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General Degription of the Doctoral Thesis

Topicality

The role of electric drive in everyday life gsucial, as today more than #®[1] of t hes wor |
electricity consumption is used in one of the types of electric drive. Electric drive is used not only in
transport or industry, but also in the hdusd and many other applications. Inefficient solutions are still
used in many types of electric drives, for example, only abéatfZ of all installedelevators use
solutions that utilize braking energy efficiently.

The transport sector is responsible fo8®f all energy consumption in the European Unijn
which causes not only G®ut also other harmful emissions into the environment. As more and more
electricity is produced from renewable energy sources, mainly through solar and wind power, the
substitution of vehicles equipped withternal combustion engines is encouraged through various
subsidies and by investing public funds in the development of electrieredatied technologies, which
partially or fully utilizes electrical power. It is projected that before 2020 the outplgatfi@ cars will
reach 100,000 units per ygdil. For a long time, trolleybuses, trams, electric trains, speaiglose,
and slowmoving electric vehicles have been widely used in transport. They are powered by either
lithium-ion or leadacid batteries. Their performance and ogfficy can be enhanced loging a
supercapacitor based modernization device that would increase battery life, more efficient use of
braking energy storage, and efficiency at peak power. As the price of supercapacitors tends to decrease,
it is essential teontinue research on the use of such devices in small power vehicles as well as in other
applications.

Goal and objectives of theesearch
The aim of the work is to develop perspective electric drive modernization equipment with
supercapacitor electric rergy storages and to study, improve and develop power electronics
converters intended for them. To achieve the goal, the following tasks are set:
1 to develop a test bench for studying recovery systems of regenerative braking energy in
electric drive
1 to investigate the application of magnetically coupled elements iDBConverters;
1 to develop a control algorithm for mufthase DEDC converter topology that works in the
boundary conduction moge
1 to study the possibility of improving the internal combustmgine starting system by using
supercapacitors;
1 to develop supercapacitor based modernization kit that imprtaweefficiency of light
electric vehicles
1 to develop bidirectional DGDC converter for supercapacitor based modernization device
for use inelectricvariable speedrives systems equipped wiglirequency converter.

Researchmethods andtools

1 MatlabSimulink was used to develop detailed models for studying the control systems of
electric tragport and modernization devices

1 PSIM computer prgram was used to study power electronics converter topologies and
control methods



1 MS Excel program was used to obtain graphs using the acquired analytical expressions

1 IAR Embedded Workbench was used to develop software code for microcontroller, Altium
Designeri to design PCB, FEMM for magnetic field simulatian

1 Different types of multimeters and oscilloscopes were used to obtain experimental results in
case of power electronics converter testing

1 To provide experiments with hardware, the technical mas® equipment of the Riga
Technical Universityl power supplies, power analyzers, signal generators, and other
equipmeniwasused.

Scientific novelty

1 A new multtlevel converter voltage balancing method has been developed

1 A new control method for the BDC converter operation in boundary conduction mode to
reduce the size of the magnetics componemats developed.

1 An algorithm for selection of analog data measurement times to reduce the effect of
electromagnetic interference on measuremeatsdeveloped

1 A solution for the improvement of internal combustion engine startup processes using
supercapacitors and a controllable switets found.

1 A supercapacitor based modernization kit with an independent control system and new
control algorithms for improvinthe performance and energy efficiency of batieoywered
light electric vehiclesvas developed.

1 Analytical description of current ripples in E@C converters with coupled inductonsas
develomdfor improved construction of coupled inductors.

Practical significance of theresearch

1 Supercapacitor based modernization conversion kit can be used in practical applications,
increasing vehicle power and efficiency

1 The aquired mathematical expressions describing current ripple in magnetically coupled
inductorscan beuse in practical engineering calculatians

1 Modernization kit with supercapacitors connected to tphese frequency converter DC
bus can be used to increase the energy efficiency of electric drive and provide continuous
power to the drive system

1 The proposed balancing method can be used in cases where it is not possible to implement a
sophisticated algorithm that controls the voltage by using digital control

1 Thecontrol method for a converter operating in boundary conduction mode can be used in
practical applications, increasing the power density of the converter.

