desired result is to obtain
the minimal amplitude to reach maximal possible modulation index, then the a considered
is a = £[38].

Thanks to Eq. (B.3), we obtain cos(f) = :I:%, corresponding to 6 = k%, with k € Z*

149



and &k not multiple of 3.
Then

~ 3
Vo= % (B.12)
leading finally to
05 =
2
s = (B.13)
max - \/g .
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APPENDIX C

SPACE VECTOR MODULATION TIME
COMPUTATION

The objective is to find the times Ty, Tw,, Tw,,, and Ty,. Where k is the sector
number as described on Fig.1.14. The idea here is to do a composition with the known
vectors (W to W; 1) composing the vector representation in order to realize the desired
voltage V,.;. This output will be performed thanks to the Chasles’s relation. Indeed
every vector V,.; can be computed with the two nearest vectors. Then for the sector
k, the feasible voltages Wy and Wj; would be required. Next a short remind on this
strategy computation will be performed.

Remark: An example of the switching instants for the first sector (k = 1) is represented
on Fig. C.1. We would remark a symmetry on this figure. Thanks to this symmetry the
time are the same on the right of the figure.

In complex, V,.; can be written as: V,.; = Vie'?. Thanks to the figure 1.14, we
understand that Wy = Wy = 0, in other terms it exist two similar vectors in the SVM
representation. These two vectors together are the zero sequence components.

As a choice, we will force Ty, = Ty,, we will force this equality for every sector.

In the following we will note: Ty the switching period, and Ty, the time used of the
vector Wy,.

As previously, the following equation have to be respected:
Twy +Tw,, + Twyy, +Tw, =14 (C.1)

by writing it as a vector equation vector Wo and Wy disappear because they are null

vectors. T T
Wi W, + LW, (C.2)

Vier =
=T, T,

1. Wy and W7~ have an output voltage equal to zero and are so called the null vectors.
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Figure C.1 — first sector symmetric switches

Then, Eq. (C.2) can be extended:

, 21 o iz
‘/1619 _ gEEDcelkB (TWke i3 +TWk+1)

(C.3)

Thanks to the consideration that: e = cos () +isin (f). previous equation is also equal

to:

édecos(Q) = cos

w

leading to:

Tw, = V3mTjcos (9 + (3 — 2k) g)

Tw,,, = V3mTy sin (9 + (2 — 2k) %)

Tw, = %[1—\/3771608(9—(2]{—1)%)]

e N
(k—1) g) T, + cos (k§> Tw,..,

ngd sin(f) = sin ((k - 1) E) Tw, + sin (kg) Tw,,,

(C.6)
(C.7)

(C.8)

Then thanks to these three equations (egs. (C.6), (C.7) and (C.8)), it is then possible
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to reconstruct the SVM voltage. Nevertheless, in order to avoid extra switches it is
necessary to respect the adjacency between the vectors. Then, for the an even sector
k, the vector succession will be W, W, in the opposite an odd sector k, the vector

succession will be W1 Wy. This information is sum up with Table C.1.

Sector Sequence

1 Wi W, W, W, W, W, W, W,
WOW3W2W7W7W2W3WO
WOW3W4W7W7W4W3WO
WOW5W4W7W7W4W5WO
Wi W;WiW, W, WW;W,
Wi W WiW, W, W;W,; W,

S T W N

Table C.1 — SVM sequence with extra switching respect for a whole switching period T
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APPENDIX D

SVM EQUIVALENCE WITH CARRIER
BASED PWM

The following subsection will demonstrate that SVPWM is rigorously equivalent to
SVM [55], [56], [104]. Nevertheless their philosophy is very different and must not be
confused. Furthermore, in the following the different computations are depending on the

section (and so on angle consideration) depending on time.

Here after, we will call: dy(t) = "% dyy (8) = 252 and do(t) = dy(t) = "

First, because of the vector representation, we will decompose the vector Wy as:
Wi = Wio + Wi s Vk € [1;6]. In the same way, the desired vector can be written as:
Vier(t) = Vialt) + jVip(t). Then the 4’ parameters are the complex ones and the ’o’

ones are the real part.

