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Abstract

Electric vehicles cover a fundamental role for the sustainability transition of the transportation

sector. In the past ten years, the investments and efforts dedicated to the developments and

improvements of electric powertrain have been increasingly significant from almost all automotive

companies. Battery electric vehicles are the most promising solution, guaranteeing zero local

emissions and high efficiency in energy conversion.

However, the electrical architecture adopted until now, consisting in a stiff connection between

a battery pack and a two-level inverter, presents two main drawbacks related to the converter

topology and energy system configuration. On one hand, the two-level inverter can guarantee

high efficiency only at nominal loads, showing drastic drops for partial loads operations. On the

other hand, the battery pack is characterized by a fixed serial and parallel connection of battery

cells, limiting the energy delivery of one string to the weakest cell. Both drawbacks are extremely

critical in electric vehicles applications, since the motor is required to often work at partial loads

- i.e. in city traffic - and the driving range may significantly decrease with the low efficiency

operations of the battery pack.

Therefore, some research works have suggested a conceptual revision of the converter and

battery pack used in electrical powertrain structures. In this regard, multilevel converters started

to gain attention as valid candidates to replace conventional converters in powertrain architectures.

Splitting the battery pack in several modules allows to limit the serial connection of cells and

consequently decrease the probability of having multiple weak cells. Moreover, the presence of

more submodules reduces the stress on the devices, permitting a theoretical indefinite increase of
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the DC-link voltage.

Since an optimal battery system management relies on the possibility to access the single

battery cells, other works in the scientific literature suggested the utilization of Reconfigurable

Battery Systems. These systems allow to perform active management of the battery system by

controlling the connection between the battery cells through a coherent placement of electronic

switches.

The role of Multilevel converters in electrical powertrain is considered central in this work.

This research work presents a new topology, called Reconfigurable Cascaded Multilevel converter

able to simultaneously implement the power conversion and the battery management. In each

submodule, battery cells are serially connected in groups of three through a pattern of switches,

forming a single unit called Reconfigurable Battery Module. In this way, each battery cell can be

controlled, enhancing sorting algorithms during both charging and discharging processes and

fault tolerant strategies. The new topology is explained in details and then used in different case

scenarios to prove its validity.
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CHAPTER

1 Introduction

Climate change is recently a frequent subject of global debates. The massive human-related

greenhouse gas (GHG) emissions led to the increase of the global temperature, with catastrophic

effects on natural ecosystem and severe impacts on human health and economic sectors [1]. Over

the past years, the fight against climate change brought political institutions to adopt several

commitments: in 1997, and later re-confirmed in 2013, the Kyoto protocol was drawn up by

UNFCCC (United Nations Framework Convention on Climate Change) with the aim to reduce

the GHG emissions, according to customized targets for each country [2]. In 2016, the Paris

agreement was signed by the 55% of UNFCC countries with three main goals: GHG emissions

reduction to contain the global warming, resiliency to the climate change and investments intended

to promote no emissions activities [3].

Among all pollutants sectors, the transportation is one of the largest contributors, responsible

for 25% of global CO2, with a negative record covered by road vehicles, which represent the

75% of total emissions of this cluster [4]. Internal Combustion Engine Vehicles (ICEVs) still

represent the most diffuse technology used for private vehicles, thanks to high-energy density of

the fuel fossils, the abundant logistic and supply network. Moreover, ICEVs market is very well

established guaranteeing affordable prices both for vehicles and fuel refill.

Recognizing the absolute priority for private transportation, as fundamental aspect of the

economic growth of the last century, the electrification of road transportation is an important

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Stock of electric vehicles in the year range 2010-2020 [6].

target for many countries, to contribute to emissions mitigation. In this scenario, electric vehicles

(EVs) have gained an increased attention as sustainable alternative to the ICEVs, thanks to their

independence from petroleum, absence of emissions and high efficiency [5]. As shown in Fig.1.1,

EVs market has grown exponentially in the last ten years: by the end of 2020, the stock of EVs

was around 10 million; this number is expected at least to double by 2050.

1.1 Electric Vehicles

The adjective electric refers to all vehicles which use electrical energy to feed the motor. However,

the electrical energy may come from different sources according to which the EVs can be

categorized:

• Hybrid Electric Vehicles (HEVs) have two energy sources - a primary and secondary

source-, usually consisting in fossil fuels and high voltage (HV) battery. Among this

category, two different technologies can be distinguished, depending on how the energy

2
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Figure 1.2: Parallel Hybrid Electric Vehicle structure.

sources are used. In Parallel HEV, whose structure is shown Fig. 1.2, the electrical motor

is fed with the energy generated by an IC engine. In Series HEV, whose structure is shown

Fig. 1.3, an IC engine, powered by fossil fuels, and an electrical motor, powered by a

high voltage battery, co-exist and are used in complementary way. In both way, HEVs

represent the combination of electrical and combustion engine traction concepts, obtaining

the benefit of long driving ranges given by fossil fuels and the high efficiency of the electric

powertrain.

• Fuel Cell Electric Vehicles (FCEVs) power the electrical motor with the energy obtained

through the chemical process between hydrogen and oxygen in fuel cells. The operative

principle of this energy sources is not the storing but the continuous generation as long as

the fuel supply is kept. FCEVs promises low emission rate, guaranteed by the absence of

combustion during the generation process, and long driving range, allowed by the concept

of the continuos generation. Despite of the benefits, FCEVs still remain under investigation

because hydrogen management is considered dangerous and extremely expensive.

• Battery Electric Vehicles (BEVs) uses the energy stored in electrochemical rechargeable

battery packs. These types of vehicles are also called fully electric drives because they do

not support any other source of propulsion.

BEVs are currently the product leader in the electric automotive field, because they combine

the highest powertrain and Wheel-to-Wheel efficiencies [3] with the ease of energy source

3
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Figure 1.3: Series Hybrid Electric Vehicle structure.

Figure 1.4: Fuel Cell Electric Vehicle structure.

management, with zero local emission. As shown in Fig. 1.1, in 2020, BEVs were the most

produced with a final stock close to 9 millions.

On the other hand, BEVs spread is still hampered by several factors, the most important

of which can be summarized in limited driving range autonomy, high costs for production and

maintenance of the battery pack. The critical aspects are mostly related to the management of

battery cells, because their energy still do not guarantee driving cycles comparable to ICEVs and

the time required to charge them is not competitive compared to fuel refill.

Beside the possible improvements on the battery chemistry, important advantages can be

4
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Figure 1.5: Battery Electric Vehicle structure.

obtained by optimizing the electrical circuits which regulate the energy conversion of the battery

cell. As a matter of fact, for any type of EVs, an electronic converter is needed as link between

the motor and the energy source. Both fuels and battery cells generate electricity in form of

DC voltage, whereas the motor requires AC voltage. The conversion is performed by a DC/AC

electronic converter, in charge of modifying not only the form of energy but also the voltage and

current levels according to the torque and speed required from the propulsion system.

The electronic converter covers a strategic role in an electrical powertrain, by significantly

affecting the overall system efficiency. Indeed, the converter operations affect the life duration of

the motor - eventual high slope in output voltage bring to the reduction of the windings insulation

- and the management of the energy source -, high converter losses and wrong utilization can lead

to reduction of the driving range and, in case of BEVs, battery cell life cycle.

This dissertation finds its motivation in discovering new solutions in terms of converter

topologies and optimization of the energy conversion process. Specifically for the BEVs, the new

concepts of converter design leads to different battery cells configurations, aimed to improve the

motoring phases, optimize the energy management and reduce the charging time. This research

work is centred on the utilization of multilevel converters in EV powertrains. The main focus

was the definition, study and realization of a new converter for a full electric BEV powertrain.

The Reconfigurable Cascaded Multilevel Converter (RCMC) has been designed with the goals of

5
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improving the management of the battery cells and increase the performance standards of the

current powertrains.

1.2 Structure of the thesis

The dissertation is structured as it follows.

• The second chapter presents an excursus on power converters employed in EV powertrains.

Specifically, the conventional two-level inverter topology is shown and described, in

terms of architecture and possible modulations. However, the two-level inverter presents

mainly two drawbacks consisting in efficiency drastic drops when working at partial load

conditions and the necessity to have a fixed connection between the battery cells. Therefore,

the chapter continues by describing the strategies developed to improve these aspects. The

two corrective measures mostly suggested can be summarized in decreasing the overall

losses due to the power devices and the insertion of a middle-stage DC-DC converter to

control the battery pack voltage in a way that the two-level inverter can always work at

nominal load.

Although all developed strategies, the two-level inverter cannot accomplish with an op-

timum battery system management because the stiff connection within the battery pack

still limits the efficiency at the weakest cell. Therefore, the studies did not only focus on

the converter architecture improvements but on a general concept revision of the battery

system to improve the energy conversion. New suggested topologies belong to the category

of Multilevel Converters, which bring several benefits for both converter and energy system.

The fixed battery pack is split in several modules, each of which is controlled by a dedicated

and unique converter. The serial connection of these converters characterize one phase of

Multilevel Converters. The modular structure allows to increase the DC link voltage and

reduce the device stress, ensuring low current THD values and dv
dt on the motor windings.

Moreover, the disposition of the battery system over different modules and phases allows

6
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to develop customized strategies to balance the battery modules and maintain under control

the thermal distribution.

The latter approach is brought to its extreme, giving birth to the Reconfigurable Battery

Systems, in which each cell can be accessed and individually managed to optimized the

energy delivery and enhance fault tolerant strategies. The more is the degree of accessibility,

the more is the system complexity. As matter of fact, the possibility of controlling each

battery cell is guaranteed by placing a large number of switches and developing a detailed

control architecture.

• The third chapter is focused on the description of the new topology - called Reconfigurable

Cascaded Multilevel Converter (RCMC)- specifically developed in this Ph.D. project. The

RCMC merges the functionalities of a power converter and a BMS, improving the battery

system management and allowing an optimized energy conversion. Firstly, the basic

operative functionalities of the converter are described and explained. The modulation

strategy is described with a particular focus on the corrective actions taken for low voltage

operative conditions. Then, an efficiency comparison between different architectures of the

RCMC is carried out to optimize the topology and minimize the losses. Finally, the RCMC

is compared with other three topologies in terms of battery and converter efficiencies to

show its competitiveness with respect to the state of the art.

• The fourth chapter analyses the RCMC in three different case studies: motor drive, charging

configuration and BESS application. For all three operative conditions, the applications

background are explained and the simulation outputs are discussed.

• The fifth chapter faces the construction of one RCMC submodule. The new topology

allows to access each cell by placing a coherent number of switches in the connection of

the battery system. The high number of switches and the topology complexity significantly

affect the design and concept of the RCMC. The control architecture is firstly described,

followed by a detailed explanation of the PCBs design.

7
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• The sixth chapter shows the experimental results. The RCMC is firstly used to power a

RL load and, then, connected to an AC programmable power system to reproduce both

motoring and regenerative phases. The battery cells voltages during discharging and

charging processes are shown, to validate the features of the new converter. Moreover,

voltage and current output waveforms of the converter are shown to prove the low THD

values; the voltage and current of one battery cell are measured to show the insertion

dynamics. Finally, the low voltage modulation is validated with experimental results.

• The seventh chapter concludes the dissertation, highlighting the results obtained and giving

an overview on the future works.

8



CHAPTER

2 Literature Review

The powertrain assumes a key role in a vehicle, being responsible of creating power from

the engine and transferring it to the wheels. In ICEVs, the powertrain is demanded to convert

the thermal energy given by the fuel in kinetic energy in the engine and then deliver it via the

transmission and driveshaft as torque to the wheels. In BEV powertrains, the energy is already an

electrical energy whose form has to be transformed to correctly power the motor.

Fig. 2.1 shows the conventional scheme of a BEV powertrain, consisting in three main

elements:

• the battery pack, intended as a fixed structure of serial and parallel connections of several

battery cells, to reach the voltage and current ratings required by EVs application.

• the electronic converter, which is required to feature a bidirectional energy flow, perform-

ing both energy conversion DC/AC and AC/DC, in motoring and regenerative phases,

respectively.

• the electrical motor, which usually in more modern solutions is represented by a permanent

- magnet synchronous machine (PMSMs), because it fulfils the EV requirements of high

power density, wide speed range and high reliability [7].

The converter topology mostly employed in traction application is the two-level Voltage

Source Converter (VSC). BEVs application has inherited the two-level VSC from large drives in
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Figure 2.1: BEV powertrain scheme.

industrial applications, where this topology is widely used. The benefits of using a well-known

topology are the possibility to be faster in terms of production and to have less development costs.

Moreover, the two-level VSC has been widely investigated and studied under many aspects such

as reliability, fault conditions, modulation strategies, etc.

2.1 Two-level VSC

The electrical schematic of the two level VSC is shown Fig. 2.2: it consists in three legs, formed

by the serial connection of two switches; the AC output phase is placed between them. Each

leg, also referred as pole, is connected to the positive and negative terminals of the DC source,

whose voltage rating limits the output AC voltage. The term two-level identifies the two states

that the AC pole voltage can assume according to the switches states, equal to 0V and the dc

source voltage.

The pole voltages can be referred to the negative terminal of the DC source (N) or to the

machine neutral (n), obtaining two voltage sets vAN, vBN, vCN and van, vbn, vcn respectively.

The pole voltage referred to N can be either equal to Vdc or 0, if the upper or lower switches are

turned on, respectively. Therefore, the output voltage of each pole to N can be considered DC

biased of a value equal to V dc
2 ; conversely, when they are applied to the three-phase motor, the net

10
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Figure 2.2: Two-level VSC.

effect cancels the dc bias and both the line and phase voltages delivered to the motor are purely

AC. Each switch is paired with a body diode to permit the reverse current capability [5].

The modern electric drives are supplied with PWM waveforms, obtained with appropriates

modulation strategies. In the next section, the Sinusoidal Pulse Width Modulation (SPWM) and

the Space Vector Modulation (SVM) will be described.

2.1.1 Sinusoidal PWM

The SPWM uses three sine waves - usually obtained as output of a feedback control loop -,

with 120° phase difference with each other, and a high frequency triangular carrier to generate

constant amplitude pulses with different duty cycles. The gate signals are obtained by comparing

a sinusoidal wave, one for each leg, with the triangular carrier: the switch is turned on if the sine

wave voltage is greater than carrier, otherwise it is turned off. The comparison result is a stream

of pulses which determines the duty cycle of the upper and lower switches. Fig. 2.3 shows the

SPWM signal generation technique for three-phase VSC. The frequency of the sine waves and

the triangular carrier are chosen according to the required output and switching frequency of the

VSC, respectively.

The following theoretical discussion represents the average modelling of the two-level inverter

and only the signal at the fundamental frequency is considered. The pole voltages referred to N

11
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Figure 2.3: PWM modulation.

oscillate sinusoidally between 0V and Vdc:

vaN =
Vdc

2
+
√

2Vpcos(θ) (2.1)

vbN =
Vdc

2
+
√

2Vpcos(θ − 2π

3
) (2.2)

vcN =
Vdc

2
+
√

2Vpcos(θ − 4π

3
) (2.3)

where Vp is the rms value of the pole voltage. In a balanced three-phase system, the neutral of the
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motor is equal to half of the dc link voltage:

VNn =
Vdc

2
(2.4)

Therefore, the phase voltages insisting on the motor are equal to:

van(θ) = vaN(θ)−VnN =
√

2Vpcos(θ) (2.5)

vbn(θ) = vbN(θ)−VnN =
√

2Vpcos(θ − 2π

3
) (2.6)

vcn(θ) = vcN(θ)−VnN =
√

2Vpcos(θ − 4π

3
) (2.7)

Being the phase-to-neutral peak value maximum equal to the half of the dc link voltage:

√
2Vp =

Vdc

2
(2.8)

The maximum phase-to-neutral voltage will be equal to:

Vp =
Vdc

2
√

2
= 0.354Vdc (2.9)

The duty cycle can be written as:

d(θ) =
Vp(θ)

Vdc
(2.10)

By substituting the equation of the pole voltages (2.1) -(2.3) it is possible to determine the

equation of the duty cycle for each phase:

da(θ) =
1
2
+

√
2Vp

Vdc
cos(θ) (2.11)
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db(θ) =
1
2
+

√
2Vp

Vdc
cos(θ − 2π

3
) (2.12)

dc(θ) =
1
2
+

√
2Vp

Vdc
cos(θ − 4π

3
) (2.13)

The fundamental VSC output voltage can be increased by adding a third harmonic to the

SPWM. The phase voltage increases of the factor 1
cos( π

3 )
, which results in 1.1547 times higher

than the conventional SPWM. The key parameter used to define the peak phase voltage in relation

to the half of the DC voltage is called modulation index m:

m =

√
2Vph
Vdc
2

=
2
√

2Vph

Vdc
(2.14)

2.2 Space Vector Modulation

The Space Vector Modulation (SVM) is a digital pulse-width modulation technique. The theoreti-

cal analysis starts with the assumption that any three-phase system (i.e. ax(t), ay(t), az(t)) can be

represented with a unique rotating vector as:

as =
2
3
[ax(t)+aay(t)+a2az(t)] (2.15)

where a = e j 2π

3 and a2 = e j 4π

3 .

