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Abstract

Multilevel converters are used in a wide range of applications, such as drives, energy
conversion and distributed generation. This Thesis proposes a new multilevel converter
topology that allows increasing the number of output voltage levels with a reduced number
of necessary power semiconductors in comparison with standard multilevel topologies such
as Active Neutral Point Clamped (ANPC), Flying Capacitor Converter (FCC) and Stacked
Multicell Converter (SMC).

The proposed topology consists of a cascaded connection of basic units called main
cells, which are composed of three power switches and one flying capacitor, and two output
switches for each output phase.

In this Thesis, the comparison for the required number of power switches, voltage stress
across the switches, power distribution, capacitors size and energy storage of the proposed
topology with conventional topologies such as ANPC and SMC are discussed.

To verify the performance of the proposed multilevel topology, extensive simulations
and experimental studies were carried out on a 3-phase 5-levels.



Resumen

Los convertidores de potencia multinivel son empleados en una amplia gama de apli-
caciones, incluyendo: maquinas y accionamientos, conversién de energia y generacion dis-
tribuida. Esta Tesis propone una nueva topologia de convertidor multinivel que permite
incrementar el nimero de niveles de tensiones a la salida del convertidor empleando un
reducido ntimero de semiconductores de potencia en comparacién con topologias multini-
vel convencionales, tales como el convertidor Active Neutral Point Clamped (ANPC), el
convertidor Flying Capacitor (FCC) y el convertidor Stacked Multicell (SMC).

Esta topologia estd conformada por la conexién en cascada de unidades basicas llama-
das celdas principales, que se componen por un condensador flotante y tres semiconduc-
tores de potencia, y dos semiconductores de potencia para seleccionar la salida de tensién
correspondiente a cada fase del sistema.

En este trabajo se discute el nimero de semiconductores de potencia requeridos, el
estrés de tensién a los que son sometidos, la distribucién de potencia a través de ellos
y la energia almacenada en los condensadores flotantes en comparacién con topologias
estandares y comerciales como los son el ANPC y el SMC.

La validacion de la topologia multinivel propuesta es verificada a través de simulaciones
y resultados experimentales en un prototipo trifasico de 5 niveles.



Kurzfassung

Mehrstufige Wechselrichter werden bei einer Vielzahl von Anwendungen eingesetzt:
Als Treiber fiir elektrische Antriebe, fiir die Energieumwandlung oder fiir die Erzeugung
verteilter Netze. Die vorliegende Arbeit beschreibt eine neuartige, mehrstufige Konverter-
Topologie, die eine Erhohung der Ausgangsspannungslevel ermdglicht. Im Vergleich zu
Standard-Multilevel-Topologien, wie Active Neutral Point Clamped (ANPC), Flying Ca-
pacitor Converter (FCC) und Stacked Multicell Converter (SMC), werden gleichzeitig die
notwendigen Leistungshalbleiter reduziert.

Die vorgeschlagene Topologie besteht aus einer Zweierverbindung Kaskadenschaltung
der Basiseinheit, genannt ,,main cells“. Diese ,,main cells“ besteht aus drei Leistungss-
chaltern und einem ,,Flying capacitor“. Fiir die Ausgangsphasen werden Halbbriicken mit
zwei Leistungsschaltern verwendet.

In dieser Arbeit wird der Vergleich fiir die erforderliche Anzahl von Leistungsschaltern,
die Spannungsbelastung der Schalter, Leistungsverteilung, Kondensatorgréffe und die ges-
peicherte Energie der vorgeschlagenen Topologie mit herkommlichen Topologien — wie
ANPC und SMC — diskutiert.

Um die Leistungsfahigkeit der vorgeschlagenen mehrstufigen Topologie zu validieren,
wurden umfangreiche Simulationen und experimentelle Untersuchungen fiir 3-phasige 5-
Level-Topologien durchgefiihrt.



Chapter 1

Introduction

Voltage source Converters (VSC) have today a wide variety of applications [1-3], such
as:

» Industry: Pumps, ventilators, conveyors, mills, etc.
s Transportation: Trains, trucks, cars, airplane.

s Transmission and distribution of energy: wind farms, HVDC, STATCOMs, active
filters, etc.

s Drives: Load side and grid side converter.

The VSC can behave as a rectifier (VSR-Voltage Source Rectifier) or as an inverter
(VSI-Voltage Source Inverter) depending on the direction of the power flow. Therefore, it
is a fully bidirectional structure.

Because of its simple structure and mature technology, the two-level VSC has been the
most attractive option for the industries [4]. However, the two-level VSC provides a poor
voltage quality. Large harmonic content of the output voltage of a two-level VSC hampers
its application in supplying sensitive loads and also in grid-connected energy conversion
systems where strict grid codes should be addressed. Adding harmonic filters to the output
of a two-level VSC for improving the power quality results in a complex, expensive and
bulky system which is less attractive for the industries.

Multilevel VSCs provide several voltage steps by which a more sinusoidal voltage wave-
form can be constructed. Multilevel converters have emerged as an attractive solution for
power electronics applications due to numerous merits over classical two-level converters
such as: better output voltage waveform quality, lower harmonic distortion of the input
and output currents, reduced filter size, lower common-mode voltages, reduced electromag-
netic interference, reduced torque ripple in drive applications and feasible fault tolerant
operation [5].

Multilevel converters consist of an array of semiconductor devices and capacitive vol-
tage sources, which can generate output voltage waveforms with multiple steps by appro-
priate switching. With the increase in the number of output voltage levels or steps, the
staircase output waveform approaches a sinusoidal waveform.
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The 3-level Neutral Point Clamped (NPC) converter is one of the classical multilevel
topologies [6]. The NPC has become popular due to its simple structure, but it has not
been extended to higher level operation due to excessive losses of clamping diodes, uneven
distribution of losses in inner and outer devices and the need to balance the capacitor
voltages [7].

The concept of multicell converters introduced 20 years ago allows an important ad-
vance in the domain of medium voltage (3kV, 4.5kV, 6.6kV) and high power (several MW)
applications. The development of static converters dedicated for high power applications
currently increase. By using series connection of commutation cells, it can easily increase
the input voltage of converters and improve waveforms while using smaller components
with better properties. The Flying Capacitor Converter (FCC) is an example of these
topologies [8,9].

The Stacked Multicell Converter (SMC) is a novel topology of multilevel converter
in the same line of the flying capacitor converter and allows converters to reach output
voltage, output power and performances still higher than the classical multicell converter
FCC [10].

The SMC like the FCC use flying capacitors and the voltage across these flying capa-
citors have to be balanced to allow for a correct operation of multicell topologies. When
Pulse Wide Modulation (PWM) techniques are used, it is necessary to study natural ba-
lancing properties of the SMC converter, and when Model Predictive Control (MPC) is
used, it is possible to control directly these internal voltages. Some external circuits (such
as RLC filter), can be used to increase the dynamic of the voltage balancing.

Multilevel converters are a good candidate for supplying sensitive loads and being
used in the grid-tied system, due to their good power quality, higher efficiency and better
electromagnetic compatibility (EMC) [11,12]. Different structures of multilevel converters
have been reported in the literature in the last years. This thesis proposes a new multilevel
converter structure which reduces the necessary number of power switches and flying
capacitors to generate the same number of output levels than in classical topologies such
as FCC, SMC and NPC.

The new multilevel topology is called Reduced Multilevel Converter (RMC), consists
of a cascaded connection of basic units called main cells (MC) and 3-phase output inverter
stage. The RMC is a multilevel inverter with a single DC-bus configuration. Every MC is
formed by three power switches and one capacitor. The MCs works as a DC-DC multilevel
converter, generating a variable dc-link in the output of the MCs. The output inverter
stage can be any inverter with a single DC-bus configuration like the 2L-VSI, Neutral
Point Clamped (NPC), ANPC, T-type [13], FCC, Stacked Multicell Converter. However,
in this work, the basic 2L-VSI is used to be able to identify the real contribution of the
RMC.

The upcoming chapters of this dissertation are organized as follow:

Chapter 2 presents a brief description of main multilevel converter with a single DC-
bus configuration which will be used to compared the performance of the RMC. These
topologies are: Neutral Point Clamped (NPC) converter, 5-level Active Neutral Point
Clamped (5L-ANPC) converter, Flying Capacitor Converter (FCC) and Stacked Multicell
Converter (SMC).

Chapter 3 presents the description of the proposed topology in this dissertation, the
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Reduced Multilevel Converter, its basic properties, operation principle and mathematical
model.

Chapter 4 gives a brief summary of Model Predictive Control (MPC), the control stra-
tegy used to control the proposed topology. This chapter describes the principal advantage
and disadvantages of MPC strategy and its implementation scheme.

Chapter 5 presents a simulation analysis of the proposed topology compared with
the multilevel converter described in chapter 2. The analysis is made considering the
system answer, i.e. output currents, output voltages, capacitor voltage balance, harmonic
spectrum, total harmonic distortion and dynamic characteristic, and the characteristics of
the structure, i.e. blocking voltage, switching frequency, switching and conduction losses,
storage energy and size of the inner capacitors.

Chapter 6 presents a experimental validation of the designed topology using a 5L-RMC
prototype.

Finally, chapter 7 provides a brief summary of the whole dissertation and discusses
some extended ideas that can be carried out in the future.



Chapter 2

Multilevel Converters

For power electronic applications, multilevel inverters are today a well accepted and
mature technology. In this work, the following types of multilevel inverters will be consi-
dered:

Neutral Point Clamped (NPC) converter: A three-level NPC converter will be con-
sidered as the startup point to understand multilevel converters.

Active Neutral Point Clamped (ANPC) converter: A five-level ANPC converter
will be considered as a comparison point for 5-level commercial topologies.

Flying Capacitor Converter (FCC): A FCC will be considered as the classical flying
capacitor topology.

Stacked Multicell Converter (SMC): A SMC will be discussed as a flying capacitor
commercial topology.

2.1. Neutral Point Clamped (NPC) Converter

The NPC converter was introduced in the early 1980s [6]. Today, the NPC topology has
become very popular in industry and academic research all over the world. Some commer-
cial examples are ACS1000 (ABB), MV Simovert (Siemens), TMdrive-70 (TMEIC-GE),
Silcovert-TN (Ansaldo), MV7000 (Converteam) and IngeDrive MV500 (IngeTeam). The
NPC inverters can be found in industry using IGCT (Integrated Gate Commutated Thy-
ristor), IEGT (Injection Enhanced Gate Transistor), and medium-voltage IGBT (Insolated
Gate Bipolar Transistor).

2.1.1. The power circuit

Fig 2.1 presents the power circuit of this topology. Each phase of the inverter has four
power switches, composed by a power transistor with an antiparallel diode. In addition,
two clamping diodes (D1, Doy, © € {a,b,c}) are used to connect the output terminal
to the medium point (N) of the de-link capacitors. This configuration allows to generate
three voltage levels at the output terminal of phase x with respect to the neutral point
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Figure 2.1. Three Phase Inverter 3-level NPC.

Table 2.1
SWITCHING STATES FOR ONE PHASE OF THE NPC INVERTER

Switching State | Output Voltage

(lea S{E27 S:L"37 Sac4) (Y
(1,1,0,0) Vb /2
(0,1,1,0) 0
(0,0,1,1) —Vpc/2

N, considering the switching combinations given in Table 2.1. Where S,; = 0 means that
the power switch Sy; is OFF and S;; = 1 implies that the power switch is ON, for all
i€{1,2,3,4}.

Fig. 2.2 shows the levels of voltages generated at the NPC inverter output. The main
parameters for the simulation setup are Vpo = 200V and carrier PWM period T, = 1ms.
Since NPC has three levels between output terminal and neutral point of the inverter
(vzn), it will have k = 2m — 1 levels in the line to line voltages (vqp), with m the number
of levels at the output of inverter (v,n). So, the voltage v, will have 2k — 1 levels.

2.1.2. Vectors generated by the inverter

For the three phase inverter, 27 switching states are generated. Each switching state is
represented by three possible values denoted by +, 0 and — that represent the switching
combinations that generate Vpco/2, 0, and —Vpe/2 respectively, at the output of the
inverter phase.
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Figure 2.2. NPC inverter output: (a) Voltage von; (b) Voltage vap; (¢) Voltage vqp.

Considering the space vector is defined for the output voltage:

Vs = _[UaN (t) + avpny (t) + a2UcN (t)]

2

3
om
a=¢el3
cam
a’>=¢e

O
V3

V3
779

1
2
1
2

(2.1)

(2.2)

(2.3)
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Figure 2.3. Space vectors of NPC.

And the definition of voltage states is described by:

S = (Saa Sh, Sc)
Sa,b,c S {+,0, —}
State + — S,1, Sy are on
State 0 — S0, S;3 are on
State - — S;3,Sz4 are on

for x = a,b,c

The 27 switching states produce 19 different voltage vectors, as shown in Fig. 2.3. Some
switching states are redundant, generating the same voltage vector. For example, vector
V) can be generated by three different switching states: (+,4,+), (0,0,0), and (-,-,-).

2 [Vpe | Vpco | 2Vpe
== 2.
Vo 3|2 ta—— +a'— (2.6)
2
'W_§m+w+fq (2.7)
2[-Vpc | —Vpc | 2—Vbc
VO_B_ 5 +a 5 +a 5 (2.8)

Voltage vectors V1 to Vg can be generated by two different switching states, that is,
they present redundant switching states.
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AN

Figure 2.4. Switching state for Vo. S = {+,+,+}.

Vael2 == | |
N
Va2 == | | | |
°

Figure 2.5. Switching state for V1. S = {+,0,0}.

Vel

d(‘
Vael2

i

Fig. 2.4 shows the configuration of the load considering a passive load (resistors) for
switching a state vector Vg, being S = {+, +, +}, and Fig. 2.5 shows the configuration for
switching a state vector Vq, being S = {+,0,0}.

2.1.3. The classical modulation

The classic PWM modulation is a special technique called: Level Shifted PWM. The
LS-PWM used in this work consists of an Alternate Opposition Disposition [14].

Fig 2.6 shows the block diagram for connecting the signals to the power switches
using a LS-PWM modulation, while Fig. 2.7 shows the waveforms for the classic LS-PWM

modulation.
V*_
‘:?—’ | j:szz
- 0
Szl?
o—>

Ucrl

S’I)Q

Falinm

/Ucr,?

