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Abstract

This thesis proposes a Single-Star Modular Multilevel Converter (SS-MMC) with
integrated battery cells to drive an AC motor. In this topology, the battery cells will be
directly connected to a bidirectional boost converter, allowing the highest flexibility for
discharge and recharge of each individual cell and reduce the number of modules
required to run the traction motor. The use of this converter eliminates the need for the
traditional battery management system (BMS) since it is replaced by the control of the
converter, which balances individually all the cells. The proposed converter will be tested
under a static load. The topology will also provide the option for stationary recharge of
the battery cells from a three phase AC source. The performance of the proposed
converter will be assessed in terms of the ability of replacing the conventional inverters
to drive AC motors with low total harmonic distortion (THD) and lower losses. A
simplified model for estimating conduction and switching losses for the proposed

modular multilevel converter with boosted cells will be presented.

The developed model and topology will be tested and validated by simulation using
MAT-LAB to confirm the feasibility of the proposed converter in terms of suitability of

use in AC drive, validity of the loss model, and effectiveness of recharging operations.
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Chapter 1
Introduction

Due to the increase of CO, emission and its harmful environmental impacts caused by gaso-
line and diesel vehicles, and the limitations of the fuel sources, automobile companies tried
to find and develop alternatives to combustion engines, this has led to extend researches in
order to reach the use of different energy sources and apply them in various areas to reduce
pollution with maintaining high efficiency. One of the major solutions is the Fuel Cell Elec-
tric Vehicles (FCEV), Plug-in Hybrid Electric Vehicles (PHEV), and Hybrid Electric Vehicles

(HEVs), which reduce the fuel dependency, and greenhouse emissions [1-3].

Development of Electric Vehicles (EVs) industry needs improvement in many aspects, such
as developing advanced AC motor drives, improving storage systems efficiency and attain-
ing improved converters based on criteria that guarantee reducing system losses. Many
researches work on developing and improving the converters used in driving the Electric
Vehicles in terms of reducing losses and increasing efficiency, reducing total harmonic dis-
tortion (THD), increasing the output voltage level, and improving many other parameters.
Such parameters are to be integrated together to assure getting a reliable performance and

an efficient operation.

Many types of traction drives have been used to drive the traction motors in EVs. Conven-
tional two-level inverter was the basic converter used by most of automobile manufacturing
companies. Although this inverter is easy to implement and control, it has many drawbacks,
such as, low efficiency when it operates at a high switching frequency, and high harmonic
contents in the output voltage waveforms. Besides, it requires BMS to balance the series
connected battery cells on the DC link, and it has a low reliability. To overcome some of
these problems, EV companies are trying to replace their two-level inverters with multilevel
inverters such as three level inverters. Three-level inverters have lower switching losses at
high frequency compared with two-level inverters, a low voltage rating of the switches, a
reduced total harmonic distortion (THD). However, three-level inverters have a main draw-

back of unbalanced DC-link capacitor voltages [4, 5].

Some heavy electric vehicles require a high voltage drive with a low THD of the output
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voltage, and a reduced electromagnetic interference EMI. Therefore, multilevel inverters
such as cascaded H-bridges inverter, diode-clamped inverter, or flying-capacitors inverter,
are needed to provide the high power and high voltage required by a large EV. The quality
of the output waveform in the case of two-level inverter is determined by the resolution
and switching frequency of the PWM technique used. Multilevel inverters (directly or indi-
rectly) divide the dc link voltage, so that the output voltage of the leg can have more than
two discrete levels. In this way, the output quality is improved, because both pulse width
modulation and amplitude modulation techniques can be used. The advantages of multi-
level converters compared to conventional two-level converters are well-known, such as,
increased number of voltage steps, and a reduced harmonic distortion at the output voltage.
There is no voltage sharing problems between devices, and the switches have lower dv/dt
than that in the two-level drives [6]. However, in multilevel converters, as the number of
steps in the output voltage increases, the number of switches increases, which increases also

the complexity of the topology’s control.

Recently, Modular Multilevel Converters (MMCs) became widely used in high power ap-
plications. MMCs have many advantages over other multilevel converter topologies, such
as, its modularity and scalability to meet any voltage requirement, lower losses and high
efficiency, reduced THD and consequently the size of passive filters components can be
reduced, a low dv/dt on devices and good voltage sharing for semiconductors may be
achieved [7].

1.1 Problem Statement and Motivations

At present, two-level inverters are used to drive the Battery Electric Vehicles (BEVs). The DC
side of the inverter consists of series connected low voltage cells. Since the cells usually have
different leakage currents and chemical characteristics, a State of Charge (SOC) imbalance
between them will occur when they are charged and discharged several times. The SOC
imbalance reduces their lifetime and may damage them. The battery management systems
(BMSs) are usually added to the battery pack to balance the cells by transferring the energy
from the high SOC cells to the cells with the lowest SOC. However, they increase the size

and cost of the EVs and reduce the efficiency of the overall conversion system.

The BMSs are classified into two main types: passive and active as shown in Figure 1.1.
The passive BMSs use resistors to absorb the energy from the cells with the highest SOC to
balance them with the lower SOC cells. They are easy to implement and cheap. However,

the efficiency is low and the time to balance the cells is too long.

The active BMSs use a specific switching technique to transfer the energy from the cells with
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the highest SOC to cells with the lowest SOC. They are divided into three types: capacitor
based type, inductor based type, and converter based type. The active BMSs provide higher
efficiency and shorter balancing time compared with the passive BMSs. However, they are
expensive and more complex in terms of design and control. The next chapter provides a
review for some BMSs showing their advantages and disadvantages, and the basic principle
of operation for each method.

The output waveforms of the two-level inverter have a significant harmonic content. There-
fore, filters must be added to extract the fundamental components of the inverter output
waveforms. The reliability of the two-level inverter is quite low. If there is any fault in one
of the switches, the converter becomes unable to drive the traction motor and the vehicle

must stop for repair.

Recent researches have tried to address the problem of having complex BMSs by design-
ing new MMC called Double Star Modular Multilevel Converter (DS-MMC) [9, 10], which
eliminates the need for external BMS to balance the cells voltages. However, it has some
drawbacks associated with the high conduction losses, a high-frequency pulsed current in
each battery cell, and the need for special controllers to balance the converter’s legs and

arms.

At the end of this thesis, a new conversion system Single Star Modular Multilevel Converter
(S5-MMC) will be designed with the capability of driving the traction motor at a high effi-
ciency, balancing the battery cells without the need for external BMS, and trying to overcome
the issues appeared in the previous drives systems.

Battery Management Systems

BMS
cell balancing
Capacitor Inductor/
: transformer
base S

Double-
Tiered
switched
capacitor

Fixed Switching
shunting shunting
resistor resistor

Basic

Single
switched
capacitor

Single
winding Multi

Multiple
winding

switched
capacitor

inductor inductor

inductor
Converter
base
|
Bucl Full- uasi-
K Flyback Ramp i -
boost Bridge Resonant
converter | converter

converter converter | converter

Cuk
Converter

FIGURE 1.1: The diagram of BMSs used in EVs [8]
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1.2 Contribution

This thesis proposes some preliminary solutions viewed as contributions in the BEV drives
tield, for the problems described in section 1.1. Thus, the thesis’s contributions are described

as follows:

e Bidirectional boost converter will be designed and integrated directly with low voltage
battery cells, the boost feature of this converter will help reducing the number of cells
required to get a higher output voltage.

e The proposed topology allows the operation with a lower switching frequency, which

reduces the switching losses.

e With the use of an appropriate modulation scheme, the converter will be able to de-
velop an output voltage with a low THD.

e The proposed converter is able to balance the battery cells at the same time of energy

conversion.

1.3 Research Goals

The objectives of this thesis are as follows:

e To demonstrate the structure and operating principle of the proposed conversion sys-

tem.

e Develop a comprehensive mathematical model to design the controllers of the overall

converter.

¢ To examine the cell voltage balancing based on applying voltage-balancing algorithm
considering the operating conditions with non-equal cell’s voltages of the battery.

e To confirm that, the new power converter can be used to drive directly the traction

motor from a set of lithium-ion batteries.

e To examine the proposed converter using numerical simulations under static load.

