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Abstract

The DC-link capacitor is a bulky and expensive component. Therefore, there is
an interest in reducing its capacitance in order to reduce both cost and size. An
appropriate converter control can lead to a reduction of this component. In this
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are carried out and compared with the base case.
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Chapter 1

Introduction

Electric Vehicles (EV) / Hybrid Electric Vehicles (HEV) / Plug in Electric Vehicles
(PHEV) are gaining popularity over recent years. The three of them have simi-
lar performance when powered only from the electric motor (short distances), but
HEV/PHEV solves the problem for long distances (mainly having to wait for the
battery to be recharged each 100 km more or less) thanks to having a conventional
petrol engine that can be refuel as in a typical car. The main reasons to consider

them as a option are listed below:

e Disappearance of fossil fuels: According to BP, one of the world’s leading
integrated oil and gas companies, there were proven oil reserves of 1700.1 billion
barrels by the end of 2014, a 24% (330 billion barrels) increased over the last
decade, enough to cover 52.5 years of global production. This means that every
day there should be a consumption of 88720 million barrels [1]. If alternative
energies are researched, these 52.5 years could be increased and the fuel used for

those applications were it is still mandatory because there are no substitutes.

e Independence of fossil fuels: Reserves to production ratio (R/P) shows the
remaining amount of a non-renewable resource, expressed in time. This ratio is

show for petroleum in fig. 1-1 for 2014 and different regions.

OPEC countries (Organization of the Petroleum Exporting Countries), hold the

majority of the world’s reserves, 71.6% of the global total. These countries are
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Figure 1-1: Reserves-to-production (R/P) ratios of petroleum in 2014 by region
(years) [1].

13: Islamic Republic of Iran, Iraq, Kuwait, Saudi Arabia, Venezuela, Qatar,
Indonesia, Libya, the United Arab Emirates, Algeria, Nigeria, Ecuador and
Angola. South Central America holds the highest R/P ratio, more than 100

years [1].

As it has been shown, resources and consumption are not even. It is expected
that, as reserves dwindle, this imbalance will cause prices to rise by countries
that own more raw material. The situation could also lead to national security
concerns, given the amount of things (not only cars) that are petrol-dependant
in our society. These reasons, among others, triggered the search of alternative

vehicles not powered from petrol, as electricity or hydrogen.

e Pollution and global warming: Recently, Earth’s surface temperature has
experience an increase in the global average temperature, as seen from fig. 1-2.

The projection is that it will continue raising over the next hundred years, from
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0.5 to 8.6°C depending on the actions carried out to stop it [2].

Global Land—0Ocean Temperature Index
1.0

—=— Annual Mean
——— S—year Running Mean

Temperature Anomaly (°C)

1880 1900 1920 1940 1960 1980 2000
Figure 1-2: Global Annual Mean Surface Air Temperature Changes [3].

This change, as it may sound small, can cause large and dangerous shifts in
both weather and climate. It is known as global warming, primary caused by an
increased in the concentration of greenhouse gases in the atmosphere, the most
important ones being carbon dioxide, methane, nitrous oxide and fluorinated
gases. Among these gases, only carbon dioxide and nitrous oxide are produced

in transportation.

Carbon dioxide (COg) has been traditionally the most worrying gas, and the
one which governments and institutions have tried harder to diminish. CO; is
the primary greenhouse gas emitted through human activities (80.9% of all US
greenhouse gas emissions). Humans alter the carbon cycle because they add
more to the atmosphere than the quantity naturally presented, at the same
time cutting down forests that could absorb this excess back. 31% of all this
gas comes directly from transportation activities, due to combustion of fossil
fuels. Nitrous Oxide (N2O) is also emitted in transportation (4% of all this gas

emissions) when fuels are burned. The exact quantity depends on the vehicle
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technology, type of fuel, maintenance and operating practices [2].

The awareness of this among the people, together with the effort of govern-
ments in creating laws to ”punish” greenhouse emissions and favour low or zero
emissions transportation is shifting the industry in investing in new vehicles
and alternative fuels that are eco-friendly. In the case of HEV, the pollution is
less because the gasoline engine works in its optimum point, while in the case
of the EV tailpipe emissions are directly zero. This, of course, doesn’t mean
driving an EV is 100% clean because the vehicle must be manufactured and
electricity has to be generated. If the energy comes, for example, from coal or

heavy fossils, the emissions are even worse than in a conventional vehicle [4].

Prize of the energy: In the case of pure EV, the price of the electricity is less
than the one for petroleum. In the case of HEV, the combustion engine works at
its maximum efficiency point, so for the same tank the distance that the vehicle
can cover is higher, meaning the prize per km is lower. In the middle there
are PHEV, which can work with cheap electricity or with the high efficiency of
the HEV. In addition, places as public parking, universities or schools, working
places or shopping malls offer free charging stations, so it can represent a huge
saving compared with traditional vehicles, that overcomes the initial overrun

that an electric vehicle means.

Having all these benefits, there are still some challenges that must be overcome

in order to reach a more mature technology, as power electronics, electric machines,

energy storage systems (batteries), better controls, thermal management... This mas-

ter thesis is focused on the reduction and optimization of capacitors in the DC-link

of power converters for a big hybrid electric vehicle, with the objective of having a

lighter, smaller and cheaper capacitor in order to improve the reliability and cost of

the overall system.
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1.1 Objectives and thesis structure

As it was already mentioned, the main objective of this master thesis is to find ways
of reducing the DC-link capacitor shared by the power converters in the vehicle. This
reduction must be done in a such a way that the voltage levels are always among the
limits impose by the normative, without compromising the good operating process of

the system. In order to achieve it, the steps were the following:

1. State of the art: This is one of the most important steps in the thesis deve-
lopment. A large number of articles in different scientific journals (mainly the
IEEE journal, since the university allows a free access to their members) were
consulted and classified according to the methods used. If the article was not

related to the topic it was discarded.

2. Basic simulation files: There was no previous work in this topic, so there was
a need of creating a basic simulation which included the initial conditions of
the vehicle before any modification. In this step, several parts of the simulation
were created and tried independently. The main objective here was making
sure that the initial capacitor selected by the company was enough to cover the

DC-link variations.

3. Final simulation and modifications: When all the parts were working alone,
they were merged together in a single file. After that, everything was prepared

to try different options found during the documentation process.

1.2 System configuration

The power electronics system selected for the vehicle consists of two 3-phase inverters
connected in a back-to-back configuration, fully bi-directional. The DC-link in the
middle is connected to a DC/DC converter that transforms the high-voltage from the
capacitor (600 V) into low voltage (28 V). This is shown in fig. 1-3.
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Figure 1-3: Power electronics configuration selected for the vehicle.

Both 3-phase converters are equal and made-up from 3 branches with 2 switches
in each branch. One of the sides is connected to a 3-phase 75 kW electric motor, an
Interior Permanent Magnet Synchronous Machine (IPMSM) coupled to a combustion
engine. The other side has the option of being connected to an external 3-phase load
by means of an LC filter, and needs to handle a maximum power of 70 kW. The
load can be balanced or have a maximum allowed unbalance of 20%. Instead of a
load, there can be an external power source injecting power to the low-voltage side.
The third converter is a 17 kW DC/DC bidirectional converter, which can boost the
voltage from the battery to levels of the DC-link, also allowing back the charge (from
the electric motor acting as a generator or from an external source) in order to charge
the batteries or feed low-voltage charges connected to that side. As a summary, there

are three operating modes:

e MODE 1. Export energy from the diesel engine: In this mode, the
vehicle is not running and the diesel engine is moving the electric motor, which
generates electricity in order to maintain the DC-link with the converter 1,
and feeds the external load connected to the 3-phase port. Batteries can be in

three states: contributing with power, being charged or not working.
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e MODE 2. Motors not running: In this mode, the vehicle is stopped as in
the previous case, but this time the motors are not running. Batteries can be

charged or discharged:

— Batteries charged: There is an external power source charging the bat-
teries and/or powering the low voltage loads. Converter 2 maintains the

DC-link voltage.