Thesisstatements tobe defended

1. The modernization device with supercapacitors, which is proposed to retrofit electric vehicle
equipped with lead acid batteries, allows to extend #itery life and increase the overall
energy efficiency of the traction drive system. The size of the power electronics converters for
the vehicle should be as small as possible. It is pogsiievelop easy to produce magnetically
coupled inductor thatlaws reduang the current ripple of a foryphase DEDC converter by an
average of 200, increase the efficiency of the converter and reduce its size.
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2. Utilization of supercapacitors in combination with power electronics solutions for starting an
internal ©@mbustion engine allows extend the lifetime of leaehcid batteries, reduce the
required volume and price of supercapacitors, reduce the voltage drop-@ap gtiasise and the
peak current through the starter motor, and allow to successfully start entfieecase of a
discharged battery.

3. The application of supercapacitors has a perspeofiveccumulating recuperative braking
energy of elevators, the use of specially adaptedD@onverters allows optimal utilization of
the capacity of energy storagad theachievingadditional energy efficiency and reduction of
the peak power consumed by elevator drive system. In this application, the dynamic response of
the converter to the transient processes is important. The multiphase converter topology and
opeaation in critical current or discontinuous current mode enables the creation of a converter
with short response time and small size. By u#iiegiovel control algorithm, it is possible to
create a mukiphase converter with low input and output powesgsiiwithout a current sensor
and a control loop in each of the phases.

4. Since the supercapacitor voltage is low, many applications require the use of an isol&€d DC
converter. Using muklievel topology allowsthe use of cheaper transistors with better
parameters and increasthe efficiency of the converter, but balancing the voltages of the
capacitive voltage divider should be addressed. Voltage balancing can be achieved without a
special sophisticated control system by introducing new schematic sslthiat can operate
independently from the converter control system.

Dissemination ofresults
The main results of thi¥hesis have been presented in the following international scientific
conferences:

1 14th International Scientit Co n f d&ng@aerngf ofr Rur al ,Delgaeal] 0 p me
Latvija, 20 22 May 2015.

1 15th International Scientific Conference on Engineering for Rural Development, Latvia,
Jelgava, 2016, 224 May 2016.

1 57th International Scientific Conference on Power and Electrical EngineerirRjgaf
Technical University (RTUCON), 134 Oct. 2016

1 IEEE International Power Electronics and Motion Control Conference (PEMQ)8Z5ept.
2016

1 18th European Conference on Power Electronics and Applicatio ( 16 EEC& Europe),
519 Sept. 2016

1 PCIM Eulope 2016; International Exhibition and Conference for Power Electronics,
Intelligent Motion, Renewable Energy and Energy Managemeni,2lBlay 2016

1 56th International Scientific Conference on Power and Electrical Engineering of Riga
Technical UniversityRTUCON), 14 Oct. 2015

1 9th International Conference on Compatibility and Power Electronics (CPE}6 2une
2015

1 Proceedings of PCIM Europe 2015; International Exhibition and Conference for Power
Electronics, Intelligent Motion, Renewable Energy and ynevlanagement, 120 May
2015
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Introduction

Supercapacitor based modernization deuntegration into the electric drive system helps not
only to storebraking energy in drive systemghere it is possible, but also to address other
important issuessuch as providing power supply to a drive systemcase of a primary power
supply failure or during shortvoltage sags Unplanned power supply interruptions in some
applications can cause financial losses for the owner in excess of even a million[8Qliars also
possibleto reduce current harmonicstabilize the voltagef the DC busandreduce the value of
the current peak. As the electric drive life can reach several ddéjdtsere is still a large number
of drive systems that are satisfactorily performing their intended task but are either energy non
efficient, or the state of health of energy storage used to supply power to drive system is bad
Replacing such drive systems with new ones requires large capital investments that pays off over a
long period and this period may be longer than the lifetime of the mechanica. garbther
approach is to partially modernize a running electric driveeplacing some parts with a new one
or by adding a system with a modernization device. In this work the electric drive modernization
device with supercapacitors was studied and developed, which allows to improve not only the
power system efficiency of ¢hdrive system, but also prolong battery life, increase the peak power
of the drive systemrand ensure continuous power supply in case of power supply disconnection.