1.4 Thesis Organization

The rest of this thesis is organized as follows:
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e Chapter 2 includes a literature review presenting a review for some BMSs used in elec-
tric vehicles from different viewpoints and summarizes the advantages and disadvan-

tages for each topology. The rest of the chapter presents a review about the standard
EVs drives.

e Chapter 3 introduces the construction and the basic principle of the operation of the
proposed converter.

e Chapter 4 presents the simulation results of the system using MATLAB/SIMULINK.

e Chapter 5 includes the conclusion and discussion of the results with possible future
work plan.



Chapter 2
Literature Review

The aim of this chapter is to present the methodologies and limitations existing in the re-
lated researches conducted in EVs drives. This chapter reviews the main types of BMSs that
manage the charging and discharging of rechargeable battery cells in EVs. The chapter also
reviews different converters which are used as traction drives.

2.1 Battery Management Systems

Battery Management System (BMS) has an important role in EVs, as it is crucial to protect
the battery pack from damage, increase its lifetime, and maintain the battery system in an
accurate and reliable operational condition. BMSs are mainly used to eliminate the voltage
imbalance between the cells in the battery pack based on their State of Charge (SOC). The

Main BMS tasks are summarized as follow [8]:

e Measuring the system voltage, current, temperature, and cells SOC

Protecting the cells

Thermal management

Controlling cells charging and discharging

Data acquisition

Monitoring and storing historical data

Cell balancing

The main issue in battery systems is the imbalance of cells, as it affects battery pack lifetime.
cells imbalance comes from two major sources: internal and external sources. The BMSs are

classified into two main categories: passive and active as shown in Figure 1.1. The passive
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BMSs use mainly passive shunt resistors to remove excess charge from the cells with the
highest SOC to balance them with the lowest SOC cells in the battery pack. shunt resistors
could be fixed or switched [11-18]. This topology is easy to implement and cheap. However,
the efficiency is low and the time to balance the cells is too long.

The active BMSs depends on using a specific switching technique to transfer the excess
charge from the cells with the highest SOC to the cells with the lowest SOC. They are di-
vided into three basic types based on the active element used to store energy such as: capac-
itor based type, inductor based type, and converter based type [8, 11-15, 19]. Active BMSs
has advantages over passive BMSs in terms of a higher efficiency and a shorter balancing

time. However, they are more expensive, and more complex in terms of design and control.

2.1.1 Passive BMSs

Passive BMSs can be categorized into two sub-categories as was shown in Figure 1.1.

2.1.1.1 Fixed Shunt Resistor

In this method, each cell is connected in parallel with an external resistor as shown in Fig-
ure 2.1(a). The resistor value is adjusted to limit the cell’s voltage. This topology can only
be used for Lead-acid and Nickel batteries as they can be brought into overcharge condi-
tion without causing any damage to the cell. This method is easy to implement and cheap.
However, the efficiency of this method is low, since it has continuous energy dissipated by
the external resistors as heat. A complete balance between battery cells cannot be achieved,

since the currents flowing into the external resistors are not controlled [14, 15].

2.1.1.2 Controlled Shunt Resistor

This second method, shown in Figure 2.1(b) differs from the first method, is based on re-
moving the excess energy from the higher SOC cells in a controlled manner using switches
or relays. It could work in two modes: a continuous mode, or a detecting mode. In a contin-
uous mode, all switches/relays are controlled simultaneously by the same on/off signal. In
a detecting mode, cells voltages must be monitored to detect any imbalance condition to de-
cide which resistor should be shunted. This method is more efficient than the fixed resistor
method, simple, reliable, and can be used with Li-lon batteries [16, 17] .
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Controlled resistor method
-
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FIGURE 2.1: Passive BMSs: a) Fixed Shunt Resistor b) Controlled Shunt Resistor

2.1.2 Active BMSs

The active balancing method is classified into three main types: capacitor based, Induc-

tor/transformer based, and converter based.

2.1.2.1 Capacitor Based BMSs

It is also known as capacitive shuttling balancing methods. In this type, external energy
sources (capacitors) are used to store excess energy to be shunted to battery cells to balance
them. This method can be categorized into three topologies as was shown in Figure 1.1:

basic switched capacitor, single switched capacitor, and double-tiered capacitor.

1. Basic Switched Capacitor: This method is one of the common techniques, which re-
quires 'n — 1’ capacitors and "2n’ switches to balance 'n” cells. The controller of the
switches selects the battery cells with higher SOCs and the battery cells with lower
SOCs and controls the corresponding switches for shunting energy between them. Fig-
ure 2.2 shows the structure of the described topology.

The main features of this technique are the simplicity of construction and control.
However, it has relatively a long equalization time and a low efficiency, since it needs
a high number of switches, which will consume a considerable amount of energy as
losses [20, 21].
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FIGURE 2.2: Basic switched capacitor cell balancing topology [8]

2. Single Switched Capacitor: This method is a derivation of the switched capacitor
topology as it uses one capacitor with 'n + 5 switches to balance 'n’ cells as shown
in Figure 2.3. The higher and lower energy cells with their corresponding switches
are selected using a simple control strategy in order to transfer energy between them.
An advantage of using this method is that it can work in charging and discharging
operation [8, 13, 20] .

3. Double-Tiered Capacitor: This topology requires 'n’ capacitors with "2n” switches to
balance 'n” cells as shown in Figure 2.4. it is called double tiered as it has two capacitor
tiers for energy balancing. Using this method provides an important advantages over
the previous methods, as it reduces the balancing time to quarter. In addition it can
work in both operations: charging and discharging [22].
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2.1.2.2 Inductor/Transformer Base BMSs

In comparison to capacitor base BMSs, this type utilizes an inductor/transformer as the
main energy storage element. This category contains three sub-categories based on the type

of inductor/transformer used as was shown in Figure 1.1:

1. Single/Multi-inductor
2. Single-Windings Transformer

3. Multi-Windings Transformer

The energy stored in the coils will be used in balancing the cells by transferring energy from
the group of cells with a higher SOC to the group of cells with a lower SOC. The main
features of this category is that, it offers smaller balancing time whilst maintaining a good
efficiency. However, it has some disadvantages such as it requires a complex control system,
it has a relatively high cost, and it needs to add filter capacitors across the battery cells in
case of using high switching frequency [8, 23].

2.1.2.3 Converter Base BMSs

This method depends on using several types of known electrical converters in balancing

batteries as was shown in Figure 1.1:

1. Cuk Converter

2. Buck-Boost Converter
3. Flyback Converter

4. Ramp Converter

5. Full Bridge Converter

6. Quasi-Resonant Converter

One of the main features of these toplogies is that, they have fully control of balancing
process. However, they are expensive and complex[8]. In this section, one of the widely
used topologies in cell balancing will be discussed, which is the buck-boost converter (BBC)
method. Figure 2.5 shows the structure of the balancing system. The converter operates in
three modes: buck mode, boost mode, and buck-boost mode. In the boost mode, the excess
energy is removed from the higher SOC cell to the DC power source. Whilst in the buck
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FIGURE 2.5: The buck-boost balancing system [24]

mode, the energy is transferred to the battery cells that have lower SOC from the DC power
source. In the buck-boost mode, the converter removes the excess energy from the higher
SOC cells and stores it in the DC link, and then retransfers it to lower SOC cells [8, 24].

2.2 Traction Drives for Battery EVs

Many types of converters are used to achieve the requirements of AC motor drive in EVs,

which can be classified into three main categories:

1. Two-level Inverters
2. Multilevel Inverters

3. Modular Multilevel Inverters
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2.2.1 Two-level Inverters

A conventional Two-level inverter is the basic inverter used by most of automobile manufac-
turing companies to drive their machines. The standard structure of the Two-level inverter
is shown in Figure 2.6. Basically, it consists of six switches, two switches in each inverter leg.
Usually, this inverter is controlled via Sinusoidal Pulse Width Modulation (SPWM) tech-
nique to generate line-line output voltage of +V;,, —V4., and 0 as summarized in Table 2.1.
Although, this inverter is easy to implement and control. It has many drawbacks, such as,
it has high switching losses at higher switching frequencies which lead to a low efficiency,
high harmonic contents in the output voltage, and may cause unbalanced DC-link capacitor
voltages, and it needs external BMS to balance the series battery cells [25-27].