Figure 2.6. Block diagram of Level Shifted-PWM modulation.
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VaN

Jinn

Figure 2.7. Classic Level Shifted-PWM modulation.
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2.1.4. Summary

The main advantages and disadvantages of this topology can be summarized as follows.

Advantages :

s As a widely used topology, you can find enough information in the literature
on its applications [14-18]. This means that the NPC is a mature technology,
which is a decisive point to establish a new technology in the industry.

= [t only needs one source of DC voltage to power all the inverter. The midpoints
can be obtained using capacitors.

Disadvantages :

s Unequal distribution of losses between the inner and outer switching devices in
each converter leg.

s Increasing number of clamping diodes are needed for higher number of levels.

s Depending on how the dc-link voltage, Vpe, is obtained, imbalances may ari-
se between the capacitors. This drawback can be mitigated by modifying the
control strategy [19-21].

s At higher number of levels, it is a problem to maintain the proper balance of
voltage in capacitors. Therefore, the control law becomes more complex [22-26].
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2.2. Active Neutral Point Clamped (ANPC) Converter

The design of the multilevel converters allows achieving several output levels. However,
such circuits often come at the price of far higher complexity. For example, to generate
5 output voltage levels in the NPC it is necessary to use additional clamping diodes,
capacitors and the corresponding control and charging circuitry, which is a complex control
strategy, and even, more complex control might not be sufficient to operate an NPC with
more than 3 levels. An alternative approach is to connect converters in series. This again
adds to the complexity of the dc-link supply circuit due to the need for galvanic separation
of the supplies and thus costly transformers [27,28].

This issue can be solved by the 5-level ANPC that incorporates an additional capacitor
per output phase. ABB commercializes the 5L-ANPC with his model ACS 2000.

2.2.1. The power circuit

Fig. 2.8 presents the power circuit of this topology. Each phase of the inverter has one
capacitor and eight power switches, two of them are used to connect the medium point
(N) of the dc-link capacitors.

=T + =T

2la 1 T SZZa a
X/
= =

S32a S3l

S4a

Figure 2.8. 1-Phase 5-level ANPC Inverter.

The configuration of the ANPC allows the generation of five voltage levels at the
output terminal of phase a, with respect to the neutral point N, considering the switching
combinations given in Table 2.2. This topology needs a direct control over the inner voltage
in the flying capacitor to ensure the correct performance, keeping the inner capacitor
voltage to Vpc /4.

The power switches in 5L.-ANPC does not have the same blocking voltage. The power
switches S224, S314, S214 and Sso, block Vpe /4, and the switches S14, S24, S3q, and Sy,
block Vpe /2.



Chapter 2. Multilevel Converters

14

2.2.2.

Vectors generated by the inverter

Fig. 2.9 shows the possible switching states for phase a of ANPC, where power switches
in grey color mean OFF state and power switches in black color mean ON state.

/1

S3a S?Za
Su

S.1

/1

0 0
Y | ks
e

]l
“
]

S

Su E}

V, =V 14
(b)

\|*

=

A\

11

\
11

\|*

=

A\

/1

4a

Figure 2.9. Possible switching states of an 5L-ANPC: (a) Output voltage: 0; (b)
Output wvoltage: Vpc/4; (c¢) Output voltage: —Vpc/4; (d) Output voltage: —Vpc/2; (e)

Output voltage: Vpc /2.
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Table 2.2
SWITCHING STATES FOR ONE PHASE OF THE ANPC INVERTER.
Voltage Switches states Output voltage
Sta | S2q | S3a | Sta | S21a | Ss2a | S2za | Ss1a
Vi o] 1|01 0 1 0 1 —Vbc/2
Va 0 1 0 1 1 0 0 1 —Vpe /4
V3 0 1 0 1 0 1 1 0 —Vpo /4
Vy 0 1 0 1 1 0 1 0 0
Vs 1 0 1 0 0 1 0 1 0
Vs 1 0 1 0 0 1 1 0 Vbe /4
Vi 1 {0110 1 0 0 1 Vpe /4
Vs 1 o] 1]o0 1 0 1 0 Ve /2

Fig. 2.9-(a) show the circuit for voltages V; and Vj; indicated in Table 2.2, Fig. 2.9-(b)
show the circuit for voltages Vi and Vz, Fig. 2.9-(c) show the circuit for voltages V5 and
Vs, Fig. 2.9-(d) shows the circuit for vector V; and finally, Fig. 2.9-(e) shows the circuit
for vector Vg indicated in Table 2.2.

It is possible see that vectors V5, V3, Vg and V7, have influences on the inner voltage,
charging or discharging the inner capacitor in function of the output current.

For the three phase inverter, 8% = 512 switching states are generated. The 512 switching
states produce 125 different voltage vectors, as shown in Fig. 2.10.

Im

[(2.2.-2—-1.2,-2}—(0.2.-2) [—{(1.2.-2)}{(2.2-2)]

dN 222

Re

Figure 2.10. Space vectors of 5L-ANPC.
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Some voltage vectors are redundant, generating the same voltage vector. For example,
vector V = 0 can be generated by five different voltage states (5): (2,2,2), (1,1,1), (0,0,0),
(-1,-1,-1), and (-2,-2,-2). Where:

S = (Saa Sb, Sc) (2.9)
Sape € {2,1,0,—1, -2} (2.10)
State 2 — von = VD0/2
State 1 — v,y = VD0/4
State 0 = voy =0
State -1 = vuny = —Vpe /4
State -2 = vony = —Vpe /2

2.2.3. The classical modulation

The classic modulation used in the 5L-ANPC is a Phase Shifted-PWM (PS-PWM)
with ¢ = 180°.

From Table 2.2, it can be seen that pair of power switches (5224,5314), (5214,5324),
(S14,524), and (S34,544) are complementary switch pair and S, and Ss, require the same
switching signal.

It can be seen that Si, and S3, are turned OFF when the output voltage is negative
and turned ON when the output voltage is positive. So, the switch pairs (S14,524), and
(S34,514) can be operated at fundamental frequency based on the polarity of the phase
voltage.

For the switch pairs (5224,9314) and (S214,5324) a classic PS-PWM can be used to
control them.

Fig 2.11 shows the block diagram for connecting the signals to the power switches using
the PWM modulation, while Fig. 2.12 shows the waveforms for the classic modulation for
a BL-ANPC.

1 1

* + *
/Ua — | KSZZa /Ua_> | S1a’S3a
- S31a > SZa’ S4a
Very
1
+
| SZ1a
0
SSZa
Vcery

Figure 2.11. Block diagram of PS-PWM modulation for a 5L-ANPC.
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Figure 2.12. Classic PWM modulation for a 5L-ANPC.

2.2.4. Summary

The main advantages and disadvantages of this topology can be summarized as follows.

Advantages :

» It is more suitable for high-performance medium voltage motor drives [29-37].

s [t can overcome the limitations of the NPC inverter by reducing the total
numbers of capacitors necessary to generate 5-levels, which makes it easy to
balance all voltages.

= It only needs one source of DC voltage to power all inverter. The midpoints can
be obtained using capacitors.

Disadvantages :

= Depending on how the voltage dc-link Vpco is obtained, imbalances may ari-
se between the capacitors. This drawback can be mitigated by modifying the
control output switches.

= Since it has a larger number of semiconductor devices, it has higher conduction
losses.

= To go to medium voltage applications it is necessary to duplicate power swit-
ches S14, Soa, S34 and S44 in all phases to get same blocking voltage in all
semiconductors.
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2.3. Flying Capacitor Converter (FCC)

The FCC topology was developed in the 1990s [8] and it uses several floating capaci-
tors instead of clamping diodes to share the voltage stress among devices and to achieve
different voltage levels in the output.

The FCC topology can be extended achieving more levels in the output phase by the
connection of more cells in tandem (see Fig. 2.13). Nowadays, the FCC has a reduced
industrial presence, but some commercial products can be found as the converter ALSPA
VDMG6000 by Alstom [38,39].

2.3.1. The power circuit

i = :i =T :i - :E L
E 4A EE 3A EE 2A ii 1A E
#f P+l T ] ] i ¢

de-link | ¢y e HC2 O ;
i S4A i i SSA i i SzA ii SIA i

: == ! == H = i =L i

jtg = E i ’_‘Iﬂr 3 FL i F\_;

' ;i H T T

i Cell 4 i1 Cell 3 1 Cell 2 i Cell 1 ;

Figure 2.13. 1-Phase Inverter 5-level FCC.

Fig. 2.13 shows the topology for a 5-level single-phase FCC, which is composed by the
tandem connection of four basic units called cells.

Each cell requires a capacitor and two power switches, which must be operated comple-
mentary. In most works, the capacitor voltages ratio is set as vy : v : vog i vos =1: 2
3 : 4. When this condition is reached, the converter generates a 5-level voltage waveform
between the output terminal A and the inverter neutral point N. Other voltage ratios
have been proposed in literature [40-42]; however, the standard 1: 2 : 3 : 4 ratio presents
the advantage of obtaining an evenly spread voltage stress among the power switches.

Additionally, this standard ratio can be naturally achieved with a simple Phase Shifted
Pulse Wide Modulation (PS-PWM) strategy, i.e., in an open-loop manner [43,44].

2.3.2. Vectors generated by the inverter

Every cell of FCC can generate 2 possible states. In the case of a 5-level FCC with
4-cells, the total possible states are: 2* = 16. Table 2.3 shows the possible states of the
multilevel converter and the influence of the inner voltage on the output value.
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SWITCHING STATES FOR ONE PHASE OF THE FCC.

Table 2.3

Voltage Switches states Output voltage Output voltage

S4a ‘ S3a ‘ S2a ‘ Sla [V]

%1 0 0 0 0 0 0

V2 0 0 0 1 VC1

‘/3 0 0 1 0 Vo2 — Vo1 VDC/4

VZ; 0 1 0 0 Vo3 — Vo2

Vs 1 0 0 0 Vo4 — VO3

7 0 0 1 1 VO

V7 0 1 1 0 Vo3 — Vo1

Vs 1 1 0 0 Vo4 — Vo2 Vb /2

Vo 0 1 0 1 ve3 — Vo2 + Vet

Vio 1 0 0 1 Vo4 — Vo3 + Vo1

Vi 1 0 1 0 | vca —ves +ve2 — v

V13 1 1 1 0 Vo4 — V1 3VDC/4

Vg 1 1 0 1 v — Vo2 + Vo1

Vis 1 0 1 1 vo4 — Vo3 + ve2

Vie 1 1 1 1 Vo4 Vbe

The redundance in the voltage states Va, V3, V4 and V; for output level Vpe /4 and the
redundance in the voltage states Vg, V7, Vs, Vo, Vip and Vi3 for output level Vpe/4 and
finally, the redundance in the voltage states V12, Vi3, Vi4 and Vi3 for output level 3Vpe /4
allow getting an appropriate combination of switching states that ensures the correct inner
voltage and the desired output voltage, charging or discharging the inner capacitor when
is necessary.

For the 3-phase 5-level FCC there are 163 = 4096 possible switching states. These
switching states produce 125 different voltage vectors, as shown in Fig. 2.14.

Some voltage vectors are redundant, the vector V = 0 can be generated by five different
voltage states (5): (4,4,4), (3,3,3), (2,2,2), (1,1,1), and (0,0,0). Considering:

S = (Sa,Sb>Sc)
Sape € {4,3,2,1,0}
State 4 — van = Vpo
State 3 — von = 3VDC’/4
State 2 — von = VDC/2
State 1 — von = Vpe /4
State 0 = voy =0

2.3.3. The classical modulation

The classic PWM modulation of the FCC that allows to balance the inner voltage is a
special technique called: Phase Shifted PWM (PS-PWM). The phase shifted between the
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Figure 2.14. Space vectors of 5L-FFC.

carrier signal in a FCC is given by the expression:

360

=N

(2.13)

Where N, is the number of cells in the topology. In the case of 5-level FCC, ¢ = 90°.

Fig 2.15 shows the block diagram to generate the signals to the power switches em-
ploying a PS-PWM modulation, where v} is the reference signal for the output phase a
and vy, for all i € {1,2,3,4} are the carrier signals. Fig. 2.16 shows the classic PS-PWM
waveform.

1 1
v + | v + |
a = Sza a7 S4a
0 é al : 0 é o
S 2a S 4a
UVery UVcery
1 1
+ +
. Tos . Tos
0 =~ - 0 ad
S 1a S 3a
Very Vers

Figure 2.15. Block diagram of PS-PWM modulation for a 5-level FCC.
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Figure 2.16. Classic Phase Shifted-PWM modulation.

2.3.4. Summary

The main advantages and disadvantages of this topology can be summarized as follows.

Advantages :

= The large number of capacitors provides a source of energy storage, which
increases the availability of the system against momentary loss of power of the
grid.

s In case of failure, removing cells does not decrease the maximum voltage ap-
plied, the only consequence is the reduction of levels obtained at the output
and the increase of blocking voltage in the semiconductors and the voltage in
the capacitors.

s FCC has a modular configuration, which makes it a scalable converter.
Disadvantages :

= The number, size and voltage rating of capacitors increases with the number of
levels, these being one of the components that make up the FCC of lesser life
and higher cost, in addition to increasing the size of the inverter.

= The main capacitor must be designed to withstand the maximum voltage. In
the case of a very high voltage, it is necessary to resort to configurations of the
arrangement of capacitors.

= Large commutation loops whose stray inductances cause high voltages overs-
hoots.

s Like the NPC configuration, in this inverter special considerations must be
taken in the implementation of the control to ensure a correct balance of the
voltages of the flying capacitors. [45,46]
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2.4. Stacked Multicell Converter (SMC)

Today, the 3-phase 5-level SMC topology has a commercial application in medium
voltage with the MV6 series from GE Power Conversion.

2.4.1. The power circuit

Figure 2.17. Topology of one phase of a Stacked Multicell Converter 2z2.

Fig. 2.17 presents the power circuit of the 5L-SMC converter for one phase, which is
based on a hybrid association of elementary commutation cells. Each of these cells requires
a capacitor and two power switches, which must be operated complementary.

Each stage (n cells stacked vertically) of the full converter can be viewed as a classical
multicell converter (Flying Capacitor Converter) having p commutation cells in series.