In order to providean electric drive equipped with a modernization device, higher flkibi
and efficiency of use, the supercapacitors cannot be connected directly to the DC bus, but a power
electronics converter is required to control power flow. With the help of thedstional DCDC
converter, it is possible to provide different cohtedgorithms depending on the particular
apdicationT the voltage of the DC bus, level of dischadop@fige of the energstoragereduction
of peak powerand many other parameters can be regulated. Over the past 30 years, thousands of
studies have beenowducted on the optimization and improvement of the power electronics
converters but constantly more and more new topologies and improvements are still being
published. In order to build a converter with the highest power density, efficiency, and afitordab
there is a need for collaboration between industry and research institutions, as well as large
investments in human and financial resources. Howehereis oftena needfor a converter that
has high performance for some specific function, but thet that some of the parameters are
slightly lagging behind is not so important.

In this work the possibilities ofmproving the converter were studied using the latest scientific
solutions T integrated magnetic elements, multiphase topologies, multilmologies, and
operationinto boundary conduction mod@rototypes of DEDC converters, development and
possible further small series production of which do not require specific passive components, high
degree of integration, specific application ineggd circuits, and other major investments, were
developed during the scientific researBlsidesconverter control algorithmspecially adapted for
supercapacitor based modernization equipnvesre developed.
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1. Utilization of energy storage in electri@al drive systems

Induction motor or permanent magnet motor together with frequency converter is used more
frequently to drive mechanisms where regenerative braking is possible. If the motor is pushed
rotating faster than the synchronous speed, then itmalve to regenerative braking mode and
generate electricity. The main applications where braking energy is significant are electric
transport and lifting devices. In a port crane application when a container is lowered, braking
resistor creates a brakitgrque, and this will limit the hoisting speed. Motor output power
dissipated in the braking resistor during braking process is used to heat the atmosphere. This
energy can be stored and used for the next lifting cycle or supplied back to the grid,imgcreas
the efficiency of the crane in such a way. The solution that will be analyzed and developed in
this work is the use of supercapacitors in combination wittitgictional DGDC converter to
control energy flow (Fig. 1.1). The supercapacitor modernipatitevice can be easily

connected and used also to reduce peak power and supply power during voltage outages.

Variable
frequency

converter oo—> ﬂ

rectifier

L1 0000000000DO0=—)

N AC
L2 o

L3

DC

Bi-directional
DC-DC

Braking chopper —- converter

Supercapacitor
module

. P

Supercapacitor based modernization device

Fig. 1.1. Applicationof supercapacitor basedodernzation device in cranes

The users are integted that such device payback period is as short as possible, to calculate this, it is
important to know the lost energy. The simulation of container cranes is provided to ctiedatrgy
lost in braking resistors. Most of containerdatviaaretra s shi pped i n ABalldi ¢ Co
sothe cranes of this terminal will be considered in the calculation. This terminal has two cranes that lift
cargo containers from the ship ashore and vice versa. Such a crane cantireer 32n above gound,
the horizontal movement is 36 m. As an example of the cargo vessel contaifieNshiy i iBuaed.t i ¢ O
In calculations typical size, average mass of container, and the count of transshipped containers during the
year are used. As the volume of @nérs handled is large several hundred thousand containers, the
mathematical statistical laws should be true when lookirgl ggossible container loadingiloading
profiles, anchumber ofoading times corresponding to the handled containers.

By usingMatlab software, it is calculated that 1M%Vh of electrical energy are necessary to lift all
containers during one year. If eachtod cranesis equipped with the energy storage system consisting of
300 supercapacitors, energy consumption saving cap be4 %. The results shown in other research
paperd7]i[12] show similar outcome. If both cranes are connected together via DC bus anchor@co
energy storage is installed, more energy can be saved with less supercapacitors. Economic calculations
show that supercapacitor based energy storage system paid back in five years.
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2. Development of regenerative braking test bench to investigate energy
recovery in electric transport

2.1. Development of regenerative braking test bench
During the movement of a vehicle the following forces act uporFig. (2.1) the vehicle
gravitational force that induces forde of reaction to the road, which determines tloding
resistance forcég on the wheelsair resistance forc&,, anddriving force Fp. To obtain the
equations describing the movement of a vehicle, a simplified dynamic model was dd8pt&tie
model is based on the assumptibat the vehicle has mass m and equivalent moment of idgytia
corresponding to those of the driving wheels and all rotating parts cinematically connected to them.
An expression of the vehicle deceleration during coasting as a function of speed caairied ob
[14]:
4 JFotFr Fa
m