TABLE 2.1: Switches states of the two-level inverter

Sl 52 SS S4 S5 Sﬁ Vab ‘/bc ‘/ca
1 {10,001 ]|+Vge| O -Vie
171,170 0]0 0 | +Vie | Vac
11070011 |+Ve| -V 0
17010 1]0 0 0 0
0O/ 1| 1]1]07]0]|-Vage|+Vae| O
Ojo0 |1 (1|10 -V 0 | +Va
O[O0 (0|1 ]|1]|1 0 Ve | +Viye
O(1[0|1]0]|1 0 0 0

D,

h
L_tf}
|-
>
157
>

Vm-(ﬁ) n Vp f Motor

CT e

FIGURE 2.6: The two-level inverter circuit
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2.2.2 Multilevel Inverters

To overcome some of the issues appeared in the Two-level inverters and to achieve the
requirement for higher power and voltage drive, most of EVs companies tried to replace
their Two-level inverters with multilevel inverters such as, three-level inverters, cascaded
H-bridge inverters, diode-clamped inverters, flying capacitors inverters.The main idea of
the multilevel inverters is to form the desired output voltage waveform by switching be-
tween several levels of DC voltages.

1. Diode-clamped Inverters

Diode-clamped inverters are used as alternative to Two-level inverters. They can pro-
vide different number of output voltage levels based on the number of switches uti-
lized in each leg. Figure 2.7 shows a Three-level NPC inverter circuit, which consists
of four switches in each leg. Three-level inverters have lower switching losses at high
frequency compared with Two-level inverter, low voltage rating of the switches, and
reduced Total Harmonic Distortion (THD). However, three-level inverters have a main
drawback of unbalanced DC-link capacitor voltages [4, 5].

P
]f Vdr? K
C, =/ —
A
\'fcir:_‘"_i : J
e | I 13
C, = 1;2—. —d o
| S, —H.ESM 1 F 1 F
T2 Vdr:
O

FIGURE 2.7: Three-level NPC inverter circuit
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2. Flying-capacitors Inverters
The configuration of this inverter is quite similar to the previous one except that, it has
flying capacitors instead of diodes. N-levels flying capacitor inverter requires 2N — 2
switches and NV — 1 DC input capacitors for proper operation. Figure 2.8 shows three-

level flying capacitor inverter.

In this inverter, the maximum voltage stress across each switch is limited to one ca-
pacitor voltage which is maintained at Vj./2. The three-level flying capacitor inverter
produces three output voltage levels as follow [28]:

(a) when switches S4; and Sy, are turned on, it provides V;./2 voltage level.

(b) when switches S, and S43 or S42 and Sa4 are turned on, the output voltage level
will be 0.

(c) when switches S43 and Sy44 are turned on, the output voltage level will be -V./2.
Main advantages of this type of inverters are:

(a) It offers low THD at the output voltage and current.
(b) It provides control for both active and reactive power.
(c) It provides switch combination redundancy for balancing different voltage levels.

However, there are some drawbacks associated with flying capacitors multilevel in-

verters such as:
i. The series connected battery cells are unbalanced, so BMS must be added to the
battery pack.

ii. High level FC inverters are expensive and difficult to package with the bulky

power capacitors

iii. Excessive number of storage capacitors is required when the number of levels is

high which increases the cost of the inverter.
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e

FIGURE 2.8: Three-level flying capacitor inverter

3. Cascaded H-bridge Inverters

This type of inverters consists of several H-bridge inverter units connected in series
in each phase of the inverter to provide a sinusoidal output voltage. The number of
output voltage levels depends on the number of H-bridge units connected in each leg;
if the inverter has N H-bridge units in each leg, then the output will have 2V + 1
output voltage levels [6]. Each H-bridge unit has its own DC source which could be
the battery cell for an electric vehicle system, and produces a quasi-square waveform,
where each switch conducts for a half cycle.

One of the most important applications for the cascaded H-bridge inverters is the elec-
tric vehicle motor drive systems. Figure 2.9 shows the system configuration of EV
drive system implementing a cascaded H-bridge inverter. This inverter can operate in
different modes: motoring, charging, and regenerative braking modes. In motoring
mode, the power flows from the battery cells through the inverter to the motor. whilst,
in the charging mode, the battery cells will be charged from an AC source, and the
power flows through the H-bridge inverter which acts as a rectifier during this mode.
In the regenerative braking mode, the cascaded H-bridge inverter acts as a rectifier
recovering the kinetic energy of the vehicle and storing it in the cells.

In general, this inverter has the same general features of other multilevel inverters
including the higher number of voltage levels, reduced Total Harmonic Distortion
(THD), no voltage sharing problems between devices, and reduced dv/dt. In particu-
lar, the main advantages of using the cascade inverter in an electric vehicle include:
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FIGURE 2.9: System configuration of an EV motor drive using cascade H-bridge
inverter[6]

(a) It makes EVs more accessible and safer, since the power circuit is isolated through
the switches, thus, any wiring point can be accessed safely.

(b) Traditional 230V, or 460V motors can be used.

(c) No Electro-Magnetic Interference (EMI) problem or common-mode voltage/current

problem exists.
(d) Low voltage switching devices can be used.

(e) No charge unbalance problem exists in both charging and driving mode.

There are some limitations associated with using H-bridge multilevel inverters such

as:

i. Each H-bridge unit needs a separate DC source, but this is not a problem for
battery-powered EVs.

ii. Limited applications due to a large number of sources.
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2.2.3 Modular Multilevel Inverters

Recently, Modular Multilevel Converters (MMCs) became widely used in high power ap-
plications. MMCs have many advantages over other multilevel converter topologies, such
as, its modularity and scalability to meet any voltage requirement, lower losses and high
efficiency, reduced THD and consequently the size of passive filter’s components can be
reduced, low dv/dt on devices and good voltage sharing for semiconductors. Three-phase
MMC consists of three legs, each leg-phase has upper and lower arms, where the arm is com-
posed of N identical series-connected Sub-Modules (SMs) and a series inductor L, which is
necessary to limit the circulating current. The SMs within each arm are controlled to get the

required AC output phase voltage [7]. Figure 2.10 shows the general structure of a MMC.

The SMs within each arm in the MMC can be built from several circuits, the most popular
configuration used is the Half-Bridge (HB) circuit, which consists of two IGBTs/MOSFETs

with their anti-parallel diodes, as shown in Figure 2.10(a).

Each half-bridge SM has two possible states: ON state (SM inserted) or OFF state (SM by-
passed). When S1 is turned on, the SM will be in the ON state, and the output voltage will
equal to the capacitor voltage. If S2 is turned on, the SM will be in the OFF state, and the
output voltage will equal zero. HB circuit can work also in two quadrants as it can handle
reverse current [7, 29, 30].

The SM in the MMC can be also constructed using full-bridge circuit, which consists of four
IGBTs/MOSFETs as shown in Figure 2.10(b). The output voltage of the full-bridge SM is
either equal to the capacitor voltage or zero voltage, depending on the switching states of
the four switches. This topology has higher losses and cost compared with HB topology as

the number of switches is doubled.

Other SMs circuits can be used to construct the arms of the MMC such as, clamp-double cir-
cuit, three level inverter which is composed from either three-level Neutral-Point-Clamped
(NPC) or three-level Flying Capacitor (FC), and five-level cross-connected circuit. The com-
parison between these configurations in terms of losses, DC-fault current handling is given
in Table 2.2.