Vier(t) = do(t)Wo + di,(t) Wi, + djps1 (1) Wiy + d7 (1) W4 (D.1)

As Eq. (D.1) is vectorial it ispossible to rewrite it as a matrix form Eq.(D.2).

_ Wia Witial| di(1) (D.2)
Wis Witis| | dia(?)

Via(t)
Vi()

As we know that W, = 2Epce’® V5 we can write Eq. (D.2) as Eq. (D.3).

_ ZEDC [cos ((k - 1)%) oS (k‘g)} . [ dy(t)
3 sin (k= 1)%) sin (k)| [disa(t)

Via(t)

Vi s(t) (D.3)

It is possible to prove (see C), that dy(t), d7(t), di(t) and dg,1(t) can be computed for
each sector as Eq. (D.4).

154



do(t) = d(t) — % [1 — V3mcos (9 2k —1) %)]
de(t) = V/3mcos («9 + (3 — 2k) %)

dis1(t) = V/3msin («9 + (2 — 2k) %)

(D.4)

Furthermore as the duty cycle depends on the chosen sector. In the following, we
decided to consider the first sector as an example to simplify the computation and for
clarity. Thanks to the Fig.C.1, we deduce the following eqs. (D.5) depending on egs.
(D.4).

I(t) = di(t) + do(t) + d7(2)
Ih(t) = dao(t) +de(t)
I3(t) = dq(t)
(D.5)

We insist that those equations are not the same for each sector as the vector sequence

changes.

Because dy(t) have to be equal to dr(t). We can write the duty cycle without dz(t) to
obtain egs. (D.6).

N = 01+ (o) +da(t))
L) = 50— d(0)+d)

) = 5010 - d(r)

(D.6)

As we considered for this example & = 1 (the first sector), eq. (D.2) becomes eq.

(D.7).
_ 2 L 5| |4
= Fnc [o A [dQ(t)} (D.7)
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Then by inverting eq.(D.7), it becomes eq.(D.8).

i) 3 1 |1 = Vi)
[dQ(t)}_zEDc 0 = Vis(t) (D)

Now we can write all the duty cycles depending on V. and so on V; o(t) and V; 5(¢) with
egs. (D.9).

R = 2+ Y2l (Ve s va)
L) = 5+ p— (VBa() - Via()
nw = -l (B0 +vis0)

(D.9)

By the introduction of the equation known as "Amplitude Concordia" [112], we have a

matrix equation linking the complex representation to the natural one.

Via(t) :Z,ll —f% —é “222 (D.10)
Vis(t) 310 % —% Vs(t)

As a reminder the sum of all the voltages is equal to zero:
Vi(t) + Va(t) + Vs(t) = 0 (D.11)

Thanks to the combination of eqs. (D.10) and (D.11). Vi ,(¢) and Vj 5(t) becomes egs.
(D.12).

‘/l,oz(t> = ‘/l(t>
Vig = (Va(t) — V5(1))
(D.12)

Doing so, we write the duty cycles I'1(t), I5(t) and I'5(t) depending on V;(t), Va(t) and
V3(t). Furthermore, as the first sector median voltage is Vineqa(t) = Va(t) b . The duty cycle

1. Vinea(t) = Va(t) For the first and the fourth sectors only!
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of the first sector is then written thanks to the simple voltage knowledge in egs. (D.13).
By the same reasoning it is also possible to find the equivalent equations for each sector.

As, those equations are the same than for SVPMW, the link between SVM and
SVPWM is established.

Ni(t) = % - E%c (Vl(t) - Vm;d(t>>
Lyt) = % - E%c (Vg(t) - Vme;(t>>
no = g+ g (o + 250
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APPENDIX E

FOURIER DECOMPOSITION

Fourier decomposition is a very useful tool in order to describe a periodic signal.
Indeed, Fourier theory teach us that any periodic signal can be decomposed into an

infinity sum of sine waves.