For a three-phase system, the vectorial representation can be written as:

Aα

Aβ

=
2
3

1 −−1√
2

−1√
2

0
√

3
2 −

√
3

2




ax

ay

az

 (2.16)

where (Aα ,Aβ ) are the components of the representation of a vector in a complex plane, as
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as = Aα + j ·Aβ . The reverse transformation can be written as:

ax(t) = Re|as|+a0(t) (2.17)

ay(t) = Re|a2 ·as|+a0(t) (2.18)

ay(t) = Re|a ·as|+a0(t) (2.19)

where a0(t) = 1
3 [ax(t)+ ay(t)+ az(t)] represents the homopolar component. The final results

is the unique correspondence between a three-phase system and a Space Vector representation.

Excluding the simultaneous conduction of switches belonging to the same leg, the switching

states of the two-level converter define eight configurations, shown in Table 2.1. The six vectors

have a magnitude of 2
3Vdc and present a phase displacement equal to π

3 , while the remaining two

are equal to zero. The graph is shown in Fig. 2.4 (a). In the frame αβ , the voltage vectors draw a

hexagon, as shown in Fig.2.4 (a). Each point within the area drawn by the hexagon represents

one feasible output voltage of the two-level inverter. Taking Fig. 2.4 (b) as reference, the voltage

output Vs can be obtained as result of combination and discretization of the eight known vectors.

Table 2.1: Switching state configuration.

Conf ON OFF VaN VbN VcN Van Vbn Vcn
0 QLa, QLb, QLc QUa, QUb, QUc 0 0 0 0 0 0
1 QUa, QLb, QLc QLa, QUb, QUc Vdc 0 0 2

3 Vdc
1
3 Vdc −2

3 Vdc
2 QUa, QUb, QLc QLa, QLb, QUc Vdc Vdc 0 1

3Vdc
1
3Vdc 0

3 QLa, QUb, QLc QUa, QLb, QUc 0 Vdc 0 −2
3Vdc

2
3Vdc

1
3 Vdc

4 QLa, QUb, QUc QUa, QUb, QLc 0 Vdc Vdc 0 1
3Vdc

1
3Vdc

5 QLa, QLb, QUc QUa, QUb, QLc 0 0 Vdc −1
3Vdc

1
3Vdc

2
3Vdc

6 QUa, QLb, QUc QLa, QUb, QLc Vdc 0 Vdc
1
3Vdc −2

3Vdc
1
3Vdc

7 QUa, QUb, QUc QUa, QUb, QUc Vdc Vdc Vdc 0 0 0
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2.3 Further improvements of 2-level VSC in electrical power-

train

The two-level VSC performance has been widely studied to investigate the topology weaknesses

and, possibly, improve them. In general, the two-level VSC efficiency strictly depends on the

operative power conditions. In industrial applications, where drives are required to work mostly

at nominal load, a two-level inverter made of Si IGBTs reaches 97% of efficiency; the same

values are obtained for BEVs powertrain application when speed and torque required coincides

with the nominal system ratings [8].

However, the energy demand of an EV fluctuates with the driving cycle ranges, which often

require low or medium load conditions. Being all electronic devices designed to minimize

the losses at nominal loads [9], the efficiency of the VSC drops for partial loads, reaching

minimum values equal to the 80% [10]. According to [11, 12], the overall efficiency of a

two-level VSC ranges between 85% and 90% in comprehensive driving cycles - i.e. WLTP

(Worldwide harmonized Light vehicles Test Procedure) or NEDC (New European Driving Cycle)

(a) (b)

Figure 2.4: (a) The eight configurations defined by the switching states. (b) Voltage discretization
with SVM.
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cycles, which are the global and european standards to assess the CO2 emissions of one vehicle,

respectively [13]. Therefore, the enhancement of the two-level efficiency in BEVs powertrain has

been investigated by focusing the attention on partial loads operations.

Many studies have been focused on analysing all factors contributing to the converter ef-

ficiency. The aspects mainly investigated were the reduction of the power losses due to the

switches and the insertion of an extra middle stage converter to modify the operative ranges of

the two-level inverter.

2.3.1 Power losses reduction

Many strategies have been developed to reduce conduction and switching losses. As an example,

in [14] the authors propose to connect several IGBTs in parallel to vary the active chip area

during the working operation. The losses minimization can be achieved by increasing the number

of active IGBTs during the nominal load operation - when the conduction losses are prominent

over the switching losses - and reduce active area during the partial load - when the switching

losses outweigh the conduction losses. Other studies recommend the substitution of IGBTs with

wideband gap based devices, mostly SiC MOSFETs to improve the efficiency. Indeed, [15–17],

authors carried out efficiency analysis on various driving cycles claiming the reduction of the

switching losses of an amount which ranges between 50% and 80%. The reduction of power

losses allows to design converters with higher energy density and compact cooling systems

thanks to the drop of the operating temperature. However, the utilization of SiC MOSFETs

is still debated because of the high production costs and their reliability. Indeed, since the

conventional qualification tests are not sufficient to determine eventual failure in SiC technology,

more protocols are in definition to match the different physical properties [18].

2.3.2 Insertion of a middle stage converter

Together with the optimization of devices operation, the improvement of the efficiency at partial

loads has been found to be possible by varying and controlling the inverter supply voltage.
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Specifically, several studies have proposed the insertion of a middle-stage bidirectional DC/DC

inverter, either a boost or buck-boost, between the battery pack and the VSC inverter, as shown in

Fig. 2.5.

The majority of the research works adopts a bidirectional DC/DC boost converter to implement

a variable voltage-control. In [19], the authors present the advantages of the new system consisting

in the increase of the power outputs without modifying the battery pack size and the minimization

of the power losses by adjusting the working point of the motor. Basically, the insertion of the

DC/DC converter allows to design independently the battery pack and the inverter, gaining in

system flexibility and production costs [20].

The supply voltage is strictly dependent on its back electromotive force (EMF) - the EMF is

equal to the supply voltage subtracted by the voltage drop on the armature resistance -, which is

proportional to the operating speed. Therefore, the voltage required to the battery pack increases

with the speed range of the motor. The introduction of the DC/DC converter allows to design

the battery pack to guarantee only the supply voltage for low machine speed range and boost

it to manage the high speed range. For intermediate speed ranges, the DC/DC converter can

be controlled in order to output a variable voltage in accordance with the motor speed. Fig.

2.6 shows the required voltage over the mechanical speed. Specifically, the variable-voltage

control can be implemented to keep the modulation index equal to specific reference values,

taken large enough, to reduce the harmonic distortion and increase the overall efficiency. [21]

carried out an efficiency comparison between a two-level VSC and a two-level VSC connected

to a DC/DC boost converter, by analysing both motoring and regenerative braking conditions

in different speed ranges. The simulation results show an effective improvement on the overall

system efficiency, confirmed by experimental tests.

However, the adoption of an extra DC/DC converter may create many disadvantages: the

insertion of extra active and passive components - electronic devices, inductors and capacitors -

leads to the generation of additional power losses, the increase of the overall size of the powertrain

and eventual reliability issues. Many research works have appeared in the scientific literature
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Figure 2.5: Architecture DC/DC converter connected with a two-level inverter.

Figure 2.6: Voltage speed characteristic curve for a PMSM.

aiming the improvement of the efficiency of the DC/DC converter and they can be categorized in:

• Soft-Switching approaches, such as Zero Voltage Switching (ZVS) and Zero Current

Switching (ZCS), aiming to drastically reduce the switching losses, which represent a
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substantial contribution to the overall losses. In SAZZ (Snubber Assisted Zero voltage and

Zero current transition) approaches, the DC/DC converter is equipped with an auxiliary

snubber circuit which nails to zero the turn on losses and significantly reduces the turnoff

losses [22].

• Parallel interleaved converters and coupling inductors approaches are adopted to reduce

magnetic losses and eventually switching losses [23]. Interleaving is a technique that uses

multiple switching converters connected in parallel to an input and output bus. Interleaved

DC/DC converter reduces the rms current flowing in the capacitors, with consequent

reduction of the switching losses and passive components size and ratings.

• Three-level converters [24] approaches aim to reduce the voltage rating of the electronic

devices by a factor of 2. Moreover, the reduction of inductor volt-seconds brings to halv

the switching frequency. As a consequence, the inductor size can be also reduced.

• Z-source inverter [25] approaches combine the DC/DC converter and inverter functionali-

ties. Its equivalent DC/DC stage is capable of producing higher or lower voltage outputs,

allowing a wider voltage control.

• Composite Converter architecture [26] approaches are introduced to split the energy conver-

sion process in different stages, each of them assigned to a dedicated low power converter

module. All converters are cascaded connected to form the overall conversion system.

The composite structure allows to optimize independently the single module, resulting in

efficiency improvements over different ranges of operating conditions.

2.3.3 Management of the battery system

However, the insertion of a middle-stage converter does not completely solve the problem

related to the battery pack operative conditions. Despite of the improvement of the VSC perfor-

mance, the traditional multi-cell battery systems still have some significant issues. The recurring
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phenomenon of the unbalanced voltages within the cells connected in series, due to internal

chemical processes which determine different dynamic behaviours [27], negatively affects the

energy exchange rate. Battery cells connected in series share the same charging/discharging

current; the different intrinsic characteristics may lead to the case in which one battery cell

is getting charged/discharged faster than the others. For safety reasons, battery cells cannot

operate above/below their maximum/cut-off voltages, therefore, when one weak cell is fully

charged/discharged, the entire string, to which it belong, has to be excluded from the operations.

Since EV battery packs usually have several strings connected in parallel, if one cell is much

weaker than the others, the exclusion of one string from the charging/discharging process means

the complete interruption for the overall battery system. Furthermore, the chemical intrinsic

difference of the battery cells emphasize as the utilization rate of the battery pack increases [28].

Specifically, in EV application, since discharging and charging cycles are requested on daily basis,

cell unbalances phenomena cover one of the most critical aspect of energy system management.

As a result, a system control unit, also called battery management system (BMS), is used to

regulate the operating conditions of the battery systems. BMSs are responsible not only for cell

balancing but also for temperature monitoring, voltage and current acquisitions, ageing issues and,

more in general, for detecting any abnormal conditions at infrastructure level [29]. BMSs cover

a fundamental role in the energy conversion management and their architectures varies as the

internal connection of the battery system varies; in [30], several examples of BMS technologies

employed in EVs are presented.

In general, the basic architecture for BMSs in EVs is a master-slave scheme, where the

sub-controllers directly monitors and operates on a determined group of cells and then send the

information to the main controller, as shown in Fig. 2.7. According to the method used to perform

the balancing process of the group of cells, the BMS structure can be categorized in passive and

active [31]. Passive BMSs achieve the balancing by removing excess energy from the higher

voltage cell by connecting either a fixed shunt resistor [32] or a controlled balancing resistance

[33]. Active BMSs, instead, transfer the energy in excess from the most charged cells to the
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Figure 2.7: BMS architectures: centralized - implemented with one master controller and several
slave controllers - and distributed - each unit is equipped with a microcontroller.

less charged ones by auxiliary circuits made of inductors and capacitors [34]. The advantages of

passive BMSs consist in easy implementation and management, lower costs and smaller sizes.

Nevertheless, excess charge is dissipated as heat, resulting in low energy efficiency and eventually

creating hot-spot within the battery pack. Conversely, active BMSs higher efficiency is achieved

by increasing the components costs and the management complexity [35]. As an example, in

[36], a passive and an active BMSs are compared showing a higher efficiency for the second one

at the expense of a lower equalization dynamic and a more complex structure.

The local management of battery cells is becoming increasingly important given the choice

of the automotive companies to increase the voltage rating of their battery packs up to 800 V. As

examples, Aston Martin E is equipped with a 800 V battery pack [37], Lucid Air will use 900 V

batteries [38], while Hyundai announced that they will enable 800 V systems in their EVs [39].

Indeed, having higher voltage battery pack allows to reduce the size and weight of the power

cables, the charging time [40] and the motor currents, improving the overall system efficiency

[41].

However, the benefits mentioned are accompanied by new challenges regarding the power

electronic and the control units. Even if the current reduction leads to lower conduction losses,

higher voltage contributes to higher switching losses if the conventional two - level VSC is used

22



CHAPTER 2. LITERATURE REVIEW 23

[42]. Moreover, the avoidance of cell unbalances assumes a critical role, in order to not loose the

high efficiency energy delivery related to higher voltage battery and to not provoke consequent

thermal issues. Indeed, abnormal increase of temperature may be caused by overcharge and

overdischarge phenomena. The worst case scenario is represented by the so called thermal

runaway, when the temperature increase of one battery cell generates a chain reaction for which

the other battery cells start to increase the temperature too. In this conditions, the operation must

be stopped. Therefore, the higher is the number of battery cells serially connected, the more

sophisticated is the BMS architecture required. Furthermore, the utilization of passive BMSs may

compromise the already unstable thermal situation, in case either the number of battery cells to

be discharged is large or the power in excess is significant.

As a consequence, the research works, described in this thesis, started to focus on structural

change of the EVs converter. The basic concept was to make the battery pack a flexible structure,

dividing it in more modules. In this way, the voltage rating of the equivalent battery pack may

increase without increasing the devices voltage ratings. Moreover, the battery cells management

can be divided in more stages, allowing better performances and enhancing fault detection and

ride-through strategies. Overall, the necessity of improving the battery management finds its

motivation also in the high production and maintenance costs of the energy system, which

constitutes the highest fraction of BEV powertrain cost.

In late 1990s, Multilevel Converters (MCs) started to be suggested as valid candidates for

EV powertrain, because their structure allows to split the conversion processes in smaller stages

keeping high efficiency standards and guaranteeing low THD current values. In automotive

applications, the employment of MCs allows to divide the battery pack in several modules, each

of which associated to one stage. Moreover, the equivalent DC link can be increased indefinitely

without having strict necessities on the devices voltage ratings, because each device faces the

power related to its own stage.

Later on, when battery system storages became strategic also for grid applications, the

necessity of performing active strategies moved the research area to reconfigurable battery

23



24 CHAPTER 2. LITERATURE REVIEW

systems (RBSs), which provide accessibility to each battery cell of the original battery pack.

Despite of the complex structures, RBSs are providing large room for improvements in energy

system management.

2.4 Multilevel Converters

The adjective ”Multilevel” is referred to the unique structure of these topologies, which are able

to synthesize a desired output voltage from several levels of DC voltages. The possibility to

divide the unique DC source in multiple sources makes the Multilevel Converters (MCs) highly

recommended for medium and high power applications [43]. Each source is connected to a

dedicated converter, whose main role is to insert or exclude it from the operation, according to

the converter control. These converters are serially connected, creating a modular and redundant

structure, adding the possibility to enhance the fault detection and ride-through strategies. More-

over, the multilevel structure allows to span the overall DC link voltage on the several electronic

devices connected in series, decreasing in this way their required voltage rating. The more are the

converters serially connected, the more are the levels and the more are the output voltage steps

which generate a staircase shape.

The characteristics above described permit to reduce the dV
dt on the output voltage and the

switching frequency, usually root causes of motor bearing failures and large switching losses,

respectively. The most known MC topologies employed in traction application are described in

[44], with an exhaustive discussion of their advantages and disadvantages. However, the field

of choice is reduced for EVs applications, where high reliability, limited size and weight and

modularity are favoured. Therefore, the research works focused mainly on two topologies -

Modular Multilevel Converter (MMC) and Cascaded H-Bridge (CHB) -, which will be described

in details in the next subsections.
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2.4.1 Modular Multilevel Converter

The basic structure of a three phase MMC is shown in Fig. 2.8. The DC source is connected

in parallel to three phases; each phase, also called leg, consists in a serial connection of several

submodules (SMs), distributed among two arms- the upper and the lower arms, respectively -

connected via two inductors. The AC terminal is placed between the two arms. The structure

of each SM can be decided according to different requirements; between all the possible SM

architectures [45], the most widely adopted for traction application are the half-bridge or the

H-bridge converters, shown in Fig. 2.8.

Before being considered valid candidates for electric transportation, MMCs found its core

application in HVDC. In this case, each SM is equipped with a floating capacitor, which represents

one elementary voltage level. The modular structure allows to extend the voltage levels without

any limits, by simply adding more SMs to each leg. In practice, the maximum number is decided

in accordance with power losses and control complexity requirements. Despite of these limits,

the MMC is much more efficient and more reliable than the two level VSC. The efficiency

improvements are related to the possibility of reducing the switching frequency and still keeping

low THD current waveforms. The higher reliability is achieved thanks to the redundant design,

reduced stress on electronic components and possibility to use medium voltage semiconductors for

high power applications. Furthermore, the redundant structure allows to implement fault-tolerant

strategies in order to not interrupt the converter operation even in case of faulty conditions.