— Batteries discharged: There are 3-phase loads connected to converter 2
being fed from the batteries, which are being discharged. Low voltage loads
can also be fed. Converter 3 (DC/DC) maintains the DC-link voltage.
Loads connected in this case are limited by the power of the DC/DC, more
restrictive than in MODE 1.

¢ MODE 3. Vehicle moving: During the normal operation of the vehicle,
there can be load connected in the low voltage side of the DC/DC, which will
be fed from the electric motor or the batteries, depending on the power require-
ments at each moment (the batteries can be charged or discharged). Converter

2 is disconnected for security reasons and converter 1 maintains the voltage

in the DC-link.

As a remark, the DC/DC converter with a battery was not in the initial designs
and it was include later because it provides some improvements into the system, as
an extra storage that can be crucial if there is a need of a power peak at a given
moment. The other big benefit of having this converter is that it can balance the
DC-bus voltage in a faster compared with the 3-phase converters, so this can lead to

a capacitor reduction, which was properly checked during this thesis.

1.3 Capacitors in the DC-link

The DC-link capacitor in an electric vehicle is usually expensive, bulky and unreliable

(due to its limited life cycle) and represents the most important passive component
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of the system. It provides reactive power compensation, reduces power losses and
maintains the voltage profile, decoupling the different converters in the system [5, 6].
When it comes the time to design the capacitor for an AC/DC/AC system, there are
different parameters that influences the sizing. The most important ones are listed

below [7]:

e Voltage ripple due to high-frequency components of the modulated DC currents

of both converters.
e Inductor currents will flow into the capacitor if all the switches are open.

e Output power demand must be provided by the energy stored in the capacitor
during the delay time associated with the voltage control loop, which can be

speeded-up but never enough to avoid those peaks.

This last point is the most critical one in a classical system, determining the size of
the capacitor. In our case the importance of this is less because there is an additional
converter connected to a battery which may support the voltage and is able to react
faster than the 3-phase converters. This can allow a further reduction of the capacitor
size in comparison with the size when there is no DC/DC converter or battery.

The capacitor in the DC-link can be an electrolytic capacitor or a film one. Con-
ventionally, they used to be electrolytic capacitors because the ratio between capaci-
tance and volume (F/L) is much higher when compared to a film capacitor, meaning
they can be smaller in size. However, its life-time is reduced (less than 10000 hours
of use) and due to out-gassing phenomena, their capacitance is reduced along this
time, being less safer. This doesn’t happen to film capacitors, which have low ESR
(equivalent series resistance) and ESL (equivalent series inductance) and high over-
voltage capability [6]. Due to all of this, film capacitors are preferred, even when
higher capacitances are more difficult to find commercially.

Independently of the technology, it is obvious that it would be really appealing
to reduce the capacitor in the DC-link (reduce the value of the capacitance), for

economic (initial price and maintenance) and reliability issues. Capacitor’s lifetime

24



is mainly determined by the applied voltage and the core temperature. If one or
both of these parameters increase, lifetime decreases. Since the voltage is fixed by
the application, the only parameters that can be controlled is the core temperature.
This temperature is determined by 3 parameters, the ambient temperature, thermal
resistance and capacitor losses. Since the system of interest is a vehicle, the ambient
temperature can’t be controlled, and once the system is designed neither the thermal
resistance, so the only parameter that is free to be controlled to increase the lifetime
of the capacitor are the losses, being the most important one the thermal ones. These
thermal losses are directly related to capacitor currents, so, as a conclusion, DC-link
currents should be reduced in order to reduce losses and consequently increase the

lifetime [6].
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Chapter 2

State of the art

According to [6], methods to reduce the DC-link capacitor currents can be classified

in three different categories, namely:

e Modification of the inverter topology: Current reduction due to a change

in the classical power topologies.

e Power balance control: Consists of controlling the average current in the
rectifier’s side to make it equal to the inverter’s side average current, balancing
the instantaneous power imbalances so the only current flowing through the

capacitor are unavoidable harmonics.

e Modification of the PWM modulation scheme: In general, these methods
synchronize both converter’s PWM signals or modified the classical modulation
schemes. Improvements in the control systems’ capacity in recent years have
lead to an increased in popularity of this last method, forgetting more about

the, sometimes, complex methods to balance the power.

In following sections there is a brief summary about these methods, specially
regarding the last two since they are easier to implement on a system which is already

known and/or built.
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2.1 Power balance control

For this analysis, [7-10] have been considered. All of them deal with the subject of
control schemes which improve the speed of controllers in order to reduce the stress
in the capacitors during transients, consequently allowing a reduction in size.
Article [8] is relatively old, but highly cited by authors looking at the topic of
capacitors reduction. Presenting a classic AC/DC/AC, it features a rectifier and an
inverter, both controlled and fed from the grid and connected to an electric motor
(induction motor because by the time the article was written PMSM were not so
popular). In this case, the rectifier is in charge of keeping stable the DC-link voltage

while the inverter controls the electric motor.

o L converter I, Ip, Inverter

Pl -~
Eb L " llcwp

eyl '
Figure 2-1: Configuration and power flow of the PWM converter-inverter system
presented in [8].

The idea proposed in this paper consist of making equal both idcl and idc2 cu-
rrents, in such a way that there is no current flowing through the capacitor, thus no
voltage variations. In order to achieve this current absence, the information of the
current through the inverter is used to compensate in the rectifier’s control loop as
a feedforward term in the voltage node. With this, current through the capacitor is
directly controlled and voltage variations in the capacitor are reduced for the same
value of capacitor.

Due to these current control loops having an inherit delay (if PI gain is too high
the loop is faster but there are issues with voltage limit and stability margin), it is
not possible to make both currents exactly equal, so they also proposed a voltage

compensation term, calculated based on a differentiator along with a predictive term
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coming from the dynamics of both converters. This scheme with the differentiator
can be seen in fig. 2-2, where it is compared with a classical scheme with load current

feedforward compensation.

2 2 e .2
. 3w ipty, i)
Ipci~ _2_Vg_q_
e

D-axis converter current controller Inverter
. A :
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Figure 2-2: Conventional PI controller with load current feedforward compensation
and proposed control improving the classical control thanks to a numerical differen-
tiator [8].

The differentiator can cause several problems when it comes to adjust the control,
so in [9] they propose a solution to avoid using it. The system is the same as in fig. 2-1

and it is assumed to have fast communication, so measures acquired in a given place
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of the scheme can be used immediately anywhere. In order to avoid the use of a
differentiator, current control loop for the motor includes an IP and not a PI. In the
case of an IP controller, the gain does not lie in the forward path of the loop, so there
is no need to differentiate currents id and iq. Motor current-control block diagram
using IP controller is the one in fig. 2-3, where it can be appreciate the need for rapid

communication between systems and the absence of differentiation.

e |
L L.
wlii Ef K
- i b & 1 it E¢ ! Vi=X=2
v Pi 2 e 2 P rilold
: - bLy'xT - Ls zyc,ic B Cs
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Eds Egs e
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8 Trst t
Ak
L

[erm comp.