Fig. 2.17 is the particular case when p = 2 cells (horizontal) and n = 2 stages (vertical).
For this converter four flying capacitors Cjg; with i € {1,2} and j € {1,2} appear, where
i indicates the number of the respective cell (cells put horizontally) while j indicates the
number of the respective stage (cells put vertically). Each voltage across these capacitors

is then equal to Vg, = % with E = Vpc the input voltage of the converter.

2.4.2. Vectors generated by the inverter

The SMC 2x2 shown in Fig. 2.17 has Ngges = 9 different states and Njgyers = 5
different levels in the output. These 9 configurations and their respective levels considering
the particular case of the SMC 2x2, Vi, ... = Veupns Voipea = Voima: £ = Vbe and
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Figure 2.18. Switching states not allowed in a SMC 2x2: (a) Short circuit in cell
1; (b) Short circuit in cell 2; (c¢) Short circuit in both cells.

Voe : Veup, - Verp, =4 :2: 1, are shown in Table 2.4, where S;gj, =1 when switch
Sieje is ON, and S;gj, = 0 when switch S;gjq is OFF.

Table 2.4
SWITCHING STATES FOR ONE PHASE OF THE STACKED MULTICELL CONVERTER 2X2
Voltage State Output Voltage Output Voltage
(S2E24, S2E1as S1E24, S1E1a) VaN van [V]
Vi (0,0,0,0) Ve ~Vpc /2
Vs (0,0,0,1) Verma = Voona —Vpe /4
V3 (0,0,1,1) Veipaa + Veipia = Veapia 0
Vi (0,1,0,0) ~Vermia —Vbe/4
Vs (0,1,0,1) 0 0
Ve (0,1,1,1) Vi b2 Vpe/4
V7 (1,1,0,0) | o N o 0
Va (1,1,0,1) Vespaa = Veimma Vpe/4
Vo (1,1,1,1) Ve Ve /2
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Each power switch can take only two possible states, so, if SMC has four switches (not
considering the complementary pair) then it will have Ngqies = 42 = 16 possible states.
But this argument is not valid, because there are 7 switching states not allowed. The state
when the switch of the upper stage is ON (Sjg2, = 1) and the switch of the lower stage is
OFF (Sjp1a = 0) (see Fig. 2.18) generates a short circuit through both capacitors of the
stage j. Consequently, the total states for each cell of both stages (ex. cell 1 of the stage 1
and cell 1 of the stage 2) is 3 instead of Ngtates .y = 2 = 4, so the total states of the an
SMC 2x2 will be Ngigres = 32 = 9 because it has three states for each cells and has two
cells.

Generalizing, the number of possible states of the circuit is then equal to:

Nstates = (n + 1)p (214)

The number of levels in a SMC for the output voltage is equal to:

Nievels = (np) +1 (215)

The 3-phase 5L-FCC has 93 = 729 switching states and these 729 switching states
produce 125 different voltage vectors, the same as like in 5L-ANPC, as shown in Fig. 2.10.

2.4.3. The classical modulation

It is necessary to define the global referential signal called v,.g. This signal corresponds
to the reference for the output voltage of the converter.

Based on this signal v,¢g and on the number of stages (n = 2), n signals of internal
references (called v,gj) can be generated. These signals v,g; will be send to each stage
(n = 2) of the converter, then each signals v,g; are modulated with PS-PWM strategy for
each stage.

Phase Shifted PWM

(% i Vg >S5 PEj

rg Level Shifted | .~ """ A ZE_UAAAAAANN...... > S,
PWM —>S

1Ej

Figure 2.19. Steps in the classical modulation of the SMC.

Consequently, the classical modulation of the SMC requires two steps. The first step
modulates v, g signal for each stages of the SMC (in vertical) to determinate the internal
reference signals (called v,g;), the second step modulates v, g; signals for each cell of each
stages (in horizontal). Being the resulting modulation a Mixed Shifted-PWM, which is
composed of a Phase Shifted-PWM (PS-PWM) determined for the numbers of cells that
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compose each stage (two cells horizontal in the case of the SMC 2x2), and a Level Shifted-
PWM (LP-PWM) determined by the numbers of stages that compose the converter (two
stages vertical in the case of the SMC 2x2).
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Figure 2.20. Block diagram of the classical modulation for a SMC 2z2.
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Figure 2.21. Classical modulation of a SMC 2z2.

Fig. 2.19 shows the steps for the classical modulation of a SMC with n stages and p
cells, where the first step to determinate the voltage reference for the each vertical stages
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(vrgj) is a LS-PWM.

Fig. 2.20 shows the block diagram of the classical modulation for a SMC with 2 stacks
and 2 cells. Fig. 2.21 shows the classical modulation in the particular case of a SMC 2x2.

2.4.4. Summary

The main advantages and disadvantages of this topology can be summarized as follows.

Advantages :

s Capacitors are smaller than those used in FCC. In 5L-SMC it is necessary
two capacitor blocking Vpe/4 and two blocking Vpe/2 and in 5L-FCC it is
necessary one capacitor blocking Vpc/4, one blocking Vpe/2, one blocking
3Vpc /4 and finally one for the de-link (Vpe).

= Large number of levels to the output of converter with good dynamic of current
and power.

s The number of degrees of freedom increases as well as the levels per cell.

= Converter with modular configuration feature that makes it a scalable converter.
Disadvantages :

= More power semiconductor per cell than in a classical multicell converter.

= A lot of flying capacitors that need to be balanced.
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Reduced Multilevel Converter

The Reduced Multilevel Converter (RMC) [47] structure concept is composed by a
variable dc-link converter and 3-phase output inverter stage, like the one shown in Fig. 3.1
for a 5 level configuration using a 2L-VSI. The variable dc-link structure is composed by
a cascaded connection of basic units called DC-cell which is shown in Fig. 3.2.

Every DC-cell is formed by three power switches and one capacitor, when the power
switch in series with the capacitor (Scy) is ON, the upper and lower switches (Sp and
Spi) must to work in a complementary way to avoid short circuit.

One way to understand how this topology works is to imagine it as two parts that work
together. One (the DC-cells) works as a DC-DC multilevel converter, generating a variable
dc-link between the points p and n, and the second part (output inverter) works as a DC-
AC inverter connected to a variable dec-link and can be any inverter with a single DC-bus
configuration like the 2L-VSI, NPC, 3L-ANPC, 5L-ANPC, T-type (SMC 1x2) [13], FCC,
SMC.
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Figure 3.1. Five Level Reduced Multilevel Converter (5L-RMC), with 3 DC-cell
and a 2L-VSI output inverter.

In this work, the basic 2L-VSI is used for simplicity. The 2L-VSI is connected to the

27
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variable dc-link and can chooses the output voltage between two options: v,y or v,n as
shown in Fig. 3.1.

P BV
UO(k+1)§ = P Vs
Spk
i +]| O
E Uck T~ E
- sdf
P Su i
- ! — ! flj-
‘O(k+1) E F\ | E o O

Figure 3.2. Generic DC-cell k of RMC.

3.1. Basic properties

The RMC is a modular multicell structure, much like the FCC and SMC; this means
that it is possible to increase (reduce) the number of levels by connecting (disconnecting)
DC-cell units following the multicell arrangement.

Every main cell, see Fig. 3.2, has three possible conduction states as shown in Table 3.1,
where Sy, = 1 means that the power switch pk is ON and S,; = 0 means that it is OFF,
for all power switches Sy, Sy and Scy.

Table 3.1
DC-cELL RMC: POSSIBLE SWITCHING STATES

Switching State Output Potential

Spk Sk Sck ’U;r(k> Ug(k)
1 1 0 vj(kﬂ) Vogrn)
0 1 1 Vogerry T Vek Vogs1)
1 0 1 v;r(kﬂ) vj(kH) — Vgl

Hence, each additional DC-cell incorporates three possible switching states for the
DC-DC multilevel part of the converter and the total possible states can be expressed as
an equation in function of the number of DC-cells (Npc_cerr) as follows:

NstatesDc,Dc — 3NDC—cell (3.1)
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In the case of the RMC shown in Fig. 3.1, there are 3 DC-cells and the possible
switching states for the DC-DC multilevel part are 33 = 27.

For the DC-AC inverter part is used a 2L-VSI and there are two power switches for
each output phase. These two switches work in a complementary way, when S, = 1, i.e.
it is ON, the switch S, = 0, is OFF. This is necessary, because S, = 1 and S, = 1 at the
same time generate a short circuit in the variable dc-link, that is in the dc-link or in one
of the inner capacitors.

The possible switching states for each phase is 2. Therefore, the number of possible
states in function of the number of output phases (Nop) can be described by:

N, = oNor (3.2)

tatespc—aAc

In the case of the RMC shown in Fig. 3.1, there are 3 output phases and the possible
switching states for the DC-AC part is 23 = 8.

The total number of possible states of the whole converter is given by the multiplication
of the number of states in the DC-DC multilevel part and in the DC-AC part as in equation
(3.3):

Nstates = NstatesDc,Dc * NstatesDc,Ac (33)

For the case of a 5-level, 3-phase RMC shown in Fig. 3.1, the total possible states are
Ngtates = 27 % 8 = 216.

The number of output voltages (Noy) between the output phase (A, B or C) and the
neutral point of the converter (N) is given by:

Nov = Npc—ceut + 2 (3.4)

As long as the inner voltage in the capacitors follows the relationship given by:

Vbe
=k— 3.5
vk Npc—cen +1 (8:5)

All possible combination of these 216 possible switching states generates 65 output
voltage vectors, which are shown in Fig. 3.3. Where the voltage vectors are described by
the variable S as follow:

S = (Sa,5B,5¢)
Sape € {4,3,2,1,0} (3.7)
State 4 = vy = Vpo
State 3 = von = BVDC/4
State 2 — van = Vpo /2
State 1 — von = Vpe /4
State 0 — vy =0
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Figure 3.3. Total possible output voltage vector in 5L-RMC.

There are 54 possible switching states for the voltage vector zero, 18 possible switching
states for all possible voltage vector in the first ring, 6 possible switching states for all
voltage vector in the second ring, 2 for the third ring and only one possible switching state
for the vectors in the final ring as is summary in Table 3.2.

Table 3.2
REDUNDANT SWITCHING STATES FOR ALL POSSIBLE OUTPUT VOLTAGE LEVELS

Number of possible Switching States Output voltage magnitude

54 0 [V]
18-6 =108 Vpc/6 [V]
6-6=236 Vpc/3 [V]
2.6 =12 Vpc /2 [V]
1-6=6 2Vpe/3 [V]

Table 3.3 presents the 27 possible switching state of 3DC-cell RMC with the 54 possible
output voltage for one phase (choosing S, =1 or S, = 0 for the 2L-VSI).

Switching states in voltage Vo — Vs in Table 3.3 are redundant and generate the output
voltage v,y = Vpc and v,y = 3Vpc/4. Voltage Vg — V7 are redundant switching states
and generate the output voltage v,y = Vpc and v,y = Vpc /2. Switching states in voltage
Vg generates the output voltage v,y = Vpc and v,y = Vpe /4. Switching states in voltage
Vo — Vi3 generate the output voltage vpn = 3Vpc/4 and v,y = Vpc/2 with voltages
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Table 3.3
SWITCHING STATES FOR 3-MCs 5-LEVEL REDUCED MULTILEVEL CONVERTER.
Voltage Switches states Output voltage
Sps Scs | Sz Sca | Spt Sc1 | Sa=1(vpn) | Sy =0 (van)

\%1 1 0 1 0 1 0 Vbe 0

%) 1 0 1 0 1 1 Vbe Ve —ver
Vs 1 0 1 1 1 1 Vbe Vbe —ver
V4 1 1 1 0 1 1 Vbe Ve —ver
Vs 1 1 1 1 1 1 Vbe Vbo — ver
Vs 1 1 1 1 1 0 Vbe Vbe — ves
% 1 0 1 1 1 0 Vbe Vbo — ves
Vi 1 1 1 0 1 0 Vbe Vbc —ves
% 1 0 1 1 0 1 Vpe —ve2 + vet Vb —ve2
V1o 1 1 1 1 0 1 | Vbc —ve2 +ven Vbe — vee
Vi1 1 1 0 1 1 1 Vbe — ves +vee | Voo — ves + vor — vet
Via 0 1 1 0 1 1 V03 Vc3 — Uct
Vis 0 1 1 1 1 1 Vo3 Vo3 — UC1
\%7 1 1 0 1 1 0 Vpbe — ves + vez Vpe — ves
Vis 0 1 1 1 1 0 Vo3 ve3 — VC2
Vig 0 1 1 0 1 0 ves 0

Viz 1 1 1 0 0 1 | Vpo —ves +ver Vbe — ves
Vig 1 1 0 1 0 1 | Vbe —wves +ver Vbo —ves
Vig 0 1 1 1 0 L | ves —ve2 +ver Vo3 — VC2
Voo 1 0 0 1 1 1 Vo2 Vo2 — UC1
Vo1 0 1 0 1 1 1 Vo2 ve2 — Vel
Vég 1 0 0 1 1 0 Vo2 0

V23 0 1 0 1 1 0 VC2 0

Vou 1 0 1 0 0 1 Vo1 0

Vas 1 0 0 1 0 1 Vo1 0

Vog 0 1 1 0 0 1 Vo1 0

Vv27 0 1 0 1 0 1 Vo1 0

Vo — Vi and voltages V1o — Vi3 respectively redundant. Switching states in voltage Viq4 — V5
generate the output voltage v,y = 3Vpc/4 and v,y = Vpc/4. Voltage Vi generates the
output voltage v,y = 3Vpc/4 and v,y = 0. Switching states in voltage Vi7 — Va1 generate
the output voltage v,y = Vpc/2 and v,y = Vpc/4 with voltages Viz — Vig and voltages
Vog — Va1 respectively redundant. Switching states in voltage Voy — Va3 are redundant
switching states and generate the output voltage vpn = Vpc/2 and v,n = 0. And finally,
switching states in voltage Va4 — Vo7 are redundant switching states and generate the
output voltage v,y = Vpc/4 and v,y = 0.