Let’s suppose the existence of a periodic function f. This function can be written
thanks to (E.1)

f(t) =ao+ Y a,cos (nwt) + by sin (nwt) (E.1)

n>1

Where ag is the mean value of the signal and a,, and b,, are called the Fourier coef-
ficients. Furthermore w is the pulsation, defined by w = 27 f; and f; the fundamental

frequency of the periodic function f

In the specific case of an inverter, if the switching angles are known, it is possible
to describe the switches command thanks a Fourier decomposition. Indeed for a specific
desired signal, the switching command is periodic with a frequency f;. (See Figs. 1.20,
1.21 and 1.22)

In the following sections, we will suppose the existence of exactly N, switching angles

per quarter period.

1 m S —inozd
Cn = %/o (a)e™ da
1 % —ina T —ino 3777 —ino °n —ina
G = 5o (/0 S(a)e " da +/% S(a)e doz—i—/7T S(a)e aloﬂ—[%r S(a)e da)
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E.1 QWS

Cp = ﬁ (=)™ — (1 + 22(”:) 7 cos naj))

Because this computation was done when S; = 1, it is possible to deduce a generic

equation when S; = 0 or 1.

ey = — (1) (—1) — (1 + zf i cos noz])) (E.2)

E.2 HWS

The next natural idea is to consider switching angles on the half of the period, then,
using the same computation philosophy as for QWS, Fourier coefficients can be computed
thanks eq. (E.3).

0 = = (~1)H (-1 (1+ > (-1 ) (E3)

E.3 FWS

For the FWS the number of switching per period is an odd number, giving equation
(E.4)

cp = L(_I)Sri-l ( ip: (_1)j+16—mo¢j _ 1) (E4)

2nm =

E.4 PSR

For the PSR strategy, the number of switching is even as the last switch (o = 2m)
must be considered, giving (E.5)

Cp = L S+l ( Z ]+l —mog) (E5)



Finally, the real and complex part of the Fourier decomposition can be obtained thanks

G, = Cpt+cC_y

by = i(ch—c_p)
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APPENDIX F

WEIGHTED TOTAL HARMONIC
DISTORTION

To evaluate the predicted losses inside the converter and the load. A current, re-
spectively voltage computation is needed, indeed current respectively voltage value is

responsible of switches losses, losses inside the load, torque, etc..

F.1 Inductive load

A lot of studies are based on WTHD, because it does not depends on a load and allows
to evaluate the solution quality quite fast and easily. WTHD is an approximation of all
the currents norm inside the inductive load. This load is composed with an inductance
L with a resisting part R, subject to a voltage signal of pulsation w. Note that, through
out the thesis Lw and R are constant.

WTHD is the norm of all the harmonics currents in a case of purely inductive load
(R = 0). In the case of only inductive load, WTHD is an approximation of the current
norm. The approximation depends on the value of L_Fi << 1. This condition is justified
by the demonstration below [67].

Current can be expressed as the first order differential equation eq. (F.1). I(t) =
[i1(t),49(t), - - - ,i,(t)]" is the vector of the current in the load p phases.

V(t) = [1(t), va(t), - - ,v,(t)]" is the simple voltage vector (output of the inverter to

neutral point voltage) in the p phases.
It is important to notify that in the next demonstration, square roots, multiplication
and divisions of vectors are assumed to be term to term. The following demonstration is

similar to the Hartgenbusch one [67].

R
e h () (F.1)



Thanks to the periodic property of the voltage and current, and without considering
the dead-time influence for the voltage computation, it is possible to decompose the signal

with Fourier series.

V(t) =agy + Y a,y cos(nwt) + b, v sin(nwt) (F.2)
n>1
I(t) =ag; + Y anscos(nwt) + by, ; sin(nwt) (F.3)
n>1
dI(t
% =Y nwb,,; cos(nwt) — nwa,, ; sin(nwt) (F.4)
n>1

On the equation below, Fourier coefficient are p components vectors, each for one phase.