Induction Motor and Controller

Figure 2-3: Nonlinear converter controller for the converter—inverter system presented
in [9].

Other articles, as [7], emphasize also in the need of a fast control, using for example
an hysteresis control. Even if it will never get to zero error, consequently producing
variations in the DC-link, it is fast and easy to implement. They also recommend

using feedforward current terms in order to improve the system response.
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Finally, in [10] they present the idea of using active damping with the aim of
stabilising the DC-bus. This method changes the dynamic impedance in the system
by modifying the voltage output in the inverter introducing a virtual resistor, with the
advantage of not generating losses as a real resistor would do. An additional current
proportional to the voltage difference between the capacitor and the estimate voltage
in the source (which is not measured in order to achieve load/source independent
stabilization) will be injected (eq. 2.1) only if the system detects that the voltage
in the capacitor is about to go out of the admissible range, so the dynamics of the

controller won’t be degraded when the system is working under normal conditions.

A

V;lc_‘/s

2.1
Rdamp ( )

idamp =

2.2 Modification of the PWM modulation scheme

References to this topic are in general more modern, as they take advantage of in-
novations in the fields of computers and electronics. Besides, different systems are
studied, not only the classical AC/DC/AC (traditionally installed in industrial loca-
tions in order to control induction motors), but systems fed from batteries as a result
of new portable applications as electric/hybrid vehicles. Articles [6,11-17] have been
analysed. In [11,12] they present a DC/AC system with a bidirectional boost con-
verter fed from batteries giving power to a 3-phase load (electric motor) by means of
an inverter coupled to the boost with a capacitor, as seen in fig. 2-4.

They achieve a capacitor reduction by synchronizing the DC/DC converter with
the inverter, making the switching frequency in the first one double the second, to-
gether with a carrier modification. An advantage of this system is the absence of
complex control loops, since there are only modifications in the triangular carriers.
In [12] they develop a related mathematical explanation about the same topic.

Following the synchronization topic, [6] presents calculations for obtaining the
optimal phase shift angle between the two triangular carriers employed to control two

converters in such a way that current harmonics through the capacitor are reduced.
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Figure 2-4: Schematic of a bidirectional DC-DC converter and an inverter feeding a
3-phase load as seen in [11].
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The system is the one from fig. 2-5, having a motor/generator at both sides. The
optimal interleaving angle (fig. 2-6) is related to the displacement power factor (DPF),

modulation index and the modes of operation of both electric machines.
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Figure 2-5: Power control unit architecture in [6].

This paper can be applied to the studied system considering that one of the motors
in the scheme is the load connected to the vehicle (load can be connected both when
the vehicle is stopped and moving). In this case, one side will always be occupied

by an "electric machine” working as a motors demanding power to the other side,
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Figure 2-6: Definition of the interleaving angle for the synchronization of both con-
verters [6].

therefore to the PMSM in the vehicle. This PMSM can work as a motor when the
diesel engine is to be started or as a generator in normal operating conditions feeding
the loads or charging the batteries. When the PMSM is working as a generator, the
angle between both triangular waveforms should be zero (one “machine” motoring
and the other generating from the diesel) for a minimum ripple, as reported by the
article. In the case of having loads connected to the vehicle at the same time as the

PMSM is acting as a motor to start the diesel the angle should be 90°.

A different approach to the topic is presented in [13-16]. All these articles, from
similar authors, are based on the analysis of the current in a switching period for the
power topology in fig. 2-7. In this case, a three-phase load (electric motor) is fed from

batteries by means of an inverter instead of being plugged in to the grid.

As it is already known, a classic inverter is formed by 3 branches with 2 switches
in each one. The possible commutation states are 8, which are the ones that don’t
compromise the security of the system by either short-circuiting a branch or by cre-
ating an open-circuit that doesn’t allow current control. 6 of these states are known
as active vectors (V1-V6) and the other 2 as zero vectors (VO and V7). This is shown
in fig. 2-8.

Space vector PWM (SVPWM) generates the desired vector by means of two ad-
jacent active vectors and uses one or the two zero vector to complete until the end of
the period. By using these two adjacent vectors, the total harmonic distortion (THD)

is minimized. When the zero vectors are applied, current becomes zero, as seen in
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Figure 2-7: Architecture of an embedded electric power train system according to
[16].
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Figure 2-8: Distribution of the 8 possible control vectors in a d-q plane when using
vector control [16].
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fig. 2-9. These 2 vectors are responsible of the difference between the mean value and
the instantaneous value of the current through the capacitor, causing fluctuations in

the voltage.

SVPWM
. idc average value idc instantaneous value
(2] :
C [
0 I
19 |
13 f

A A AR R T

Figure 2-9: Average and instantaneous value of idc over a switching period with
SVPWM when the modulation index is below 2/3 [15]. The distribution of the
vectors like this causes a minimization of the THD.

To avoid or reduce the fluctuation, authors of these papers suggest using non-
adjacent vectors or more than 2 active vector in order to obtain the same initial
vector but with a reduced or removed zero time, depending on the modulation index.
These vectors must never be opposite vectors, since it will cause an inversion in
the instantaneous value of the current through the capacitor in the switching period.
Depending on the modulation index, vectors should be 3 if the indexes are high (>2/3)
or 2 non-adjacent and a zero vector in the other case. In this last option, the zero
time will be always lower than in the classical SVPWM. Along the 4 different articles,
authors improve the proposed method, which is finally called Extended Double Carrier
PWM Strategy [16]. It can be used for a varied range of modulation indexes and
loads with high power factor (cose > 0.8). A drawback of the method is that the
load current quality is reduced (higher THD), even if with high modulation indexes
it can still be compared.

In between control loops or modulation modifications there are some papers as

the one in [17], where they want to substitute an electrolytic capacitor by a ceramic
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one in an AC/DC/AC system, as the one in fig. 2-1. The system consists of an AC-
DC active front-end (AFE) converter, a DC-AC voltage source inverter (VSI), and
a 10 pF ceramic capacitor in DC link. In order to achieve this capacitor reduction,
a PWM modification (that reduces common mode voltages) is applied together with
some control techniques, such as a feedforward term from the current in the PMSM,
as it was explained in subsection 2.1. Control block for this case is presented in

fig. 2-10, which includes this feedforward term.
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Figure 2-10: Control block diagram of the AC-DC-AC converter system in [17].

This article propose a modified SVPWM in order to use non-adjacent and opposite

vectors, even when previous authors advised against it.
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2.3 Modification of the inverter topology

These systems modify the basic structure in a power system in order to take advantage
of an interesting characteristic, as adding additional switches, change their position
or use interleaving techniques in order to reduce current or voltage ripple. This topic
was not deeply studied since the topology is already defined. Nevertheless, some
examples are briefly presented, [18,19]. In [18] a DC/AC system is used to control a
motor, but the classic boost converter is substitute by a modification with coupling
inductors. This way, they claim to achieve overall cost reduction and switching loss
improvement, reduction of the PWM ripple content on the AC motor and smaller
filter capacitor. As a drawback, the system is not a typical one so it is less known,
and the need of coupling power inductors adds complexity to the system and the

control. In addition, control speed must be increased.