§ Gv C¥ Cv (2.1)

Unknown constanC is estimated by using experimental data if launching a vehicle from a
definite speed with the engine disengaged, and registering the current speed and distance during the
freerolling until the vehicle stop#\fter the coefficients are obtained, the resistance momentum can
be calculated15]:

Mg =Fgr,, =mar, m,(C, C¥ CW. (2.2)

Center of
gravity

Fig. 2.1. Forces ating on a vehicle

As load simulator for the traction drive the induction machine is selected as load emulator
because of availability for further practical experiments on the test bench. The simulator of the
vehicle tracti on diltbyapplgirg the igdudtion enbta with a fielolieanted i s b
control frequency converter and a braking circuit containing a chaygmérolled braking resistor,
the schematicss shown inFig. 2.2. The AC drive motor generates the opposiiadl torqueMac,
which produces the total drive torque.

The torque of the DC motor with permanent magnets can be writfelicaes:

whereKp is a coefficient that depends motor constructionandlpc is the current of D@notor.
The task for the control system of the load simulator is to control the frequency converter so that the
AC motor acts like a rotating object with a very large moment of indgiand with equivalent
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mechanical load torquileq. The desirable bekir of the mechanical system is described by the
equation

@ _Kp Meq (2.4)

dt  Joq ¢ ’

whereMggis the equivalent momentum of resistance.

EXCNANGN SUrrant ragulatar

D C excitalion
Digitaly candralied winding FI'EqUEl'ICY —%BCI W
bi-gdrectional DQ/DC 0
: converter
| converter & Ac
I__ DC I asynchranaus -
matar [
C fract chopper
storage . DC racton
L Aformatian
Fom Sensors Spesd
referenece
Voltage I— DSP
- Conbrol of
limiter canverer 1 -
Control panel

L‘:IJ Indication panel

Fig. 2.2. Schematic®f the test bench

The expression for threference angular speed of frequency converter could be obtained by
integration of equation (2.4):

Fret = ﬁ@‘IDC € Tt} (25)

Product

T z1
e Saluraion1

Gainh

0.05

v

Fig. 2.3. Controller of the load simulator

According toEquation (2.5)the controller of load simulator can be built as showRig 2.3.
If the current of DC drive is larger than zetgd> 0 A), the system provides acceleration, while at
Ioc <0 A the ¥ value decreases and the system deceleratesjrthiating the braking modeé\
more detailed description of the load simulator based on induction machine is availfl8§ in
[17].
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Fig. 2.4. The load simulator test bench and experimental results.

The bench contains a DC motor that simulates the electric vehicle traction drive and an AC
induction motor simulating the traction drive load. The traction motor is connected to the energy
storage hat provides DC voltage through a tgoadrant/bidirectional digitally controlled DEDC
converter which allows simulation of the traction and regeneration braking modes without
reversing the direction of rotation. The AC drive motor generates load tdfigie2.4 shows
implementation of the digitallgontrolled test bench for DC driv@he frequency converter is
connected to the 380/ 50Hz network. When the DC motor is operating in the drive mue
AC drive operates in the braking mode as the l@ath the braking energy produced by the load
simulator transferred to the braking resistor. In the braking mode of the traction drive model, the
load simulator works in the motor mode. The control system of the load simulator is designed to
work in the sped control mode. The DC motor used in the test bench has the following parameters:
Prom= 3.7isnominal powerR,=0. 46 q i s the resi@minhalBlapmasf ar i
nominal speed of the rotatioithe AC motor is connected to the outputiofFC300 typ@®anfoss
frequency converter.In order to control the DOC converter and to send the reference value to
the frequency convertgihe STM32F407VGT6 microcontroller (MCU) is used.

The test bench can be used to emulate not only electride®kiiat have the same power as
test bench but also to emulascaled operation of vehicles with higher power by using scaling. In
Fig. 2.4 experimental results of emulatirsgaled model ofram are shown The test bech that
simulates the operation afatn is very useful for testing the supercapacitor based braking energy
recovery system at first stages. Although the platform has lower power as compared with the real
tram, the charging/discharging strategies of the energy storage and the topology-d@ DC
converter can be tested successfully.