The benefits above mentioned make the MMC a suitable topology also for EVs application. In

[46] and [47], the authors propose a MMC topology with integrated battery cells: the DC voltage

is not anymore connected as external source but it is synthesized directly from the appropriate

management of the SMs. The new topology and the correspondent submodule are shown in Fig.

2.9. Specifically, the MMC assumes the functionalities of both the 2-level VSC and BMS, by

installing one battery cell in each submodule in order to combine the energy conversion with the

battery management. In [48], an efficiency assessment of the MMC is carried out by comparing

its performances with the two level VSC: the final results show a predominant position for the
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MMC for the light load operations. Furthermore, the MMC can balance the battery cells for an

initial 30% imbalance; conversely, the two level VSC still needs the BMS actions to achieve the

same result.

Neglecting the issues related to negative sequence of the circulating currents and the voltage

ripple on the submodules [45], the main drawback of this topology lies on the available AC

output voltage. As an example, in [46] the MMC is controlled in order to keep constant the

voltage between the positive and negative busbars; therefore the two arms in each leg activates a

complementary number of submodules. The two reference voltages for the top and the bottom vrt

and vrb arms- valid for any phase- referred to the phase voltage vp can be written as:

vrt =
Varm max

2
− vp (2.20)

vrb =
Varm max

2
+ vp (2.21)

It is possible to calculate the phase voltage as:

Varm max

2
≤ vp ≤−Varm max

2
(2.22)

Therefore, the maximum phase voltage vp max is equal to half of the arm voltage. In other

words, the load peak voltage is equal to one fourth of the voltage installed within one phase.

In terms of costs, this limitation can be overcome considering that the battery cells capacity is

halved compared to the load rating, being the current contributions equally divided between the

top and bottom legs. On the other hand, under the same conditions of power and voltage, the

current rating of the motor fed by the MMC may double compared to the value required by the

two-level VSC.
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Figure 2.8: Modular Multilevel Converter with two submodules topologies: H-Bridge and Half-
Bridge.

2.5 Cascaded H-Bridge

The basic structure of a three-phase CHB is shown in Fig. 2.10. Each leg is characterized by the

serial connection of several SMs, which consist in full-bridge converters. The phases of the motor

are directly connected to the CHB phases, without extra passive components. In this case, whether

the CHB is employed for grid or EV applications, the independent DC sources are distributed

among the SMs. The adoption of the bidirectional full-bridge converters allows to obtain three

voltage levels for each SM, as shown in Fig. 2.11. As a consequence, in contrast to MMC, the
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Figure 2.9: Modular Multilevel Converter used for EV powertrain.

peak of the sinusoidal output wave corresponds to the sum of the voltages installed within one

phase. Specifically, if ds is the number of dc sources per phase, the CHB can synthesize an output

voltage waveform with a number of levels n equal to 2ds+1 with a peak voltage equal to nVdc,

where Vdc is the voltage of each DC source.

The CHB was suggested for large electric drives the first time in 1998, in [49]. The authors

developed a 11-level converter controlled with a staircase modulation obtaining higher efficiency

compared to PWM inverters, less stress for the devices and no voltage sharing problems. Since

then, several research works proposed the CHB as valid candidate for traction application: in
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[50], the CHB is used in a HEV powertrain and operates in order to manage the DC sources in a

balanced way; in [51], a five-level CHB driver with charge equalizer functionalities is presented;

in [52], the authors present a numerical and experimental analysis for the CHB in automotive

application, highlighting the benefits of improving the battery management, output waveform and

thermal distribution. It is important to remark the work presented in [53], where a 7-level CHB

is compared with the two level VSCs - built with IGBTs and SiC MOSFETs, respectively- in

terms of efficiency, costs analysis and influence on the powertrain design. The final results show

that the CHB is more efficient at partial load and mantain comparable efficiency values at full

load. Moreover, even if the cost of the converter may be higher compared to the two-level VSC,

the better management of the battery system allows to increase the driving range, decreasing the

overall cost of the powertrain. In terms of volume, the two-level VSCs are the favourite topology.

On the other hand, the modular structure of the CHB allows to place the submodule on the battery

module heat sink, increasing the height of the battery pack of only 1-2 cm.

However, the CHB topology have some issues which undermine its validity for EV application.

First of all, the battery management improves as the number of submodules and the consequent

amount of power electronics increases. Nevertheless, in [54] an optimization analysis shows that

the best number of submodules per phase ranges between 3 and 4. Therefore, it is not feasible

keeping high efficiency standard and completely remove the BMS functionalities. Moreover, in

contrast to MMC, which allows the charging process either from AC and DC chargers [46], the

three-phase CHB is preferred for charging processes from AC sources. This limitation covers a

critical point, considering that many of the fast charging and ultra fast charging infrastructures

provide DC voltage and current [55].

2.5.1 Modulation strategies

The modulation strategies for both MMC and CHB lies on the same concept, which are then

exploited in different ways according to the topology needs. For both converters, the Space

Vector PWM is feasible but the larger are the voltage levels, the more are the possible switching
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Figure 2.10: Cascaded H-Bridge topology.

Figure 2.11: H-Bridge configurations to obtain the three output voltage levels: 0 V, + Vdc, - Vdc

states. Usually, the number of possibilities is too high, therefore, other PWM techniques and

different strategies have been studied.

During 1990s, in [56] the first PWM technique suitable for multilevel converters was presented.

The idea is to adopt one modulation signal - per phase - and a number of carriers equal to Nlevel −1
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where Nlevel is the number of the total voltage levels. The authors considered three subspecies of

modulations determined by the carrier dispositions: the Alternate Phase Disposition (APOD),

where the carriers are alternatively in opposition; the Phase Opposition Disposition (POD), where

the carriers are in phase disposition of the positive in opposition with the phase disposed negative;

the Phase Disposition (PD), where all carriers are in phase. These techniques were developed

for the CHB, where the voltage sources are separated. In the MMC, instead, the SM ripples

have to be distributed equally within the leg: therefore, the above techniques were modified by

adding the rotation of the carriers [57]. Another PWM technique based on multiple carriers is

the phase-shifted (PS) strategy [58]. A number of carriers equal to Nlevel −1 are shifted of an

angle equal to 2π

Nlevel−1 and compared to one modulation signal - per phase. This technique does

not reduce the switching losses, since the carrier frequency corresponds to the SM switching

frequency, but it has the lowest harmonic content compared to the techniques above mentioned.

The four modulation techniques are shown in Fig. 2.12.

To further reduce the switching losses, the Nearest Level Modulation (NLM) is presented

in [59]. This modulation strategy determines the voltage levels by approximating the voltage

modulation demand Vm∗:

Nlevel =
Vm∗
Vdc

(2.23)

The mathematical approximation introduces low frequency harmonics, particularly visible

with a limited number of SMs. However, this solution is specifically adequate for application

with a large number of submodules because it is easy to be implemented and reduces drastically

the switching losses. The NLM is shown in Fig. 2.13.

2.6 Reconfigurable Battery Systems

Reconfigurable Battery Systems were created with the aim of changing the battery interconnection

pattern according to the cell characteristics and load demand. As shown in Fig. 2.14, the
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Figure 2.12: (a) APOD, (b) POD, (c) PD, (d) PS modulations.

modification of the battery pack topology is achieved by surrounding each cell with a pattern of

switches to be controlled according various control schemes. The main benefits of the RBSs are

widely explained in [60] and can be summarized as:

• fault tolerant strategies can be drastically enhanced. In fixed battery packs, faulty conditions

force the stop of the operations and, if not detect on time, they may lead to waste of energy
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Figure 2.13: Nearest level modulation.

and materials; in RBSs, the dynamic reconfiguration allows to isolate the local faults and

perform quick disconnections/connections of the damaged/healthy cells.

• Charge and temperature balancing can be performed in faster and easier way, compared to

battery packs. As already explained above, charge and temperature disparity between the

cells seriously affect the energy delivery and reduce the longevity of the battery system,

respectively. By adequate reconfiguration strategies, the state of charge (SOC) equalization

can be achieved in half of the time [61] and the temperature monitoring can be done in a

capillary way.

Moreover, battery cells experience ageing processes, which increases with the utilization

rates. In EVs application, battery cells with less than 80% of their rated capacity are

then moved to other applications, where the requirements are less strict [62]. A correct

management of RBSs allows to increase the first-life usage, by allowing customizable

balancing algorithm and thermal control routine to reduce the battery cells stress. RBSs

can even cover a more strategic role during the second-life usage, where the battery cells

are weaker and they do really need a careful control routine to be correctly exploited.

• The energy absorbed and delivered by the battery system can be extended. During the
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charging/discharging process, the cells already fully charged/discharged can be discon-

nected from the system to allow the rating charge/discharge for the not charged/discharged

cells. By planning the battery operation, the range of the energy delivery can be easily

extended [63, 64].

• Inclusion of different chemistry batteries is possible by appropriately implementing control

algorithms. The idea of mixing various technologies was proposed in [65], supporting the

idea that the points of strength and weakness of different chemistries can be exploited over

the operating condition ranges.

However, there are many technical challenges to be addressed for RBSs design [66]. The most

important is finding a trade-off between the system complexity and the maximum reconfiguration

patterns. The more are the possible interconnection paths between the cells, the more flexibility

can be achieved in RBSs management; on the other hand, this will increase the control com-

plexity, costs and size. Therefore, RBSs design should be assessed according to the application

requirements, to ensure scalability, reliability and cost-effectiveness.

In EVs application, the adoption of RBSs may mitigate the issues related to the battery system

mismanagement. Nevertheless, reconfigurable systems do not perform any conversion between

DC and AC voltage; therefore, RBSs still need the connection to a DC/AC converter to power the

motor. Depending on the reconfigurability options, RBSs may have significant losses to be added

to the ones due to the DC/AC stage, affecting the overall efficiency system.

Therefore some other hybrid solutions have been developed. The latest trend is proposing

the concept of ”Smart batteries”: in [67], cells are autonomously able to evaluate the optimal

switching pattern, reducing the voltage ripple and equalizing their SOC according to the average

values; in [68], each cell is connected to a half-bridge converter with an embedded microprocessor,

responsible for the control algorithms of balancing and monitoring; in [69] BMS functionalities

are integrated at cell level by inserting radio-frequency identification (RFID) to perform cell-to-

cell communication; in [70], the monitoring system is performed by a battery-wireless system.

Finally, RBSs and smart battery cells are in their early stage of concept and definition. As
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Figure 2.14: An example of a Reconfigurable Battery System.

an example, mathematical models to describe and/ or optimize RBSs and possible strategies are

still under investigations, due to the difficulties of finding a working trade-off between the high

computational burden and good results.

The new topology presented in this dissertation, called Reconfigurable Cascaded Multilevel

Converter, combines the RBSs and MCs concepts. The structure is formed by the serial connection

of several submodules per phase, in which the battery cells are inserted in a new structure called

Reconfigurable Battery Module. Their role is to perform the insertion and/or exclusion of each

cell by controlling a pattern of seven switches, coherently placed. The Reconfigurable Cascaded

Multilevel Converter allows to merge the features of the BMS and DC/AC conversion, giving

also the possibility to design its architecture according to customizable requirements.
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The Reconfigurable Cascaded Multilevel converter (RCMC) is shown in Fig. 3.1 [71]. Each

phase is characterized by the serial connection of several submodules (SMs). In each submodule,

the cells are organized in fixed structures called Reconfigurable Battery Modules (RBMs), which

permit to implement an individual management of the battery cells. The RBM architecture does

not allow a bidirectional voltage output, therefore, its terminals are connected to a H-Bridge,

which accomplishes two main roles: on one side, it is responsible of inverting the voltage output

when required, and, on the other side, it allows to completely bypass the SM. The SM rated

voltage can be decided according to customized requirements, by simply adding more RBMs in

series.

Through the appropriate selection of the switches, the RBM structure facilitates the imple-

mentation of sorting algorithm for an optimized battery management. During both discharging

and charging phases, the battery cells may be selected according to SOC requirements, in ascend-

ing and descending way respectively. Moreover, if a faulty behaviour is detected, the modular

structure can guarantee a hierarchical action: it is possible to disable a single battery cell or an

entire RBM or, even, one SM without the necessity to stop the normal operation of the drive train.
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(a) (b) (c)

Figure 3.1: (a) Reconfigurable Cascaded Multilevel converter. (b) Submodule structure. (c)
Reconfigurable Battery Module structure.

3.1 Reconfigurable Battery Module

The innovative core of the topology lies on the Reconfigurable Battery Module. Each module

consists of three battery cells and seven switches coherently connected, in order to flexibly select

one or more cells. The conduction path may entail a varying number of switches depending on

the quantity of battery cells to be connected and where they are located within the RBM. Table

3.1 shows the device combinations for all possible battery cells selection. With reference to Fig.

3.2, the more are the battery cells to be inserted, the less are the switches in conduction: four

switches must be turned on for one battery cells, three switches for two cells, two switches for

three battery cells. When all three cells have to be bypassed, the three lateral switches are turned

on. The RBM has only one prohibited configuration: it is not possible to turn on both the battery

cells in first and third positions, without shorting out the second battery cell, as shown in Fig. 3.3.

Different analysis have been carried out to evaluate if the number of battery cells could be

increased within one RBM. The benefits could have been the reduction of switches per battery
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cell with a consequent mitigation of conduction losses and size. As an indicator, the ratio between

the number of switches and battery cells for a three-battery cells RBM is equal 7
3 = 2.33. This

value decreases as the battery cells per RBM increases: as an example, the ratio for ten battery

cells would be equal to 21
10 = 2.1.

However, a larger number of battery cells increases the prohibited configurations. Considering

a four- battery cells RBM, five are the prohibited combinations leading to short circuits, shown in

Fig. 3.4.

The limited number of configurations not only adds a significant computational burden of the

control architecture - a check algorithm is needed to avoid faulty conditions - but also reduces the

effectiveness of the sorting algorithms, which can work properly only when the selection does

not concern an intermediate number of battery cells. In general, a larger number of battery cells

would mean reducing the flexibility of battery cells insertion.

3.1.1 Modulation strategy

The number of voltage levels available Lv for the RCMC corresponds to the number of battery

cells installed within the phase. It can be written as:

Lv = 2 ·Ncell +1 = 2 · (3NRBM)+1 (3.1)

Table 3.1: Device combination for battery selection

Connected batteries Switches turned on
B1 S1,S3,S4,S6
B2 S2,S3,S5,S6
B3 S2,S4,S5,S7

B1 & B2 S1,S5,S6
B2 & B3 S2, S3, S7
B1 & B3 Not allowed

B1 & B2 & B3 S1,S7
None S2,S4,S6
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Figure 3.2: Switches combinations for the insertion of a different number of battery cells: (a) one
battery cell, (b) two battery cells and (c) three battery cells.

where Ncell and NRBM are the number of battery cells and RBM per phase, respectively. Con-

sidering a drive train application with a motor nominal voltage of hundreds of volts, the large

number of battery cells serially connected are sufficient to justify the utilization of the digital

Nearest Level Modulation (NLM). The latter permits to obtain low THD values for the output

current, low dV
dt and allowing a consequent reduction of EMI [18]. Furthermore, the large number

of levels and the adoption of the NLM ensures low switching frequency for all the devices of the

converter. Indeed, each DSP cycle, only the devices connected to the requested battery cells are
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Figure 3.3: Prohibited combination for the RBM.

switched on or off while the H-bridge devices have an equivalent switching frequency equal to

the one of the fundamental output voltage. As validation, in the next chapter, the THD current

values will be shown for different working points.

Different considerations have to be made when the converter works at low voltage conditions.

In that case, the NLM resembles a PWM because the requested output voltage is so low that

the control computes an oscillating number of battery cells around the zero. Therefore, each

DSP cycle, the same pattern of devices is asked to switch, until the sorting algorithms updates

the batteries to be inserted. Especially when the converter works at low voltage conditions, the

sorting algorithm may change the battery order with dynamics close to the minutes. Therefore,

the same pattern of switches are asked to switch at the DSP frequency for a significant amount of

time.

Therefore, a control strategy has been developed in order to distribute the switching pattern

over the different levels, decreasing the equivalent switching frequency for all the devices. The

algorithm can be properly tuned in order to fix the final switching frequency. Fig. 3.5 (a) shows a
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Figure 3.4: Prohibited configurations for a RBM with four battery cells.

typical situation at low voltage operation: the number of battery cells requested ranges between

one and zero. Without any kind of algorithm, the most charged cell would be alternatively

turned on, increasing the switching frequency for a determined number of devices up to the DSP
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Figure 3.5: Insertion order for operative condition at low voltage loads.

frequency. On the other hand, the developed algorithm associates a red flag to the cell which has

been already turned on and off consecutively in a certain period and forces the the insertion of

the next more charged cell. Therefore, as shown in Fig. 3.5 (b), each time the requested number

of battery cells is equal to 0-1-0, different battery cells are inserted. The period after which these

cells can be inserted again it is completely customizable.