This redundant switching states are summarized in Table 3.4.
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Table 3.4
REDUNDANT SWITCHING STATES FOR 3DC-ceLL RMC
Switching States | Output voltage
UpN UnN
Vo= Vs Vbe  3Vpc/4
Ve — V7 Ve Vbe/2
Vs Vbe  Vpc/4
Vi Vbe 0
Vo — Vi3 3Vpc/4  Vbc/2
Via — Vis 3Vpc/4  Vpe/d
Vie 3Vpc /4 0
Vir = Vo Vpc/2  Vpc/4
Vg — Vas Vbc/2 0
Voy — Var Vb /4 0

3.2. Operation principle

From the 27 allowed variable dc-link switching states, only 10 generate different voltage
potentials in the output terminals (the 17 other generate redundant levels) for a three
DC-cell RMC.

All combinations of these DC-DC multilevel voltages using a 2L-VSI in the dc-ac stage,
gives a total of 216 possible output voltage space vectors, which are shown in Fig. 3.4
including the number of their redundancies.

Fig. 3.5 shows a selections of the 10 different dc-link level generation possibilities.
Fig. 3.5-(a) to Fig. 3.5-(d) show the possible combinations for v,n = 0 and v,y = Vpc /4,
vpN = Vpc /2, vpny = 3Vpc/4, and v,y = Vpc respectively. Fig. 3.5-(e) to Fig. 3.5-(g) show
possible combinations for v,ny = Vpc and: v,ny = 3Vpc/4, van = Vpe /2, and v,y = Vpe /4
respectively. Fig. 3.5-(h) and Fig. 3.5-(i) show possible combinations of v,n = 3Vpc /4 and:
vnN = Vpe /4, and v, = Vpe /2 respectively. Finally, Fig. 3.5-(j) shows the combination
of DC-DC voltage of v,y = Vpc/2 and v,y = Vpc /4.

To generate five voltage levels with the same voltage step (dv/dt), the voltages in the
inner capacitors must follow the following ratio: voy : vos @ vo2 :vor =4 :3:2: 1, being
vea = Vpe.

For simplicity and a better explanation, will be analysed the operation principle of
1DC-cell RMC, which is a 3-level topology. The possible DC-DC voltage combinations in
a 3-level RMC is shown in Fig. 3.6. In this case, the inner voltage on capacitor C is set
to Vpo /2.

Fig. 3.6-(a) and Fig. 3.6-(b) generate the same voltage in the variable dc-link (vypc =
vc1 = Vpc/2) however, the possible output voltages are different, for v,n the output
voltage is Vpc/2 or Vpe, respectively, and for v,y the output voltage is 0 or Vpco/2,
respectively. Finally, in Fig. 3.6-(c) the switching states generate a vypc equal to the
main dc-link, i.e. vy pc = Vpc and the output voltages can be v,ny = Vpc or v,y = 0.
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Using these combinations of switching states, it is possible to have whichever of the 3
possible output voltages 0, Vpc/2 or Vpe. This freedom allows, for example, to have two
output phases with different modulation index (m4 and mp), phase or frequency, as is
shown in Fig. 3.7-(a), (b) and (c) respectively.

This operation characteristic ensures the same behavior as in standard multilevel con-
verters as the FCC (see section 2.3), where one independent converter connected at the
same dc-link for every phase is used. However, the reduction of necessary components in
the proposed topology has a cost.In this case, a lower number of power switches means less
possible switching states and therefore, less possible combinations that allow to balance
the inner voltage. A consequence can be seen in Fig. 3.7, where sometimes it is necessary
to make a double step in the output voltage (from vany = 0 to vany = Vpe) to achieve the
desired inner voltage in the capacitor.

2V
3

Figure 3.4. Output voltage space vectors generated by the RMC, including their
number of redundancies.
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Figure 3.5. Different DC-cell switching states (only non-redundant are shown)
and their respective output potentials for a S5L-RMC.
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Figure 3.7. Output voltage of the SL-RMC: (a) my = 0,87, mp = 0,3; (b)
ma =mp = 0,87 with ¢4 =0° ¢p =180° and (c) ma =mp = 0,87 with fy = 50Hz,
f5 = 120Hz.

The 1DC-cell RMC has three power switches, all power switches can take only two
possible state ON or OFF, thus the total switching states in 1DC-cell RMC is 22 = 8 as
is shown in Table 3.5.

It is possible see that states S1, 52, S3 and 54, are not recommended because generate
an indeterminate output voltage in one or both output points. Besides that, the state S8
generate a short circuit through the flying capacitor and the source (C2). Consequently,
in the 1DC-cell RMC there are only 3 possible switching states (see Fig. 3.6).
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Table 3.5
1DC-ceLL RMC: SWITCHING STATES

State | Switching State Output Voltage
Spr Sn1 Sea UpN UnN
S1 0 0 0 indeterminate
S2 0 0 1 indeterminate
S3 0 1 0 indeterminate 0
S4 1 0 0 Voo indeterminate
S5 0 1 1 Vel 0
S6 1 0 1 Vbe vC1
S7 11 0 Vbc 0
S8 1 1 1 short circuit

From the possible switching state (S5, S6 and S7) it is possible to see that power
switches Sp1 and Sp,1 works in a complementary way only when power switch Sc1 is ON.

3.2.1. Analysis of constraints

An important constraint in this topology is the voltage that the power switches need

to block. The blocking voltage of the transistor in a DC-cell depends on the voltage

j(kﬂ) = Vo1 which can change. However, there is a maximum voltage that the tran-
sistors nee(i to block, given by:

Ublock, Sy = VDC — VCk (3.8)

Where Sji is the power switch ¢ in DC-cell k for all i € {p,n,C}, and vcy is the
voltage of the capacitor in DC-cell k. In the case of the output switches (S,, S, with
x € {A, B,C}) the maximum blocking voltage is the full dc-link voltage.

The maximum blocking voltages of the transistors is summarized in Table 3.6.

Table 3.6

MAXIMUM BLOCKING VOLTAGE IN RMC
Ublock Power Switch

Vi

=4c Sp3, Sn3, Sc3

v

-Bc Sp2, Sn2, Sc2

3V

S Sp1, Sn1, Sc1

Vbc | Sa, Sa, S, Ss, Sc, Sc
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3.2.2. Implementation in Medium Voltage

The device blocking voltage is a disadvantage, that prevents the use for medium vol-
tage applications, thus, the scope of this topology is not for medium voltage applications.
Nevertheless, multilevel converters have now been used extensively in low voltage ap-
plications, such as PV inverters, UPS systems, and wind power conversion systems (all
below 690 V), and the most appropriate application is a subject of further research and
exploration.

However, one solution to implement this topology in medium voltage applications is
to use power semiconductors with different rating voltages for the case when is necessary
block a higher voltage. Another option, is to connect additional semiconductor in series in
the case where is necessary block a higher voltage.

3.2.3. Remark about the number of output level

The number of output levels in the RMC structure depends of the number of DC-cells
and/or the number of output level of the DC-AC output inverter stage. For example, the
3DC-cell RMC shows in fig. 3.1 with a T-Type topology in the DC-AC output inverter
stage results in a RMC topology with 9 levels instead of 5 levels. Beside that, the blocking
voltage limitation will be overcome and the maximum blocking voltage will be 3Vp¢c/4 in
the power switches in the DC-cell 1.

3.3. Mathematical model

The best way to understand the behavior of a system is the mathematical description.
In the case of the RMC, the equations that describe the properties of the converter are
the output voltage and the inner capacitor voltage equations.

The output voltages, considered between the output point (A, B, or C' in Fig. 3.1)
and the neutral point of the converter IV, can be expressed as a function of the switching
states and inner voltages.

To find this expression there are two ways, one is using the circuits given in Fig. 3.5
considering a 2L-VSI as DC-AC stage and find an expression for each voltage. For example,
the voltage in the capacitor C] is going to appear in the output voltage vector only if Sc;
is ON (Sc1 =1) and Sp1 # S, for x € {A, B, C}, which can be written as:

vzN(ve1) = ve1Sc1(Se — Spi) (3.9)

A similar relationship can be derived for all inner voltages. For example, the voltage
in Cy is going to appear in the output voltage vector only if Sco is ON and Sy # S, if
Sci is OFF (Sc¢1 = 0), but if S¢q is ON the condition changes to Sp2 # Spi. Equation
(3.10) describes the influence of veg in the output voltage and eq. (3.11) shows the reduced
expression of it.
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’UIN('UCQ) = chch((l — 501)(51 — sz) + S (Spl — SpQ)) (3.10)
= 002502 (Sc1(Sp1 — Sp2 — Se + Sp2) + (Se — Sp2))
ven (Ve2) = ve2Sc2(Se1(Spr — Sz) + (Se — Sp2)) (3.11)

A second way to find the output voltage expression is using the possible switching
states for DC-cells. The 27 possible switching states for the DC-cells are given in table 3.3,
54 considering one phase of 2L-VSI.

To determine the expression for the output voltage it is necessary to formulary expres-
sions for all inner voltages.

For example, from Table 3.3 it is possible to see that the vectors that include v¢1 in the
output voltage are: (—)Va — Vs (vpn), (+)Vo—Vio (vpn), (—)Vi1 — Vi3 (van), (+)Vir —Vig
(vpn), (—)Vag — Va1 (vpn), and (4)Vaq — Var (vpn). Where the symbol — or + represents
the sign of the voltage vep in the output voltage.

The common factor in these vectors is S¢p. In all 18 possible voltages Sc1 = 1. Furt-
hermore, the other switching states that are constants in these vectors are S7 and S,.

Every time that S,1 = 1 and S, = 0, —vc1 appears in the output voltage, and when
Sp1 = 0 and S; = 1, +vc1 appears in the output voltage, any other combination of these
switches does not generate an output voltage with veq, i.e. Sp1 = S;.

Thus, it is possible to describe the influence of vcq in the output voltage by:

van(ver) = ve1Se1(Sz — Spi) (3.12)

Following these steps it is possible find analogue expression for Vpc, vos and ves.

For example, for the case of Vp¢ it is possible find two big groups of output vector
with this voltage: (1) when Vp¢ is generated in v,y and vy, which are Vo — Vi1, Vi4, and
Vir — Vig, and (2) when Vpc is generated only in v,n, which is V.

It is not easy to determine the common factor in this case, but in a first approximation,
it is possible to discard the switching states which not present Vp¢ in the output voltages
by multiplying S,3S5¢3. This decision reduces the output voltages with presences of Vpc
from Vi — Vi1, Vig, and Vi7 — Vig to Vi — V3, V7, and Vj.

In these 5 switching states it is possible to see that the common factor is (1 — S¢3).
This factor allow not repeat the influence of the previous switching states, but this is also
the common factor of the not desired switching states (output voltage without Vpc) so it
is necessary to be more precise to describe this voltage.

For example, by multiplying S;2Sc2 when Sc3 = 0 it is possible to discard the not
desired switching states. This decision reduces the output voltages with presences of Vpeo
from Vi — V3, V7, and Vg to V7 and V5.

It is possible to see that the common factor in these two switching states could be
(1 —S¢2). This factor allow not repeat the influence of the previous switching states, but
this common factor allows the switching states V54, which is a not desired switching state
in this case, so it is necessary to be more precise.



Chapter 3. Reduced Multilevel Converter 40

Vbc is presents in Vi only in v,n, so one condition could be S, to consider this
switching state. This condition also considers the influence of v,y in V5 and in V4. Hence,
it is necessary considers now the influences of v,x in V5 and eliminates the influences of
UpN in V24.

The common factor of Vo and Vay could be (1 — S¢1) and to add the influence of v,y
in V3 it is possible multiply it by the factor (S,; — S;), this also eliminates the influence
of vpn in Vo4 and ensure the not presence of v,y in Vay.

Thus, the influence of Vpe in the output voltage can be written as:

vzN(Vpe) = Vpe ((1 — Sc3) (Sp2Sca2 + (1= Se2)(Se 4+ Sc1(Sp1 — Sz))) + SpBSC3> (3.13)

Finally, the output voltage can be expressed by the equation (3.14).

UpN = VDC((l — Scs) (Sp2Sca + (1 — Se2)(Sz 4+ Sc1(Sp1 — Sz))) + Sp3SC3>

+ v03503<(1 — Sc2) (Sc1(Sp1 — Sz) + (Sz — Sp3)) + Sc2(Sp2 — SpS))

+ ve2Sc2(Se1(Spr — Sz) + (Sz — Sp2))
+ve1Sc(Se — Sp1) (3.14)

Where x € {A, B,C}, vc1, vog and veg are the inner voltages of the capacitors Cf,
C5 and (3, respectively.

These voltages can be expressed as follows as given in equations (3.15)— (3.17).

C
ves = ;i / S (Ses (1= Se2) (Ser(Spn — 82) + (o — 55)) + Sca(Sp — Spa) )i )l
r=A

(3.15)
o _1/203(50(50(5 S) + (8o — )i )dt (3.16)
VCc2 = A 2 1(Ppl — Pz x — Op2))lx .
CQ r=A
-1 ¢
vor = — Sci(Sy — Sy )iz )dt (3.17)
o=z [ 3 (sea(ss = i)

While equations (3.14)—(3.17) cover the behavior of the converter, the mathematical
model of the whole system consists of converter and load equations. In this work, a passive
load L — R is considered, which is describe by:

di,
Ve =Rig + Lé + oy (3.18)
voy = AN UBN T ICN (3.19)

ze{A,B,C} (3.20)
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Where R and L are the load parameters and the point o is the neutral point of the
three phase load.

3.4. The Classic Modulation

To implement a classic modulation in RMC is not easy. Phase-Shifted PWM or Level-
Shifted PWM or a combination of both modulation strategies cannot achieve a correct
modulation in all cases, even if the inner capacitor is replaced by a voltage source. Due
to the switched DC-cell capacitors, there it is not straight forward to implement a carrier
based PWM scheme.

However, it is possible to use a Pulse Width Modulation in a 3-phase 3-level RMC
considering the following conditions:

= In a 3-phases balanced system, the sum of the three output voltage is zero, and
when one output voltage is positive (or negative) the other two output voltages are
negative (or positive).

» The switching state (1,1,0) for (Sp1,Sn1,5c1) going to be used when is active a
negative output voltage level and a positive output voltage level.

» The switching state (1,0,1) for (Sp1,Sn1,5¢1) going to be used when is active a
positive output voltage level and the zero output voltage level.