Finally, [19] presents a power topology joining several boost converters in an in-
terleaving scheme sharing the DC-link, achieving some harmonic cancellation. This
article searches for the optimal switching pattern for the boost converters’ phases and
the DC-link voltage level starting from a general analytical expression for the DC-link

capacitor RMS current and depending on the operational point.

2.4 Conclusions

It can be concluded that for using control techniques in order to reduce the capacitor in
the DC-link based on power balance control is necessary to have good communication
between all the parts forming the converters system, in order to have the information
available anywhere and be able to realize the appropriate couplings. Methods such as
feedforward in order to anticipate for the current demand and react in a faster way
avoid strong variations in the capacitor’s current, which results in a voltage variation,
allowing for a capacitance reduction in the same system. ”Virtual” modifications in
the system, as active damping, could also help when it comes to stabilize the DC-bus

voltage under heavy power changes.
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In the other hand, modification of the PWM modulation can be done by chang-
ing the triangular carrier or by changing the selection of the vector when applying
SVPWM. The fact of trying to synchronize the converters in the system in such a
way that current fluctuations are reduced seems a tendency.

Finally, some benefits may be extracted from a modification in the power topology,
but that would mean changing the design and using topologies not so well-known or
studied, so they should only be selected when the benefits are clearly higher than the
cost of studying and implementing a different topology.
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Chapter 3

Simulations

This chapter presents the simulations carried out during the development of this
master thesis. In order to validate techniques for capacitor reduction, the first step
was to build a simulation model of the system as detailed as possible. Different parts
of the system were modelled separately and then joint together in a bigger simulation
using the starting value of the capacitor. The different parts that were simulated

individually are:

1. Electric motor with fixed speed input.
2. Simplified diesel model.

3. External load fed from ideal voltage sources.

Once they were working, the first and second simulation were merged together,
after that the effect of a simplified DC/DC was added and finally the third simulation
was also built-in in order to get to the final one. After that, everything was ready to
try different things in order to see the effect in the stability of the DC-link. As it was
mentioned in chapter 1, there are 3 different modes of operation. Among them, it is
considered that the one affecting more the DC-link is MODE 1, because load changes
here can be more abrupt (MODE 2 is limited by the power of the DC/DC, which is

less, so load changes are smaller).
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3.1 Electric machine

The electric machine used in this project is an IPMSM, as selected by the company.
The most important reasons to use interior (buried) magnets and not surface mounted

here are:

e Magnets are more protected, since if the speed increases with SPMSM the

magnets could get detached.

e [PMSM achieve higher torques due to the asymmetries in the construction.

As drawbacks, they are more difficult to build because the magnets must be in-
serted in the interior of the stator and they are also more difficult to control, precisely

because of those asymmetries.

3.1.1 Mathematical model of an IPMSM

The stator phase voltage equation for a PMSM is shown in eq. 3.1 [20].

= =, A

Ve = Rgl — 3.1
abc abc+ dt abc ( )

Where:

e R, (©2) — Stator phase resistance.

—
o I (A) — Stator phase current.

o« X

abe

(Wb-t) — Flux linkage measured in Weber-turns.

This equation is transform to a dq reference frame and divided in d and q axis. In
appendix A there is a brief summary on this reference frame. D-axis stator voltage

equation is presented in 3.2 and g-axis stator voltage equation in 3.3.

d
vy = Rgij + E)\Z — WeA; (3.2)
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, d
U; = RSZZ + %AZ + we)\fl (33)

Where:

e i3 and ¢; (A) — Stator currents in dq reference frame.
e Aj and A7 (Wb-t) — Stator flux linkages in dq reference frame.

e w, (rad/s) — Electrical speed.

Last term in both equations is normally referred to as cross coupling terms, be-
cause they coupled both axes. They are an effect of the transformation. When
controlling a PMSM, the d-axis is usually aligned with the PM flux rotating vector,
in such a way that the magnet flux reflected in the g-axis becomes zero [21]. Axes

orientation is shown in fig. 3-1.

C

Figure 3-1: Abc to dq axes transformation in a 2 poles PMSM.
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Proceeding like this, the flux linkage in both axes can be written as eq. 3.4 and

eq. 3.5.

A = Ldiz + Apum (34)

Where:

e L;and L, (H) — d and q stator inductances.

e Ap)s — Permanent magnet flux.

Finally, using previous equations, stator voltages in dq reference frame can be

expressed as eq. 3.6 and eq. 3.7.

d
vy = Ryl + E)\Z — we Lgiy, (3.6)
S -S d S -
U, = Rslq + E)\q 4+ weLgiyg + WeApys (37)

3.1.2 PMSM model in Simulink

For the simulation of the motor, the model of a Permanent Magnet Synchronous
Machine (PMSM) was selected in Matlab Simulink, with salient-pole rotor type. The
real model is an electric machine designed specifically for this application by the
company, and its data is provided in table. 3.1.

From these information, some of the required parameters had to be computed in
order to complete the model, particularly the stator phase resistance and the flux.
They provided cooper losses and phase current at nominal speed, so the resistor is

calculated as in eq. 3.8.

_ L3

R, 72

(3.8)
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Variable Units | Value
Pole Pairs (P) - 6
Nominal Speed (N) rpm | 6500

Phase to

neutral voltage (Vrms) v 150
Phase current (Irms) A 171
Power (P) kW 75
Cooper losses W 1580

Ld mH 0.096

Lq mil | 0.209

Table 3.1: IPMSM data as provided by the company. Currents, voltages and power
are given at nominal speed.

Where:

e R, (2) — Stator phase resistance.

e P (W) — Power losses in the cooper. They have to be divided between the

number of phases because the nominal current is given per phase.

e I (A) — Current in rms value per phase at nominal power.

For the magnetic flux calculation, the equation applied is the one in 3.9 [22]. Note

that w, P represents the electrical speed.

BEMF
wy - P

Apy =
Where:
e BEMF (V) — Back Electromotive Force expressed in phase to neutral peak.
e w,(rad/s) — Mechanical speed from the rotor of the electrical machine.

e P — Pole pairs to transform mechanical speed into electrical speed.

Finally, in order to make the simulation as real as possible, the model includes
values for inertia and viscous damping. The inertia includes not only the one for

the electric motor but for the whole system (load), so it was selected big enough to
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represent a big vehicle, in such a way that a load change didn’t almost affect the

speed.

3.2 DC-link voltage control

In the mode of operation selected, the converter connected to the IPMSM is the
one maintaining the voltage in the DC-link. In order to do so, two nested loops
are prepared, one inner and faster loop for the current and a slower one for the
voltage, with enough difference in bandwidth so the interferences between them can

be neglected. The control is realized in a dq synchronous reference frame.

3.2.1 Current control loop

The current is controlled to be aligned with the g-axis, which means aligned with the
BEMF (BEMF is proportional to the magnetic flux, as it was seen in eq. 3.9). This
decouples torque and flux in the machine. It is important to note here that d-axis
current must be forced to zero by the controller, since it does not naturally stays at
zero. When the PMSM is acting as a motor, negative direct current is sometimes used
when working at high speeds, because that ”weakens” the flux, reducing the BEMF
and allowing to work at higher speeds because there is more voltage available [21,23].
Since in this case the machine acts as a generator there is no interest in reducing the
BEMF.

Both d and q current loops are shown in fig. 3-2. Quantities with an asterisk
represent references, the rest of them are known values or measured ones.