Equations (F.1) to (F.4) lead to eq. (F.5)

_ 1 R
0 = fagv— s
1 R
nwby; = Ta,y — Fanr (F.5)
R 1
nway,r = fbn,l_fbn,\/
and then:
1
A7 = RV
_ 1
anr = m (RamV — anme) (FG)
_ 1
bn,[ = —ZR2+(an) (anany%—Rbn,V)

Finally, considering nLw >> R Vn € N* current Fourier decomposition can be

approximated with eq. (F.7).

1

Ao, = gRaoV
b, v
anJ ~ __n,iw (F?)
a vV
bn,] =~ nan

With this approximation amplitude of each current harmonic (I,,) is given by eq. (F.8).
As Lw is a constant, let’s define I, = Lwl,,. Indeed a constant do not influence direction
of variation of the current.
Remembering that the harmonics must be eliminated or at least reduced, computation

will be then performed thanks to I/, instead of I,,, both equations are described below.

I,=/a2, + b2, Vnec N (F.8)
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1
I = E\/agyv +b2, ¥ne N (F.9)
Remark that in eq. (F.9) the Fourier coefficients are with respect to voltage instead
of current as eq. (F.8).
Moreover I’ , can be described with respect to voltage amplitude:
V2
I =/— Vn€[2;00] (F.10)

n2

Finally, in order to have a scalar criteria, norm of all the I/, for each phase is performed

with eq. (F.11).
: A4
L= Y= |y (F.11)
n>1 n>1 n

From eq. (F.11) the WTHD equation is written for each phase as following:

100
Vi

va

n2

)y

n>1

Vwrup,% = ||I/ || = (F.12)
Under the assumption that angles from each phase are independent eq. (F.12) and to

reduce to a scalar, mean value of the WTHD is computed below.

100 & V2,

Vivrapg = — Z > 5

= n>1

n2 (F.13)
In previous equation, V; becomes V;, because all the terms of the vector are equals and

the vector division is done term to term. Finally, eq. (F.13) provides the WTHD function.

F.2 Capacitive load

According to a capacitive load, and then a current source, eq. (F.1) will be transformed

to equation (F.14).
! ( ) dV(t) B I(t) B 1 v(t) (F.14)
d¢  C RC '
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With the same way of thinking, WTHD of eq. (F.12) becomes eq. (F.15)

100
Iwrnp,% = T Z
1

n>2

L,
2 (F.15)
As for its voltage counterpart, the considered current WTHD is finally written as:

100 & 12,
Iyrap,% = oL E :
L =1

- (F.16)

Consequently for capacitive load, eq. (F.16) provides the WTHD function.
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APPENDIX G

SYMMETRY HARMONICS REMOVING

It is well known that the phases symmetry remove some harmonics, and specially
the harmonics multiple of the number of legs p of the considered converter. Thanks the
computation of Fourier coefficients (egs. (E.2)-(E.4)), we will show that some harmonics
are systematically removed when a phases symmetry is considered. Indeed, for a p-phases
inverter, harmonics multiple of p will be removed [27]. A short demonstration is shown

here after.

Let’s assume the leg command number &k (k € [0,p — 1]) is described by:

Sk(0) = ag + Z @y, J; COS (n (9 — 21%)) + by, i sin (n (9 — %—W>> (G.1)

n>1 p

The voltage of the first leg of a p-phases load can then be described by eq. (G.4)
thanks to matrix defined by eq. (G.2) multiplied by vector of components eq. (G.1).

Remark: as the agj are equals, the resulting mean voltage is equal to 0, ’%am —

1 «—p—1 _
P Die1 Qp,; = 0.

(G.2)
Voltage of all the phases can be deduced from the command thanks to (G.1) and (G.2)

and is written as follow eq. (G.3).