» The switching state (0,1,1) for (Sp1,Sn1,5¢1) going to be used when is active a
negative output voltage level and the zero output voltage level.

Fig. 3.8 shows the block diagram for the PWM modulation implemented in a 3-phase
3-level RMC. To understand the modulation scheme, it is a good idea separated it into
two part, one for the multilevel DC-DC converter (DC-cell part) and one for the DC-AC
output inverter (2L-VSI).

In a 3L-RMC with 1 DC-cell, the DC-cell PWM could be decomposed in three steps
(see Fig. 3.8). In the first step is defined a new variable v,.¢, which will be modulated
to determinate the control signal for the switch Sc¢q. This new variable, v,.y, selects the
minimum reference value between the maximum positive value and the minimum negative
value, for example, if in the moment ¢t = k, the references values are: v (k) = 0,7[p.ul,
vp(k) = —0,6[p.u] and vj(k) = —0,1[p.u], the value for the new variable is v,cf(k) =
0,6[p.u]. The second step modulates the reference signal v,.s using the carrier signal ve,1,
the output of this modulation is the signal Sc1 and Sp1,,1, this last signal is a new defined
signal to determine when is necessary to have both switches ON, S,; and Sy, (1,1,0).
Finally, the third step is used to determine the control signals for S,; and S,1, the first
part of this step is used to determine which is the sign of the largest reference signal,
for example, in the previous example, the sign of the largest reference signal is positive
(v (k) = 0,7[p.u]) and the output of this modulation step must to be between the positive
output voltage level and the zero output voltage level (1,0,1). Thus, the next block of the
third step define Sp1 and S,1 considering when Sc¢i is ON or OFF and if is necessary to
use the positive output voltage level or the negative output voltage level.

For the 2L-VSI modulation could be decomposed in two steps (see Fig. 3.8). In the
first step is defined a new variable v},, for all x € {A, B,C}, this new variable is zero if
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Figure 3.8. Block diagram of PWM modulation for a SL-RMC.

the magnitude of the reference signal is lesser than the variable v,y defined in the DC-cell
modulation stage, for example, in the previous example, the reference value for the phase
A is v} (k) = 0,7[p.u] which is largest than v,.;(k) = 0,6[p.u], consequently v%,(k) = 0,1.
Finally, the second step has two part, the upper is the normal PWM for a 2L-VSI, here
the reference signal v’ is compared with the carrier signal v.,2, the output of this part is
selected only when Sp1,1 = 1, i.e when RMC is working as a standard 2L-VSI, the lower
part of this step is the modulation of the new reference signal v}, using the carrier signal
Vers, this modulation is selected only when the active positive (or negative) output voltage
and the zero output voltage could be selected (1,0,1) (or (0,1,1)).

Fig. 3.9 shows the carrier signal for the modulation, the carrier signal used to modulate
the control signal S¢; and the carrier signal used to modulate the control signal S4 and
5S4 when S = 1 are Phase-Shifted PWM with 180A° shifted, see v.r1 and ver3 in Fig. 3.9.
And finally, the carrier signal used to modulate the control signal S4 and S4 when Scq = 0
is the typical carrier signal used to modulate a 2L-VSI (see v.ro in Fig. 3.9).
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Figure 3.10. 3-phase RMC with PWM: (a) Output current; (b) Output voltage
Van with inner voltage vey; (¢) Load voltage Va,.

Fig. 3.10 shows the system response of an open-loop system using PWM in a 3L-RMC.
Two different cases are shown: Case I instead of a flying capacitor is used a dc-source
to generate the inner voltage of the converter, and Case 1I is used a flying capacitor to
generate the inner voltage of the converter.

In the Case I, the modulation strategy achieves sinusoidal output currents and 3-
level output voltage (van). In this Case II, however, the modulation strategy is not
able to ensure a correct balanced value of the inner voltage in the flying capacitor, and as
consequence of it, the flying capacitor is discharged and the 3L-RMC is now a 2L topology.

From these results, it is possible conclude that with an active control over the inner
voltage in the flying capacitor (vc1) could be possible to have a modulation strategy
working properly even with a flying capacitor instead of a dc-source to generate the inner



Chapter 3. Reduced Multilevel Converter 44

voltage of the converter.

This control could be made using an injection of zero-sequence in the reference signals
or a injection of third harmonic. Nevertheless, in this work was not found an appropriated
control strategy over the inner voltage to solve the discharged voltage problem, and is a
topic for future research.



Chapter 4

Control Strategy: Model Predictive
Control

Model Predictive Control (MPC) is considered one of the most important advanced
control techniques in power electronics. The MPC was proposed in the late 1970s and has
since developed considerably [48-51].

In general, MPC formulates a problem of linear programming or finite quadratic pro-
gramming in each sampling interval. These optimization problems can become large and
the computational cost associated with solving them online can be inconvenient [52].

The term MPC does not designate a specific control strategy, but rather a wide range
of control methods that employ an explicit use of a process model to obtain, through the
minimization of the cost function, the control signal [49, 50].

The ideas that present, to a greater or lesser degree, all the MPC families, are basically:
s Explicit use of a model to predict the output of the process at a future time point
(horizon or prediction window).

s Calculation of the control sequence for the entire prediction horizon minimizing a
cost function.

= Application of only the first control signal of the obtained sequence.

= At each evaluation time, the prediction window is shifted to the future, applying
only the first sequence control signal calculated at each stage, thus using a moving
horizon strategy.

4.1. Classification of MPC

The MPC can be classified into at least two major categories according to the nature
of the system input, EMPC (Explicit Model Predictive Control) and FCS-MPC (Finite
Control Set-Model Predictive Control) [53].

45
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4.1.1. Explicit Model Predictive Control (EMPC)

As previously mentioned, solving the optimal MPC problem requires a high compu-
tational cost, which makes it unattractive for applications that require optimum input in
a few microseconds, such as in the control of power converters.

In this context, the control technique called EMPC has arisen in order to reduce the
computational cost required, solving the optimal problem explicitly but off-line. To this
end, EMPC considers continuous and bounded constraints of states and system inputs.
Thus, it is possible to obtain a partition of the input space in n regions. The number of
regions obtained depends on the number of states and inputs of the system, as well as on
the prediction horizon. Therefore, for each partition it obtains an explicit solution (hence
its name) for the local optimal controller of the form:

Ki :Fi(xk—x*)—i—Gi. (4.1)

In particular, for the so-called terminal region X, which is the region containing the
reference, the solution is given by:

kp=K(xp —x") +u", (4.2)

Where K can be obtained analytically and u* is the steady state input required to
hold x*. Note that this expression corresponds to a linear regulator.

Consequently, each local controller can be implemented off-line, in a table in the me-
mory of the digital control platform. Then, in the on-line implementation, the EMPC
algorithm only has to determine in which partition the system is located, x(k) and thus
apply the optimal input, x;, associated with that region.

To illustrate better how the EMPC works, an example is shown in Fig. 4.1 for a two-
input system. In this case six regions have been obtained and the terminal region, Xy, has
been highlighted in green, which contains the system reference z*[z} z3]7. In addition, it
can be seen that the state is bounded, x; € [0, Z; max]-

With regard to the use of EMPC for power converters, this control technique considers
the duty cycle (or modulation index) as input of the system. Therefore, for this type
of strategy, the input of the system belongs to a set of continuous control bounded, for
example, d;(t) € [0,1]. The cost function used considers the reference tracking error at
each sampling time. Once the minimization of this error is carried out it is necessary to
use a modulator to be able to control the switches of the power converter in order to apply
the optimum input to the plant.

When using a PWM modulation, the typically sinusoidal actuation is compared to a
high frequency triangular signal (carrier signal), generating a pulsed voltage waveform at
the output of the converter. The mean value of the applied voltage, within the period of
the carrier signal, corresponds to the value of the desired performance.

The EMPC performs well during steady state, as long as there are no modeling errors,
so it can follow the reference without problems. The switching frequency in the EMPC is
constant in the electrical variables due to the use of a traditional PWM modulator.
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Figure 4.1. Structure of an explicit predictive control.

4.1.2. Finite Control Set - Model Predictive Control (FCS-MPC)

One of the most attractive predictive control formulations is the FCS-MPC [42,51,54—
58], also known as direct MPC [59]. In this case, the prediction strategy directly takes into
account the states of the power switches as system control inputs.

Due to, the fact that the power switches can only adopt two states, usually 1 or 0
(ON-OFF), the input is restricted to belonging to a finite set of possible combinations,
hence its name FCS-MPC (Finite Control Set-Model Predictive Control). From a certain
initial value of the system states, a finite number of predictions can be obtained for the
different electrical variables in each sampling period, associated with the finite number of
combinations of the inputs. Each of these predictions is evaluated through a cost function,
applying during the following sampling period that combination of switches that minimizes
this function. In this way, the predictive strategy does not require a modulation step as
in the case of EMPC.

In summary, the FCS-MPC is a control technique that calculates the control action by
solving, at each sampling instant, on a finite horizon, an optimal control problem based
on predictions of the future behavior of the system.

Due to the characteristics presented by the FCS-MPC control strategy, it results in
an easy-to-understand strategy that can be implemented, in general, to a varied set of
power converters and machines, regardless of the complexity of these. FCS-MPC achieves
to incorporate complex constraints and nonlinearities to the predictive model. Likewise,
this predictive control technique allows, without major difficulties and choosing a correct
cost function, to evaluate different minimization criteria, seeking the best performance
that satisfies all of them [49,50,56,60-65].
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Figure 4.2. Structure of a direct predictive control.

Fig. 4.2 shows the typical structure of a predictive position control of a machine. The
control variables of the drive, for example, machine current, velocity w and angle ¢, are
entered into the model of the machine and the power electronics. The information derived
from this model is given to the block called “prediction and calculation”, which can be
considered as the heart of the predictive control system. By comparing the current state
of the machine with the reference value of the position of the drive, the correct state of the
power switches that meet the optimization criterion implemented will be chosen, which,
for example, can be to minimize the switching frequency, minimize current distortion or
minimize ripple in torque [66].

For each switching state, the behavior of the system can be predicted so that the
behavior of the inverter and the machine can be calculated in advance for each of them,
allowing the calculation of the prediction [67,68].

The FCS-MPC control has shown its flexibility and good dynamic properties in power
electronics, not only for controlling the waveform of the current but also in other aspects,
such as commutation losses and common mode voltage reduction [69,70].

Although the FCS-MPC strategy may present certain advantages when compared to
EMPC or linear control techniques, the following practical aspects should be kept in mind
at the time of implementation:

s The computational effort is increased by increasing the number of switch elements
(eg multilevel converters [61,65]).

= Designing the cost function, especially if it should consider more than one control
goal, requires the use of weight factors. [50]

= Variation of model parameters.
» Non-zero error at steady state. [71]
s High sensitivity to measurement noise.

» The variable switching frequency of the different power semiconductors. [72]
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4.2. Summary

The MPC presents a number of advantages over other methods and control strategies,

among which it can highlight the following:

» The FCS-MPC is particularly attractive to engineers because no in-depth knowledge

of control is required since the concepts involved are very intuitive.

= [t can be used to control a wide variety of processes, from relatively simple to complex

ones, including systems with long delay, non-minimal or unstable phases.
= Multivariate cases can be handled easily.
s It allows to compensate the dead times.

s It allows to follow complex references.

= [t manages to compensate for the measurable disturbances by naturally incorpora-

ting the feed-forward into the control.

s In the case of unconstrained linear control systems, the resulting control is easy to

implement in a linear control law.

s For linear systems with bounded constraints, the EMPC can be used to obtain a

family of linear controllers for different system partitions.

= [ts extension for the treatment of constraints is conceptually simple and can be

included systematically during the design process.

By way of comparison, Table 4.1 summarizes the main features of both predictive

control strategies, FCS-MPC and EMPC.

Table 4.1
OPERATING CHARACTERISTICS OF EMPC (RIGHT) AND FCS-MPC (LEFT).

FCS-MPC \ EMPC
Rapid response to transients. Faster
Very fast response to transients. than the linear controller but slower

than FCS-MPC.

A fixed switching frequency can be
obtained, achieving a well-defined
spectrum.

Variable switching frequency. Wide
spread and variable signals spectrum.

Non-zero error in steady state. Good steady state performance.

It manages to face more complex

. It is complicated to achieve more
objectives of control. P M

than one goal in control.

It is not as flexible as the FCS-MPC.

No modulation stage required. Modulation stage required.

Requires a model to perform

prediction Requires an invertible model.
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4.3. MPC implementation strategy

The methodology of all controls belonging to the MPC family is characterized by the
strategy represented in Fig. 4.3 and detailed in the following steps:

1. The future output for a given horizon, IV, called the prediction horizon, is predicted
at every instant t using the system model. These predicted outputs y(t + k,t) for
k = 1...N, depend on the known values up to the instant ¢ (previous inputs and
outputs) and the future control signal u(t + k,t) with k = 0...N — 1. These control
signals will be calculated and sent to the system.

2. The set of future control signals, @ = {u(t,t),...,u(t + N — 1,t)}, is calculated
through the optimization of a certain criterion to the extent of keeping the process
as close as possible to the reference trajectory, w(t+k), (which can be the signal itself
or a close approximation of it).These criteria generally take the form of a quadratic
function of the error between the predicted output signal and the predicted reference
path, (w(t + k) — y(t + k,t))?, known as the cost function to be optimized (g). The
control effort, in many cases, is included in the cost function. If the optimization
criterion is quadratic, the model is linear and there are no restrictions, it is possible
to obtain an explicit solution, in the same way as in a Linear Quadratic Regulator
(LQR). Otherwise, an iterative optimization method should be employed or use off-
line solutions such as the EMPC.

3. Only the first entry of the control sequence, w(t), this is u(t,t), is sent to the process
while the remaining control signals calculated, u(t + 1,t),...,u(t + N — 1,t), are
discarded, because at the next sampling time y(¢+1) is again measured (or estimated)
and step 1 is repeated with this new value and the entire control sequence @(t+1) =
{u(t+1,t+1),...,u(t + N,t + 1)} is updated. Thus, u(t + 1,¢ + 1) is calculated
(which will initially be different from the value u(t+1,¢) due to the new information
available) giving way to the concept of the mobile horizon.