TABLE 2.2: Comparison between different SMs circuits [7]

SM circuit DC-fault current handling | losses
Half-bridge No Low
Full-bridge Yes High

Clamp-double Yes Moderate
Three-level FC No Low

Three-level NPC No Moderate

Five-level cross connected Yes Moderate
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FIGURE 2.10: The basic structures of MMC (a) Half-Bridge, (b) Full-Bridge, (c)
Clamp-Double, (d) Three-level FC, (e) Three-level NPC, and (f) Five-level cross-
connected SM [29]

The Double-Star Modular Multilevel Converters (DS-MMCs) are recently used in battery
electric vehicles (BEVs). In this configuration, there is no common DC-link, and the battery
cells are integrated with the SMs of the converter (bidirectional DC-DC buck converter).
Figure 2.11 shows the structure of the DS-MMC with half-bridge chopper cells [9, 10]. This
topology has many advantages such as, it offers low THDs of output voltages and currents,
it is flexible on the energy management, it has four quadrants of operation, it operates with
reduced switching losses since it can operate at a low switching frequency. However, it
has some disadvantages, as it needs a special controller to monitor and balance capacitor
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FIGURE 2.11: The DS-MMC with half-bridge chopper cell

voltages, the circulating current contains double fundamental frequency component, which
can stress the switches of the converter [10], it has high conduction losses, the number of SMs
and hence the number of semiconductor devices required will be very large since one SM
is used for each battery cell. Moreover, it has high-frequency pulsed current in each battery
cell which reduces their life-time. Table 2.3 summarizes the advantages and disadvantages

of the aforementioned toplogies:
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TABLE 2.3: Advantages and disadvantages of several EV drive topologies [6, 25,

26, 28]

Topology

Advantages

disadvantages

NPC

e Low THD of output voltages and

currents.

e It does not require a high switching
frequency to supply nearly sinusoidal
currents, which means lower switch-

ing losses and higher efficiency.

e The voltage supported by each
semiconductor switch is significantly

small.

e The converter control method is
simple.

e The clamping diodes have unequal
reverse voltage blocking ratings, so
excessive clamping diodes are re-
quired.

e The complexity of the NPC inverters
increases when the number of output

voltage levels increases.

e The switching devices have unequal

ratings.

e The capacitor voltages between the
different inverter levels are unbal-
ance.

e The series connected battery cells
are unbalanced, so BMS must be
added to the battery pack.

FC

o It offers low THD of output voltages

and currents.

e It can provide continuous opera-
tions even with the failure of one level
of the structure because of the large

amount of storage capacitors.

e It provides switch combination
redundancy for balancing different

voltage levels.

e Excessive number of storage capac-
itors is required when the number of
levels is high.

e High level FC inverters are expen-
sive and difficult to package with the

bulky power capacitors.

e The inverter control can be very
complicated and the switching losses

are high.

Continued on next page
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Table 2.3 — Continued from previous page

Topology

Advantages

Disadvantages

e The voltage supported by each
semiconductor switch is significantly
smaller than conventional two-level

inverter.

e Both real and reactive power flow

can be controlled.

e The series connected battery cells
are unbalanced, so BMS must be
added to the battery pack.

CHB

e The harmonic contents decreases as
the number of levels increases and fil-

tering requirements are reduced.

e It requires less number of compo-
nents to obtain the same number of

output voltage levels.

e Optimized circuit layout and pack-
aging are possible because each level
has the same structure. The series of
H-bridges made for modularized lay-
out and packaging. This will enable
the manufacturing process to be done

more quickly and cheaply.

e The switching devices have equal

ratings.

o [t needs separate dc sources, but this
is not a problem for battery EVs.

e When batteries, instead of cells,
are used as dc sources, variations be-
tween cells and exposure to different
charge and discharge rates lead to un-
equal SOCs of cells within the batter-
ies. Over extended cycling, this can
cause premature failure of the pack
due to the over- or undercharging of
individual cells.

e In Y-connected CHB, it is difficult to
balance the inverter legs using circu-
lating currents because this will result
in distorted motor currents. This dis-
advantage is partially mitigated by D-
connected CHB where zero-sequence
current can be used. However, it
is not possible to balance indepen-
dently the converter legs because the
same zero sequence current will flow

through the three legs.

Continued on next page
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Table 2.3 — Continued from previous page

Topology | Advantages Disadvantages

e Soft switching techniques can be
used to reduce switching losses and
device stresses.

e It can be used to drive the traction
motor from the battery, allowing con-
tinuous operations even with the fail-

ure of one level of the structure.

DS-MMC | e It offers low THDs of output volt- | e It has high conduction losses.
ages and currents.
e Easy to be expanded with modular | e Since one sub-module is used for
structure design. each battery cell, the number of Sub-
Modules and hence the semiconduc-
tor devices required will be very
large.

e Flexible on the energy management. | ¢ High-frequency pulsed current in
each battery cell and this reduces their
life-time.

e Fault-tolerance capabilities. e It needs special controllers to bal-
ance the converter legs and arms.

¢ Four-quadrant operations.

e It has low switching frequencies of
the individual switches, which results
in reduced switching losses.

o It allows the recharge of the battery
units either from dc or single phase ac

power sources.

A significant improvement to the present topologies could be done using a Single Star-
Modular Multilevel Converter (SS-MMC), which is proposed in this thesis to overcome some
of the issues associated with the earlier MMCs. The proposed converter basically eliminates
the lower arms of the conventional MMC with the inductors. Consequently, the system’s
size, cost and losses will be reduced. In addition, the SMs of this converter will have a
special designed DC-DC converter, which can boost the cells voltage and allowing draw-
ing of current in both directions and enabling the operation of the machine in both modes
(motoring and regenerating). The usage of the bidirectional DC-DC boost converter SM in-
tegrated with the bidirectional DC-DC buck converter may decrease the number of required
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cells, and allow operation with a lower switching frequency, which consequently reduces
the switching losses of the converter.
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Chapter 3

Single Star-Modular Multilevel Converter
(SS-MMCO)

Based on the preceding review illustrated throughout the accomplished works in BMSs
topologies and the traction drives introduced in the previous chapter with their limitations,
this chapter proposes a new conversion system, Single Star Modular Multilevel Converter
(85-MMC), on a level discussed in terms of its structure and principle of operation. Also, it
will present the Li-Ion cell’s dynamic model, which is usually used as energy source in the
EV. In addition, the modulation technique used in driving the converter will be discussed.

Moreover, current controller design and implementation will be discussed.

3.1 Converter Structure

The system structure with the proposed conversion system is shown in Figure 3.1. The
system consists mainly of the multilevel conversion system used to drive the EV’s motor
with the required special controllers. The system operates in two modes: charging mode
and discharging mode. In the charging mode a charge switch is used to connect the SS-
MMC to the grid to charge the battery cells at unity power factor using a standard decoupled
active and reactive power control which is combined with the voltage-balance controllers to
maintain the balance condition at the battery cells during charging. To optimize energy
transfer, a Phase Locked Loop (PLL) system will be used to estimate the grid frequency and
phase angle. In the discharging mode, the SS-MMC will drive the EV’s motor with balancing
the battery cells based on their voltage levels. The converter consists of three legs where
each leg consists of n series connected Sub-Modules (SMs). Each SM connected directly at
the terminals of the battery cell and is composed of a bidirectional boost converter followed
by DC-DC buck converter.

The bidirectional boost converter is meant to establish a governed stage for power flow

and charge-discharge control, the use of the converter as a door way for cell charging and
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FIGURE 3.1: The block diagram of the proposed SS-MMC topology

drawing power at demand provides a dynamic range for the set of combinations capable
of providing a certain output voltage level. Moreover, an added advantage of maintaining
continuous current with reduced surges at the cells terminals would be applicable due to
the presence of the inductive energy storage element found in the converter topology.

3.1.1 Bidirectional DC-DC Boost Converter

Figure 3.2 shows the proposed Bidirectional DC-DC boost converter connected with a bat-
tery cell. This topology operates in two modes (boost and buck modes). For the motor drive
operations the converter step-up stage is used to step up the battery voltage and control the
inverter input. The boost operation is achieved by operating S, with the anti-parallel diode
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FIGURE 3.3: Switches gate signals

D, serving as the boost-mode diode. When the direction of power flow is reversed, the sys-

tem functions as a buck converter with both S; and the anti-parallel diode D, acting as the

buck-mode diode. It is noted that, the two modes operate at opposite inductor current direc-

tions. The converter works in the first quadrant when S, is OFF, diode D; is not conducting
and S; is ON. If the switch S; is OFF, S5 is ON and diode D, is not forward biased, then the
converter operates in the second quadrant. The gate signals of the the switches are shown

in Figure 3.3 [31-35]. There are four possible steady state modes of operation for different

intervals for this converter. These four possibilities are:

e Interval 1 (¢y9-t;): When the instantaneous current i, = 0, the switch S5 conducts and
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continues to do so till ¢;, as shown in Figure 3.4(a). D; and D, are reversed biased
during this time interval and the converter operates in boost mode while the inductor

current increases.

e Interval 2 (¢;-t2): Both switches in this interval are turned OFF, and the body diode D,
of the upper switch S; starts conduction, as shown in Figure 3.4(b). The instantaneous
inductor current i, decreases with time till ¢,, while the output voltage of the converter
increases as the converter operates in boost mode during this time interval.

e Interval 3 (t5-t3): At {5 the i, becomes zero, and S; starts conduction with D; and D,
reversed biased, as shown in Figure 3.4(c). During this time interval the converter
operates in buck mode.

e Interval 4 (t3-t4): In this time interval both converter switches S; and S, are turned OFF
and the diode D, of the lower switch starts conducting, as shown in Figure 3.4(d).
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FIGURE 3.4: Converter operating modes

During the operation in the first interval (boost mode), the voltage across the inductor will
be:

di
Vi, = L— 3.1
=15 61
while the inductor ripple current given by:
Al = V“”LD T (3.2)

where,

D: duty cycle
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T: switching period
Deriving the instantaneous output voltage yields:
‘/cell
Vboost = ———= 3.3
oo = T2 63)

where,
Veen 1s the input battery voltage
Vioost 1 the boost’s output voltage.