V) 510
BON e |2 @3
20 5,(0)
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With the previous eq. (G.3), voltage of the first phase is written as (G.4).

Vi(0) = EDCp -1 Z 1 cos(nB) + by, 1 sin(nd)

n>1

EDC

2 2
- Z Gy 2 COS (n@ - n—W> + by 2 sin (n@ - n—ﬂ>
p n>1 p p

EDC ( 27’(’)
- — GnpCOs | nd —n(p—1)—
D n%:l P (p ) D
. 2m
+  bpypsin <n9 —n(p— 1)?>
(G.4)
p—1 .
Vi(0) = Epc Z p.1 cos(nb) + by, 1 sin(nh)
n>1
E 2 2
- Zbe .o cos(nd) cos (n—ﬂ> + ap 2 sin(nf) sin <n1>
P > p p
. 2m ) 2m
—  bposin(nb) cos (n—) + by, cos(nd) sin (n—)
p p
_ Ebe > ay, cos(nb) cos (n(p — 1)2—7T> + ay,p sin(nd) sin (n(p - 1)2—7T)
p = p p
: 2w , 27
+ by sin(nb) cos (n(p — 1)?) — by p cos(nb) sin (n(p — 1)?>

(G.5)

For n = p, cos (n%’r) = 1 and sin (n%r) = 0, then the harmonics of rank n = p of the

voltage are systematically removed because the norm \/a?%k + bik is constant for every

phase k. This demonstration can be done for each phase voltage from 1 to p.
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APPENDIX H

DOUBLE FOURIER DECOMPOSITION

When a signal contains some dependents signals, it is interesting to decompose the
signals thanks multiple Fourier decomposition. Inside a Carrier based PWM generation,
there are two signals, the modulating one and the carrier one (in some cases, it can be a
saw-tooth one). In the following, the carrier will be supposed to be synchronous. Meaning

the fundamental frequency and the switching one are linked by an integer. In this thesis
f s — 2N, qpf 1-

To link the carrier signal with the modulating one, we introduced for this section two

variables.

Let’s note x = 2N,,0 the carrier corresponding angle and y = 6 the voltage reference
angle. As we said it, the carrier signal and the modulating one are linked due to the
intrinsic structure of a PWM control. Then, in the same way than [27] a relationship
between x and y can be done. This relationship can be visualized for the natural PWM
thanks to Fig. H.1.

Remark: The carrier is equal to —% when 6 = 0, furthermore the carrier evolves

between —% and %

The z,y relationship can be established thanks eq.(H.1).

{ = =% (2msin(y) + 2vo(y) + 1) (H.1)

x = 5 (2msin(y) + 2vo(y) + 1)

As for the simple Fourier transform, the original periodic signal can be found again

with the generic equation (H.2).
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1
Slope: ET
X =2N,,0

e ] e R e T p——"

Figure H.1 — A plane representation of the switches angles generated by the comparison
between a triangular carrier (slope) and a SPWM (sines)

A 0
f(xay) = L Z AOnCOS ny +B0n81n(ny)]

2
+ Y [Apocos (kx) + Byosin (kz)]
k=1

+ > > [Agncos (kx + ny) + By sin (kx + ny)]

k=1n=—o0
n#0

(H.2)

In our specific case, as « and y are linked with the angular position . Generic equation

(H.2), becomes eq.(H.3).
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A [ee]
fo = TO Z [Ag ., cos (nf) + By, sin (nb)]
+ > [Agocos (2kNO) + By gsin (2kN0)]
k=1

+ i i [Ag.ncos ((2kN + n)b) + By, sin (2N + n)6)]

k=1n=—oc
n#0

Ak, and By, are the Fourier coefficients defined thanks equation (H.4).