Process

w(t+k) >0 Optimization
Y(t+k, t)
Restrictions  Function
g
Y(t,t)
u(t-1l t) u(t+kl t)

Figure 4.3. Predictive Control Strategy.
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It is possible to make a simile between the strategy of the MPC and the control strategy
used in driving an automobile. Assume a driver who knows perfectly the desired reference
trajectory for a finite control horizon (for example, the journey that must be made daily
from his house to his work), and taking into account the characteristics of the car decides
the control action. He knows that for example, he must follow the following sequence: first
accelerate, then turn left, then brake at the junction and speed up again, finally turning
right and stopping at his place of work.

However, just as in a predictive control strategy, only the first control action is taken
into account at each time of “sampling”, because as in the control strategy, the driver may
encounter new contingencies with each step he takes, despite knowing beforehand what
would be the path “ideal” to follow.

For example, following the above-mentioned sequence, suppose that after accelerating
(for the first time) before being able to bend in the corner a dog crosses its path, then the
driver must to choice: or avoid the dog, changing the trajectory, or brake waiting for the
road to clear. This is why the procedure is repeated again for the next control decision
as the horizon shifts, establishing a new sequence of actions to follow based on the events
given at each sampling time.

4.4, FCS-MPC applied to the Reduced Multilevel Converter

There is not a simple modulation scheme that can manage the inner voltages of the
converter and ensure a correct balancing of the capacitors voltages in an open loop control
strategy. For this reason, the most simple control strategy that allows to handle multiple
control objectives without a modulation stage is FCS-MPC.

MPC strategies operate in discrete time with a fixed sampling frequency fs = 751,
thus it is necessary to obtain a discrete time model of the whole system, converter and load,
eq. (3.14) — (3.20). To obtain this model of the RMC converter described in Chapter 3,
first, the three inner voltages and the output current are considered as system states. This
is:

z(k) = [ves (k) vea(k) ver (k) ia(k) ip(k) ic (k)] (4.3)
u(k) = [S1 Sz S3 Sy S5 Ss S7 Sg S9 Sa Sp Sc]” (4.4)
Where the equation (4.3) represents the system states and the equation (4.4) represents

the control outputs. Therefore, equations (3.14) — (3.20) can be discretized using the
forward Euler method and rewritten for an FCS-MPC control strategy such as:
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ot = Voo (11— Sks) (e + (1 - SE2) (SEr (k= S5) +55) ) + Skaséis)
vESEa(((1 - 8E2) (SE1 (S5 — S5) + (SE = 5k) ) + 2 (S — S) )

_l’_

+ V](Cjzséz( (Sﬁ - Sj&) + St (51]51 - S],;) )
+ vE St (S5 - 5h) (4.5)
okl = ViN + U%}\fl + gy (4.6)
i = i+ Hy (o5 - ok (4.7)
i = vb X (o () (sk (55 ) 13
rz=A
v Y (e (1 ) (st (55 ) + 9 (55— 58)))) a9
z=A
7 b 3 (o () (sl (1 S8 (58 (5 - 52)
rz=A
+ (Sj,f - S§3> ) + sk, (552 — Sk) ))) (4.10)
z € {A B,C} (4.11)

Where V’53, vlgjg, v]él and i]; denote the measured values of the inner voltages and the
output current at the instant k, being:

Hi=e¢e sz
1
H2 - E(]. - Hl)

With T the sampling period used.

The equations (4.5), (4.10), (4.9) and (4.8) present multiplications of states by inputs,
which makes the whole system nonlinear.

In addition to the clear nonlinearity present, the computational cost to calculate the
output using the FCS-MPC control strategy is quite high, in the case of 5-level 3-phase
RMC, there are 216 possible switching states which should be evaluated, see eq. (3.3).

In the proposed topology, the control objectives are the balancing of inner capacitor
voltages and the control of the output currents. As discussed in Chapter 3 in Section 3.2,
for a 4:3:2:1 ratio, the reference for the internal voltages of the RMC converter are:

Vi Vi Vi
Ve = 720 ;Ui = 730 and Gy = 3720

To incorporate all control objectives, the error signal is defined as:
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ven (k) —ver (k)]
UGo (k) — voa(k)
e(k) £ ”fjgg B fj‘é”é;‘;) (4.12)
ip(k) —ip(k)
L (k) —ic(k) |

A prediction horizon N = 1 has been established, defining the cost function as:

2 2 2
gt = (z'; - z";,“) + (z‘j‘g - z"j;l) + <zc - z"g“)
2 2 2
+1 (vz‘;l - vfj{l) + Ao (vég - 1%42-1) + A3 (vé@) - ’Uéfgl) (4.13)

Where A1, A2 and A3 are weighting factors which determine the relative importance of
the respective errors. These weighting factors are calculated in function of the normalized
value of the variables.

Although the analytical solution to this problem is not trivial, an optimal system
input can easily be obtained by evaluating all possible combinations of S; in the cost
function (4.13). Finally, the combination of switches S; which minimizes (4.13) of the
analyzed model is applied during the next sampling period.

Fig. 4.4 shows the block diagram for the FCS-MPC strategy. Where (1) represents the
block of the estimation and predictions stage of the control strategy; (2) represents the
cost function evaluation considering all 216 possible state, the equation for g is given in
eq. (4.13); and finally, (3) represents the power circuit, with the measurements of the inner
voltages in the converter and the output currents in the load.

Load

(1) 2) 16 5
ot i 151 i
Prediction C(I;?/tallzuuarlglr(])n 5 _I . E
Model /o Converter i

J S, ;

U:::”:;,’US Vet5Vc2sUcs E E
ZZ,ZE,ZS iA’iBﬂiC ZA’ZB>ZC<—E_I) E

i RL

Figure 4.4. Control scheme for FCS-MPC.



Chapter 5

RMC: Analysis and Performance

To verify the behavior and the performance of the proposed topology, the RMC 3-level
and 5-level topology will be simulated. The simulation is carried out using the software
PLECS® .

The simulation results will be compared with commercial topologies, for the case of
3-level topology, RMC will be compared with the NPC (chapter 2, section 2.1) and SMC
of 1 cell 2 stacks, which is known as the T-Type converter (chapter 2, section 2.4). And for
the case of 5-level topology, RMC will be compared with the ANPC (chapter 2, section 2.2)
and SMC of 2 cells 2 stacks.

The comparison will be done considering different aspects that could be cataloged in
two big groups: the response of the system and the characteristics of the structure.

The principal points considered in both categories are described below.

System Response:

= Output currents

Output voltages (vin)

Capacitor voltage balance
s Harmonic spectrum for output voltage and output current

Total Harmonic Distortion

= Dynamic characteristic
Characteristics of the structure:

= Blocking voltage
» Switching frequency
» Switching and conduction losses

= Storage energy and size of the inner capacitors

54
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5.1. System Response

Since the proposed converter has not a modulation stage that allows balancing the
inner voltage, the control strategy used will be FCS-MPC (chapter 4).

In order to have a fair comparison, in spite of the commercial topologies analyzed have
a well-studied modulation stage, all topologies simulated in this section will be controlled
by FCS-MPC changing the cost function in function of the specific requirements of the
different topologies.

The circuit analyzed considers the converter and a passive load (RL). Since the RMC
has a blocking voltage limitation (see chapter 3 subsection 3.2.1) the dc-link voltage is
set to 7T00V. For the FCS-MPC strategy, a 10kHz sampling frequency is enough high to
ensure that the performance of the control strategy will be acceptable and the differences
between the system responses could be attributed to the converter topology instead of the
control strategy. The most relevant parameters of the converter and control are detailed
in Table 5.1.

Table 5.1
SIMULATION PARAMETERS

Parameter Value

Voltage dc-link 700 V
Load Resistance 16 Q

Load Inductance | 30 mH
Inner Capacitors | 330 uF

Sampling period | 100 us

5.1.1. 3-Level Topologies
5.1.1.a. Cost Function Definition

The cost function for RMC is defined by the equation:

2 2 2 2
M= () () () A (el 6D

The cost function for NPC and T-type converter are the same and defined by equation
(5.2):

2 2 2 2 2
g = <ij‘4 B iquﬂ) n (i} _ il]c;rl) + (z*c — i’é“) +\ <<v3 — v’g{l) + (v*c — Ug1) >
(5.2)
Where v§, in equation (5.1) is the reference value for the inner voltage of the conver-
ter and the variable v{, in equation (5.2) is the reference value for the dc-link capacitor

voltages. The weighting factor Ay is calculated in function of the normalized value of the
variables.
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5.1.1.b. Simulation Results
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Figure 5.1. Output currents and output voltage (van ). Steady-state fori=15A:
(a) NPC converter; (b) T-type converter; (¢) RMC converter.
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Figure 5.2. Qutput currents and output voltage (van ). Steady-state for i = 5A:
(a) NPC converter; (b) T-type converter; (¢) RMC converter.

Fig. 5.1 and Fig. 5.2 show the steady-stay behavior of the system with 3-level to-
pologies for two different operation points. Fig. 5.1 shows the steady-stay for an output
current reference of 97 % 1,0, and Fig. 5.2 shows the output variables for an output current
reference of 32 %I, om.

The NPC and T-type converter (Fig. 5.1-(a),(b) and Fig. 5.2-(a),(b)) achieve a sinu-
soidal waveform in the output currents with a maximum current ripple of 1.1 % of the
nominal value.

The RMC topology (Fig. 5.1-(c)), also achieve a sinusoidal waveform in the output
currents, but presents a higher ripple in the current than NPC and T-type converters,
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which is 1.8 % of the nominal value, this difference in the output current is a consequence of
the output voltage, which has a higher switching frequency than NPC or T-type converter.
Switching frequency in the output voltage is 5200Hz for RMC and 4800Hz for NPC and
T-type, in both cases the switching frequency is calculated as the average of the number
of commutations in one period of the fundamental.

However, the three converters balanced the capacitor voltages and achieve three level
output voltage in both operation points. Beyond that, the Total Harmonic Distortion
(THD) for the output current and output voltage is shown in Table 5.2, and it is possible
to see in these results that there are not big differences between the RMC, NPC and the
T-type topology, so the performance of the RMC is comparable to the NPC and T-type,
it is not really best or worst, but these results show that the 3L-RMC works.

Table 5.2
THD FOR 3-LEVEL TOPOLOGIES

Topology | Current THD | Voltage THD
15A 5A 15A 5A

NPC 1.32% 4.03% | 484% 54.3%
T-type 1.32% 4.02% | 483% 54.8%
RMC 1.55% 4.31% | 488% 55.2%
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Figure 5.3. Output currents and output voltage (vay ) spectrum, fori = 15A: (a)
NPC converter; (b) T-type converter; (¢) RMC converter.
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Figure 5.4. Output currents and output voltage (van) spectrum, for i = 5A: (a)

NPC converter; (b) T-type converter; (¢) RMC converter.

Fig. 5.3 and Fig. 5.4 show the harmonic spectrum for the output current and out-
put voltage in phase A. The current spectrums show the characteristic spectrum of a
FCS-MPC controller, which has a widespread spectrum and changes significantly for the
different operation points. However, in the output voltage spectrum, the harmonics are
concentrated around the frequency 5kHz and its multiples, being 5kHz the half of the
sampling frequency.

Finally, to verify the dynamic behavior of the system, Fig. 5.5 shows the system res-
ponse after a step in the current references, from ix = 15A to ix = 5A with a phase
shift of 180°. In this case, the NPC converter takes 2.18ms to achieve the new value, the
T-type converter 2.19ms and the RMC converter 2.18ms. All 3L converters, do not present
a big perturbation in the output current during the transient, which is a characteristic of
the dynamic response of the FCS-MPC, and the type of topology used does not have a
big impact in this performance. In addition, in the case of RMC, the control of the inner
voltage is fast enough to ensure no perturbation in the desired value of the flying capacitor
voltage of the converter.

A remark of these results is that RMC topology works in both cases, steady-state and
dynamic performance, and its results are quite comparable with another 3 level inverters
considering same control strategy and load.
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5.1.2. 5-Level Topologies
5.1.2.a. Cost Function definition

The cost function for RMC is defined by the equation (4.13) (chapter 4).

For the case of ANPC, the cost function needs to add the term for the inner voltage
of C1x and is defined by the equation:

2 2 2
g = (z‘*A - z']fl) + (z’*B . z’j,g“) + (zc - z’g“)

2 2 2
+A1((vzl—véﬁ) + (ver —olih) +(vel—vété)) (5.3)

Where v, is the reference value for the inner voltage of the converter and A; is the
weighting factor and is calculated in function of the normalized value of the variables.

For the case of SMC, the cost function needs to add the term for the inner voltage of
C1g1 and Chgo, and is defined by the equation:

2 2 2
e e ) ()
2 2 2
% k41 * k+1 * k+1
+A1 ((’Ucn - Uan) + (Ucn - ”an) + (Ucn - ’Ucnc) )
. k1 )2 . 1 )2 , k1 )2
+A2 (0012 - 0012.4) + (Ucm - “ClQB) + (Ucm - Ucuc) (5.4)

Where v, and vg,4 are the reference value for the inner voltages of the converter and
A1 = Mg are the weighting factors and are calculated in function of the normalized values,

ie )\1 = nom/VCmm'
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5.1.2.b. Simulation Results
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Figure 5.6. Output currents and output voltage (van ). Steady-state fori=15A:
(a) ANPC converter; (b) SMC converter; (¢) RMC converter.



Chapter 5. RMC: Analysis and Performance 63

ST T T T T T T T ] 525
50
— 350
. s
§ : %175
3 0 =
5 Z 0
£-25 3
o 5
50 o -175
S Y Y A 350
4 8 12 16 20 24 28 32 36 40 0 4 8 12 16 20 24 28 32. 36 40
time [ms] (a) time [ms]
ST T T T T T T T 1 S —T—T17 T 17 T T T T 1
5.
— 350
=, =
s~ 0 175
E 8
(&) (@]
5 2
£-25 3
o 5
5.0 o—175
S I o Y Y O B
0 4 8 12 16 20 24 28 32 36 40 0 4 8 12 16 20 24 28 32 36 40
time [ms] (b) time [ms]
YT T T T T T T T 87— T 17 T T T T T T 1
5.0
—_ 700
= S
§ 2.5 %
3 0 3
5 2
3—2.5 E_
=}
-5.0 ( ! (@)
S I B 0
0 4 8 12 16 20 24 28 32 36 40 0 4 8 12 16 20 24 28 32 36 40
time [ms] (c) time [ms]

Figure 5.7. Output currents and output voltage (van ). Steady-state for i = BA:
(a) ANPC converter; (b) SMC converter; (¢) RMC converter.