According to equation 3.3, the operation with high duty ratios lead the converter to an un-
stable region, as the efficiency of the boost converter is inversely proportional to the duty
cycle. Thence, D must not exceed 0.8 value to ensure the operation under stability.

3.1.2 Bidirectional DC-DC Buck Converter

A bidirectional DC-DC buck converter is connected in each SM across the output terminals
of the bidirectional boost converter as was shown in Figure 3.1. The main function of using
such a converter is to achieve the switching modes of the SMs based on the operating switch
(S3 and S4), when Ss is turned ON for a certain SM, the SM is considered to be ON meaning
that it provides an output voltage at its terminals relative to the voltage level provided from
the previous bidirectional boost. For the second mode, when S, is turned ON the SM is
considered to be OFF and the output voltage of the converter is zero due to a bypass short
exerted by S,. The possible switching states of basic structure of the converter is shown in
Table. 3.1. This converter provides the ability to reverse the power flow allowing the input

battery cell to be charged and discharged during specific intervals [25].

TABLE 3.1: Switching states of the DC-DC buck converter.

Ss | Sy | Vsar | Current Direction | Power Path | Cell state
110 | Viost ism >0 S discharging
110 | Viost ism <0 Dj charging
011 0 isy >0 D, unchanged
01 0 iy <0 Sy unchanged

3.1.3 Operating Principle

The number of SMs in each leg of the SS-MMC converter determines the number of levels at
the output voltage. Assuming that, converter has n SMs in each leg, the maximum voltage
across the leg will be nV},, as the voltage changes between zero and nVj,.s;, where Vi is

the boosted output voltage given by the bidirectional boost converter, which means that it
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has a DC component across the leg as illustrated in Figure 3.5. Therefore, the neutral point of
the converter and the load must be separated to cancel the DC component. The line-to-line
output voltage of the converter will have n + 1 levels. One of the advantages of using such
a topology is the ability to reduce the harmonic content appearing in the output waveforms
by increasing the number of SMs. Moreover, having the bidirectional boost serving as the
input stage of the buck allows a certain flexibility in considering how exactly to achieve a
compromise between the number of SMs and maintaining the required voltage level in each
phase with the consideration of a minimum distortion due to harmonic content for a given
number of SMs. The THD gives an indication about the harmonic content in the output
voltage waveform, which is defined as:

(V2) = ()

THD =
(V1)?

(3.4)

Where, V; is the rms value of the fundamental frequency of the output voltage, and V is the
rms value of the whole waveform of the output voltage.

n

Leg a Leg b Legc

nVboost nVboost nVboost

L
— 2 1 2

1
|

[ ]

[

FIGURE 3.5: The equivalent circuit of the proposed converter
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The direction of current flow through the cell determines the state of the cell (charging or
discharging). The load current flowing through the converter’s leg is the same current flow-

ing through the turned ON SMs. The line-to-line output voltage can be expressed as:

n%oost n‘/boost

Ugp = VaN + 5 g VN = U~ UN
n‘/boost n%oost

Upe = UpN + 5 o UeN = UpN — UeN (3.5)
n%oost n‘/boost _

Veg = VeN + 9 - 9 — UpN = UcN — UgN

where Vj,y is the converter phase k voltage with respect to the motor neutral point, N. The
leg voltage V;, of phase k with respect to the converter neutral point can be expressed as

shown in equation (3.6):

VOOS VOOS VOOS
”; L tsUst"; L keabc (3.6)

Ugn = UgN +

3.1.4 Converter Modulation Strategy

The proposed converter uses a Carrier Disposition-third harmonic injection Pulse Width
Modulation (CD-THIPWM) technique to ensure a reduced harmonic distortion imposed by

the flatness of the switching voltage levels.

The principle of operation for this technique is using n SMs for each phase to provide an
n + 1 line-to-line levels as an AC output for the converter. The modulation is achieved by
comparing a required reference sinusoidal input of a certain amplitude and frequency with
multiple carrier signals each is assigned to a certain SM in order to determine the number of

active SMs in each leg at a certain instant.

Some definitions related to this scheme are summarized by the following;:

e The frequency modulation ratio: is defined as the ratio of the carrier frequency to the
modulating signal frequency, and it is given by:

M; = _Jearrier (3.7)

fmodulating

e Amplitude modulation index: is the ratio of the amplitude of modulating signal to the

amplitude of the carrier signal, and it is given by:

M, = Vmmodulating (3.8)

Vm,carrier
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In this modulation topology, a third harmonic component is injected into the modulating si-
nusoidal signal to increase the maximum peak value of the converter phase voltage without
causing over-modulation. Therefore, the modulating wave signals v}, v;, and v} are given

by eq. (3.9):

vl sin(0) + hssin(36)
vp| =M |sin(0 — 2w /3) + hssin(30) | ; 0 =wt+0, (3.9)
vl sin(0 + 27 /3) + hgsin(36)

where w is the electric radian frequency of the modulating wave signals, 0, is the phase
angle of the modulating wave, h; is the percentage value of the injected third harmonic
component, and M represents the modulation index of the converter and it is defined by eq.

(3.10):
M = 2Vm; 0<M<1 (3.10)
n‘/boost

where V,, represents the peak value of the output phase voltage. The maximum peak value

of the converter output phase voltage is obtained when M = 1:

Vm,ma:c - n‘/;OOSt (311)

where V., is the output voltage of the boost converter.

To avoid over-modulation, the peak value of the modulating wave must be less than 1:

F(h,0) = mazx[Mpa:5in(0) + hsMpasin(36)] = 1 (3.12)

To find the extreme point of modulating wave, partial derivatives must be taken with respect

to hs and 6 as follow:

oV 9 .
oh 0= a—h3[Msm(9) + hsMsin(36)] =0
Msin(30) =0 = sin(30) =0 =30 =1 = 0 = g

O(V,)*

0 , ,
50— 0= %[Msm(@) + hsMsin(360)] =0

Mcos(0) + 3hsMcos(30) = 0
cos(0) + 3hscos(30) =0
cos(g) + 3hscos(m) =0

1 1
——3h3=0= hs = -
2 5 76

(3.13)
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By substituting the results of eq.(3.12) in eq.(3.13), the maximum modulation index will be:

F(h,0) = mazx[Mpa:s5in(0) + hsMpasin(36)] = 1
Mmaxsz'n(g) + thmmsz’n(S%) =1

. T .
Mmaxszn(§> + hsMygesin(m) = 1 (3.14)
Mm,msm(z) =1
3
Moo = 2 1.155
max \/§ °

as a results, with the use of CD-THIPWM modulation technique it is shown that the max-
imum value of the fundamental component of the reference signal can reach an additional
15.5%, and the injected third harmonic component is 1/6 of the maximum value of the fun-
damental. Therefore, this modulation scheme is able to generate the required output voltage
which can be generated by the traditional CD-SPWM technique with a reduced number of
SMs by a factor of 13.5%, and this will help in increasing the efficiency of the converter and
reduces the cost of implementation. Figure 3.6 shows the CD-THIPWM scheme, the mod-
ulating signals compared with the carrier signals to determine the number of active SMs in
each leg. Carriers shifted by 2/n in the range between -1 and 1, and each carrier has 2/n
peak-peak value and switching frequency f,. The point of intersection between the mod-
ulating wave with the carrier signal are defined as the points where the level is created, by
generating proper control signals for the converter switches. The maximum line-line voltage
can be generated with the use of this scheme is given by:

1 n

L= B1-D

With choosing the duty cycle to have its maximum value of 0.8, the minimum number of

VL ‘/boost (3 15)

SMs of each leg can be determined by:

V — max
Nomin = 0.283 —L—Lmar (3.16)
Vel
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Modulating wave: Modulating wave: Modulating wave:
phase-a phase-b phase-c Carrier signal
Vﬂ vb Vc
1 — -
1-(2/m) — 1 N
1—(4/m) —
1- (6/m) — . ’ \ :
~ / ,/ \ ‘\
/ / i \
/ ’ A !
0 —] I ’
’ \ \
/ L \ \
-/ A 5
~1+(6/m)—{p / \
—1+(4/m)— J
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-1 = - » 0t
0 T 2z

FIGURE 3.6: The CD-THIPWM scheme

3.1.5 Capacitor Voltage Balancing Algorithm

Unbalanced voltage distribution causes unequal stresses among switches and capacitors,
which may lead to the failure of switches, the damage of some capacitors and the over-
charging of others [36]. Modular multilevel converters have a challenging predicament
manifested in maintaining a balanced voltage distribution among the capacitors of the SMs.
However, the presented converter provides the particularity of freedom to turn on and off
any SM. Hence, a balancing algorithm was used to ensure preserving the capacitors’ volt-
ages at their nominal values by finding the best switching combinations during each switch-
ing cycle.

The function of the capacitors’ voltages balancing controller is to balance all capacitors’ volt-
ages in each converter leg. The capacitors’ voltages were measured and then sorted in a
descending order via a processor according to their voltage levels. During the positive half
cycle of the motor current, the capacitor current is positive and the capacitor operates in the
discharging mode. In this case, the SMs with the highest voltages are switched on. In the
next half cycle of motor current, the capacitors current becomes negative and the capacitors
operates in the charging mode. In this case, the SMs with the lowest capacitors’ voltages
are selected to be switched on. Using this method, the balancing of capacitors’ voltages is
guaranteed within the leg and all capacitors will have the same voltage. Figure 3.7 shows
the flow chart for the algorithm used for balancing capacitors voltages within the SMs of the

converter.
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WVEasure capacitors
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FIGURE 3.7: Capacitor voltage balancing algorithm flow chart

3.1.6 The lithium-ion Electrical Battery Model

In the BEVs, the Li-ion battery cells are usually used because they have high energy density
compared with Nickel-cadmium, Nickel metal and lead acid battery cells [17]. This section
will introduce the dynamic model of Li-ion battery cells. The state of charge of the cells gives
an indication about its available capacity. It is defined as the ratio of the available capacity
of the battery to its maximum available capacity [37]:

Q—q

SoC =<1 .
o (3.17)

where, q is the charge absorbed from the cell in [Ah], and Q is the capacity of the cell in [Ah].
The SOC is simply estimated using current integration method [37]:

1 ,
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where, SOC; is the initial SOC of the cell in [%], and i is the current drawn from the cell in
[A]. The Li-ion cells can be modelled during discharge and recharge modes using battery

dynamic model for EV applications which is given in [38] as:

Veen = Vo — Rilcenr — Kiicell - Kiq + Ae P4 iy >0, discharge mode
Q—q Q—q
Q Q

icet — K———q + Ae™P% iy <0, recharge mode (3.19)

Veett = Vo — Riteen — K—5——
$+q Q—q

where, V.. is the actual cell voltage in [V], V, is the cell open circuit voltage in [V], R; is
the internal resistance of the cell in [©2], i..; in the supplied current by the cell in [A], A and
B are empirical constants, £ is the polarization constant in [V/Ah], @ is the cell capacity in
[Ah], and ¢ is the absorbed charge from the cell in [Ah]. In this model. the temperature and
self-discharging effects are ignored, the internal resistance and the capacity of the cell are
assumed to be constant and independent of the cell current.

3.1.7 Current control in SS-MMC

This section intends to discuss the design and implementation of a current controller on the
proposed SS-MMC topology. The addition of the current controller provides full closed loop
control on the output current and power. The design will be implemented in the rotating
reference frame dq-axis, Park transformation is needed to transform the output currents
from abc to dq frame. Assuming the load is static and consists of Resistor and inductor, the

current controller was designed as follow:

The phase voltages, V., are given by:

diabc
dt

Vibe = Rigpe + L (3.20)
Where,

iabe = [ia @ 1.7 is the phase currents vector.

R is the resistance of the static load.

L is the inductance of the static load.

By multiplying equation 3.20 by the Clarke transformation matrix, the stationary reference

frame voltage components were given:
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ding

- (3.21)

Vag = Riag +

In order to get the dg-axis decoupled voltage components, Park transformation matrix is

used as given in equation 3.22:

Va

_ co§€ sinb X Q (3.22)
Vs —sinf  cost Iof
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Thus, direct and quadrature voltage components were derived and expressed in equation
3.23:

dia
dt

iy (3.23)
dt

Vy = Rig+wLi,+ L

V, = Ri, —wlig+ L

Then, equation 3.23 can be re-written as:

Vi=U) +wliy, where, U; = Riq+ Ld_
! (3.24)
Vy=U, —wLiq, where, U; = Ri,+ L—

The terms U; and U; were used to design the dq-axis current controllers as it is described
below:
didq

Uiy = Riay + L~ (3.25)

In order to simplify the design, equation 3.25 is expressed in s-domain and will be used to
derive the transfer function:

Uj(5) = (R + sL) 14 (3.26)

Proportional-Integral (PI) controller is needed to control the steady state error of both cur-
rent components, a simplified block diagram shown in Figure 3.8 is used to derive the trans-
fer function and design the PI controller parameters.

g (s) ] Uaq () 1 Iaq(s)
qu(S) S + LS

FIGURE 3.8: Closed loop linear current controller
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System transfer function is defined as:

l, G
I;, 1+GH

(3.27)

Where, H is unity, and G is the open loop transfer function. By substitution of G into equa-
tion 3.27, second order transfer function is derived:

K15 + KQ
2L+ (K1 + R)s + K,

(3.28)

by comparing the system transfer function with general second order transfer function, K,

and K, can be expressed as:

K, = 2(w,L — R
(3.29)
Ky =W’L

After some tuning of ¢, and w,, the PI controller parameters were chosen to be: K; = 0.3831
K, =1.7021.

In summary, current controller is needed to be implemented on the proposed SS-MMC
topology to have closed loop control on current and power under static load. The designed
current controller can be modified to be applied on dynamic load for AC motor drive pur-
poses, where the direct current component can be used to control the flux in the machine,
and the quadrature component will be responsible for speed control. Simulation and dis-
cussion of the results for the current controller with SS-MMC topology under static load is

conducted in Chapter 4.

3.1.8 Efficiency and Reliability

The proposed converter power losses are mainly divided into: switching losses and conduc-
tion losses. The conduction losses is the energy losses during the ON state of the MOSFET
and it depends upon the amount of the drain current and the internal resistance of the MOS-
FET which is given by:

P.vios = Vasia = Ras onl (3.30)
where, V;, and i, are the drain-source voltage and the drain current of the MOSFET, respec-
tively.

As the converter consists of n SMs in each leg, and each SM consists of four MOSFETs where
two of them are turned on only if the the dead time is ignored as each two MOSFETs operate
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complementary to each other. So, the leg conduction losses is 4n the conduction losses of
single MOSFET switch. The switching losses are the energy losses caused by turning on and
off the MOSFETSs, and they depend on the voltage and current of the battery cells, and on the
rise and fall times. Having a large number of switches in SS-MMC topology, does not mean
that it has high power losses and low efficiency since no need to turn on all the switches
all the time. In comparison with the two-level inverter, the switching losses and conduction
losses in the SS-MMC is lower. The efficiency of the SS-MMC topology is expected to have

its lowest value when it is required to turn on all the switches at the same time.