The error in the current is introduced to a PI, which is tuned as explained below,
in subsection 3.2.1.1, with a bandwidth of 500 Hz. The voltage coming out of the PI
is transformed by means of the cross coupling terms that appeared due to the axes
transformation shown in equations 3.6 and 3.7. Q-axis includes also the compensation
of the BEMF that only appears there due to the alignment during the synchronization.

In order to obtain the current measurements needed for the loop, stator currents in

abc are measured and transformed to dq. As it was already mentioned, the basics of
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Figure 3-2: Current control loop for the generator with pulse generation.

this transformation is the synchronization of the axes in such a way that the complex
vector rotates at the same speed as them, so there is a need of a synchronization
angle. This angle is obtained from the position of the rotor (tracking the position
of the magnets), this way having everything rotating at the same speed. Obviously,
the position of the rotor must be measured precisely, otherwise there will be an error
and the loops won’t be working properly. This measurement can be done by means
of a sensor mounted on the shaft based on different technologies, or estimated in a
sensorless way. For all the simulations it is assumed that the position is well known

at every instant because position measurement is not the objective of this thesis.

Once the voltage in dq synchronous reference frame are obtained, they are trans-
formed to abc using the inverse transformation and the same angle, and with those
quantities it is now possible to generate the pulses for the rectifier (converter 1 in
fig. 1-3). Pulse generation from abc references using comparisons with triangular

carriers is summarize in appendix B.

A demonstration of these current loops working is shown in fig. 3-3. For this
simulation, the generator is running at a constant speed of 4500 rpm and fed from
a constant 600 V DC voltage source, with the converter switching at 10 kHz. Id
reference is set to zero and iq is varied from -30 A to -60 A at 0.25 s. As it can
be seen, both currents track the reference correctly with a ripple that is due to the

switching effects in the converter.
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Figure 3-3: Current in id (3-3a) and iq (3-3b) axes from the generator when the
capacitor is substitute by a constant voltage source and there are only current loops
in the control.

3.2.1.1 PI controller for the current loop

A general PI controller has the form of eq. 3.10, with K being a proportional gain

and c the zero.

K(s+c) Ks+Kc

PI(s) = . .

(3.10)

The plant for the current loop, G(s), is the one from eq. 3.11. It is a simplified
model of an electric motor considering it as an RL load, being R the stator phase

resistance and L the inductance (first order system). When working in d and q
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coordinates having asymmetries in the rotor (IPMSM), L will be L; or L, depending

on the axis to be tuned.

1 1
G(s) = =L 3.11
(8) LS + R s +% ( )
The scheme with the position of the PI and the plant is shown in fig. 3-4.

i* i

Pl(s) 1 G(s)

Figure 3-4: General scheme for the current loop with a PI regulator.

Because of the controller and the plant being in series, the combined block can be

expressed as eq. 3.12.

K(s+¢) 1
S s—l—%

Gr(s) = PI(s) *x G(s) = (3.12)

The most interesting thing for this control is to cancel the pole of the plant with
the zero of the controller. This can be done if the value of the zero is R/L. After
the zero-pole cancellation has been made, the transfer function is reduced to g The
final expression for the block is then the one in eq. 3.13, with % being the bandwidth
(w) of the system.

K

Gr(s) = PI(s) * G(s) = : i & (3.13)

Bandwidth w of a system can be expressed as 27f, so the final expression for K is

shown in fig. 3.14.

K =2rfL (3.14)
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In Simulink, the transfer function of a PI controller can be expressed in two
analogue ways, parallel or ideal. Parallel connection is shown in eq. 3.15, with P
being the proportional constant and I the integral action.

I  Ps+1
Pl(s)= P+t =27

S S

(3.15)

Since the first expression for a PI shown in eq. 3.10 and this last one are the same,

the final values in Simulink for the proportional and integral actions are:

P=K
I=K - c

3.2.2 Voltage control loop

Voltage control loop generates the current command for the g-axis in order to maintain
a desired voltage in the DC-link. In this case, it is a fixed value of 600 V. In the d-axis
there is no voltage control because the current is already being controlled to zero for

the axis alignment. The basic control scheme is shown in fig. 3-5.

* P~k HPE S
Vdc evdc PI(s) idc CONV Iq >

Vdc

Figure 3-5: Voltage control loop for the generator.

The error in the voltage is introduced to a PI, with an smaller bandwidth compared
to the current loop (60 Hz), and its output is the DC current needed to maintain the
voltage in the DC-link. Since we have to work with currents in dq reference frame in
the AC side of the converter, there must be a transformation between both sides. This

is done assuming there are no losses in the converter so the power is conservative.
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The assumption is valid because power electronics converters in general have high
values of efficiency. This is shown in eq. 3.16. BEMF voltage needs to be expressed

in peak to peak rms, and it can be computed using eq. 3.9.

BEMF iqg*
Ppe = Py = Vpelpe = V3~ —= 3.16
DC dq DCLpc \/5 \/§ ( )
The final equation to perform the transformation is shown in eq. 3.17.
2Vpo - I
q" = 2 bC ‘e (3.17)
V3BEMF

For the tuning of the voltage PI, the current loop is assumed to be so quick that it
can considered instantaneous. This way, the plant G(s) is only the capacitor. Using
sisotool (another Matlab tool) with that plan, the values for the proportional and

integral action were obtained.

3.2.2.1 Voltage limits: normative

The company provides the limits for the voltage in the DC-link that it is mandatory
to follow when working at any mode and any condition. Fig. 3-6 shows the maximum
and minimum voltage allowed during normal operation (£35 V) and during transients.

The ripple amplitude allowed are 9 V with a distortion factor of 0.015.

3.3 Diesel engine modelling

The model of the IPMSM can be fed from torque or speed. Initially, the simulation
was fed from a fixed value of speed. In order to make it more realistic, the input was
changed to torque to include the effects and limitations of the diesel engine. This is
done by considering a simplified model of the real engine using data provided by the
manufacturer. The model is the Detroit DD15 Engine from the manufacturer Detroit.
The maximum power, 339.29 kW, is obtained at 1625 rpm and the maximum torque,
2102 Nm, at 975 rpm [24]. The datasheet includes horsepower and torque curves. The

data from these curves were extracted manually in order to have a representation of
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Figure 3-6: Voltage limits in the DC bus, including transients.

the complete curves in Matlab with the idea of using them in the simulation. They
are shown in fig. 3-7.

A speed control was implemented in order to generate the torque representing the
coupling between the diesel engine and the electric generator. The error in the speed
of the rotor is introduced to a PI tuned in such a way that the output is the torque
required to maintain the reference speed, with a bandwidth of 100 Hz. Proportional
gain and zero of the controller are computed by zero pole cancellation as in section
3.2.1.1, using values of inertia and damping instead of inductance and resistance (in
that order).

Since the electric generator is moving thanks to being coupled to the diesel engine,
this last one is the one who provides the torque requirements, and the maximum value
that it can provide changes according to the speed. Using the torque-speed curve from
fig. 3-7b it is easy to know the maximum at each speed, so the effect of the diesel
appears in the simulation as a variable saturator limiting the requirements of the
speed PI. A diesel generator can’t provide negative torque, so the saturator always

limits to zero as the lower bound. It is interesting to mention here that there is a
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Figure 3-7: Power (3-7a) and torque (3-7b) curves for the DD15 engine.

gearbox between both machines, they are not coupled directly. For the simulations it
is considered a fixed ratio of 1800/6500, which are the nominal speeds for the diesel
engine and the PMSM respectively. This is all shown in fig. 3-8.