3.2 RCMC design optimization

Defined the voltage and current nominal ratings, the RCMC structure is fully customizable.

The number of SMs per phase and RBMs in each SM can be decided according to different

criteria such as energy density, volume optimization, etc. In this section, the converter losses are

evaluated and then used as prior parameter to find the best architecture. The converter efficiencies

are computed by modelling the switching and conduction losses of the devices on PLECS.

The optimization here shown will be carried out assuming that the RCMC powers a three-

phase Permanent Magnet Synchronous Motor (PMSM), whose parameters are listed in Table 3.2.

The PMSM torque-speed characteristic is shown in Fig. 3.6 .

The RCMC losses are mainly due to the conduction contributions while the switching losses

are considered negligible, as already discussed above. The HB losses contribution can be written
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Table 3.2: Motor parameters

Parameter Value Unit
Stator Resistance 0.037 mΩ

Flux constant 0.22075 Wb
Pole Pairs 4

Inductance (Ld = Lq ) 730 µH
Max Torque 320 N·m

Max phase current peak 240 A
Max phase voltage peak 388 V

Max speed 1050 rad/s

as:

PcondHB = 3 ·2 ·NSM ·Rdson · I2
rms (3.2)

where Rdson is the internal HB MOSFET resistance, Irms is the rms value of the load current,

3 is the number of the phases, 2 is the number of switches in conduction and NSM is the

number of SMs per phase. The conduction losses analysis for the RBMs cannot be performed

in analytical way because they strictly depend on the instantaneous output voltage and current

values. According to the voltage requirement, the NLM computes a different number of battery

cells to be inserted at each DSP cycle. Therefore, the number of switches in conduction is not
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Figure 3.6: Torque -speed characteristic curve of the PMSM, used in this dissertation.
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Figure 3.7: Equivalent phase resistance when the battery cells are inserted in progressive order.

constant and the conduction losses must be calculated by averaging the sum of the instantaneous

losses contributions on a period of the output fundamental frequency. Moreover, the equivalent

resistance strictly depends on the insertion order of the battery cells. For the same number of

battery cells to be inserted, the conduction path designed by the switches may drastically change

whether the battery cells belong to the same RBM or/and the same submodule. For this analysis,

it is assumed to select the battery cell in progressive order from the first RBM till the last one.

Fig. 3.7 shows the trend of the RBM switches in conduction, which resembles the equivalent

resistance trend, on half period of output fundamental frequency assuming all battery cells are

inserted consecutively.

Assuming a desired output phase voltage of 388V and a nominal battery cell voltage of

3.6V , the system requires 108 cells connected in series resulting in 36 RBMs per each phase.

Qualitatively, as the total number of RBMs remains the same across the different configurations,

the number of SM is in reality responsible for the overall efficiency. As NSM increases, more

devices are present in the output current path with the risk of increasing conduction losses. On

the other hand, having more SMs leads to a lower HB devices rate voltage resulting, in turn,

in a lower Rdson. Another important characteristic that affects system losses is the possibility

of bypassing all the RBMs in a submodule when they are not needed because of a low output

reference voltage. The bypass of a SM eliminates all RBM switches from the output current path

reducing conduction losses. The effect of this phenomenon is strongly conditioned by the number
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Table 3.3: RCMC architectures parameters.

Architecture NRBM NSM Voltage Ratings [V] Rdson [mΩ] Device
A 36 1 1000 51.4 APTM100UM45DAG
B 12 3 300 4.6 IXFN210N30X3
C 6 6 150 2.5 IXFN400N15X3
D 4 9 100 1.28 IRF100P218
E 3 12 60 0.68 NTMTS0D7N06CL
F 1 36 30 0.40 IPT004N03L

of RBM per SM.

To evaluate quantitatively these aspects, a simulative analysis is carried out by comparing six

RCMC architectures. For each configuration, Table 3.3 shows the voltage rating and the internal

resistance of the devices employed for the six architectures. The voltage ratings and the Rdson are

listed only for the HB devices because their voltage ratings change according to the architecture.

On the contrary, in any configurations, the RBMs devices must face at maximum three times the

voltage of one battery cell. Assuming to use the Li-Ion cells, the maximum voltage seen by one

device is equal to

V RBM = 3 ·4.2V = 12.6V (3.3)

Therefore, the low voltage MOSFET IPT004N03L is chosen with 30 V as Vds and 0.4mΩ as

Rdson. All Rdson reported are valid for a gate-source voltage Vgs equal to 10V, a load current ID

equal to 50 A and a operative temperature Tc equal to 25°C.

Fig. 3.8 shows the efficiency maps for the six RCMC architectures analysed. The first group

of architecture, A, B and C - with the largest number of RBMs installed within each submodule

-, are the less efficient. The main reasons are the higher internal resistance of the devices of

the HB and the necessity to bypass several RBMs within the SM for the most of the operative

condition. Indeed, architecture A does not bypass any RBMs only when the voltage requested

by the control is equal to the nominal value. On the other hand, it is the most efficient within

the first group because the contribution of the RBMs devices needed in bypass configuration
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is less significant compared to the losses due to the HB switches of the architectures B and C.

The second group of architectures, D, E and F, shows a better efficiency in the overall operative

conditions. In this case, the number of RBMs within each submodule is decreased so that, even

at low power conditions, the devices needed to bypass the RBMs are negligible. Moreover, the

H-bridges conduction losses decrease because the switches used have an internal resistance at

least one order of magnitude lower than the first group of architectures. Overall, architecture E

has been selected for further investigation as presents a better overall efficiency on the whole

operative range synthesizing a successful trade-off between the number of RBMs within each

submodule and the internal resistance of the H-bridge devices.

3.3 Comparison with other converter topologies

The RCMC performance is here compared to two other multilevel topologies - the Hybrid

Cascaded Multilevel Converter (HCMC) proposed in [72] and the Cascaded H-Bridge (CHB) -

and a SiC two-level inverter, in terms of converter and battery efficiency, assuming they power the

three-phase motor presented in the previous section. The equivalent battery pack installed within

the three converters is assumed to be 80 kWh, using MOLICEL INR-18650-P26A as battery cell,

with nominal voltage Vbat and capacity Cbat equal to 3.6V and 2.6 Ah, respectively.

3.3.1 RCMC design

The number of battery cells needed in each phase of the RCMC is equal to:

Nbt =
V mot

V bat
=

388V
3.6V

= 108 (3.4)

where Vmot is the nominal phase voltage of the motor. The number of RBMs NRBM for the

RCMC is equal to:

NRBM =
Lv

3
=

108
3

= 36 (3.5)
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Figure 3.8: Efficiency plot for the six RCMC architectures: (a) 1 SM and 36 RBMs, (b) 3 SMs
and 12 RBMs, (c) 6 SMs and 6 RBMs, (d) 9 SMs and 4 RBMs, (e) 12 SMs and 3 RBMs and (f)
36 RBMs and 1 RBM.
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According to the optimization reported above, the RCMC is composed by 12 submodules

with 3 RBMs and 9 battery cells each. The high number of voltage levels, equal to 217, makes

convenient the utilization of the NLM. The equivalent capacity Clv of the battery installed within

each converter level is equal to:

Clv =
Eeq bat

V conv
=

80kWh
3 ·108 ·3.6

= 68Ah (3.6)

where Eeq bat is the energy of the equivalent battery pack and Vconv is the voltage installed within

one phase of the converter. The number Np of battery cells connected in parallel for each level

can be calculated as:

Np =
Clv

Cbat
=

68Ah
2.6Ah

= 26 (3.7)

The devices used for the HB of the converters is NTMTS0D7N06CL and for the RBM is the

IPT004N03L.

3.3.2 HCMC design

The HCMC topology is shown in Fig. 3.9: each battery cell is connected to a Half-Bridge

converter used to select or bypass it. As for the RCMC, in each SM there is a H-Bridge to invert

the output voltage polarity when it is required.

Since the concept of the HCMC design is the accessibility to each battery cell, the design

analysis carried out for the RCMC can be reiterated for the HCMC. The number of battery

cells needed per phase is computed as in (3.4) and it is still equal to 108. In order to have a

coherent comparison, each battery cell is connected to one Half-Bridge; nine Half-Bridges units

are serially connected in each SM. Being the battery cells distribution identical, the parameters

Clv and Np coincides with the values calculated above in (3.6) and (3.7), respectively. Finally,

NTMTS0D7N06CL and IPT004N03L are used as devices for the HB and the Half-Bridges,

respectively.
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Figure 3.9: Hybrid Cascaded Multilevel Converter topology.

3.3.3 CHB design

The comparison would be inconsistent with a CHB with 108 levels because the number of

switches in conduction would be at least double compared to the other two converters. Therefore,

the CHB has been designed according to [12], with three SMs per phase. Each SM has an

equivalent battery module equal to:

V mCHB =
V motor

3
=

388V
3

= 129V (3.8)

Therefore, the number of battery cells serially connected in each battery module will be:

NsCHB =
V mCHB

V bat
=

119V
3.6V

= 33 (3.9)

The number of battery cells connected in parallel is the same for the RCMC and the HCMC. The

final battery module for each SM of the CHB will be 33s26p. The limited number of levels of the

CHB makes the utilization of the NLM inconvenient; the modulation adopted is the Phase Shift

Carrier (PSC). The carrier frequency is set to 3.3 kHz, with an equivalent switching frequency

equal 9.9 kHz. The device used for the simulation is IXFT150N30X3HV.
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3.3.4 SiC 2 - level inverter design

The modulation technique chosen for the 2-level inverter is the Sinusoidal PWM (SPWM), with

a carrier frequency equal to 20 kHz. The 2-level inverter is implemented with the power module

FS03MR12A6MA1B, made of SiC MOSFETs.

In order to have a peak phase voltage V ph equal to 388V , the DC link voltage V dc required is

equal to [5]:

V dc = 2 ·V ph = 2 ·388V = 776V (3.10)

Therefore, the number of battery cells serially connected within the battery pack will be:

NsINV =
V dc

V bat
=

776V
3.6V

= 215 (3.11)

The DC link voltage value computed in (3.10) fits with the latest trend of increasing the battery

pack rating voltage up to 800 V, as already explained in the previous chapter. The overall capacity

of the battery pack can be written as:

Cinv =
Eeq bat

V dc
=

80kWh
776

= 103Ah (3.12)

and the number of battery cells to be connected in parallel is equal to:

Np inv =
Cinv

Cbat
=

103Ah
2.6Ah

= 39 (3.13)

3.3.5 Battery efficiency

Battery model

The efficiency evaluation is carried out by firstly adopting a suitable battery cell model for the aim

of this analysis. In literature, many models have been presented searching for the right trade-off
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(a) (b) (c)

Figure 3.10: Battery cell models: (a) Rint (b) first-order resistor-capacitor (RC) (c) second-order
resistor-capacitor (RC).

between the accuracy and the computational weight:

• in [73], the Rint model is presented. It consists in the serial connection of an ideal voltage

source with a resistor: this model does not take into account the polarization and diffusion

phenomena but is widely used when the static behaviour of the battery cell has to be

simulated;

• in [74], the authors suggested a first-order resistor-capacitor (RC) model which can simulate

the real behaviour with high fidelity;

• in [75], a second-order resistor-capacitor (RC) model is presented. This model approx-

imates the dynamic response of the battery cell with a voltage error less than 40 mV

[76].

The three models are shown in Fig. 3.10: Rint represents the immediate responses of the terminal

voltage to the flowing current and it is the responsible of the battery losses; the first and second

order RC networks are used to model the dynamic response polarization voltages, associated to

the charge transfer within the cell, in short-tem and long-term components.

Since the aim of this analysis is the losses evaluation and not the dynamic responses, the Rint

model has been chosen to have valid results with low computational weight.
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Battery losses computation

It is assumed that the battery cell is fixed to the 80% of SOC and its losses are due only to the

resistive element. The evaluation of the internal resistance has been done experimentally. Given

the nominal motor current, the parallel connection Np and the nominal capacity of the battery

Cbat, the maximum C-rate which the battery will operate is equal to:

Crate max =
Inom

Np ·Cbattery
=

240A
26 ·2.6Ah

= 3.5 (3.14)

Firstly, the MOLICEL INR-18650-P26A has been characterized by doing the HPPC test [77].

The goal of this test is to determine the Voc - SOC curve, which represents the correspondence

between the open circuit voltage of the battery cells and its SOC value. Since this curve is strictly

affected by the discharging current value, this test has been performed for six different C-rates

values (C1, C1.5, C2, C2.5, C3, C3.5). Between all approaches presented in literature [78], the

Current-Off method test has been chosen to estimate the internal resistance of battery cells. The

test consists in discharging the battery cells from 90% to 80% of SOC and measure its internal

voltage drop right before the battery is disconnected from the circuit. This value is subtracted by

the battery voltage value in open circuit and then divided by the discharging current value. The

test dynamic is shown in Fig. 3.11. The obtained values are interpolated to obtain the dependence

between the resistance over the current flowing, as shown in Fig. 3.12.

The efficiency plots of the equivalent battery packs installed within the three converters and

the two-level inverter are reported in Fig. 3.13. The three multilevel converters share the same

efficiency trend, due to the similar design in terms of phase voltage ratings and battery system

capacity. Therefore, under the same condition of load current and voltage, not only the number

of battery cells to be inserted coincides but also the operating C-rates. Thus, in each point of

the efficiency map, the equivalent battery pack resistance assumes the same value for all three

converters. The two-level inverter has the most efficient battery system. The gap of 1% compared

to the multilevel architectures can be explained by considering the current flowing inside the
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battery cells. The current flowing in the battery cells within the multilevel converters in each

phase coincides with the load current, so it is possible to write:

Imc = 3 · Il (3.15)

where Imc is the rms value of the overall current flowing in the converter, 3 is the number of the

Figure 3.11: Current- OFF method test.
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Figure 3.12: Internal resistance of MOLICEL INR-18650-P26A for operative C-rates.
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phases and Il is the load current. The DC current Idc inv of the two-level inverter can be written as:

Idc inv =

√
3

2
· Il (3.16)

By expressing Il as function of Imc and Idc inv in (3.15) and (3.16) respectively, the relation

between the two-level and multilevel converters current is obtained:

Imc = 2
√

3Idc inv (3.17)

Finally, the current flowing in the battery cells in multilevel converters is 3.5 times larger than

in the two-level inverter.

On the other hand, a large DC-link voltage value here considered requires effective balancing

actions. BMSs should be accurately designed to not loose the advantage of the high voltage and

to avoid any faulty conditions, whose occurrence probability increases as the number of battery

cells in series increases. Moreover, the utilization of conventional passive BMSs may decrease

the overall efficiency of the battery system [36]. The same analysis can be extended to the CHB

that, with only 3 SMs per phase, requires the BMS employment as well. Conversely, the RCMC

and the HCMC structure merges the power converter and BMS functionalities. The benefits are

not longer limited to the active balancing strategies but involve also the possibility to perform

a capillar thermal management, in order to avoid run-away phenomena. Overall, the two-level

inverter has the best efficiency as long as the mantainance of the battery system is adequately

performed.

3.3.6 Efficiency results discussion

As can be noted, the proposed topology outperform the more classical HCMC structure, in

particular in the central region in which fall most of the driving cycles trajectories. This is

justified by the following. A RBM has only two switches conducting when all cells are connected,

3 switches when two or zero cells are connected and 4 switches when only one cell is connected.
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Battery pack efficiency for multilevel converter
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Figure 3.13: Efficiency plot for (a) battery pack in multilevel converters, (b) battery pack in the
two- level inverter.

On average, the latter condition happens less often compared to the first one, making the average

conductive resistance of a single RBM smaller than 3Rdson. For example, at speed 344rad/s

and torque 320Nm the equivalent RBM conductive resistance is of 85Rdson. On the contrary,

the HCMC has always one switch conducting for each cell, making the equivalent conductive

resistance always equal to 108Rdson, which corresponds to the number of Half-Bridges installed

within one phase. Fig.3.14 (c) and (d) show the efficiency map of the CHB and two level SiC

configurations respectively. Both the topology outperform the proposed configuration. However,

as already previously mentioned, the latter comes with all the advantages of controlling the

connection of single cells independently. The slightly lower efficiency is compensated by a

better management of the battery system possibly resulting, in turn, in a bigger mileage range.

Especially in the two-level inverter configuration, the high number of serial connected cells

requires a intensive BMS effort in order to keep balanced cell voltage levels. This become

more and more critical as the battery ages and the differences between the single cells increase.

Moreover, the utilization of conventional passive BMSs may decrease the overall efficiency of

the battery system [36]. These drawbacks are partially mitigated in the CHB configurations. The

single submodules, however, still require an additional BMS system and don’t offer the flexibility
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Figure 3.14: Efficiency plot for (a) RCMC, (b) HCMC and (c) CHB and (d) two- level inverter.

of having a full battery control at single cell level.
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4 Converter modelling and control

The RCMC has been studied in three different operative conditions:

• Motor drive. The RCMC is employed to power a motor.