2.2.Development of supercapacitor based modernization device for leatid powered
light electric vehicle retrofit
DC motors are still used thedrive system of light electric vehicles (LEV), especially, in small
power range. These motors provide simple and cheap drive design necessary for low budget LEVs.
The other DC motor advantage is direct and easy speed and torque control mdifetdsould be
provided by help of simple dedicated traction control#83. The peed is proportional to armature
voltage of the motor while the torque is proportional to the supplied current. However, DC motors
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have their drawbacksvhich include high maintenance cesiue to the commutator and brushes
which will wear in time, but due to rather simple DC brush motor traction drive solutions such cons
are not significant at small power and low speed range for small passenger capadtysiBN

LEV trucks and forklifts. But even if the LEV is equipped wéth AC motor from the energetic
processes at power supply side point of view there are no big differémeegore it is possible to

use DC motor asn object ofthe analysis of the additional storage system by any electric drive
system.

The performancefahe LEV is limited by tle traction accumulator battebgcause of its high
cost, maintenance needsd limited lifetime.To achievelow cost andsavepower, the leadacid
batteryof LEVs is the only economically efficient solution, buhe lifetime of such batteryis
significantly reduced by high consumed current. The power demand profile for smadl iEEV
practically close to the city driving cycle and characterizedby repeated acceleration and
deceleration, which will deteriorate the battery, esggciwhen the battery state of charge is low
[19], [20].

During deceleratiorthe traction drive produces shortrte high current peakehich camot be
stored in the traction battery due to the low battery charging current value in comparison to
discharge current. On thether hand high charging current could be easily absorbed by
supercapacitorsvhich are nowadayssed in traction drive systems as well as in grid connected
applicationsg[21], [22]. For redutg of battery discharge current and regenerative braking energy
storage the LEV battery could be combined with supercapacitor basedgy storage system
(ESS). Supercapacitors are well suited to handle a peak power load, because they have low losses,
long lifetime and are maintenance free compared to the batteries.

The research presented in this chapter is baseth@approach that supercapacitor based
modernization device can be connected to any common commercial LEV (taking into account
voltage and paer of the battery) via 2 wires to the DC bus and DC current clamp on the battery
positive cable irthe way that no reprogramming or modification of the existing drive is required
[23]. Such ESS improves battery lifetime and stores regenerative braking energy.

Light electric vehicles today are used everywhere: in agricultural sector, tourism industry,
warehouses, etc. Mostly LEV use a series connection of standarédehdbatteries to run an
electric DC motor. The voltage of the battery bank can be equal Y6, @8V or 72V. In the
Thesis the golf cart with nominal voltage equal to V34s delectedfor analysis as an example in
the simulation modelThe mass of the LEV used in the simulation is approximately equal to
1300kg, the gear ratio is equal tgeq=8, and wheel diameter iByheer=0.63 M, maximum
acceleration at nominal power is 2 4]

During acceleration of the vehiglthe required amount of energy from the capacitor and the
battery pack is transferred to the traction driidairing deceleration phasthe energy from the
traction motor in geeration mode flows to the supapacitor or/and voltage limiter circuithe
charging current of the lead acid batteries istnedty small, therefore, the sumapacitor based
ESS allavs to store regenerative braking energy and decrease power spikes from theidead
battery. To utilize regenerativenergy as much as possible, an advanced costrategy is
required.
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Fig. 2.5. Block diagam of the syster{25].

The systemKig. 2.5 that will be analyzed in themaulations contains a permanent magnet
brushtype DC motor of the electric vehicle traction drive. The ratedeatiof the motor is 150 A,
voltage constant of the motor is equal to 0.1 V/rpm, torque constant is equaldaodratedspeed
is equal to 300 rpm. The traction motor is connected to the hybrid system of energy storages that
provides DC voltage through a B@C converter.