As a final comment, there is no torque production in the diesel engine if the speed
is under 700 rpm. For this simulations we consider that the engine has been previously
started by other means, as using the PMSM as a motor instead of a generator. If the
speed goes below the minimum during the simulation, the maximum torque available

from the diesel engine is fixed to the one that can be produced at 700 rpm.
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Figure 3-8: Speed control loop using the diesel engine torque-speed curve as a limi-
tation at different speeds.

3.3.1 Simplified simulation with the diesel engine

In order to demonstrate the proper functioning of this simplified model of a diesel
engine coupled to a PMSM, control from fig. 3-8 is implemented in Simulink connected
to a first order transfer function (eq. 3.18) of the mechanical model of a vehicle defined
by its inertia and damping instead of the real model of the machine, in order to avoid

high simulation times.

G(s) = (3.18)

Acceleration from zero to nominal speed
9000 . :
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Figure 3-9: Speed command for the PMSM and the real speed following the reference
when the electrical machine is simulated as a first order transfer function.

The speed command is varied from zero to nominal speed in 6.5 seconds and
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then stays at that speed. The variation must be done smoothly because the inertia
constant is high and it is not realistic to vary the speed in steps. The speed following
the reference ramp is shown in fig. 3-10. Even if it is not seen in the figure because it
is very small, it is interesting to remark that the tracking during the ramp is not done
without error because the PI makes the error zero only in steady state. Anyway, this
error is negligible.

Maximum torque used for the saturator is shown in fig. 3-10. At the beginning,
and before the speed in the diesel reaches 700 rpm, the torque available is forced
to the minimum at that speed as explained before. After that, it can be seen how
the graph changes with the same shape as in fig. 3-7b. After reaching nominal speed,
(1800 rpm for the diesel), the maximum torque available is constant and has the same

value as the last point in the forementioned speed vs. torque curve for the engine.

Maximum torque from the diesel
2500 - . . :
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o
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Figure 3-10: Maximum torque that the diesel engine can provide at every moment
depending on the speed. It does not mean that it is providing this torque, just shows
the capability.

3.4 PMSM and diesel model integration

One of the most difficult tasks in this thesis was simulating the electric motor ge-
nerating power in order to maintain the DC-link voltage constant while coupled to

the simplified model of the diesel. Once previously explained models for the control
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of the power extracted from the generator and the model of the diesel engine were
working, they were merged together and checked.

In this model, the rectifier connected to the PMSM is controlling the voltage in
the capacitor and feeding some DC resistive loads (single-phase). In order to test this
new model, the speed was kept constant at 4500 rpm and the simulation started with
some speed in the PMSM as initial condition, in order to get sooner to the reference
and being able to simulate everything in a short period of time (more simulation
time means more real time spent in the simulation and lack of memory space in the
computer in order to save the resulting data). The power demanded by the loads were
changed during the simulation: initially, there are no loads so the power demand is
zero. At 0.3 seconds there is a step in the demand of 24 kW and at 0.6 seconds
this demand disappears again. The simulation ends at 0.8 s. Resulting DC-link
voltage is shown in fig. 3-11. This image includes the reference and the real value
alongside voltage limits in steady state as explained in subsection 3.2.2.1. As it can
be seen, whenever there is a power change in the demand the capacitor gets charged
or discharged, which is reflected in the voltage. In the case presented, there are no
problems of violations of the normative. Anyway, this is not the most adverse case
because the objective of this graph is to show the control of the DC-link voltage

working.

Voltage in the DC-link
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Figure 3-11: Voltage in the DC-link when the generator is feeding resistive DC loads.
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3.5 DC/DC converter

The DC/DC converter between the battery and the DC-link was not fully defined by
the company at the moment of realization of this thesis. What is known is that it
is a 17 kW converter, transforming from 26.4 V in the battery to the 600 V in the
DC-link.

3.5.1 Battery

The battery placed at the low voltage side is rechargeable and manufactured in

lithium-ion. The most important data is shown in table 3.2.

Variable Units | Value
Nominal capacity Ah 60
Nominal voltage \% 26.4
Voltage at full state of charge \Y 30
Voltage at zero state of charge \Y 20
Energy kWh 1.6

Table 3.2: Data of the lithium-ion battery at the low voltage side of the DC/DC
converter.

3.5.2 Simulation

In order to simulate its presence, the DC/DC converter was represented as two current
control sources, one of them connected to the model of the battery and the other
injecting or extracting current from the DC-link with the appropriate transformer
ratio. The drawback of this is that the switching effects can’t be evaluated, but at
least it allows a faster simulation. Anyway, the main objective of this part is checking
if having something like this in the real design could provide an improvement in the
control of the DC-link voltage.

A key point here is the relationship between both converters (1 and 3). The control
had to be thought in such a way that individual controls of both converters don’t fight
over the regulation. The rectifier (converter 1) is the one that has to maintain the

voltage in steady state. Only if there is a deviation of the reference, the DC/DC
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converter should inject or extract current in order to balance the system in a faster
way while complying with the regulation. With this, and since the rectifier control
already includes a PI to guarantee zero error in steady state, the control of the current
flowing in the battery could be done with a PD controller. The differential action

would only work if the voltage error changed its value. This is shown in fig. 3-12.

idc E’_

————————————

LOW VOLTAGE HIGH VOLTAGE
SIDE SIDE

Figure 3-12: DC/DC converter scheme with the control loop. Rt represents the
transformer’s ratio between the high voltage side and the low voltage side.

The extra current flow provided by the DC/DC converter is calculated propor-
tionally to the error until it reaches the limit imposed by the power. The differential
action allows a faster response than just using the proportional action, as it will be

shown in further sections. The enable port is added for several reasons:

e [f the error is smaller than 2.5 V there won’t be current flowing through the
battery, as it will be considered as normal fluctuations in the voltage level. This

way we avoid charging and discharging the battery unnecessarily.

e If the error is positive means the voltage in the capacitor is smaller than the
reference, so there should be current injection in the capacitor, that will come
out of the battery. If in this case the voltage in the battery is smaller than 20 V,

there won’t be current extraction because that would degrade the battery.
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e Opposite to previous case, if the error is negative means the voltage in the DC-
link is greater than the reference, so there should be a current extraction from
the capacitor in order to lower the voltage. If the voltage in the battery is 30 V,
there won’t be current extraction allowance because that would also damage

the battery.

Transformer’s ratio is calculated dynamically as the voltage in the DC-link divided
by the voltage in the battery. Current in the high voltage side of the converter is then
computed as the current in the low voltage side divided by this transformer’s ratio.
The operation of this converter together with the other parts of the system is shown

in section 3.7.

3.6 Load voltage control

In this section it is presented the control of the inverter connected to the AC loads.
This 3-phase converter is in charge of controlling the voltage in the loads. This
feature was tried independently, substituting the capacitor by an ideal voltage source

of 600 V, as it can be seen in fig. 3-13.

AC LOAD LC FILTER CONVERTER 2

Figure 3-13: Scheme for AC load control from a DC voltage source.