• Charging setup. The RCMC is directly connected to an AC grid to perform different

charging strategies for the battery cells installed.

• Battery Energy Storage System (BESS) application. The RCMC is here directly connected

to a low-voltage grid to storage or deliver power, according to the grid needs.

Each of the three case studies requires a different control strategy with customized battery

system management algorithms to ensure the standards of the specified application. In the

following sections, each setup will be described and the simulation results will be shown to

validate the RCMC topology.

4.1 RCMC in Motor Drive

Fig. 4.1 shows the circuital setup of a motor drive application consisting in five main elements:

(1) speed and torque control loops, (2) sorting algorithm block, (3) gate signals evaluation block,

(4) converter and (5) PMSM motor. By following the block enumeration, the features of the

motor drive are explained.
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Figure 4.1: Motor drive scheme.

(1) The speed and torque control loops are responsible for evaluating the reference voltage

signals for the three phases of the converter. They are implemented by a cascaded placement of

two PI controllers in the dq reference frame, as shown in Fig. 4.2. The outer and inner loops

are responsible for the speed and torque controls, respectively. Depending on the motor speed

reference value - greater or less than the basis speed - the field weakening control is activated.

The voltage references computed by the internal PIs are then transformed in abc reference and

divided by the average battery voltage value to obtain the required number of cells to be inserted.

(2) The sorting algorithm block receives as input all the battery cell voltages and returns as output

an array with the position of the battery cells to be activated in each submodule of the three

phases. This block does not only implements various sorting algorithms but also double-checks

that the prohibited configuration is not selected. In other words, this block allows a double layer

control: on one side, the battery cells are sorted according to customized requirements (i.e. SOC

and thermal management); on the other side, the result of the previous algorithms is always

checked in order to avoid the shorting out of the battery cell in second position in any of the

RBMs installed. (3) The gate evaluation block merges the results of the control loops and the

sorting algorithms. Indeed, the function implemented in this block activates the number of cells

required by the control loops in the position decided by the sorting block. (4) The converter

receives the gate signals and (5) drives the motor according to the reference signals of speed and
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Figure 4.2: Speed and torque control scheme.

torque.

4.1.1 Speed and torque control modeling

The voltage equations of a PMSM motor in dq axis can be written as:

Vd = Rid +Ld
did
dt

+ pwLdiq (4.1)

Vq = Riq +Lq
diq
dt

+ pwLqid + pwφ (4.2)

where R is the stator resistance, ω is the motor speed, p is the number of pole pairs, φ is the

motor flux and Vd,q, Ld,q, id,q are the voltages, inductances and currents along the d and q axis,

respectively. Specifically, for the isotropic PMSM, the inductances along the dq axis are equal,

therefore:

Ld = Lq = L (4.3)

The torque equation is equal to:

T =
3 iq p φ

2
(4.4)
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Figure 4.3: Speed loop diagram.

Figure 4.4: Current loop diagram.

PI design for operative conditions ω ≤ ωbasis

In this subsection, the tuning procedure for the current and speed - for ω ≤ ωbase - PI controllers

is explained. The calculation of the proportional and integral gains starts with the evaluation of

the plants:

• for the current loop, the plant consists in the stator resistor R and inductance L;

• for the speed loop, the plant consists in the motor inertia J.

In Fig. 4.3 and 4.4, the current and speed loops are shown, respectively. As it can be noticed,

the coupling terms pwLiq and pwLid , for the d and q axis respectively, are added after the PI

controllers action, as shown in Fig. 4.2.

With reference to Fig. 4.3, the transfer function in open loop can be written as:

Gs(s) =
Kpss+Kis

Js2 (4.5)

where Kps and Kis are the proportional and integral gains of the speed control PI. The inner

current control loop is not considered because the dynamic is much faster than the speed one.

The transfer function for the closed loop can be written as:
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Hs(s) =
Hs(s)

1+Hs(s)
=

1

s2 +
sKps

J + Kis
J

(4.6)

Kps and Kis can be decided by comparing term by term the denominators of (4.6) and of the

transfer function of a second order system:

C(s) =
1

s2 +2ωnξ +ω2
n

(4.7)

where ξ is the damping ratio and ωn is the natural frequency of the system. Therefore:

Kps = 2ξ ωnJ (4.8)

Kis = ω
2
n J (4.9)

The output value of the speed control loop is the reference Torque T∗ signal, which is divided

for the constant 1
3
2 p φ

to obtain the reference value for the i∗q, according to (4.4). Regarding the

d-axis, the optimum control of a PMSM forces the reference signal i∗d equal to 0.

The PI controller gains Kpc and Kic for the current control can be tuned with the same

procedure described above. The transfer function in open loop for the current control is equal to:

Gi(s) =
Kpcs+Kic

s(R+ sL)
(4.10)

In closed loop, the transfer function can be written as:

Hi(s) =
H(s)

1+H(s)
=

1

s2 +
s(Kpc+R)

L + Kic
L

(4.11)

Kpc and Kic can be decided by comparing term by term the denominators of (4.11) and of the

transfer function of a second order system (4.7), obtaining:
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Kpc = 2ξ ωnL−R (4.12)

Kic = ω
2
n L (4.13)

PI design for operative conditions ω > ωbase

When the motor is required to work in a speed range greater than its basis speed, the field-

weakening control is enabled. Basically, the d-axis flux is reduced by lowering the air-gap flux

linkage of the permanent magnets. This effect is obtained by de-magnetizing the d-axis stator

current, forcing a negative reference value. In terms of control, this action is done by placing a

PI controller on the d-axis, forming an outer control loop whose output becomes the reference

signal for the inner current control. The tuning procedure for the field-weakening PI starts with

finding the relationship between the stator voltage and the d-axis current. Assuming that:

v2
s = v2

d + v2
q (4.14)

and replacing (4.1) and (4.2) - the transient terms Ldid
dt and Ldiq

dt are neglected - and placing

pω = ωe - being ωe the electrical speed -, in (4.14), it is possible to write:

v2
s = (ωeLiq)2 +(ωeLid +ωeφ)2 (4.15)

By solving the products and dividing for ωeL :

(
vs

ωeL
)2 = i2q + i2d +(

φ

L
)2 +2(

idφ

L
) = i2q +(id +

φ

L
)2 (4.16)

Solving the equation for vs, the non-linear relation with id is found:

(
vs

ωeL
) =

√
(i2q + i2d +(

φ

L
)2 +2(

idφ

L
) (4.17)
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Figure 4.5: Field weakening loop.

At this point, the field weakening dynamic is assumed much slower than the current one;

therefore, id and iq can be considered independent and (4.17) can be written as:

( δvs
ωeL)

δ id
= 0.5(2 · id +2 · φ

L
) = id +

φ

L
(4.18)

Finally, the derivative of vs on id is equal to:

δvs

δ id
= ωe(Lid +φ) (4.19)

Once the plant is found, a PI controller is inserted in the chain loop; Fig. 4.5 shows the field

weakening control loop diagram. The closed loop transfer function can be written as:

H f w =
Lωe(K f wp)s+K f wi

(1+LωeK f wp)s+LωeK f wi
(4.20)

By placing K f wp equal to 0, the control loop can be reduced to a first order system, with one pole

in −1
K f wiLωe

[79]. The K f wi value is set according to the required time response of the loop.

4.1.2 Sorting algorithm

The main feature of the RCMC is the possibility to directly access each battery cell, allowing a

continuos monitoring of the working conditions of the battery cells. Several control algorithms

may be developed, depending to the priority given to the battery cell parameters. For example,

the SOC balancing may be preferred to the thermal management and vice versa. Furthermore,

the algorithm may be structured in different layers and prioritize both thermal management and
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SOC balancing with different timings.

For the motor drive application, two algorithms have been developed categorized as it follows:

• SOC balancing prioritization: battery cells are inserted according to their state of charge,

in descending order.

• Losses reduction prioritization: the average state of charge of the battery modules within

each submodule is computed. The insertion is performed placing in progressive order the

battery cells belonging to the less charged submodules.

As it was specified in the previous chapter, the number of switches in conduction decreases

as the number of battery cells inserted increases. To explain why the second criterium has better

performance in terms of converter efficiency, let’s assume to have nine battery cells to be inserted.

The first criterium chooses the nine cells according to their SOC values, with no clue to which

submodules they may belong. In the worst case scenario, the criterium may insert one battery

cell belonging to nine different submodules. In that case, the number NIsw the RBMs switches in

conduction would be:

NIsw = NSM ·Nsw (4.21)

Where NSM is the number of submodules with one inserted battery module and Nsw is the number

of RBMs switches in conduction. Taking as reference the architecture E defined in the previous

chapter, in each submodule there are 3 RBMs: one of them has four switches in conduction to

insert one battery module, while the other two are in bypass configuration by turning on the three

lateral switches. Therefore, in each submodule there are 10 switches in conduction and the total

number can be calculated as:

NIsw = 9 ·10 = 90 (4.22)

On the contrary, the second criterium inserts the battery cells according to the average SOC

value of the whole submodule. Therefore, the nine battery cells will be inserted by completing
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the submodule before moving to the next one. Therefore, the number of RBMs switches in

conduction would be:

NIIsw = NSM ·Nsw = 1 ·6 = 6 (4.23)

Indeed, all RBMs are inserted and the number of switches in conduction drastically decreases.

According to the SOC values of the battery modules installed within the RCMC, the two

algorithms return different range of power losses. In the worst-case scenario above described,

the second method provides a reduction Rcl of the conduction losses equal to the 93% compared

with the first method, calculated as:

Rcl = 100 · NIIsw

NIsw
= 100 · 6

90
= 93% (4.24)

As an example, the two algorithms have been tested with a group of 108 cells with initial SOC

values in the range between 0.45 and 0.65. The test is carried out under the same condition of

current and number of battery cells simultaneously inserted. In Fig. 4.6, the SOC values of all

battery modules are reported for the two algorithms, respectively. By using the SOC balancing

prioritization method, the final difference between all battery modules SOC values is less than

3%. After half of the discharging time, the SOC values converge and prosecute the working

conditions in balanced way. On the other hand, the loss reduction prioritization method requires

more time for the SOC values to converge. Under the same condition of discharging time, the

final difference between the battery cells is less than the 13%. The main drawback of this method

is that the accuracy of the final SOC values range is strictly dependent on the position of the less

charged battery modules.

Finally, both methods are valid options according to different application requirements. If

the battery modules within the phases are quite balanced, the second algorithm may be a good

solution to reduce the overall losses. On the contrary, when the battery cells have unbalanced

SOC values within the submodule, the first method would be a preferred solution to prioritize the
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(a) (b)

Figure 4.6: (a)SOC and (b) Losses prioritization sorting algorithms.

balancing dynamic.

4.1.3 Simulation results

The motor drive setup has been simulated to test the RCMC features over the operative conditions

of the PMSM motor. The motor parameters are listed in Table 3.2 and its torque speed is shown in

Fig. 3.6. The RCMC architecture chosen is the E, already discussed in the previous chapter. The

system has been simulated over all torque-speed area; as indicator of the converter performance,

three working points are here presented:

• Working point 1 - Torque = 129Nm and speed= 50rad/s - represents the lowest power

operative condition. In this scenario, the validation mainly concerns the motor current

THD values.

• Working point 2 - Torque = 320Nm and speed= 344rad/s - represents the nominal power

condition. In this scenario, the focus is addressed to the sorting algorithm performance.

• Working point 3 -Torque = 129Nm and speed= 1050rad/s - represents the last field-

weakening working point. In this scenario, the converter works at his nominal voltage and
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current ratings with the maximum output frequency, given by the motor speed.

In the following, each working point will be analysed together with the performance of the two

sorting algorithms described above.

Working point 1

In Fig. 4.7 the RCMC voltages and currents are shown. The voltage waveforms resemble a PWM

shape at the top: the reference signals oscillate because the required voltage is at the minimum

power working conditions. In this case, the low voltage condition algorithm is activated. However,

although the motor works at the minimum value of torque and speed, the number of voltage

levels is enough to guarantee a satisfying THD current value. In Fig. 4.8, the THD value and

the harmonics diagram computed by the fft tool in Matlab powergui are shown. In Fig. 4.9, the

torque and speed waveforms are shown with their reference values.
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Figure 4.7: Working point I: three-phase voltages and currents.
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Figure 4.8: Working point I: THD value and harmonics diagram.
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Figure 4.9: Working point I: (a) Torque, (b) Speed reference and feedback values.

As shown in Fig. 4.10, both sorting algorithms have efficient results because the number

of battery cells to be inserted at each cycle is low enough to guarantee effective rotation in the

battery cells insertion. Therefore, in this scenario, even if the SOC prioritization algorithm is

more effective in terms of balancing, the losses prioritization algorithm has satisfying results.
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(a) (b)

Figure 4.10: Working point I: SOC trend for the battery cells according to the (a) SOC and (b)
Losses prioritization sorting algorithms.

Working point 2

The three-phase voltages and currents are shown in Fig. 4.11. In steady-state, the three-phase

voltages assume a sinusoidal shape, discretized in 217 levels, which brings the current THD value

equal to 0.12%. In Fig. 4.12, the THD value and the harmonics diagram computed by the fft tool

in Matlab powergui are shown. In Fig. 4.13, the torque and electrical speed are shown compared

with the reference signals. After a small transient dynamic, the torque and electrical speed stick

to the reference values.

The effectiveness of the sorting algorithms is a crucial point in this working conditions:

during half period of the fundamental frequency all the battery cells are selected, increasing the

time needed to balance the SOC values. As shown in Fig. 4.14, the SOC prioritization is more

efficient than the losses one, making the usage of the latter one discouraged in case of significant

unbalanced initial SOC values.
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Figure 4.11: Working point II: three-phase voltages and currents.

Figure 4.12: Working point II: THD value and harmonics diagram.

Working point 3

In Fig. 4.15 the RCMC voltages and currents are shown. As for the previous working point, the

voltage and current waveforms assume a sinusoidal shape, with a THD value equal to 0.32%,

reported in Fig. 4.16. In Fig. 4.17, the torque and speed waveforms are shown with their reference

70



CHAPTER 4. CONVERTER MODELLING AND CONTROL 71

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time [s]

0

50

100

150

200

250

300

350
T

o
rq

u
e

 [
N

m
]

Working point II

Torque

Reference Torque

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time [s]

0

50

100

150

200

250

300

350

S
p

e
e

d
 [

ra
d

/s
]

Working point II

Speed

Reference Speed

(a) (b)

Figure 4.13: Working point II: (a) Torque, (b) Speed reference and feedback values.

(a) (b)

Figure 4.14: Working point II: SOC trend for the battery cells according to the (a) SOC and (b)
Losses prioritization sorting algorithms.

values: the field-weakening control drives the motor at its maximum speed.

Even in this case, the SOC prioritization algorithm is more encouraged compared to the losses

one because the number of battery cells inserted in half period of the fundamental frequency

corresponds to the maximum number. Therefore, the sorting algorithm can only work on the

insertion order which is less effective than rotating the battery cell activation over different

fundamental periods. Both sorting algorithms results are shown in Fig. 4.18.
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Figure 4.15: Working point III: three-phase voltage and currents.

Figure 4.16: Working point III: THD value and harmonics diagram.

4.2 RCMC in charging configuration

This section analyses the three-phases RCMC in charging configuration [80]. This case study

assumes to charge the battery cells within one EV RCMC, by connecting it to an AC three-phase
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Figure 4.17: Working point III: (a) Torque, (b) Speed reference and feedback values.

power system, which can be identified in the AC grid or in any other dedicated system. In contrast

to the current charging infrastructures, which may require middle-stage converter – “on - board

charger” or AC/DC power conversions -, the configuration here investigated permits a direct

connection between the RCMC and the power system.

This application study requires firstly the study of the AC system requirements and the control.

(a) (b)

Figure 4.18: Working point III: SOC trend for the battery cells according to the (a) SOC and (b)
Losses prioritization sorting algorithms.
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Once the system parameters are described, the filter design calculations are carried out with a new

method, fitted for converters modulated with the Nearest Level Modulation. Finally, to validate

the presented system, a time comparison for charging process, assuming to connect a battery

pack and the RCMC to a 2-level AC charging station, is performed.

4.2.1 AC system requirements and control

The AC power system needs to be rated according to the nominal values of current and voltage

required for the charging process. Taking Fig. 4.19 as reference and assuming to have a

symmetrical three-phase system, the charging current Ich can be approximated as:

Ich =
Vps −VRCMC

Z
(4.25)

Given the maximum value of the charging current Ich max and considering that VRCMC depends on

the state of charge of each battery module,Vps must respect the following constraint:

Vps ≤ ZIch max +VRCMC (4.26)

where

VRCMC = 3 ·NRBM ·Vbatmin (4.27)

where NRBM is the overall number of RBMs installed in one phase and Vbatmin is the minimum

admitted voltage of battery cells.