A —iBpn 1 7 g .
Cun = gt = s | [ S ety

(H.4)

Computation of the previous equation (H.4), for different values of k and n leads to

egs.(H.5), (H.6), (H.7) and (H.8)

C(),() =1

™

1 .
Co1=1im+ — o (y)dy
mwJ—x

1
Con = —/ ™y (y)dy Yn > 2
mwJ—7

7r2 -

. B _jk+1 ( ik7rmsin(y)+ik7rvo(y)) cos(ny)dy Vn € 7 & Vi € N* odd
o W I ( ikmm Sin(y)“k”‘)(y)) sin(ny)dy ~ Vn € Z & Vk € N* even
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APPENDIX I

SWITCHES LOSSES

This appendix is concerned on the computation of the VSI losses, and more precisely,
about the switching and conduction losses of the power switches.

As mentioned the losses can be decomposed in two categories, the switching ones,
corresponding to the losses when the switch is opened or closed and another one, corre-
sponding to the losses when the current go through the switch [113].

Next section is concerned about the characterization of the switching losses.

I.1 Switching losses

Switching losses are defined as the power lost when the switch is turning on or off,

then the energy lost by every commutation can be written thanks to egs. (I.1).

t2 +dton
E, = / Veplodt
t

1
't2+dt0ff
Eur = [ Vepledt

t1

(L.1)

With Vog the voltage between the collector and the emitter, I the current throw the
collector(see Fig. 1.1), t; is the time when the switch is asked to change state, {5 is the
time when the state transition is over. dt,, and dt,;; are times provided by the builder
to compute properly the switching losses.

Nevertheless, eqs. (I.1) are not used this way, as the switches builder often provide
the E,, and E,s; losses depending only on the current for some 7Tj parameters and Vg
ones too. Then, we can consider for a steady state consideration that F,, and F,¢ only

depends on the current of the considered phase x, i,(t1).

Then the energy lost for a single switch on a whole period can be written thanks to
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VGE

Figure 1.1 — Switches nomenclature of current and voltage. "C" means Collector, "E"
Emitter and "G" Grid

eq. (1.2).
=g 3, (W) B () + (-0 2 (3 () 02

J=1

As the lower switch have an opposite state than the upper one, the energy lost by the
second switch can be described by eq. (I1.3).!

AN p+2

(14 (=1)7) Euyy (z'1 (%)) +(1- (~1)) En, (il (%)) (L3)

Then thanks to egs. (1.2) and (1.3), the switching losses of any commutation cell x

— 1
5.sw,l = 5

j=1

can be deduced by doing the same reasoning on each phase and lead to eq. (1.4).

Esw,w = gaw T + gsw,w
4Ngp+2

() () o

In this thesis context, by doing the sum of the three phases energy lost, we obtain the

energy lost by the VSI for a single period, eq. (1.5)

1. Under the hypothesis the dead-time is negligible or null.
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E.sw = Esw,l + Esw,Z + Esw,3 (15)

leading to a power loss Py, defined by eq.(1.6)

Psw = flEsw (16)

Thanks to egs. (I.4) and (1.6), the switching losses can be computed. As we can
see, the more the switching angles «;, will cut small currents, the less the inverter will

dissipate energy.

I.2 Conduction losses

As the switches are not perfect components, the current flow through the switches will
generate a power loss. The equivalent equations of an IGBT and a diode are composed
of a resistance, and of a voltage dead-band. These two characteristics leads to consider

egs. (1.8) for the conduction losses.

Pr(i(t)) = Vieoli(t)] + reci(t)? (
Po(i(t)) = Vo li(t)] + rri(t)? (

-
o
~— ~—

Thanks to this previous description, it is important to notice that the conduction
losses will be the ones produced by the IGBT when the current i(¢) is positive and the
diode one when the current is negative. Then, the conduction losses for the upper switch

of the commutation cell can be expressed thanks to eq. (1.9).

1
Peond1 = % Ofl S1(t) [(1 4 sign (41(t))) Pr(is(t)) + (1 — sign (i1(¢))) Pp(i1(t))] dt  (1.9)
Following an equivalent reasoning, the lower switch conduction losses can be expressed

thanks to eq. (1.10).

\l,_.