At this point there were some problems regarding the maximum AC voltage that
is possible to obtain from the 600 V DC-link. The idea is to create a normalized grid
at the output, 400 V line to line RMS (327 V phase to neutral peak) and 50 Hz.
According to [25], using classical modulation, the maximum voltage that can be

obtained in phase to neutral peak is +Vdc/2, which means using only a 86.6% of
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the voltage available. In this case £300 V phase to neutral peak. A solution to this
is using homopolar voltage injection, shifting the 3 references by the same amount
in such a way that the sum of the 3 are no longer zero but the homopolar voltage.
This way, the maximum voltage that can be obtained in phase to neutral peak is
+Vdce/ V/3, 346 V, which is enough in this case. A drawback of this is that the
harmonic components of the input and output current will increase [26]. Since this
is not the main objective of this thesis, the simulations were carried out reducing
the voltage command for the load to a value that could be reached with classical

modulation.

3.6.1 Filter design

The company didn’t have yet the data for the filter design, so one LC filter was
calculated in order to have frequencies filtered beginning at 900 Hz. In order to do
so, and using equation 3.19 of the frequency in an LC filter, the value of the capacitor
was selected to be 30 uF. With those values of frequency and capacitor, inductor

value is 1 mH.

w=2nf= ! (3.19)

VLyCy

The parasitic resistor of the inductor was estimated at 0.05 €2, because it is a filter

for high power and otherwise the voltage drop in it will be unacceptable.

3.6.2 Control

As in section 3.2, the control will be realize with two nested loops, one for the current
and one for the voltage, with an appropriate bandwidth separation. In this case, q-axis
current will be forced to zero in such a way that all the voltage will be controlled with

the d-axis, being the module of the reference equal to the d-axis voltage command.
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3.6.2.1 Current control loop

The scheme is the same as in fig. 3-2. Both d and q axes loops are tuned as in 3.2.1,
using zero-pole cancellation by means of the elements in the LC filter (the resistance
used is the parasitic resistance in the inductance) with a bandwidth of 500 Hz. Cross-
coupling terms are present too, with the difference that there is no BEMF term and
the inductance is the same for both axis. For the dq to abc transformation, the
synchronization is made with the grid voltage angle. As it was previously mentioned,
the objective of this thesis is not the synchronization for the transformation, so it
is considered that the voltage is a perfect sinusoidal waveform rotating at 50 Hz.
If this is intended to be made more realistic, a Phase-Locked Loop (PLL) could be

implemented in order to track it.

3.6.2.2 Voltage control loop

Voltage control loop is similar to the one in fig. 3-5, but this time in the d-axis. In
the case of the PI, the tuning is done in the same way, using Sisotool with the value

of the capacitor in the filter and a bandwidth of 40 Hz.

Voltage in the d—axis of the load
400 - . . . ;

Meas

350f

300

25o-f o

200

Voltage (V)

150

100 : : : : :
0 01 02 03 04 05 06 07

Time (s)

Figure 3-14: Voltage in d-axis at the load alongside its reference.
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3.6.3 Simulation

Scheme from fig. 3-13 was implemented in Simulink in order to test the design of the
loops. Voltage reference can’t be 300 V because there is a voltage droop in the filter

elements, so in order to have some margin the voltage command was set to 280 V.

Id current in the load

200
Meas
150 N\ e Ref
Wi
g 100 IR ¢
-100 ' ' ' : ' '
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)
(a) Id
Iq current in the load
5 T T T T T

AR

Current (A)
o

R -

_5 L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)

(b) Iq

Figure 3-15: Currents id(3-15a) and iq(3-15b) in the load when the voltage in the
d-axis is controlled to be 250 V as peak phase to neutral.

The simulation works as explained below:

e 0 s: Initially the load is balance, resistive and demanding 20 kW per phase.

e 0.3 s: There is an unbalance of a 20% in phase 3.
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e 0.4 s: There is another unbalance of a 10% in phase 2, maintaining also the

one in phase 3.

e 0.5 s: The load goes back to being balance, but the demand is 1 kW per phase.
This is a big step in the load.

In fig. 3-14 it can be seen how the voltage tracks the reference in the d-axis. From

0.3 to 0.5 seconds the resulting voltage is oscillating because of the imbalance.

Current per phase in the load
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Figure 3-16: Currents (3-16a) and voltages (3-16b) per phase in abc coordinates in
the load when the voltage in the d-axis is controlled to be 250 V as peak phase to
neutral.

The inner current loops are also working properly, as seen from fig. 3-15 where

both axes are following the reference much faster than the voltage loop (they were
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designed with a higher bandwidth). Between 0.3 and 0.5 seconds the same ripple
seen in the voltage level can be appreciate at the current level. From 0.5 seconds the
current is dramatically reduced because of the power reduction. Finally, the currents
and voltages in abc reference frame measured at the point of connection of the load
with the filter are shown in fig. 3-16, phase to neutral quantities. In order to have a
good view, only instants from 0.4 to 0.6 seconds are shown, to see the change in the
power. They are displayed in order to demonstrate that the filter designed is working
fine at filtering the voltage so it is sinusoidal at the load. Of course, the peak value in
the voltage is the same as the d-axis voltage reference, since the g-axis is controlled

to be zero (with the current) and all the module is reflected in the first axis.

3.7 Integration of all the systems

Once all the systems were presented and tested individually, everything was put
together as in the scheme from fig. 1-3. In this section the simulation results in the
DC-link are presented for different cases: system working without DC/DC, using the
DC/DC and just a proportional action for its control and using the DC/DC with
the PD controller. The aim of this is to show the improvements that the DC/DC
correctly controlled can bring in to the stabilization of the DC-link voltage.

In order to do so, a simulation was prepared to last 0.8 seconds. The speed in the
PMSM is set to 5500 rpm and the DC-link voltage reference to 600 V as always. The
simulation works as the one in the previous section (starting with 18 kW per phase
and having all the changes being the same).

The different load states were prepared to see the changes in the DC-link and
compared the best option. This states vary really fast and the load changes are very
sharp, which is not expected normally, but it is done in this way in order to have a
better comparison. The 3 different cases are presented in fig. 3-17.

There are several remarkable aspects that are clear from the graph. One is that
all the methods are complying with the regulations in this case: the voltage is always

between the pink limits and there is never a ripple bigger than 9 V. In the base case
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DC-link voltage with and without the DC/DC converter
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Figure 3-17: Voltage in the DC-link in different situations: when there is no DC/DC
converter, when the DC/DC converter is controlled with a proportional action and
when it is controlled with a PD controller.

without DC/DC converter there is a peak over the upper limit when the load changes
sharply to a small value (around 0.6 seconds), but the time it lasts is between the
limits of normals transients as seen from fig. 3-6.

The other aspect is that the best option is to control the DC/DC converter with a
PD regulator, even when just adding the DC/DC converter with the additional power

of the battery causes an improvement in the system’s general performance.

3.8 DC-link voltage variations reduction

Once all the subsystems are connected and working together it came the time to try

some reduction methods.

3.8.1 Including an extra power source

This refers to the use of the DC/DC converter. As it has been shown in previous

section (fig. 3-17), this converter leads a very positive effect when it has to stabilize
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the DC-bus voltage, and it is really appealing during transients.