Fig. 5.6 and Fig. 5.7 show the steady-stay behavior of the system with 5-level topologies
for two different operation point. Fig. 5.6 shows the steady-stay for an output current refe-
rence of 97 % 1,0, and Fig. 5.7 shows the output variables for an output current reference
of 32 %I,0m.-

The ANPC and SMC converter (Fig. 5.6-(a),(b) and Fig. 5.7-(a),(b)) achieve a sinu-
soidal waveform in the output currents with a maximum current ripple of 0.8 % of the
nominal value. The RMC topology (Fig. 5.6-(c)), also achieve a sinusoidal waveform in
the output currents, but the ripple in the output current is 1.1 % of the nominal value
for high reference values and 2.05 % for low reference values. Since the 5L-RMC has less
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switching states than ANPC or SMC, the FCS-MPC has less options to choose, and as a
consequence, RMC presents a higher ripple in the output currents.

The switching frequency in the output voltage of ANPC and SMC converter is 3900Hz
and for RMC is 4050Hz, the switching frequency is calculated as the average of the number
of commutations in one period of the fundamental.

ANPC, SMC and RMC presents a balanced inner voltage, achieving five level output
voltage. However, when the reference value is small, ANPC and SMC uses only three levels
to generate the desired output voltage (inner vectors in Fig. 2.10 in chapter 2), but RMC
needs to use the five levels to achieve the desired output voltage, this is due to the number
of vectors able to balance the inner voltages.

The Total Harmonic Distortion (THD) for the output current and output voltage is
shown in Table 5.3, and it is possible to see that there are not big differences between the
RMC, ANPC and the SMC topology. As RMC uses five voltage levels in the case of low
reference current, the THD of RMC in this case present a lower value than the THD for
ANPC and SMC in the same case, but it is possible to see that this has not big impact in
the THD of the current, for ANPC the current THD is 2.36 % and for RMC is 2.37 %.
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Figure 5.8. OQutput currents and output voltage (vay) spectrum, fori = 15A: (a)
ANPC converter; (b) SMC converter; (¢c) RMC converter.
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Table 5.3
THD FOR 5-LEVEL TOPOLOGIES
Topology | Current THD | Voltage THD
15A 5A 15A 5A
ANPC 1.02% 236% | 376% 43.3%
SMC 1.08% 245% | 37.5% 43.7%
RMC 1.09% 237% | 379% 40.1%
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Figure 5.9. Output currents and output voltage (van) spectrum, for i = 5A: (a)
ANPC converter; (b) SMC converter; (¢c) RMC converter.

Fig. 5.8 and Fig. 5.9 show the harmonic spectrum for the output current and output
voltage in phase A. Comparable to the spectrum for the 3-level topologies, the output
current spectrum is widely spread and changes significantly for the different operation
points. In the output current spectrum of the RMC it is possible to see that the spectrum
is concentrated around the 4kHz and ANPC and SMC current spectrum has a bigger
harmonic in 350Hz.

In the output voltage spectrum, the harmonics are more concentrated than in the case
of 3-level topologies around the 4kHz and its multiples, a clear effect of the increase of the
number of output voltage levels of the converter. For ANPC topology, for low reference
values, it is possible to see that there is a big harmonic around the switching frequency
(4kHz).
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Finally, to verify the dynamic behavior of the system, Fig. 5.10 shows the system
response after a step in the current references, same step than in the case of 3-level
topologies. The dynamic response in ANPC converter takes 1.99ms to achieve the new
value, SMC takes 2.01lms and RMC converter 1.98ms. In addition, FCS-MPC achieves a
balanced inner voltage even during the transient.

Consequently, RMC topology is scalable to 5 level with a comparable performance in
steady-state and transient with other topologies, like ANPC and SMC.
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Figure 5.10. Output currents and output voltage (van ). Dynamic response: (a)
ANPC converter; (b) SMC converter; (¢) RMC converter.
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5.2. Characteristics of the Structure
5.2.1. Blocking voltage

Table 5.4 shows the blocking voltage maximum and minimum for the different topo-
logies simulated. In the case of RMC, the output switches need to block full dc-link. In
T-type converter and SMC, the switches with maximum blocking voltage are the top and
bottom ones (S1gax, S2m2x, S1E1x, S2r1x). Finally, in the ANPC converter, the switches:
S14, So4, S34 and Sy4, are going to block half de-link voltage.

Fig. 5.11 shows the blocking voltage in a 3L-RMC with Vpo = 700V. The 3L-RMC
has one DC-cell, and the three power switches in this cell (Sp1, Sp1 and Sc1) going to
block half dc-link voltage as is shown in Fig. 5.11-(a). Nevertheless, the output switches
(2L-VSI stage) going to block full dc-link voltage when S, = 1, Sp1 = 1 and Sci = 0,
and going to block half dec-link voltage when Sp; =1 (or Sp1 = 0), Sp1 =0 (or, Sp1 = 1)
and Sc1 = 1, as is shown in Fig. 5.11-(b).

Fig. 5.12 shows the blocking voltage in 5L-RMC for one period of the fundamental
output voltage. The 5L-RMC has 3DC-cells in the DC-DC stage and the switches in the
third DC-cell (Sp3, Sn3 and Sc3) going to block a quarter of de-link voltage as is shown
in Fig. 5.12-(a). But power switches in second DC-cell (Sp2, Sp2 and Scg) some times
going to block a quarter of dc-link voltage and some times half dc-link voltage. Power
switches in the first DC-cell (Sp1, Sp1 and Scy) some times going to block three quarter
of dc-link voltage, half dc-link voltage, or a quarter of dc-link voltage. Finally, the power
switches in the output stage (2L-VSI) some times need to block full de-link voltage, three
quarter of dc-link voltage, half dc-link voltage, or a quarter of dc-link voltage as is shown
in Fig. 5.12-(b).

Table 5.4
BLOCKING VOLTAGE FOR MULTILEVEL TOPOLOGIES

Topology Blocking Voltage

maximum | minimum
NPC Vb /2 Vb /2
T-type Vbe Vpe /2
RMC 3-level Vbe Ve /2
ANPC Ve /2 Ve /4
SMC Vb /2 Vb /4
RMC 5-level Vbe Ve /4
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Figure 5.12. Blocking voltage in 5-level RMC: (a) Switch Scs; (b) Switch Sa.
5.2.2. Switching frequency

Table 5.5 shows the average switching frequency for the different topologies simula-
ted. To calculate the average switching frequency all commutations in one period of the
fundamental signal are considered.

The switching frequency shown in Table 5.6 is calculated as follow:

1N
Where Fy,(S;) is the average switching frequency for the generic power switch S;, for

example, in RMC there are N = 15 power switches and S; € {Spk, Snis Sck, S S}, for
ke€{1,2,3} and k € {A,B,C}.

In this work, FCS-MPC is used to control the system, and the cost function used
is the given in the previous section, where it is controlled the output currents and the
inner voltages of the converters. It was not included an additional term to ensure a fixed
switching frequency because the focus of this study is to analyzed the topologies for a
similar performance (similar system response with the same sampling frequency).
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In the previous section (5.1) was shown that RMC has a comparable system response
with other topologies, now an important point to review it is the necessary switching
frequency to achieve those performances. However, as the control objective of FCS-MPC
is not the switching frequency, this will change in function of the reference value of the
current, the switching frequency will be higher for a low reference value when FCS-MPC
is used, especially in 5L topologies because the control uses fewer voltage levels (3 instead
5) to generate the desired output voltage.

From the results shown in Table 5.5 it is possible to see that for high reference values,
RMC topology has a comparable switching frequency with the other topologies, whatever,
3 level or 5 level topologies. Nevertheless, for a low reference value, RMC present a higher
switching frequency in both cases, it is important to remember that in 5L-RMC, the
converter uses five levels even for a low reference value, so the difference in the switching
frequency in a 5L.-RMC is due the converter and not the control strategy as is the case of
the ANPC and SMC.

Nevertheless, RMC has an acceptable switching frequency in comparison with the other
topologies, for low reference values the switching frequency is an acceptable value and for
the five levels topology even is fewer than the switching frequency for ANPC.

Since RMC has a reduced number of possible switching states in comparison with
other topologies, to ensure the tracking error in the control objectives, FCS-MPC decides
an exotic commutation pattern and as consequence, the RMC has different switching
frequency in its power switches as is shown in Table 5.6.

The switches Sc3, Sco and Sc¢p are the switches in series connection with the flying
capacitor in the DC-cells, and it is possible to see in Table 5.6 that these switches have a
high switching frequency in comparison with other switches of the same DC-cell, which is
congruent with the necessity of balance the inner voltages.

Table 5.5
AVERAGE SWITCHING FREQUENCY

Topology Switching frequency/Sampling frequency

15A A

NPC 0.11 0.12
T-type 0.11 0.12
RMC 3-level 0.12 0.17
ANPC 0.12 0.21
SMC 0.11 0.16
RMC 5-level 0.11 0.18
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Table 5.6
SWITCHING FREQUENCY IN 5-LEVEL RMC
Switch | Switching frequency
15A 5A
Sp3 1200Hz 1350Hz
Sn3 950Hz 1650Hz
Scs 2050Hz 2100Hz
Sp2 850Hz 1600Hz
Sno 800Hz 1700Hz
Sco 1650Hz 1850Hz
Sp1 450Hz 1700Hz
Sni 550Hz 1800Hz
Sci 1000Hz 1900Hz
Sa 1300Hz 2000Hz

5.2.3. Switching and conduction losses

To determine the total power losses (switching and conduction) in the different con-
verters, the thermal tools of PLECS® is used.

PLECS® has a domain for modeling thermal structures and calculating switching and
conduction losses in switches by means of lookup tables based on manufacturer information
or experimental measurements.

For a fair comparison, the simulation is carried out with the active devices according to
the needs in every topology (this is blocking voltage and current rating). For more details
about the losses calculation, please refer to appendix A.

Fig.5.13 show the total power losses for different output current values. It is possible to
see that for 3-level topologies, the proposed converter has more power losses until 0,557,y
output current, after this point, the proposed topology has fewer power losses. NPC and T-
type converter have similar power losses for low output current and after 0,51,,0,,, SL-RMC
and NPC has comparable power losses.

Fig.5.13-(b) show the total power losses for 5-level topologies, the three topologies
studied has almost the same power losses until 0,71, after this operation point, 5L-
RMC has fewer power losses and SMC has 30% more power losses than ANPC and
5L-RMC.

Thus, the proposed topology has comparable power losses and depending on the output
current, has better efficiency than other multilevel converts.
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(b) 5-level topologies.

5.2.4. Storage energy and size of the inner capacitors

The energy stored in the converter is given by:

1
> 5ch (5.6)
num. of capacitor

With C the capacitance value and V' the voltage across the capacitor.

The capacitance value is calculated to have a determinate ripple in the inner voltage.
The capacitance is calculated using the equation (5.7).

(7:$Lh3 (5.7)

Where T, is the sampling period, ¢ the maximum current through the capacitor and
A, the voltage variation in the capacitor.

For a maximum ripple of 5% (A,) in all inner capacitors, Table 5.7 shows the minimum
capacitance in the different topologies to accomplish this task.
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Table 5.7
CAPACITANCE SIZE

Topology | Capacitor | Capacitance [uF] | Capacitor Voltage
ANPC Cix 171.4 Vbe /4
SMC Cik1 171.4 Vbe /4
Cig2 171.4 Vpe /4
Cy 171.4 Ve /4
RMC Cs 85.7 Vbe/2
Cs 57.1 3Vpc/4

Table 5.8 shows the total energy stored in the different topologies simulated. The
energy stored in the converter has direct relationship with the size of the inner capacitors.

Thus the size of the inner capacitors in RMC are not bigger than the inner capacitors in
SMC.

Table 5.8
CAPACITANCE SIZE
Topology | Energy stored [kWh]

NPC 0

T-type 0
RMC 3-level 2.92
ANPC 2.19
SMC 4.38
RMC 5-level 4.38

5.3. Comments
RMC topology has similar behavior and structure characteristic than the standard and
commercial topologies like NPC, ANPC and SMC.

However, RMC has less active components than these topologies, Fig. 5.14 shows the
different topologies for three level and Fig. 5.15 shows the different topologies for five level.



Chapter 5. RMC: Analysis and Performance

73

\|*

SIS I =
] ] ]
A N B C

4 4 4
SR
(a)

=

\[E

ne-LS

(©)

Figure 5.14. Three level converters: (a) NPC; (b) T-type; (c) 3L-RMC.
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Figure 5.15. Five level converters: (a) ANPC; (b) SMC; (¢) 5L-RMC.
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5.4. Back-to-Back RMC

An interesting configuration that RMC can achieve easily is the back to back, which
consists of the connection of two converters, one as AC-DC rectifier from the grid and
another as DC-AC inverter to the load, sharing the same dc-link capacitor.

For RMC, the back to back connection only means six additional output switches for
the three additional output phases. To show how RMC works in this case, a back to back
connection is simulated between the grid and an Induction Machine (IM) as is shown in
Fig. 5.16.

r}

+

Figure 5.16. 3L-RMC back to back connection.

The control in the machine is a Torque-Flux control without speed loop and has a
mechanical load of Tj,4q = Thom, and the control in the grid is a power control. The cost
function for FCS-MPC is:

2 2 2 2
g = (i =)+ (i) (i - a8) A (v - i)
2 2
I (T* _ Tk+1) W <¢* _ ¢k+1> (5.8)

Where A\ = Liom/vc,,,, and A2 = Thom/Vnom- The control strategy needs to evaluate
192 possible switching states. To control the de-link voltage is used a linear controller (PI):

(z—0,93)
(z—1)

The most relevant parameters of the machine and control are detailed in Table 5.9.