The traditional two-level inverter has 6 switches, where in all cases and for any value of the
required power, they must be fully operated. The static reliability of traditional two-level
inverter is given by [9]:

R=p" (3.31)

where,
P: is the static reliability of a single switch.
R: is the reliability of the whole converter.

On the other side, in the SS-MMC converter, if any one of the switches or SM is damaged
or faulted, the whole leg does not become useless, since the damaged switch or SM can
be simply replaced by another one. However, during the operation of the car, the faulty
SM will result in reducing the voltage level to (n — 1). If the maximum power required,
the unbalanced voltage generated because of reducing the level of the voltage will result in
reducing the reliability of the converter to zero, since all SMs and switches must be healthy

in this case. Therefore, the reliability of the SS-MMC depends upon the required power.

(k—TIL)Pn to (kLPn

As the range of the power required is from , where P, is the nominal output
power of the converter. Therefore, the converter must have at least £ SMs healthy in the leg

and the switches of each SM must be healthy. The static reliability of the SS-MMC is given
by [9]:

R= (En: (?) (PYi(1 - P4)”—i)3 (3.32)

i=k
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As a comparison, the reliability against required power in the two-level and SS-MMC in-
verters with a single switch (MOSFET) reliability of p=0.9, and p=0.99 is drawn in Figure
3.9:

Reliability vs Power
I T I
—SS-MMC with P=0.9
~—S8S-MMC with P=0.99| |

Two-level inverter

08~ &

Reliability
=
N
T
|

=

~
T
|

02 -

| | | |
0 0.1 02 03 04 0.5 0.6 0.7 08 0.9 1
P [pu]

FIGURE 3.9: The reliability of two-level and SS-MMC converters for p = 0.9 and
p=0.99

As a result, the MOSFETs must be chosen carefully with proper reliability to improve the
overall reliability in MMC topologies.
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Chapter 4
Simulation Results

This chapter illustrates simulation outputs for variable stages of the system obtained using
MATLAB Simulink. The simulation outputs are arranged in a manner presenting a stage by
stage operation validation of the system. It will show the output of the converter under no
load with different numbers of SMs and under static load with open loop control. The volt-
ages of each leg/phase and the line voltages and currents of the converter will be presented.
The total harmonic distortion (THD) of the line voltages and line currents will be presented
and discussed. The voltage balancing of the capacitors of each leg and between the three
legs will be shown and discussed. This chapter also shows the operation of the proposed

converter under static load conditions with a decoupled dq current controller.

4,1 Bidirectional Boost Converter Simulation

In this section, the bidirectional boost converter will be tested under a resistive load of 20¢2,
with an inductor value of 1mH, a capacitor value of 50mF, an input voltage of 3.7V, a switch-
ing frequency of 2kHz, and with different duty cycle values. The values of passive elements
C, and L were chosen based on the required ripples in the voltage and current. Where, the
voltage ripple depends on output current, switching frequency, and capacitor value, while
the current ripple depends on the duty cycle, switching frequency, input voltage, and induc-

tance value. The MATLAB circuit is shown in Figure 4.1.

Gate signals of the two switches of the converter are shown in Figure 4.2, with a duty cycle

of 50%, the two signals are opposite to each other with ignoring the dead time.

Output voltages are shown with varying the duty cycle, the average voltage increases with
increasing the duty cycle. From input current results, shown in Figure 4.6 and Figure 4.7, it
is concluded that the usage of bidirectional boost converter with suitable values of the input
inductor, duty cycle, and switching frequency can provide positive and continuous current,
which is more healthy for the battery cells.
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FIGURE 4.1: Bidirectional boost converter MATLAB model
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FIGURE 4.2: Bidirectional boost converter gate signals
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FIGURE 4.3: Bidirectional boost converter output voltage at D=0.5
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FIGURE 4.4: Bidirectional boost converter output voltage at D=0.65
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FIGURE 4.5: Bidirectional boost converter output voltage at D=0.8
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FIGURE 4.7: Bidirectional boost converter input current at D=0.8
4.2 SS-MMC Simulation Results with no Load

The system, shown in Figure 4.8 simulated under the defined simulation parameters listed
in Table 4.1. In this section, the bidirectional boost and the battery cells were replaced by an
ideal voltage source with a DC value adjusted according to Vies: = 2%4/2/3%220/(N*1.155).

In order to study the relationship between the number of SMs and the THD under the con-
straint of having constant line-line voltages, the system is simulated under different number
of SMs (N =2, 4, 6,..., 25), and the results were as follow:

TABLE 4.1: Simulation defined parameters with no load

Parameter Value

Buck Switching frequency f;, | 5 KHz
Fundamental frequency f; | 50 Hz
Modulation Index M 1.155

The Figures 4.9 to 4.19 show the output line-line voltages at different number of SMs. As
the number of SMs increases, the voltages waves become more closer to the sinusoidal with
less harmonic contents. Figure 4.20 summarizes the effect of changing the number of SMs
on the THD percentage, as the number of levels on the output voltage increases, the THD
will decrease. It is noticed also, as the number of SMs becomes large, the effect on the THD
becomes less significant.

In Figure 4.21, the frequency and modulation index were changed in the same ratio in order
to verify proper operation under constant v/f control. It emphasizes also on the concept of
decreasing the THD with the increasing of modulation index.
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4.3 SS-MMC Simulation Results with Static Load and Ca-

pacitor Voltage Balancing

4.3.1 Static Load with Rated Power

In order to study the performance of the proposed converter with a static load, the circuit
shown in Figure 4.22 was simulated with the simulation parameters listed in Table 4.2. For
simulation purposes, the cell voltage is chosen to be constant and equals 3.7V. The switching
frequency of the buck and boost converter is reduced to 2kHz, which helps in decreasing
the losses in the converter. The duty cycle is determined based on this equation D = 1 —
(Veeir/ Vioost) which depends on capacitor voltage and cell voltage. In order to reach the
required line-line output voltage, twenty five SMs were implemented in each leg.

The line-neutral voltages shown in Figure 4.23, oscillate between 0 and nVj0st, Where Vi is
the output voltage at the SM capacitor. They have three main components: the fundamental
components, a DC component, and the injected third-harmonic component. However, the
DC and the third harmonic components were eliminated in the line-line voltages as shown
in Figure 4.24, which makes it necessary to connect the motor terminals in Wye configuration

and isolate its neutral point from converter neutral.

From Figure 4.25 it is clear that the resulted currents are purely sinusoids with zero DC
components, due to multilevel converter, which means that there is no need for external

filtering, and it can provide smooth torque with high efficiency.

In Figure 4.26 it is clear that the cell current is continuous, positive, and balanced, since the
capacitors’ voltages are balanced, which help in increasing the lifetime of the battery cells.

However, it has two types of ripples; one from the switching, and the other is related to the

TABLE 4.2: Simulation defined parameters with static load

Parameter Value

Nominal cell voltage 3.7V
Buck Switching frequency f,; | 2 kHz
Boost Switching frequency f,» | 2 kHz
Fundamental frequency f; 50 Hz

Modulation Index M 1.155
Number of SMs N 25
Motor real Power P, 45 KW
Power Factor PF 0.9
Inductor value L 3mH
Capacitor value C 400 mF

Duty cycle D 0.7026
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FIGURE 4.22: SS-MMC with a static load
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FIGURE 4.23: Line to neutral voltages [V n, Vin, Ven]

capacitor voltage ripple and it is the most significant one, as having high current ripple may

cause discontinuity in the current and decrease the efficiency and the lifetime of the battery

cells. Figure 4.27 shows balancing of the the voltages at the output capacitors of the SMs

in each leg. The average output voltage equals to 12.44V, while the peak to peak value is

around 1.5V which can be decreased by using higher values of the output capacitors.