3.8.2 Feedforward current term

One of the most interesting methods found during the research carried out about
the methods for reducing the DC-link capacitor was the use of the feedforward terms
[7-9,17]. It is also one of the easiest methods that can be implemented once the whole
simulation is completed. The working principle was already explained in chapter 2.
In here it will be used as follows: the voltage control loop for the voltage at the load
generates a current command in the d-axis. In parallel, there is a loop controlling
the DC-link voltage. If there is a power change without any coupling between loops,
what happens first is that the load loop starts extracting/injecting current from/in
the capacitor, and the other loops reacts to this when the voltage starts changing,
with a delay. What it is proposed here is to use the current command generated in the
load loop (d-axis) and add it to the current command in the other loop (q-axis). This
way, the controller already knows there is a new demand in the system and anticipates
the current change, in such a way that it comes from the generator and not from the
capacitor, producing a smaller variation in the voltage. Obviously, a small variation
is unavoidable because there are still some delays in the loops and communications.
The biggest drawback of this is the need of fast communication between converters
controllers. The fastest the communications, the smaller the delay and the smaller
the variation in the DC-link voltage [8].

It is important to note that the feedforward term can’t be directly added to
the current command in the DC-link loop because they are not based in the same
voltage. Current has to be transformed using power balance and assuming no power
losses between converters, as it was done in section 3.2.2, but this time using the
power in dq coordinates in the load, as shown in eq. 3.20. The term 3/2 in the power

is because the abc to dq transformation performance is not power conservative.

3, .
PDC = PAC = VDCIBC = §(Vd@d + ‘/qu) (320)
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The voltage in the DC-link when a feedforward term is added is shown in fig. 3-18
(same power changes as in previous section). Different scenarios were tried out. The
base case without DC/DC is compared with the case without DC/DC but feedforward
term and the case of a DC/DC controlled with a proportional action alone or a PD
controller. As it is expected, the best case is the one including the PD controller for

the DC/DC and the feedforward term for the currents (pink curve).
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Figure 3-18: Voltage in the DC-link when there is a feedforward compensator in the
current loop.

3.8.2.1 Delay effects

As it was previously mentioned, when using feedforward there is a need of fast commu-
nications between the different units in the system. A typical protocol for doing the
communications in a car (independently of its type) is the CAN (Controller Area
Network); a multi-master, message broadcast system developed by BOSCH. All the
buses in the system work at the same speed, which can be selected from a wide range
as indicates the standard for this protocol [27]. In this case, all the modules are
connected with a CAN bus with a baudrate of 125 kbps. This speed is the maximum
that it can be achieved in what is called "fault tolerant CAN bus”. Its main benefit
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is that it can operate under different failures, analysing continuously the bus in order
to return to normal operation if the fault disappears. In the worst case, and using

eq. 3.21, the time delay could be around 1264 us [28,29].

T:44+8-DLC+W~TW (3.21)

Where DLC is data length (between 1 and 8 bytes) and Tj;, is the bit time. If this
delay is applied to previous simulations it can be compared how worse the system
performance becomes. This is shown in fig. 3-19. In order to see it better just
0.1 seconds are shown. As it can be seen, even the worst delay at that speed does not
really spoil the behaviour and still compensates for the extra communications. This
means that in other more favourable cases the difference will be smaller, which is a

good reason to choose this method.

Effects of the delay due to communications
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Figure 3-19: Voltage in the DC-link when there is a feedforward compensator in the
current loop and there are delays in the communications compared to the case where
there are no delays and the base case.
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3.8.2.2 Effects of reducing the capacitor

In this section it has been demonstrated how adding feedforward current from the load

helps a lot stabilizing the bus, which means an smaller capacitor could be employed.

Previous simulation has been repeated reducing the capacitor from 2 mF to 0.5 mF.

The results are displayed for the base case, the use of a DC/DC and the use of a
DC/DC in addition to the feedforward term.
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Figure 3-20: Voltage in the DC-link when the capacitor is reduced from 2 mF to

0.5 mF.

With this capacitor, the only curve complying with the normative is the blue

curve, the one extracted from the voltage simulation using feedforward.
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Chapter 4

Conclusions and future work

4.1 Conclusions

The most important part of this work was the analysis of the state of the art in the
topic of potential actions that can be carried out in order to minimize the capacitor in
the DC-link in a power electronics configuration for transport applications. It consist
of an extensive research about the topic, being the main interest of the company
for whom this thesis was carried out. The different methods were classified between
three different groups: modification of the inverter topology, power balance control
and modification of the PWM modulation scheme.

Once this classification was done, the initial idea of the company, using a 2 mF
capacitor was studied. In order to do so, the system presented in fig. 1-3 was rep-
resented in Matlab Simulink. One of the most important simplifications here was
the fact that the DC/DC converter was modelled as a non-switching converter, using
controlled current sources. This was done in order to achieve faster simulations but
also because the final converter was still not developed by the company. Simulation
results showed that the system performance is loosely between the limits with this
capacitor, so it is possible to look for smaller and cheaper capacitors. It has been
demonstrate that the use of the converter improves the system performance, which
was one objective of this thesis. In addition to this, the use of a feedforward current

term has show the potential to further reduce the voltage variations, allowing an even
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bigger capacitor reduction.

4.2 Future work

This is not the end of the project. Some future work that is going to be carried out

includes:

e Test some methods that were mentioned in the chapter regarding the state of

the art that weren’t tried yet.
e Continuous update of the existing methods by getting all new publications.

e Set an experimental mounting in order to try the methods in real life, so

Simulink results are validated.
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Appendix A

DQ Synchronous Reference Frame

As for this thesis, rotating vectors will be used (also known as space vectors), because
of the simplicity they bring and also because they transform 3-phase variables into
two, allowing a better performance in the control and zero steady state errors when
using PI controllers. Phase currents normally add up to zero, which means that
there are really only two independent variables. If there were 3 controllers, one for
each variable in abc coordinates, they would “fight” over the regulation. If vectors
are in an arbitrary reference frame, signals are still changing in steady state, so the
reference frame is made to rotate at the same speed as the complex vector, having
finally constant signals at steady state with a consequent zero error when using a PI
[30].

Transformation abc to dq is done thanks to eq. A.1, where f represents any abc
quantity, and the constant (2/3) allows the transformation to be conservative with
respect to the amplitude, but not respect to the power (power calculations must take

this into account). This is known as the Park transformation.

fu=2 (fut 5675 4 £F) =2 (b af + f,) (A1)

Projecting the space vector on the d (direct) and q (quadrature) axes gives the
components d and q of this complex vector. This rotating vector describes a 3-phase

system, and it is not a phasor. Particularly, if a 3-phase system is symmetrical with
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pulsation w,, the space vector generated will have constant amplitude and it will

rotate at an angular speed of w.
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Appendix B

Sine-triangle modulation

The idea of sine-triangle PWM is generating gate command for the different switches
in a converter by comparing the references in abc coordinates with a triangular wave-
form that has as frequency the desired switching frequency, as shown in fig. B-1. In
this image, the switching frequency has being reduced for convenience and clarity.

Sine-triagular modulation
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Figure B-1: Example of sinusoidal references compared to a triangular carrier. The
frequency of the carrier has being diminish in order to visualize the idea correctly.

The triangular carrier, which is the same for the 3 references, is compared with
the sinusoidal waveform, generating an square waveform. This is the command for
the upper switch in a branch, being the opposite for the lower one. This is shown in
fig. B-2. If the switching frequency is high enough compared with the fundamental

frequency, in a switching period the references can be considered to be straight.
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Figure B-2: References and carriers in one switching period, and the square waveforms
generated [25].

As a final comment, overmodulation occurs when one of the references touches
the peak, moment in which the maximum voltage available with this classic method

is reached.
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