C = 0,3397 (5.9)
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Table 5.9
SIMULATION PARAMETERS FOR BACK TO BACK CONNECTION

Parameter Value
Voltage dc-link 700 V
Inductance grid filter 15 mH
Inner Capacitor 300 pF
DC-link Capacitor 600 pF
Thom 50 N
Poom 2.5 kW
Wnom 0.71 Wb
Ly, 170 mH
Ly 175 mH
L, 175 mH
R, 12w
R, 1.0 w
J 0.062 kgm?
Sampling period 200 us

The response of the system when a step in the Torque reference from T = T4, to
T* = —T,om is made, is shown in Fig. 5.17 and in Fig. 5.18. In this case, it is set a unitary
power factor on the grid side, however, it is possible to set a different power factor. The
active power reference for the grid is getting from the control over the dc-link voltage and
the reactive power reference is given from the user.

It is possible to see in Fig. 5.17-(a) that the control strategy achieves a sinusoidal input
current with unitary power factor (PF=1) in the steady-state. Additionally, the dc-link
and inner capacitor voltage are controlled in the desired value with an acceptable minimum
ripple, Fig. 5.17-(b). The dc-link voltage presents a perturbation only when the Torque
step is made, because the machine is in regenerative zone and the dc-link controller has a
low dynamic response. Finally, the output currents in the machine side, Fig. 5.17-(c) are
sinusoidal without perturbations or low-frequency harmonics.

Fig. 5.18 shows the mechanical response of the system. It is possible to see that the
FCS-MPC presents a zero-error in the torque and flux during the steady-state and achieves
a fast response after the step in the torque reference value. The speed of the machine is
not controlled, thus the results shown in Fig. 5.18-(c) is only a consequence of the torque
and flux control of the machine.
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Figure 5.17. 3-level RMC back to back with a Torque step: (a) Grid side, voltage
and current; (b) DC-link and inner capacitor voltages; (c) Machine output current.
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Figure 5.18. 3-level RMC back to back a Torque step: (a) Fluz; (b) Torque; (c) Speed.

Fig. 5.17 and Fig. 5.18 show that the back-to-back 3L-RMC works fine when a step in
the machine side control is made, now it is presented the response of the system when a
step in the Reactive Power reference, from Q* = 0 to Q* = —0,3FP,,om, is made.

These results are shown in Fig. 5.19 and Fig. 5.20. In this case the PF changes from
PF =0 to PF = 0,92 capacitive.
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Figure 5.19. 3-level RMC back to back a Power step: (a) Grid side, voltage and

(c)

current; (b) DC-link and inner capacitor voltages; (¢) Machine output current.

Fig. 5.19 shows the electric variable of the system when the power step is made at 40ms.
It is possible to see that the step in the grid power has not influence in the machine current,

Fig. 5.19-(c). However, after the power step, the dc-link voltage presents an oscillation of

1.4 %, Fig. 5.19-(b), it is a small oscillation, is not significant, and does not have influence
in the inner voltage, where not appreciable oscillation is presented. Finally, in Fig. 5.19-(a)

it is possible to see the sinusoidal output current with the different phase after the power

step.
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Figure 5.20. 3-level RMC back to back a Power step: (a) Fluz; (b) Torque; (c¢) Speed.

Like the machine current presented in Fig. 5.19-(c), the mechanical variables shown in
Fig. 5.20 has not difference in their steady-state performance after the power step in the
grid side. FCS-MPC controls the torque and flux with zero-error in steady-state and there
is not appreciable perturbing due the power step.



Chapter 6

Experimental Validation

To evaluate the performance of the proposed topology, several experiments were ca-
rried out in the laboratory. The proposed topology was evaluated in both, dynamic and
stationary state for a current reference of 50Hz. The controller was implemented on a Ds-
pace MicroLabBox where the maximum time required by the control platform to execute
the control code is 56,4us. The most relevant parameters of the test-bench and controller

are detailed in Table 6.1. For more details about the test bench, please refer to appendix
B.

Table 6.1
TEST BENCH PARAMETERS.

Parameter Value

Voltage dc-link | 400 V
Load Resistance 16 Q2
Load Inductance | 30 mH

Inner Capacitors | 330 uF

Sampling period | 100 us

6.1. Steady State Behavior

The purpose of this test is to assess the performance of the system once steady state
has been reached for output current references of 75,8 %I,om and 37,9 %I pom.

The frequency spectrum of the current in phase A and the output voltage van, the
total harmonic distortion of these variables and ripple in inner capacitor voltages shall be
analyzed.

Fig. 6.1 and Fig. 6.2 show the steady state performance of the converter with different
output current references. The FCS-MPC algorithm can perform properly all control tasks,
achieving sinusoidal three-phase output current and ensuring balanced inner voltages. The
control results in five output levels in all phases.
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Figure 6.1. OQutput current, output wvoltage van and capacitor voltage with
i* = 6sin(wt)A.

It is possible to see in the experimental results shown in Fig. 6.1 and Fig. 6.2 that
5L-RMC generate an output voltage (V4n) with five levels in both low or high reference
current.

For low reference current, Fig. 6.2, it is possible to see a higher ripple in the current
1,4 % of the reference current, but for high reference current this ripple is 0,8 % of the
reference current. The change in the size of the current ripple is a consequence of the
control strategy, FCS-MPC has the width of the switching signals limited to the sampling
period, i.e a finite possibility instead of a variable width as in PWM modulations, and
as consequence, for low reference value, FCS-MPC has a higher ripple. Nevertheless, in
the case of the RMC, this effect is also a consequence of the lesser number of possible
switching state in the converter, because to achieve the desired inner voltage, the RMC
going to commutate between higher output voltages (uses the five levels).
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Fig. 6.3 and Fig. 6.4 show the inner capacitor voltages of the converter. The maximum
ripple considering the capacitance of the flying capacitors are: 2,27 % for Cq, 1,14 % for
Cy and 0,76 % for C5 with 7 = 64 and 1,13% for C1, 0,57% for Cy and 0,38 % for Cj
with ¢ = 3A. However, FCS-MPC strategy, through the weighting factors, ensures an
equal maximum voltage ripple for the three capacitor voltages independent of the output
current.

In the case of low output current, Fig. 6.2, FCS-MPC chooses output vectors with a
greater influence on the inner capacitors voltages, specifically in C1 and C5, because it is
necessary to commutate more often between 100V, 200V, and 300V to comply with the
output current requirements.

The 5L-RMC produces an output voltage with 45.5 % total harmonic distortion (THD)
for high reference values, whereas for low reference values with 50.8 %. Fig. 6.5 and Fig. 6.6
show the output current ¢4 spectrum and output voltage V4n spectrum for both operation
points.
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Figure 6.4. Inner capacitor voltages for i* = 3sin(wt)A.

The sampling frequency of the FCS-MPC strategy is 10kHz, but the mean switching
frequency is 5kHz. The Total Harmonic Distortion (THD) for the output current is: 4,45 %
for 14 = 6A and 8,41% for 14 = 3A. It is possible to see that the THD increase and the
spectrum changes significantly with the value of the reference.

The output current spectrum and output voltage spectrum shown in Fig. 6.5 and
Fig. 6.6 is widely spread, but in the case of output voltage has a high concentration
around the switching frequency (5kHz), which is more clear in Fig. 6.6, where even the
output current spectrum presents a higher concentration around the 5kHz. However, it is
possible to see that the output current spectrum presents an important number of low-
frequency harmonics with a significative value (higher than the harmonic around 5kHz),
these harmonic can produce resonant problems in the system and as they are widely
spread, is not easy to filter them.
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Figure 6.5. Output current and output voltage van harmonic spectrum for
i* = 6sin(wt)A.

Finally, Fig. 6.7 shows the output current in phase A and the blocking voltage in the
power switch Sg, this is the power switch in series with the capacitor in the main cell 1.
In one period of the main variable, the switch Sc1 needs to block different voltage levels.
In Fig. 6.7 the different levels of the inner capacitors are indicated as a reference. As was
shown in chapter 3, section 3.2.1, Table 3.6, switch S¢q sometimes needs to block 3Vpe /4.
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6.2. Dynamic Response

The purpose of this test is to demonstrate the behavior of the system in the presence of
a variation in current reference values, bringing the system to a new steady-state working
point.

It has been established for this test a quite demanding step. This is done with the
purpose of verifying that the implemented control is able to achieve a performance accor-
ding to the specifications required, regardless of the disturbances to which it is exposed.
Therefore, the step performed not only changes the reference signal’s magnitude, but also
performs a phase change corresponding to a displacement at 180°.

Fig. 6.8 shows a zoom of the inner capacitor voltages during the step. In a more detailed
picture, it is possible to check the fast response of FCS-MPC and the null disturbance in
the inner capacitors voltages during the dynamic step. Voltage in capacitor C4 represents
the voltage in the DC power supply, in this case, the extra energy generated during the
dynamic step results in a disturbance in the dc-link voltage.

Fig. 6.9 shows the performance of the converter in a dynamic step in the current
reference. The control strategy ensures a correctly balanced voltage in the flying capacitors
and a sinusoidal output current even during the transient time. In this case, FCS-MPC
achieves a fast response of the variables, ensuring always a well balanced inner voltage and
achieve the new steady-state operation point takes only 2.2ms (11 % of the fundamental
period).
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Figure 6.8. Inner capacitor voltages.
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Conclusions and Future Outlook

This dissertation a new multilevel converter topology based on a novel switched DC-cell
and variable dc-link operation concept has been proposed. The proposed topology called
RMC can be split into two stages: the DC-DC multilevel converter, which is the main
contribution of the proposed topology, and the DC-AC output inverter. The RMC can
achieve same number of output voltage levels than existing multilevel topologies with a
fraction of the active switching devices and capacitors, since the variable dc-link is shared
by all output phases of the inverter.

In this dissertation was analyzed an RMC with a 2L-VSI in the DC-AC output inverter,
however, it is possible to choose a different DC-AC output inverter, the only condition to
change it, it is to use an inverter with a single DC-bus like the NPC, ANPC, T-type, FCC,
SMC.

Using a different DC-AC output inverter, RMC will have more numbers of possible
switching states, which improve the controller performance and could relax the constraint
of the blocking voltages in the power switches.

The main control challenge of the topology is the control of the DC-cell capacitor
voltages to generate the desired total number of output levels. Due to the switched DC-cell
capacitors, there it is not straight forward to implement a carrier based PWM scheme. This
is further complicated by increasing the number of output voltage levels, due the number
of possible switching states and redundant states are not enough to achieve a balanced
inner voltage using pulse width modulation. For this reason, FCS-MPC was used to verify
the performance of the new converter.

At a first glance, the maximum device blocking voltage is the main disadvantage of
this topology. However, this is imposed by the selected inverter output stage, which in
the case analyzed in this dissertation is a 2L.-VSI. This limitation prevents the use of this
topology for medium voltage applications. Nevertheless, multilevel converters have now
been used extensively in low voltage applications, such as PV inverters, UPS systems, and
wind power conversion systems (all below 690 V), due to their power quality, making this
topology interesting for further analysis.

In chapter 5 was presented an analysis of the proposed topology in comparison with
other topologies for 3-level converters and 5-level converters. The results showed that the
proposed topology has a comparable performance in the system variables with the other
multilevel converters, achieving sinusoidal output currents, the desired number of output
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levels in the voltage, balanced inner voltages, similar THD and spectrum.

In addition, considering the components of the topologies was shown in chapter 5
that the proposed topology has a comparable switching frequency with other multilevel
topologies, but fewer power losses, the size of its inner capacitors are comparable with the
size of the inner capacitors in the SMC topology. However, the main problem with the
proposed topology is the blocking voltage of the output stage power switches, which needs
to block full de-link.

Also, in chapter 5 was presented a back-to-back connection of the 3L-RMC, controlling
the Torque and Flux in an induction machine, the current in the grid side and the inner
voltage in the converter, dc-link voltage and flying capacitor voltage. The results presented
shows that the back-to-back topology works and it is possible to control the machine side
and the grid side with an unique cost function for FCS-MPC.

A laboratory prototype has been built using three shared DC-cells and a three-phase
2L-VSI as inverter output stage. Experimental results show that the DC-cell capacitors
can be balanced and controlled accurately while achieving sinusoidal output currents, and
a five-level output voltage waveform.

A comprehensive study to determine the most suitable applications for this topology,
as well as the evaluation with different output inverter stages (NPC, ANPC, etc.), which
could lead to medium voltage operation, is a matter of future research.

Other open problems include the development of a carrier based PWM or space vector
modulation strategy for the converter, and more sophisticated FCS-MPC techniques using
fixed switching frequency and dv/dt reduction.



Appendix A

Losses calculation

To determine the total power losses (switching and conduction) in the different con-
verters, the thermal tools of PLECS® is used as is shown in Fig. A.1.
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Figure A.1. PLECS® simulation to calculate total losses of the converter.

For a fair comparison, the simulation is carried out with the active devices according
to the needs in every topology (this is blocking voltage and current rating). The list of
commercial devices used in this simulation are shown in Table A.1.
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Table A.1
DEVICES SELECTED

Device name cont. Current | Voltage
IRGP4072DPBF 40A 300V
IRG4PC40UDPBF 40A 600V
IRG4PF50WDPBF 30A 900V
TIKW40N120H3FKSA1 40A 1200V




Appendix B

Test Bench

The used test bench has been built in the laboratory of the Chair of Power Electronics,
Technische Universitdt Berlin. It includes the power electronic converter and the real-time
control system.

Three kW prototype of the proposed multilevel topology was built. The designed con-
verter prototype is shown in Fig. B.1. The area (1) corresponds to the dc-link capacitors,
area (2) shows the three DC-cells of the converter, section. (3) shows the variable dc-link
bus connection between the DC-cells and the output inverter stage. Finally, area (4) shows
the 2L-VSL

The power switches used in this prototype are Insulated Gate Bipolar Transistors
(IGBTs) with freewheeling diode from ON Semiconductor, NGTB30N120IHSWG, with
30A maximum collector current and 1200V blocking voltage. The capacitance of the flying
capacitor in all DC-cells is 330uF.

Figure B.1. RMC prototype: (1) dc-link capacitors; (2) DC-cells; (3) Variable
de-link; (4) 2L-VSL.

The micro-controller platform used is MicroLabBox from Dspace. This platform has
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the following characteristics used in this dissertation: (a) Real-time processor 2 GHz; (b)
Programmable FPGA; (¢) Analog input 16-bit, —10..,10V; and (d) Digital output 5V,
10ns resolution.
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