In order to validate the balancing at the output voltages of the capacitors with the usage of

real batteries which may have different cells voltages occurring in the range between 3.7V-

4.2V, different cells voltages used as inputs to the SMs and the output capacitors’ voltages

are checked as shown in Figure 4.28. The duty cycle of the converter changes based on input

cell voltage to keep the capacitors” voltages balanced.
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4.3.2 Static Load Power Change Effect

In this section the static load power was decreased to 25kW, while the other simulation
parameters are kept as in Table 4.2, and the figures 4.29 to 4.32 were obtained:

Voltage |V]
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FIGURE 4.29: Line to line voltages [V, Vi, Veal
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FIGURE 4.30: Lines-currents [ig, iy, ic]

From the results shown in the aforementioned figures, it could be concluded that when the
power is decreased, the steady state line currents are decreased with same ratio compared
to line currents at nominal power. The peak to peak capacitors ripple is also decreased to

0.75V, thus the current ripple on the input current also decreased.
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FIGURE 4.31: Input currents of the Battery Cells with half power

12.9 T T

A
/ ‘

Voltage [V]

9

'Y H
71

2
35 3.51 3.52 3.53 3.54 3.55 3.56 3.57 3.58 3.59 3.6
Time [sec]
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4.3.3 The Effect of Changing Load Frequency

The simulation of this part done on the same model with changing the fundamental fre-
quency to half its value 25Hz, and the modulation index to 0.5775, while the remaining sim-
ulation parameters were kept as in Table 4.2. The results of this section give an indication

that the proposed converter can be used with V/f control for AC motor drive.

From the results it is noticed that the line-line voltage and line currents decreased to its
half value, while the voltage ripple on the capacitors” voltages increased to around 1.5V,
hence the current ripple in the input current increased. So the design of the capacitor in the

practical implementation should depend on the smallest frequency and nominal current.
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4.4 SS-MMC with Static Load and Current Control

This section intends to simulate static load with closed loop current control to prove the
teasibility of the proposed topology to drive an AC motor by monitoring the current and
power. The system was tested under the parameters specified in Table 4.3. The circuit is

shown in Figure 4.37, and the simulation models and blocks shown in appendix A.
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FIGURE 4.37: SS-MMC Simulink model with static load and current control
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TABLE 4.3: Simulation defined parameters with static load and current control

Parameter Value
Nominal cell voltage 3.7V
Buck Switching frequency f,; 5 kHz
Boost Switching frequency f» 5kHz
Fundamental frequency f; 50 Hz
Nominal voltage V;, 220V
Number of SMs N 25
Real Power P 40 kW
Reactive power () 24.790 kVAR
Nominal current In 175A
Load inductance value L4 1.7 mH
Load resistance value R .4 0.8742 Q
Power Factor PF 0.85
Inductor value L 3mH
Capacitor value C 200 mF
Duty cycle D 0.7026

Figure 4.38 shows the direct and quadrature current components under step variations of
load current (0.5pu - 1.0pu - 0.75pu - 0.25pu on the current base of 175A). With a suitable
design and tuning of PI-controllers, the two current components stability was achieved as
it is clear that the currents are tracking their reference values with having some transient
oscillations at the starting of each step change. The results in Figure 4.39 shows that the
current controller can control the real and reactive power. It is clear that the power values
are proportional to the load current, when the current is set to its rated value in the period

[10-20] secs, the power reaches its nominal value.
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FIGURE 4.38: d-q axis current components
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FIGURE 4.39: Real and reactive output power

In figure 4.40 the voltage across the capacitors along the whole period under the load current
variations is shown. The voltages balance at each leg still present. It is concluded also that
the capacitors’ voltages ripple is proportional to the load current value since the frequency
is fixed, as the current value increases, the ripple on the capacitors’ voltages increases, and

the highest ripple value will be at the rated current.
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FIGURE 4.40: Voltage across capacitors

The line-line output voltages is shown in figure 4.41. The modulation index will change in

proportional to the required output current (power). Therefore, the modulation index and
the phase angles of the modulating waves will change via the designed current controller

to provide the appropriate gate signals for the switches. When the current decreases, the
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number of active SMs decreases to reach the required output voltage. Figure 4.26 shows

the cell’s current continuity and stability along the whole time period with some transient

oscillations at the step changes. Itis shown also that the input current is directly proportional

to the required output power.
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Chapter 5

Conclusions and Future Work

5.1 Conclusion

The proposed system introduced in this thesis provides a new cascaded single start multi-
level converter, which is mainly based on connecting several sub-modules in series to form
each phase (leg), where the core component is the bidirectional boost converter added in
each sub-module, with no inverters and balancing management systems. The addition of
the boost converter gives two main advantages to the SS-MMC; first, the small DC bat-
tery cell voltage is boosted to some higher value which helped in reducing the number
of required SMs to get the needed output voltage. Second, it helps in having continuous
input cell current and this increases the efficiency and the lifetime of the battery cells. CD-
THIPWM modulation technique and voltage balancing algorithm were used to reduce the
output ripple and THD. The proposed Converter is more reliable than conventional two-
level inverters, and it has high efficiency. The system also can be used with v/f control even
at low frequencies in order to control the speed of the motor.

And for sure, it is not empty of demerits; it is obligatory to leave the load ungrounded, and
to employ WHY configuration only, in addition the need of using passive elements such
as inductors, and super-capacitors, which may increase the cost and size of the converter.
Simulation results yielded a relationship between the number of sub-modules and THD, in
addition proved the predicted performance of the converter under v/f control. Simulation

were carried out on static load under open loop and closed loop current control.
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5.2 Future Work

The following outline is expected to be done in the future:

Simulation of the converter under dynamic load with vector control, for flux and speed
control purposes.

Applying and simulate the proposed converter on a real existing EV.

Practical prototype implementation for the lab testing.

Designing appropriate snubber circuits for protection purposes.
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Appendix A

MATLAB simulation models

A.1 Simulink Models for SS-MMC with No Load

A.1.1 Simulink Model with No Load
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FIGURE A.1: SS-MMC Simulink model with no load
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A.12 SS-MMC Leg-a Model
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FIGURE A.2: SS-MMC Simulink leg-a model with no load

A.1.3 Modulation and Control Systems
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FIGURE A.3: Modulation and control systems blocks
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A.14 Generation of Carrier Signals
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FIGURE A.4: Generation of carrier signals of SS-MMC with no load

A.1.5 Generation of Modulating Waves THI-SPWM
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FIGURE A.5: Generation of modulating waves of SS-MMC with no load
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A.1.6 Generation of Gate Signals for the Buck Converter

| =< o=

FJ |
r+
A

| =< o5

Hﬁj -
i

| =< oc

)

FIGURE A.6: Generation of gate signals for the buck of SS-MMC with no load

A.2 Simulink Models for SS-MMC with Static Load

A.2.1 Simulink Model with Static Load
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FIGURE A.7: SS-MMC Simulink model with static load
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A.2.2 SS-MMC Leg-a Model

: 1
& S

Integrator2

Integrator

<Veap_a
Va

FIGURE A.8: SS-MMC Simulink leg-a model with static load
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FIGURE A.9: Modulation and control systems blocks
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A.2.4 PWM model for Bidirectional Boost Converters
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FIGURE A.10: Modulation and control systems blocks
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FIGURE A.11: Generation of carrier signals of SS-MMC with static load
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A.2.6 Generation of Modulating Waves THI-SPWM
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FIGURE A.12: Generation of modulating waves of SS-MMC with static load

A.2.7 Calculation of Active Sub-Modules

I
]
|

fix / Non_a

fix —» / Non_b

:

Z -——» fix —b/ Non_c

T
b G

FIGURE A.13: Calculation of active SMs for SS-MMC with static load
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FIGURE A.14: Capacitor voltage balance controller for SS-MMC with static load
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A.3 Simulink Models for SS-MMC with Static Load and cur-

rent control

A.3.1 Simulink Model with Static Load and Current Control
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FIGURE A.15: SS-MMC Simulink model with static load and current control
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A3.2 SS-MMC Leg-a Model
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FIGURE A.16: SS-MMC Simulink leg-a model with static load and current con-

trol
A.3.3 Control Systems Blocks
‘ L%
szj
Current Controller Calaculate the number of worthg alggnthm
ON modues| and generation of
Generation of gate signals for boost ~ Generation of carrier signals MOGESIEY gate signals

FIGURE A.17: Control systems blocks
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A.3.4 PWM Model for Bidirectional Boost Converters
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FIGURE A.18: Modulation and control systems blocks
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FIGURE A.19: Generation of carrier signals of SS-MMC with static load and
current control
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A.3.6 Current Controller Model
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FIGURE A.20: Current controller blocks
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FIGURE A.21: Calculation of active SMs for SS-MMC with static load and cur-
rent control
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FIGURE A.22: Capacitor voltage balance controller for SS-MMC with static load
and current control
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