Peonar =2 |

5 PS1() [(1 = sign (41(¢))) Pr(is(t)) + (1 + sign (i1(¢))) Pp (i (t))] dt (1.10)
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Then, thanks the same considerations on all the commutation cells, it is possible to

obtain the total power lost for any commutation cell z, eq. (I.11).

Pcond,:c - Pcond,m + fcond,gc
f /% PT(Zx(t)) + PD(Zx(t))
"o 2
1

+ [Pri(t) — Polia(t))]sign () [S.00) — 5| @ (1)

As there are three phases and two commutation cells in the inverter, the conduction

power lost by a VSI can be expressed thanks to eq. (1.12)

Paond - Pcond,l + Pcond,? + Pcond,3 (112)

Finally, thanks to the knowledge of conduction and switching power losses, it is possible

to determine the inverter losses and then the efficiency.
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APPENDIX J

MOTOR MODEL

The losses inside the inverter are linked to the current (respectively the voltage) gen-
erated by the load. To do so, a current description have to be done in order to evaluate
the effects of some strategies on the losses.

Then, all the following models and descriptions will be supposed to be in the the
established zone. So no transient period is considered for the seek of simplicity and also
the possibility to write the voltage and current as a Fourier decomposition because of the
periodicity of the signals.

Then, in the following eqs. (J.1), (J.2) and (J.3) are considered as true.

V(t) =agy + > a,y cos(nwt) + b, v sin(nwt) (J.1)
n>1
I(t) =ag; + Y a, cos(nwt) + by, ; sin(nwt) (J.2)
n>1
1
dd—(tt) = nwb,, ; cos(nwt) — nway, ; sin(nwt) (J.3)
n>1

We remember to our reader that V and I are vectors composed of three lines.

J.1 RLE model

The easiest motor model is the RLE one. This motor is described thanks to Fig. J.1.
This description lead to eq. (J.4).
al(t) V(t) —E(t)

R
= = I (J.4)

Previous equation lead by identification to a Fourier decomposition represented thanks

to eqs. (J.5). Note that these obtained equations are still true, eve if the EMF is not
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Figure J.1 — Description of the RLE model

considered as perfectly sinusoidal.

1

Ao,1 = A0,V
Ang = m (R (an,y — app) — nlw (bpy — by p)) (J.5)

an = m (an (an,V - an,E) + R (bn,v - bnE))

Then thanks to these equations, a link between the current and the voltage provided is
done. Furthermore, as this voltage is directly linked with the command (and the switching

angles). The PWM effect on current, and then on losses can be found immediately.
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APPENDIX K

DEAD TIME CONSIDERATION

Dead-time effect is a very complex parameter to consider depending on the current
value [114], [115]. Nevertheless as a first simple approximation, it is possible to consider
it as a fixed time preventing short circuits (Fig.K.1). The equation eq. (K.1) corresponds
to this fixed time strong hypothesis.

a; =a; + (=1 wAt Vi € [1, N (K.1)

The objective of the next development is to quantify the dead-time influence on har-
monics when wAt << 1. By replacing «; by @, new Fourier coefficients can be described.
Giving equations (K.2),(K.3) and (K.4) instead of egs. (1.31),(1.32) and (1.33).

1 ANgp+1
Aeorws = —(=1)7H ( > (=17 (o + (-1 wAr) +27r) (K.2)
=1
Aen,FWS = %(—1)3”“1 ( > (=1)y*'sin (n (Oéj + (—1)J+1wAt))) (K.3)
=1
1 4qu]+1 ‘ |
Een,Fws = %(—1)52' ( ; (—1)7* cos (n (Oéj + (—1)]+1wAt)) - 1) (K.4)

Thanks to eq.(K.2), the new mean value of the first phase command becomes eq.(K.5)

1 |
A0 FWS = Qoo rws + ;(—1)51+1 (4N, + 1) wAt (K.5)

Then, for the harmonics, by considering trigonometric properties equations (K.3) and
(K.4) becomes respectively, (K.6) and (K.7)
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Figure K.1 — Dead-time representation