For this case study, it has been assumed to connect the RCMC to a 2-level AC charging station,

whose ratings are 400 Vac and 80 A rms value as charging current [81]; the RCMC architecture

is the same as for the Motor Drive application. Table 4.1 describes the RCMC characteristics and

the AC system nominal ratings.

74



CHAPTER 4. CONVERTER MODELLING AND CONTROL 75

Figure 4.19: RCMC connected to an AC power system.

Table 4.1: RCMC and AC system characteristics.

Parameter Value Measurement Unit
AC system peak voltage 325 V
AC system nominal current 80 A
Frequency 50 Hz
Number RBM per SM 3 -
Number SM per phase 12 -
DSP frequency 7 kHz
Modulation Nearest Level Modulation -

4.2.2 Filter design

The number of battery cells to be inserted simultaneously during the charging process is obtained

by estimating the voltage drop on the filter. Therefore, an analysis to evaluate the required value

for the inductance value has been carried out. It is important to highlight that the computation

considers that the converter generates the exact value of the reference sine wave voltage. In

reality, the converter output voltage follows the reference voltage with a precision depending

on the number of levels and their amplitude. For the RCMC, the error between the reference

voltage and the converter output voltage can be considered negligible thanks to its high number of

levels and the small amplitude of the voltage of each battery module compared to the AC system
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voltage rating. In this case, the number of levels is 108 and the maximum value of each level

corresponds to the maximum Li-Ion battery voltage equal to 4.2V. Compared to the AC system

peak voltage, the maximum amplitude of the voltage level corresponds to the 1%.

The filter impedance is designed using the current ripple method. The inductor value is

decided allowing a 5% of ripple on the nominal current value, calculated as:

∆IL = 0.05 ·
√

2 · Ichmax = 5.7A (4.28)

The calculation of the filter inductance for multilevel converters modulated with the Nearest

Level Modulation is approached differently compared to the ones controlled by the Phase Shift

PWM [82]. With NLM, the maximum voltage ripple seen from the filter inductance coincides

with the maximum step amplitude computed by the modulation. Assuming Tsw as the switching

period and Tf p as the period of the AC voltage, each quarter of Tf p the peak voltage is reached.

In order to compute the maximum amplitude of the voltage step, it is firstly calculated the number

of DSP cycles in one quarter of period:

NDSP =
Tf p

4Tsw
(4.29)

The sine voltage value computed by the DSP in each cycle can be calculated discretizing the sine

wave as it follows:

V (i) =Vps · sin(ω i Tsw) for i = 1,2, ...NDSP (4.30)

The amplitude of Vi is strictly dependent on Tsw: the faster is the DSP, the more are the intervals

within one quarter of period and the smaller is the amplitude of the voltage intervals. The

maximum voltage step is found where the sine slope is maximum and, therefore, where its

derivative is maximum:

max(
d[sin(ωt)]

dt
) = max(cos(ωt)) when t = 0 (4.31)
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The maximum voltage step can be then found as:

∆Vmax =Vps · [sin(ωt1)− sin(ωt0)] (4.32)

Where t0 and t1 are the extremes of the first interval of the DSP, as shown in Fig. 4.20. For the

AC system here considered, NDSP is equal to 35 and the maximum voltage ripple is equal to 15V .

Finally, the filter inductance value can be calculated as:

L f =
∆VmaxTsw

∆IL
= 375µH (4.33)

The voltage drop on the inductance filter is equal to:

Vf = ZIchmax = 2π f LIchmax = 2π ·50 ·375µ ·80 = 9V (4.34)

Vf is equal to the 3% of the nominal voltage installed within the RCMC, therefore it can be

neglected and (4.26) can be rewritten as:

Vps ≤ ZIchmax +VRCMC ≈VRCMC (4.35)

Once defined the maximum value for Vps, the charging current is controlled by implementing

a conventional power control in dq coordinates [83], shown in Fig. 4.21. The control loops along

the dq axis take as reference values the active and reactive power.

In the case of charging process, the power exchange concerns only the active power, related to

the d - axis for the convention used. The reference values are then divided by the peak voltage of

the AC system Vps, to obtain a reference current value. Finally, a current control loop is developed

where ZIch q −Vps d and ZIch d −Vps q are the decoupling terms for the d and q axis, respectively.

The PI controller gains are tuned according to the eq. 4.12 and eq. 4.13, since the plant

structure is the same as the one shown in Fig. 4.4, where R and L are the filter resistance and

inductance values, respectively.
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Figure 4.20: The red dots represent the voltage values for each Vi. The zoom in shows the
maximum voltage ripple correspondent to the interval t0 - t1.

Figure 4.21: Current control in dq framework.

Sorting algorithms

The two sorting algorithms, described for the motor drive application, are also tested for the

charging configuration. The initial SOC values of the battery cells are set in a range between 0.55
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(a) (b)

Figure 4.22: SOC values trend for the (a) SOC and (b) loss reduction prioritization sorting
algorithms.

and 0.75. As shown in Fig. 4.22 (a), the SOC prioritization algorithm is more effective in terms

of voltage balancing: the difference between the SOC values is completely reduced after half

charging time. On the other hand, as shown in Fig. 4.22 (b), the losses prioritization algorithm

requires more time to converge the SOC values. As an indicator of performance between the

two algorithms, starting with an initial SOC unbalance of 20%, the first algorithm obtains a final

difference of 3%, while the second one reaches the 6%.

4.2.3 Charging time estimation

The aim of this section is the time estimation to charge the battery modules installed within the

RCMC and a conventional battery pack. The charging architecture considered for the RCMC

is depicted in Fig. 4.19, according to which the charging process can be performed by only

controlling the converter itself; while the battery pack needs an on-board converter to perform an

AC/DC conversion. It has been considered to install 80 kWh of energy within the RCMC and

the battery pack and to have a primitive battery cell with 3.6V as nominal voltage and 2.6Ah as

capacity. This analysis estimates the charging time needed to increase by 20% the SOC, assuming

79



80 CHAPTER 4. CONVERTER MODELLING AND CONTROL

all battery modules and the battery pack start with the same SOC value. In the following, the

design and charging time estimation calculations for the battery pack and RCMC are described.

Battery pack

The most common voltage value for a classic battery pack ranges between 350 V and 500V.

Therefore, a nominal voltage of 400 V has been chosen. The number of battery cells to be

connected in series is equal to:

Ns =
Vbat pack

Vbat
=

400V
3.6V

= 111 (4.36)

The overall capacity of the battery pack is calculated as:

Cbp =
Ebat pack

Vbat pack
=

80kWh
400V

= 200Ah (4.37)

Therefore, the number of battery cells to be connected in parallel is equal to:

Np =
Cbp

Cbc
=

200Ah
2.6Ah

= 77 (4.38)

and the total number of battery cells within the battery pack would be:

Nbp =
Ns

Np
= 8547 (4.39)

The charging time for the battery pack can be calculated by applying the Coulomb counting [84]:

Tchbp = ∆SOC
3600 ·Cbat

Ich
= 0.2

3600 ·200Ah
80A

= 1800s (4.40)

RCMC

The overall number of battery modules within each phase of the RCMC is equal to:
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Nb RBM = 3NSM RBMNSM = 3 · (12 ·3) = 108 (4.41)

The voltage installed per phase is equal to 388.8V and it is calculated as:

Vphase = NchbpVbat = 108 ·3.6 = 388.8V (4.42)

In this case, there is no serial connection between the battery cells because they are inserted

within each RBM in groups of three. The overall capacity of the battery pack installed within the

RCMC is calculated as:

CbpRCMC =
Ebat pack

3Vphase
=

80kWh
3 ·388.8

= 68Ah (4.43)

Therefore, the number of battery cells to be connected in parallel is equal to:

NpRCMC =
CbpRCMC

Cbc
=

68Ah
2.6Ah

= 26Ah (4.44)

Therefore, the total number of battery cells within the battery pack would be:

NbpRCMC =
NpRCMC

NsRCMC
= 1 ·26 ·108 = 8424 (4.45)

The RCMC charging time computation needs to consider that the SOC increment varies for

each battery module, depending on the insertion order during the charging process. As shown

in Fig. 4.23, the SOC increment has a parabolic trend, according to which the first battery

module inserted has a greater SOC raise compared to the last one. Therefore, the estimation is

implemented with an algorithm which calculates the SOC increment in each placement position

and progressively alternates the insertion of the battery modules to perform a balanced charging.

For the RCMC architecture, the charging time is strictly dependent on the voltage amplitude of

the AC system and the voltage value of the battery modules. Indeed, assuming to have all the

battery modules with same voltage values, the maximum number of them that can be charged
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during one half period of the fundamental frequency:

Nmaxbat =
Vps

Vbat
(4.46)

Therefore, the higher is Vps and the lower is Vbat ,the more is the Nmaxbat . For this analysis is

assumed to consider the battery modules with the nominal voltage equal to 3.6V . In this way,

the flat part of the characteristic SOC−Vocp curve is considered and the module voltages do not

significantly change over the charging process. Therefore, it is acceptable to assume that Nmaxbat

remains constant.

By applying (4.46), the maximum number of battery modules that can be charged simultane-

ously is equal to 90. The time estimation algorithm assumes to change the insertion position for

each battery cell each second: i.e. the battery module n is inserted in first position for one second,

then in second position for the next second and so on. The battery cell n+1 is inserted as second

in the first second, as third in the next second and so on. When the number of seconds equals

Nmaxbat , the battery module Nmaxbat +1 is used for the first insertion, until the first insertion is on

the 90th battery module. This mechanism allows to perform a balanced charging dynamic taking

into account the non-linear SOC increment trend over the insertion order.

Fig. 4.24 shows a SOC increment profile for one battery module and the zoom in during one

charging interval respectively. The module is charged for 90s, in which recovers 90 insertion

positions, and then it is excluded from the process for 17s. The overall time to perform 20%

of SOC increment is equal to 1050s, which turns out to be more than 40% less than the time

computed for the battery pack. Fig. 4.25 shows the SOC increment profiles for all battery

modules. By varying the insertion position each second, the final charging dynamic results

balanced and fast.

Finally, the RCMC can perform a faster charging process compared to the conventional

battery pack, without the employment of external converters. Moreover, in case of different initial

SOC values within the cells, the RCMC does not need the action of any BMSs, instead required

for battery pack equalization processes.
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Figure 4.23: SOC increment according to the insertion order.
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Figure 4.24: (a) SOC increment for one battery module within the time. (b) Zoom in of the SOC
increment in one charging interval: the battery module is inserted for 90s with a SOC increment
equal to 0.00191.
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Figure 4.25: SOC increment trend for all battery modules within the charging time.

4.3 RCMC in BESS application

The scalable and modular structure of the RCMC makes it suitable for other applications beside

the automotive field [85]. The possibility to separately access the battery cells in any moment

of the operative conditions makes the RCMC advantageous for battery energy storage system

(BESS) applications.

BESS has gained a fundamental role for the integration of renewable sources in the grid.

Indeed, energy generated from photovoltaics and wind-turbine generators may be intermittent,

creating undesired effects on voltage and frequency grid. Therefore, energy storage systems are

usually installed close to renewable energy source to solve the consequent power-quality issues

[86]. Initially, storage systems consisted in a unique battery pack whose voltage was converted

in AC and then stepped up to the grid voltage to be connected. This structure presented the

main disadvantages to be expensive – the step-up transformer costs are significant - and not

efficient in terms of battery utilization. Therefore, in the last years, the majority of BESS have
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been realized with multilevel converter topologies [87–89]. More specifically, the most used

is the Cascaded H-Bridge (CHB), which permits different advantages. The storage system is

divided in different battery packs, which are inter-connected and controlled by single H-Bridge

converters. Its modular structure, then, allows to avoid the interface step-up transformer between

the grid and the converter, to reduce the switching frequency and to obtain high quality output

voltage waveform. Moreover, the CHB structure fits completely the BESS application thanks

to the possibility to fully control the battery unit within one submodule, enhancing the fault

tolerant and the implementation of balancing schemes, without the need of extra components. In

this framework, the utilization of the RCMC would allow to exploit the battery cells potential

at maximum, performing the balancing process always in active way and, in case of fault, the

operation could continue by isolating the damaged part. Since the battery represents the 30%-50%

of the cost of the overall structure, improving the management of the storage system would mean

a significant saving. Considering that the batteries employed for BESS application are usually

reconditioned from a previous applications, the necessity to efficiently manage their life cycle

and operation acquires even more importance.

The feasibility and the beneficial impact of the RCMC in BESS application is validated by

comparing it with a two-level inverter and a CHB - both described in detail in [82] -, in terms of

filter design, power and battery losses.

4.3.1 RCMC design

The application taken in consideration requires a low voltage grid tie converter, therefore the

voltage rating requested is equal to:

VphRCMC =
√

2 ·VAC =
√

2 ·230V = 325V (4.47)

Assuming to use LiFePo4 battery cells - to be coherent with the reference citation [82]-, whose

minimum voltage is equal to 2.8 V, the overall number of RBMs is:
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Table 4.2: System BESS

System parameters
Grid line to line voltage 325 V

Nominal current rms 51.96 A
Maximal battery voltage LiFePo4 3.6 V

Frequency 50 Hz
Two-level inverter

Maximal DC link voltage 750 V
IGBT devices FS100R12KT4G
Modulation PWM

Switching frequency 8 kHz
CHB

Maximal battery unit voltage 57.7 V
Submodules per phase 8

Mosfet devices IPB036N12N3GATMA1
Modulation Phase Shift PWM

Switching frequency 1 kHz
RCMC

Maximal battery unit voltage 3.6 V
Submodules per phase 13

Mosfet devices per RBM IPT004N03LATMA1
Mosfet device for H-bridge NTMTS0D7N06CLTXG

Modulation Nearest level modulation
DSP frequency 5 kHz

NRBM =
VRCMC

3 ·Vbatmin
=

325V
3 ·2.8V

= 39 (4.48)

where 3 is the number of battery cells in each RBM. Assuming to use always the architecture E -

characterized by 3 RBMs per submodule -, the number of submodules per phase will be equal to:

NSM =
NRBM

3
=

39
3

= 13 (4.49)

Table 4.2 summarizes the key features of the converters and system simulated.
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Figure 4.26: (a) Reference active power signal vs real active power. (b) Voltage battery cells
when the converter is required to absorb power and to deliver power, respectively.

Control strategy

The control strategy requested for a converter used in BESS application should implement a

power control which operates on top level, to supply the power fluctuations of the grid, and

on local level, to guarantee the state of charge (SOC) balancing of the battery cells. Indeed,

particular working conditions may affect the capacity of the battery units and it is important to

compensate the differences between them through an accurate control. Therefore, the RCMC is

controlled with a power control loop, shown in Fig. 4.21, combined with a sorting strategy in

order to provide or absorb power keeping the system balanced. Fig. 4.26 shows the battery cells

voltages in absorption and delivering phases, when the active power exchanged is assumed, by

convention, positive and negative, respectively. The power control is implemented by modulating

the converter with the Nearest Level Modulation. Indeed, the high number of levels of the RCMC,

equal to 235, permits to have a negligible harmonic content in the output current even with low

values of filter inductance.
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4.3.2 Filter design

The filter inductance is designed according to the current ripple method. Allowing a 5% of

maximum current ripple, equal to:

∆I = 0.05 ·
√

2 · I = 0.05 ·
√

2 ·51.96A = 3.67A (4.50)

the CHB and the two-level inverter need an inductive filter of 3.9 mH and 6.4 mH. The inductive

filter for the RCMC is computed by following the procedure explained in the previous section.

By discretizing the sine wave in NDSP cycles, obtained applying (4.29), it is possible to determine

the maximum step voltage faced by the filter. Fig. 4.27 shows the intervals in which the sine

wave is divided according to NDSP with the maximum amplitude equal to 21 V. Therefore, the

filter inductance can be calculated as:

L f BESS =
∆VmaxTsw

∆IL
=

21V ·200µs
3.67A

= 1.2mH (4.51)

The inductive filter required for the RCMC is 70% and 80% smaller than the two-level inverter

and CHB, respectively. Moreover, the quality of the output power quality results to be extremely

high even for low values of current. Fig. 4.28 shows the current waveforms for the RCMC, CHB

and two-level inverter for the 10% of the nominal operative conditions. The RCMC guarantees

the lowest THD in both conditions, even with the lowest inductive filter and switching frequency.

4.3.3 Power losses comparison

The three converters are compared in terms of power losses, consisting in converter and battery

losses. The first ones are the result of the sum of conduction and switching losses. The second

ones are due to the internal resistance of each battery cell. For BESS application, where battery

cells work with a low value of C-rate, it is acceptable to assume that each battery cell has the

same internal resistance, as stated in [90]. Assuming to not have any parallel connection between
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Figure 4.27: Sine wave discretization for filter design.

Figure 4.28: Current waveforms for the 10% of the nominal operative conditions. The RCMC
provides the lowest THD.

the cells, but only one serial string, battery losses can be written as:

Pbat = Ns ·Rint · I2
rms (4.52)

where Ns is the number of cells connected in series within the battery pack, Rint is the internal

resistance of each cell and I2
rms is the current flowing through the cells. The calculation method
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of the power losses for the three converters is described in the following.

Two-level inverter

The IGBTs conduction and switching losses are evaluated with the Infineon software IPOSIM

[91], designed to determine the power losses for Infineon components by deciding the voltage and

current ratings, the operative temperature and modulation and the cooling system. The battery

losses can be calculated with 4.52 , placing Ns equal to 208.

CHB

Switching losses are computed with PLECS, by modelling the thermal behaviour through the

datasheet parameters [92]. Conduction losses can be written as:

Pcond CHB = 3 ·2 ·NSM ·Rdson · I2
rms (4.53)

Where 3 is the number of the converter phases, 2 is the number of switches always in conduction,

NSM is the number of submodules per phase and Rdson is the internal resistance of the MOSFETs.

The battery losses cannot be calculated directly as in the two-level inverter. In the CHB, indeed,

the battery units crossed by the flowing current depends on the number of active submodules in

each moment. Therefore, battery losses must be computed by evaluating the instantaneous values

of active submodules and current. The sum of the instantaneous contribution of the battery losses

are then averaged on a period of the output fundamental frequency. Discretizing the computation,

the battery losses can be written as:

Pbat HB =
1
k

k

∑
i=1

NSM(i) ·Ns ·Rint · I(i)2 =
1
k

k

∑
i=1

Nbat(i) ·Ns ·Rint · I(i)2 (4.54)

where k is the number of intervals in which is divided one period of fundamental frequency and

Ns is the number of cells connected in one battery module.
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RCMC

Switching losses can be neglected and conduction losses are calculated as stated in described

in the previous section. Battery losses – as for the CHB – are computed by evaluating the

instantaneous number of active battery cells within the RBMs and current values– and then,

averaged on a period of the output fundamental frequency. The battery losses can be still written

as:

Pbat RCMC =
1
k

k

∑
i=1

Nbat(i) ·Rint · I(i)2 (4.55)

4.3.4 Results discussion

Fig. 4.29, 4.30 and 4.31 shows the converters, battery and overall systems efficiencies respectively.

Fig. 4.29 shows that the two-level inverter has the largest power losses, but its efficiency increases

with increasing power of the operative conditions. The CHB and the RCMC, instead, show

a decreasing efficiency trend: the more is the power, the more is the current flowing in the

power electronics converter. The two converters show comparable efficiency values, but the

RCMC appears to be the most efficient for all operative conditions. Fig. 4.30 confirms the worst

performance for the two-level inverter. The losses are significant because the fixed structure of

the battery pack forces the load current to flow in each cell. Therefore, the higher is the current,

the higher are the losses due to the internal resistance of each battery cell. On the other hand,

the modular structure of the multilevel converters allows to activate only the necessary battery

modules or cells, for the CHB and the RCMC, respectively, reducing the overall battery losses.

Finally, the CHB has the highest efficiency, followed by the RCMC, whose efficiency decreases

with the increase of the current. Fig. 4.31 (c) shows the overall system efficiency. The two-level

inverter has the lowest efficiency, while the two multilevel converters have similar behaviour. The

RCMC is more efficient for the lower current values, while the CHB reaches the top position for

the highest values. Fig. 4.32 shows the three efficiency curves along the entire power spectrum.
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Figure 4.29: Comparison between converter efficiencies.
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Figure 4.30: Comparison between battery system efficiencies.

The three curves decrease proportionally to the power. This behaviour is well-known for the two

multilevel converters, for which more submodules are activated at higher power ratings . On the

other hand, the two-level inverter is more performant for high power operative conditions, but

its overall inverter efficiency trend is strongly affected by the significant battery losses, which

determine the descendent trend.
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Figure 4.31: Comparison between overall system efficiencies.
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Figure 4.32: Overall efficiency on the normalized power.
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5 Experimental set-up

The most challenging part of the research work has been the implementation of a laboratory

prototype. Being the RCMC a new topology, the development process concerned the design of

the power converter, control architecture and data acquisition systems.

For the scope of this dissertation, a single submodule of the RCMC has been realized, inspired

to the architecture E described in Chapter 2: it consists of 3 RBMs serially connected with a

H-bridge. The installation of 9 battery cells allows to adequately validate the balancing feature of

the RCMC and the 19 voltage levels, calculated with (3.1), are a sufficient number to implement

the Nearest Level Modulation. Moreover, the decision of implementing one submodule allows to

print other PCBs in the future in order to obtain a scalable and modular design, depending on the

load requirements.

This chapter is structured in order to firstly give a detailed overview on the control architecture

and then the explanation of the electrical design of the converter PCBs. Especially for the logic

signals management, the control architecture significantly influences the electrical features

required from the converter. For both topics, the concept design will be described, giving an

overview on the technical issues encountered and how they have been solved.
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5.1 Control Architecture

The first important consideration for the the control architecture design has been the management

of the switches. Indeed, in terms of number of switches, the implementation of 3 RBMs and one

H-Bridge requires:

Ntot sw = NRBM ·Nsw RBM +NHB = 3 ·7+4 = 25 (5.1)

where NRBM is the number of RBM implemented, Nsw RBM and NHB are the number of switches

required to implement one RBM and one H-bridge, respectively. Each device is driven by a

gate signal, which needs to be transferred from the controller to the device itself. Assuming

to use a conventional point-to-point link to each device - with electrical or optical cables -, the

implementation of a dedicated conditioning circuit for each device would be problematic in terms

of PCB layout. Moreover, assuming to extend the number of submodules to 12, the point-to-point

communication may result unfeasible not only in terms of size but also in costs. As an example,

the cost of an optical point-to-point link communication for 25 devices amounts to:

Cost = Ntot sw · (costRX + costT X) = 25 · (12C+12C) = 600C (5.2)

where costRX and costT X are the unitary cost of the receiving and transfer optical fibres. The cost

is extremely high, considering that the estimation does not take into account cables and any other

conditioning circuit components.

Therefore, the control architecture has been chosen to be based on a master-slave scheme.

Each submodule is identified as slave and it is equipped with a dedicated controller, responsible

of three tasks: (1) management of the gate signals for its devices, (2) measurements of the

battery cells voltage installed and (3) communication with the master controller. In this way,

assuming to have more submodules per phase, the battery voltage measurements are performed

in decentralized way, without weighing down the master controller and having extra sensors.
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Figure 5.1: Master- slave communication scheme.

The master communicates with the slaves using a 1Mb asynchronous serial communication

over optic fibre. Every sample time the master sends a 16 bits frame, containing the gate signal

information for the RBMs and HB switches and fault flags. The slave decodes the message

received transforming it in gate signals for each MOSFET, managing also the required dead-time.

Finally, the slave measures the battery cells voltage and send the measurement data to the master

with a 16 bits frame. Fig. 5.1 shows the communication scheme. In the following subsections,

the master and slave features are explained in details.

5.1.1 Master controller

The master controller used for this prototype is the uCube platform [93], which integrates a

dual-core ARM Cortex-A9 based Processing System (PS) and a Field Programmable Gate Array

(FPGA) Programmable Logic (PL). With reference to Fig. 5.2, the functionalities required to the

master controller and sequentially implemented on the dual-core ARM are listed below.

1. The current control is implemented with a classic PI controller, whose parameters are tuned
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according to the procedure described in the previous chapter. The current control output is

a reference voltage signal V∗.

2. The sorting algorithm comprehends different steps. Firstly, the measurements data of the

battery cell voltage are retrieved and arranged in an array, in which the voltage value of the

n− th battery cell is put in the n− th position. Secondly, the computed array is given as

input to a second function which sorts the battery cells voltage in descendent/ascendant way,

for a discharging/charging process. Finally, the last algorithm checks that the prohibited

configuration - first and third battery in the same RBM must not be inserted simultaneously

- is not selected. Moreover, the average value of the battery cell voltage Vmnbat is computed.

3. The number of voltage levels is calculated knowing V∗ and Vmbat as:

Nlev =
V∗

Vmbat
(5.3)

It is important to highlight that the reference signal is divided for the average value because,

depending on process, the number of levels may change with the time. As an example,

if the RCMC is used to power a motor, the same reference voltage value may require the

insertion of an increasing number of battery cells, as they discharge over the time.

4. The gate signals are computed by merging the information of the sorting algorithm and the

number of voltage levels. The implemented function returns a 16 bits frame structured as

it follows: the first 9 bits corresponds to the 9 battery cells and specify which cell has to

be connected, the next 2 bits indicate the HB configuration, another bit is used as flag to

detect any fault situation.

5.1.2 Slave controller

The slave controller is responsible of decoding the gate information and performing the battery

cell voltage measurements. Anytime the slave receives a 16 bits frame from the master, it
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Figure 5.2: Control scheme implemented on the uCube.

performs the two functionalities and sends back a 16 bits package with the battery cell voltage

information.

For the RCMC prototype, the Digilent Cmod A7-15T, a development board, designed around

the Xilinx Artix-7, has been chosen as slave controller. In Fig. 5.3, the pinout of the board and the

pins assignment are shown: 25 I/O pins are used as output to drive the MOSFET gate signals, 4

I/O pins are used for the measurements conditioning circuit - the functionalities will be explained

later - and 1 of the 2 analog pins is used to perform the measurement of the battery cells voltage.

Gate signal elaboration

The slave controller receives a 16 bits frame from the master controller. The decoding process is

structured as it follows:

• the first 9 bits are divided in three groups, each of which represents the three battery cells

installed within one RBM. Each group is sent as input to a function which elaborates the

correct gate signals for the RBM MOSFETs.
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• the 10th and 11th bits are sent to a function dedicated to the elaboration of the H-Bridge

MOSFETs gate signals.

• the 12th bit is a fault flag, active low. Therefore, if the master sends it equal to 0, all gate

signals are put to 0 and no battery voltage measurement is performed.

Once, the gate signals are elaborated by the correspondent functions, they are sent as input the

dead-time function. The dead time is applied to the turn on transient: therefore, all gate signals

changing from 0 to 1 are delayed of 100 ns. In Fig. 5.4 an example of decodification process is

shown.

Battery cells voltage measurement

The battery cell voltage measurements are performed with the internal ADC of the Artix - 7

FPGA. The ADC block can operate in two different timing modes, continuos or event driven

modes [94]. In this case, the ADC acquisition and conversion is controlled by a flag, sent every

time the master sends a bit frame. Each sample time, only one battery cell voltage is measured

and the result is packed in 16 bits, in which the first 12 bits represent the voltage value and the

remaining four bits indicates the battery cell position. This bit frame is then sent to the master

control.

5.2 PCBs design

The RCMC prototype construction deals with two main aspects:

• the management of logic signals and local measurements, both responsible for the correct

MOSFETs driving and control implementation.

• the DC/AC and AC/DC power conversions, for which a precise and adequate design is

essential to avoid electrical faults;
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The RCMC prototype realization follows the concept of the previous categorization: on

one side, the low power features - gate signals elaboration and measurements - are built in the

hereinafter called Logic PCB, while the high power features - DC/AC and AC/DC conversions -

are implemented in the hereinafter called Power PCB. The two PCBs are vertically stacked and

the electrical communication is realized via vertical headers.

5.2.1 Logic PCB

The Logic PCB is structured in order to accomplish the slave controller functionalities, imple-

menting conditioning circuits for the gate signals and the measurement of the battery voltage.

Gate signal

The gate signals coming as output from the 25 pins of the slave controller must be driven to the

Power PCB. Therefore, the Logic PCB has 5 vertical headers - one dedicated to the RBMs gate

signals consisting in 21 pins, and four dedicated to each H-bridge device - directly connected to

the Cmod A7-15T board. The division in five headers has been decided to reduce at minimum

the length of the PCB tracks both in the Logic and the Power PCBs.

Voltage measurements of the battery cells

The utilization of the internal ADC of the Digilent Cmod A7-15T leads to the following consider-

ations:

• the battery cells voltage are floating, while the signal given as input to the ADC has to be

referred to the same ground of the Cmod A7;

• the two analog pins are not sufficient to perform the voltage measurements of nine battery

cells simultaneously; therefore, a conditioning circuit is necessary to determine a timing

strategy for the voltage measurements;
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• the integrated ADC of the Artix-7 accepts as input voltage range 0 - 1V. A scale down

circuit is already implemented on the Cmod A7 [95], allowing a maximum input voltage

on the analog pins equal to 3.3 V. However, since the battery cells voltage range between

2.8 V and 4.2 V, another conditioning circuit is needed on the Logic PCB to scale down the

voltage.

The conditioning circuit implemented on the Logical PCB takes into account the three

technical constraints reported above. With reference to Fig. 5.6, it is possible to sequentially

describe the implemented features:

1. An operational amplifier (op amp) in differential configuration is employed to measure the

battery cells voltage. The op amps are powered by an isolated DC/DC converter which

gives in output +15/-15 V and whose ground is shorted with the Cmod A7 ground: in this

way, the measured signal and Cmod A7 grounds coincides, solving the first technical issue.

Moreover, the choice of a bipolar supply voltage is not accidental. Indeed, from the

op-amp perspective, the battery cells are serially connected and their voltage is floating.

Therefore, the voltage distribution over the positive and negative pins of the op-amps has

been simulated and validate experimentally to identify the correct supply strategy. With

reference to Fig. 5.5, the positive pin of the first op-amp and the negative pin of the ninth

op-amp face 10.8 V and -6 V respectively. The correct working conditions for any op-amp

assume that their positive and negative pins cannot be connected to a voltage greater

or less than their supply voltage, respectively. Therefore, if a unipolar supply voltage

would have been adopted, the voltage measurement of the last battery cells could not have

been performed. On the other hand, the +15/-15 V allows the correct measurement setup,

accomplishing the op-amps working conditions.

The output voltage of the op-amp in differential configuration is equal to:

Vout =
R2

R1
(V+−V−) (5.4)
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Table 5.1: Current harmonic component

Pin 1 Pin 2 Pin 3 Pin 4 # battery cell
0 0 0 0 1
0 0 0 1 2
0 0 1 0 3
0 0 1 1 4
0 1 0 0 5
0 1 0 1 6
0 1 1 0 7
0 1 1 1 8
1 0 0 0 9

For this prototype, it has been decided to have R2 = R1, in order to not loose any measure-

ment information at the first stage.

2. Instead of using two analog inputs, which would still be not enough to perform all measure-

ments simultaneously, it has been decided to use a multiplexer to have sequential battery

voltage measurements. Four I/O pins of the Com A7 are programmed in order to send 9

combinations, each of which corresponds to the position of the battery cells installed. In

Table 5.1, the correspondence between the four pins combinations and the battery cells is

described.

3. The output of the multiplexer is connected to a low-pass active Sallen-Key filter, responsible

for scaling down the voltage measurement and canceling eventual high frequency noise.

With reference to Fig. 5.7, the filter gain is equal to

G = 1+
R4

R5
(5.5)

By using only R4 and R5, it is not possible to obtain a gain less than one: for this aim, the

voltage divider made of R1 and R2 is added. The values of the two resistors are chosen

according to the cut-off frequency fc and the scale ratio Sr required; the two constraints

can be written as:
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fc =
1

2π

√
[( R1R2

R1+R2
)R3C1C2]

(5.6)

Sr =
R2

R1 +R2
(5.7)

Assuming a f = 20kHz, Sr = 0.2364, R3 = 10kΩ, C1 =C2 = 1nF , R1 and R2 are equal to

42.2kΩ and 13kΩ, respectively. With these values, the maximum voltage measurement

equal to 4.2V is scaled to 1V . Assuming R4 = R5 = 10kΩ, the maximum output voltage

will be equal to 2V .

4. The filtered and scaled signal reaches the analog input (AI) of the Cmod A7, in order to be

measured from the integrated ADC. Finally the measured data are sent to the master.

In conclusion, the picture of the realized Logic PCB is shown in Fig. 5.8: in (1) there are the

op-amp in differential configuration, in (2) the DC/DC with ∓ 15 V as output voltage, in (3) the

multiplexer, in (4) the Sallen-Key filter and in (5) the Cmod A7.

5.2.2 Power PCB

The first feasibility check in the Power PCB realization is the design of the Reconfigurable Battery

Module. As already mentioned in the previous chapters, RBMs are intentionally implemented

with low voltage MOSFETs, to ensure low conduction losses and guarantee fast switching

dynamics. Their driving circuits have to be designed accurately, evaluating the power ground of

each switch.

As it can be seen in Fig. 5.9, the source pins - which usually identify the device power ground

- are either connected to a positive/negative terminal of a battery cell or to another switch pin.

Therefore, each MOSFET must have an isolated ground, to avoid the shorting out of any device

or battery cell. This design is obtained by employing one DC/DC converter to power the driving

circuit of each MOSFET. The adoption of dedicated DC/DC converter for each device leads to

consequent constraints on gate driver choice:
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• Since MOSFET and gate driver share the same power ground, each device has a dedicated

gate driver. For this reason, a single channel gate driver is selected.