4qu+1
Aemrws = —(—1)%T1 1) cos(nwAt) sin(na;) + sin(nwAt) cos(ncg)])
. (K.6)
Eenpws = nlw ( [ 1) cos(nwAt) cos(na;) — sin(nwAt) sin(naj)} - 1)
B (K1)
As we supposed wAt << 1, it is possible to do the following approximation:
cos(nwAt) = 1-— (n — %) (WA + 0 (AtQ)
sin(nwAt) = nwAt+o (AtQ)
(K.8)

Thanks equations (K.8), (K.6) and (K.7) it is easy to simplify the equations to obtain
eq.(K.9) and eq.(K.10), the modified Fourier coefficients replacing egs. (1.31),(1.32) and
(1.33).
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CENTRALE
NANTES

Optimisation de la commande par MLI d’un onduleur & deux niveaux

Mot clés : MLI synchrone, Onduleur, Optimisation, Hors-ligne, Injection de séquence nulle

Résumé : Malgré les améliorations de to-
pologies des convertisseurs DC/AC, I'ondu-
leur a deux niveaux reste le "gold stan-
dard" dans l'industrie ceci pour de multiples
raisons : simplicité, fiabilité, etc. Dans le
cadre de cette these entre Centrale Nantes
et Renault, de nouvelles commandes d’on-
duleur ont été développées afin d’améliorer
les performances sans modifier la topologie
du convertisseur. Pour cela, deux approches
basées sur des commandes hors-ligne syn-
chrones ont été proposées. Premiérement,
celles qui relaxent la contrainte de symétrie
angulaire entre phases, usuellement imposée
au convertisseur. Deuxiemement, celles qui
sont & porteuse triangulaire consistant a injec-
ter une séquence homopolaire de fréquence
triple dans la modulante. La conséquence de

cette approche est une généralisation de l'in-
jection d’harmonique classique de rang trois.
Un calcul aux limites a permis de montrer
I'existence d’'une méthodologie facilement im-
plantable, qui prend la forme d’une injection
d’'une dent de scie. Les deux approches revi-
sitent les stratégies de commande par modu-
lation de largeur d’'impulsion (MLI) de la litté-
rature grace a des considérations simples a
base de relaxation et d’extension de proprié-
tés existantes. Lensemble de ces stratégies
améliorent significativement le taux de dis-
torsion harmonique des tensions ou courants
fournis par I'onduleur pour des fréquences de
commutations synchrones faibles. Ces obser-
vations ont été réalisées en simulation et vali-
dées sur un banc expérimental de faible puis-
sance.

PWM control optimization of a two-level inverter

Keywords: Synchronous PWM, Inverter, Optimization, Off-line, Signal injection

Abstract: Despite improvements in DC/AC
converter topologies, the two-level inverter re-
mains the "gold standard" in the industry for
many reasons: simplicity, reliability, etc. In this
thesis between Ecole Centrale and Renault,
new inverter controls have been developed
to improve the performance without modifying
the converter topology. For this purpose, two
approaches based on synchronous off-line
controls have been proposed. Firstly, an angu-
lar symmetry relaxation between phases usu-
ally imposed on the converter. Secondly tri-
angular carrier based strategies, meaning in-
jecting a triple frequency homopolar sequence
into the modulating signal. The consequence
of this approach has given rise to a general-

ization of the classical third harmonic injec-
tion. A calculation extension has shown the
existence of an easily implementable method-
ology, which takes the form of a sawtooth in-
jection. Both approaches revisit the pulse
width modulation (PWM) control strategies of
the literature with simple considerations based
on relaxation and extension of existing prop-
erties. The advantage of all these strate-
gies is that they improve significantly the har-
monic distortion rate of the voltages or cur-
rents supplied by the inverter for low syn-
chronous switching frequencies. These obser-
vations have been done in simulation and val-
idated on a low power experimental bench.