• Since the gate signals coming from the Cmod A7 will have a common ground, different

from each MOSFET power ground, the utilization of either an isolated or differential gate

driver is required. The second solution has been adopted: the input signal is referred to

the Cmod A7 ground, while the output gate signal is referred to the power ground of the

related MOSFET.

Finally, in Fig. 5.10 the driving circuit of the MOSFETs is shown. All DC/DC are powered

with the 5 V, referred to the common ground of the Cmod A7. The DC/DC output is an unipolar

voltage 15V, used to power the gate driver, and an isolated power ground (PGND) to refer the

power gate signal and the source pin of the MOSFETs. As it can be seen from Fig 5.9, even

if the source pins S2& S3, S4& S5 and S6& S7 shares the same potential with the consequent

possibility of using a unique DC/DC for the couple of switches 2& 3, 4& 5 and 6& 7, each switch

has still one dedicated driving circuit.

The same driving architecture is used to drive the H-Bridge devices. Although different

strategies could have been used - i.e. a single gate driver with the Boot strap strategy- two

considerations led to adopt the same driving circuit shown in Fig. 5.10:

• compared to other driving strategies, having four driving circuits removes any limitation

related to the switching frequency. Indeed, using two boost strap capacitors to drive the

high side MOSFETs requires a minimum switching frequency of the order of magnitude

of kHz. The H-Bridge placed in the RCMC switches at the load fundamental frequency,

which can be really low compared to the one required by the boost strap strategy.

• Having the same pattern of driving circuit is easier in terms of layout placing.

Finally, the picture of the Power PCB is shown in Fig. 5.11: in (1) the MOSFETs pattern

of the RBMs, in (2) the nine connector needed to connect the battery cells, in (3) there is the

H-Bridge, in (4) the output connector are shown.
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Figure 5.3: Digilent Com A7.
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Figure 5.4: An example of decoding process computed by the slave controller.
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Figure 5.5: Voltage distribution over the op-amp pins.
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Figure 5.6: Conditioning circuit implemented on the Logic PCB.

Figure 5.7: Sallen Key filter.
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Figure 5.8: Logic PCB
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Figure 5.9: RBM architecture with the MOSFETs pins highlighted.

Figure 5.10: Driving circuit implemented for all MOSFETs.
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Figure 5.11: Power PCB.
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6 Experimental results

This chapter shows the experimental validation of the RCMC prototype. The first experimental

activities were carried out to verify that both the control architecture and the PCBs were working

as expected. Before assembling the whole converter, the tests listed below were carried out

to verify that the control architecture, the logic PCB and the Power PCB work separately as

expected.

• Control architecture

– Sending and reception of the 16 bits frames, from both master and slave sides.

Specifically, it has been checked that the asynchronous communication was feasible

for 16 bits and there was no mismatch in terms of transferred data.

– Gate signal decoding process from slave side. It has been checked that there was

the correct correspondence between the 16 bits frame received and the gate signals

delivered by the slave controller.

– Battery cell voltage reading, master side. The slave controller sends digital raw data

to the master, responsible of doing the conversion from binary number to a voltage

value.

• Logic PCB
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– Measurements of the battery cells voltage. Specifically, it is checked that the nine

op-amps can perform the voltage measurement simultaneously.

– Sending and reception of the digital signals to/from the Multiplexer. The slave con-

troller has been programmed in order to read sequentially the voltage measurements.

– Filtering and scaling down actions done by the Sallen-Key filter. The input and output

signals of the Sallen-Key filter have been compared to check the filtering action and

the scaling ratio.

– Parallelization of the gate signals. It has been checked that, after the gate signal

decoding process, each of the 25 I/O pins had the correspondent gate signal.

• Power PCB

– Gate signals. Specifically, different tests have been carried out to determine the

optimum value of the gate resistor, in order to avoid voltage spykes, ringing and have

smooth and fast turn on/off dynamics for the H-bridge and RBMs MOSFETs.

– RBMs output voltages. Specifically, it has been checked that, given the correct

gate signals, the RBM was able to insert one, two or three cells with all possible

combinations.

– H-Bridge output voltages. The four switches have been driven to obtain a positive,

negative or null output voltage.

Once the previous tests gave the correct results, the RCMC prototype has been tested firstly

with a RL load, to reproduce a motor drive setup, and then connected to an AC programmable

power supply, in order to perform a charging process.

6.1 Preliminary details for the experimental activities

The battery cell used is the MOLICEL INR-18650-P26A; the RCMC prototype with the battery

cells connected is shown in Fig. 6.1. Beside the battery cells voltage measurements computed
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Table 6.1: Circuit setup

Parameter Value Unit
Battery cell nominal voltage 3.6 V
Battery cell nominal capacity 2.6 Ah

Resistor 1 - 11 Ω

Inductor 1 mH
Nominal Voltage RCMC 32.4 V
Nominal Current RCMC 10 A

Sample Time 200 µ s

by the slave controller, a list of the instrumentation used to measure and acquire the remaining

parameter is reported below.

• The RCMC current is measured with a current Transducer LA 55-P/SP1. The measured

data is then sent to the uCube controller, which is equipped with dedicated ADC.

• the data acquisition systems used for the experimental activities are mainly a Tektronix

oscilloscope and the specific Matlab Graphical User Interface (GUI) developed for the

uCube controller.

6.2 RCMC powering a RL load

The circuit setup is shown in Fig. 6.2 and its parameters are listed in Table 6.1. To test different

current values, the load is characterized by a fixed inductance and a variable resistor.

The main functionalities to be tested were the voltage and current waveforms and the ef-

fectiveness of the current control - with a focus on the correct tuning of the PI gains. Indeed,

the shape of the voltage and current waveforms is strictly connected to the control bandwidth

allowed: if the natural frequency of the PI controller is set too high, the reference voltage signal

may vary too fast and the Nearest Level Modulation may create oscillations during the transition

from one voltage level to another. In Fig. 6.3, two case studies are shown: two different working

points are taken to prove that the wrong PI tuning may generate oscillations when a new voltage
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Figure 6.1: RCMC experimental setup.

level is computed, regardless of the entity of the power conditions. On the other hand, in Fig. 6.4

are reported the same working points but with a correct PI tuning: in both situations the transition

between different voltage levels is computed in smooth way, with a consequent improvement of

the current waveform.
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Figure 6.2: RCMC used to power a RL load.

(a) (b)

Figure 6.3: The RCMC output voltage is shown in blu, while the current is shown in yellow: (a)
and (b) represent the waveforms for high and low power conditions, respectively. The wrong
tuning of the PI controller gains create oscillations in the computation of the voltage levels.

Finally, the sorting algorithm is tested. The battery cells voltage is initially set in an unbal-

anced situation, to validate the algorithm. In Fig. 6.5, the trend of the battery cells voltage is

shown: the sorting algorithm works in order to insert the battery cells when their voltage reaches

the average value. In this way, not only the voltages converge to a unique value but the dynamics

remains balanced during the whole working conditions.
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(a) (b)

Figure 6.4: The RCMC output voltage is shown in blu, while the current is shown in yellow: (a)
and (b) represent the waveforms for high and low power conditions, respectively. The correct
tuning of the PI controller gains allows a smooth computation of the voltage levels.

Figure 6.5: Battery cells voltage during a discharging process.

6.3 RCMC connected to an AC programmable source

The RCMC prototype is connected to an AC programmable source to validate the topology in all

three operative conditions described in chapter IV, performing both the discharging and charging
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Figure 6.6: RCMC connected to an AC programmable power supply.

processes. The circuit setup is shown in Fig. 6.6.

6.3.1 PLL and Power tests

To perform any test with an AC power supply, it is necessary to lock the converter output voltage

to the source voltage. First of all, the output voltage of the AC power supply has been measured

by an op-amp in differential setup and then sent single phase PLL, implemented in the master

controller. The PLL scheme has been implemented according to [96]. The PLL validation has

been carried out by setting the output frequency of the AC power supply at different values. In

Fig. 6.7, there are the results at 50 Hz, 100 Hz and 200 Hz.

The RCMC prototype has been tested for different phase displacement, compared to the

AC power supply output voltage. In Fig. 6.8, both active and reactive power exchanges are

implemented by displacing the AC power supply and the RCMC voltages of 0 and 90 degrees,

respectively.

Finally, the transient dynamic has been tested. Specifically, two scenarios have been consid-

ered: the reference current increases its peak each following period and a sudden change during

the working conditions. As shown in Fig. 6.9, the RCMC follows the control reference signals

without any particular risky condition to be reported.
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Figure 6.7: The angle, the AC system and RCMC output voltages are shown for three frequency
values: 50 Hz, 100 Hz, 200 Hz.

6.3.2 Sorting algorithm in discharging and charging processes

The RCMC prototype is tested in both discharging and charging phases, in which the AC power

supply is used to generate a variable voltage waveform representing the load in motoring and

regenerative conditions, respectively. Fig. 6.10 shows the AC voltage from the power supply and

the output voltage and current of the RCMC, for different power factors. In Fig. 6.10 (a), the

RCMC is feeding the load with the battery cells in discharging phase; in Fig. 6.10 (b), the load is

in regenerative mode and the battery cells are in charging phase. The AC power supply generates

a 4 V and 20 V peak voltage sinusoidal waveforms, for the discharging and charging processes,
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Figure 6.8: RCMC test for exchanging (a) active power and (b) reactive power.

(a) (b)

Figure 6.9: (a) Variable reference current every two periods and (b) a sudden change of the
current reference.

respectively. Despite of the low frequency employed by the master, equal to 5 kHz, the high

number of voltage levels provided by the RCMC ensures a pure sinusoidal current. In the same

case scenarios, the battery cells voltage has been measured and then reported in SOC values in

Fig. 6.11. During the discharging (charging) processes, the most (less) charged cells are selected

until they reach the less (most) charged ones. The implemented sorting algorithm guarantees a

final balanced situation, even starting with very different SOC values, as shown in Fig. 6.11.
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(a) (b)

Figure 6.10: RCMC output voltage (yellow), current (blue) and the load (purple), in (a) discharg-
ing and (b) charging processes.
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Figure 6.11: SOC of the nine battery cells during the (a) discharging and (b) charging processes.

6.3.3 Battery cell measurements

Moreover, the voltage and the current of one battery cell have been measured and reported in

Fig. 6.12, for both processes. When the battery cell is inserted, its voltage changes according to

the current direction: in Fig. 6.12 (a) the battery is supplying current to the load and its voltage

slightly decreases, while in Fig. 6.12 (b) the battery is charged and its voltage slightly increases.

In Fig. 6.13, the flowing current is shown together with the RCMC output voltage: it is possible
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(a) (b)

Figure 6.12: Current (green) and voltage (purple) of one battery cell, in (c) discharging and (d)
charging processes.

to notice the exact insertion time of the battery cell and the step contribution that it gives to the

RCMC output voltage.

During both charging and discharging processes, the flowing current follows a sinusoidal

shape without being pulsant: the high number of levels permits to discretize the requested voltage

with high accuracy, avoiding the continuos insertion/disconnection typical of the PWM. Therefore,

battery cells work in safer conditions and there is less risk of capacity reduction [97].

6.4 Algorithm at light loads

When the converter works at light loads, the NLM resembles a PWM because the requested

output voltage is so low that the control computes an oscillating number of battery cells for each

level. Therefore, each DSP cycle, the same pattern of devices is asked to switch, until the sorting

algorithms updates the batteries to be inserted. Therefore, an algorithm has been developed

in order to distribute the switching pattern over the different levels, decreasing the equivalent

switching frequency for all the devices. The algorithm can be properly tuned in order to fix the

final switching frequency. The experimental tests have been carried out considering the worst

122



CHAPTER 6. EXPERIMENTAL RESULTS 123

(a) (b)

Figure 6.13: Battery cell current (green) and RCMC output voltage (yellow).

case scenario: the reference voltage is less than one battery cell voltage, therefore the insertion

required oscillates between 1 and 0. In this case, the nine cells are inserted in progressive way

according to the sorting algorithm. Fig. 6.14 shows the number of battery cells computed by the

DSP and the evolution of the array with the insertion order. Since the number oscillates between

0 and 1 and the aim is to distribute the switching pattern within the 3 RBMs, the array of the

insertion order updates each time a cell has to be turned on. Fig. 6.15 shows the voltages of the

nine battery cells: the measurement is performed without any low pass filter action in order to

make more visible the voltage drop due to the internal resistance, which corresponds to the cell

insertion. The sequence of the voltage drops completely matches the insertion array shown in

Fig.6.14.
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Figure 6.14: Battery cell requested and insertion order evolution.
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Figure 6.15: Battery cells voltage without low pass filter action: the voltage drop means the
insertion of the battery cell. The number in red indicates the insertion position.
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7 Conclusions

The conventional two-level inverter has demonstrated its limits when employed in EV power-

train application: the efficiency drops for partial loads ranges, the energy delivery from the battery

pack is not optimized and the battery cells must be managed by a Battery System Management

to avoid over charge or over discharge phenomena. As widely discussed in Chapter II, even if

several research works studied enhancement actions to reduce its drawbacks, the next step is

changing the powertrain concept. Although the transition from a two-level inverter to a multilevel

and reconfigurable structure increases the overall system complexity, the optimization of the

battery system and the consequent energy conversion in EV powertrains is an important step to

boost the employment of electric vehicles.

7.1 Reconfigurable Cascaded Multilevel Converter

In this work, a new topology called Reconfigurable Cascaded Multilevel Converter has been

presented. The RCMC is a three-phase converter, characterized by the serial connection of several

submodules. In each submodule, the energy conversion is performed by the connection of several

Reconfigurable Battery Modules (RBMs) with a H-Bridge, used only to invert the voltage polarity.

The real novelty lies on the Reconfigurable Battery Modules, which consist in groups of three

battery cells individually accessible through a coherent selection of the switches placed between
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their connections.

This work carried out an efficiency analysis comparing six different RCMC architectures

to establish the most suitable one, according to given voltage and current requirements. The

conduction losses - the switching losses are negligible - are used as key parameter to evaluate the

most efficient topology. Furthermore, the RCMC topology is completely customizable in terms

of number of RBMs per submodules and submodules per phase, so that any other key parameter

can be used to establish the most suitable architecture in any application.

Moreover, its feasibility and competitiveness have been studied by comparing the new

topology with a HCMC, CHB and a SiC two-level inverter, in terms of converter and battery

efficiency. The simulation results show that the RCMC is completely suitable for powertrain

application, being more efficient or comparable with the other topologies. Moreover, as confirmed

by the experimental activities, the direct access to each cell allows to develop several algorithms

to keep the state of charge of the battery cells balanced.

From charging point of view, the three-phase structure permits the direct connection to an

AC system, without the need of extra components. Low THD current values are obtained also

with small values of filter inductance and the charging time estimation gives satisfying results,

showing a reduction of 40% compared to a conventional battery pack.

Finally, this dissertation explains in details all the challenges faced during the converter

construction. The important features of the new topology correspond to a high complexity

levels in terms of control architecture and PCB designs. Moreover, the high number of switches

and parameters to be measured increase the converter cost and size. To overcome these issues,

the control architecture has been designed according to a master-slave scheme, in which each

submodule is equipped with its own controller. In this way, the gate signals conditioning and the

battery cell voltage measurements can be executed by using a single device and without increase

the computational burden of the master controller, already responsible of performing the current

control and sorting algorithms.

The PCB are designed in order to accomplish the control architecture: the so-called Logic
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PCB is responsible for the gate signal elaboration and implements the conditioning circuits for

the battery cell voltage measurements; the so-called Power PCB perform the DC/AC and AC/DC

energy conversions, hosting the driving circuits for each MOSFET.

The laboratory prototype is validated by showing the results of the experimental activities: in

Chapter VI, both charging and discharging processes are performed and the battery cell voltages

are measured to show the efficiency of the developed sorting algorithm. The output voltage

and current of the converter are reported to validate the Nearest Level Modulation, both in

nominal and low power conditions. Moreover, current and voltages of the converter are shown in

steady-state and during transients to prove the low THD current values and the fast response to

reference changes, respectively.

7.1.1 Future works

The work shown in this dissertation is only the first step in the exploitation of the RCMC features.

The works planned in the future can be summarized in:

• Development of a three-phase topology to power a three-phase motor and carry out the

experimental activities related to the charging configuration;

• Efficiency validation of the simulation analysis presented in Chapter III and IV;

• Implementation of customized managing battery cell algorithms, according to priority

parameter. In this dissertation, two algorithms of SOC balancing are presented, according

to which the battery cells are inserted. In the future, the goal is the integration of the

balancing algorithms with thermal management control routines in order to have a complete

overview of the battery system status. As an example, the insertion of the battery cells may

be evaluated either according to the thermal distribution or their SOC values or considering

both aspects. The priority can be timely decided, according to the operating conditions;

• Development of fault tolerant strategies;
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• Development of recursive algorithm to reduce the number of conditioning circuits needed

to perform the measurements;

• Development of a PWM modulation for low-power applications.
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