The LEV equipped with energy storage system modernization device to rexisfingstorage
system shown inFig. 2.5consbts of the main battery, which has 12 lemill batteries withhe
capacityof 210 Ah in series, series connection of 33 Skelcap supercapacitors SC1500 with capacity
1500F , i nternal r eand Bidirectionaé budk .bd@st @onverter, which coaise
supercapacitor based ESS to the DC e wltage limitercircuit restrictsthe DC bus wltage to
87V. Such a system will be simulated in Matlab software. Mechanical load can be replaced by
electrical machine that is controlled sncha way thait produces the same torque as real traction
drive load.

To accumulate all regenerative energgntrol algorithmof the supercapacitor based E&&t
regulatesvoltage on the DC bus equal to 80c®n be usedAn internal resistance of the leadid
batteryi s 20 mq b wapaciof bartkloen | yu R2er6 mqgq. Thebssmaédthi o a-
resistances isqual canbe fownd analyticallyor by using simulations. This control strategy would
bethebest to reduce losses. Additionaltiiere ardosses inthe DGDC converterandthe energy
of supercapacitor based ESS is less tfdeadacid battery so theoreticaproportionwill lead to
fast discharge of the ESPhereforeit is usefulto regulatethis proportionby software optimization
to supply enggy to the drive systerim most efficient way
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Fig. 2.6. Waveforms of arrens and voltagesisingthe ESS converter proportional control
algorithm

Fig. 2.6 showsthe results of the simulation. In the simatibn shown in the figure the
proportion between both currents is shared almost equally anyway in one periodhe
supercapacitor based ESS is discharged to minimum voltage and all current is taken from the lead
acid battery, thus decreasittge efficency. Of course, if acceleration time is very lpdgving up
the hill the ESS will be discharged to the lowest threshold anyiveyfollowing two voltages and
two currents were measured for the ESS control purposes: filter capacitor W)tageercagacitor
voltageVc, supercapacitor curretg, and battery output currehdar. Three of these sensors can be
placed inside the modernization device, and only the battery current sensor of a LEV should be
installed outsidehe device. The battery curreigat is measured andsed as a reference for the
supercapacitor current controller.

The main task of the control system is to provide storing as much as possible braking energy of
the LEV not allowing its dissipation in a braking rheostat, at the sameB®Semust providas
efficient as possibldischarge prcess It means that the time in which power is supplied only from
the lead-acid battery must be as shag possible. Ashown inFig. 2.6the variable that reports
about t@ low or too highproportioral coefficient is voltage of the supercapacitors. If the voltage of
supercapacitors stays equal to maximuritage level for some timenore current must be taken
from the supercapacitor ESS. If the voltage of the supercapacitor stays on the minimurd allowe
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voltage more current from the battery must be taken. During the operation of yvehedeperiods
of timecan be measured and a new proportional coefficient calculated.

The possibility to implement such control algorithm on the real LEV and the tatgayithm
was tested in the laboratoryhe load simulator of the vehicle traction drive, described above, is
used to emulat¢he load of a real LEV. Fig. 2.7 showsthe implementation of the digitally
controlled test bench and modernization device tiestopm for DC drive. When the DC motor is
operating in the drive mode, the AC drive opesain the braking mode #se load with braking
energy produced by the load simulator transferred to the braking resistor. In the braking mode of the
traction drivemodel, the load simulator works @amotor mode.

Fig.2.7. Test béhch used feupercapacitor based modernization device testing

In the discharge modeontrol system controls discharge currélifie alculated value that is
proportional to the battery current amige discharging current of supercapacitor currésiap
createsan error signal of the proportionattegrally-differential feedback systentig. 2.8. The
reference valués corrected depending @upercapacitor voltage value. During accelerafpawver
is partly taken from the battery and ESS.

"Ts:ap

Limiter2 EDE'1+ Limiter]
PWMI1 .
[ PID
— — algorithm

Fig. 2.8. Control systenblock diagram of the converter in boost (discharge) mode

During the braking modeof the \ehicle, the control algorithm shoulgrovide that all of the
braking energy is stored in the supercapacitor based ESS, otherwise this energy is wasted in the
brake resistor. To accumulate all regenerative enehgyalgorithm, which is explained Fig. 2.9
andkeeps voltage on the DC bus equal to ¥20s usedpecausedhe threshold of brake resistor
operationis 125V. Of course, the energy can be stored only in case if energy storage is not fully
charged. Ifthe duty cycle of a buckoost conveer is equal tahe division of input voltage by
output voltagethere is naurrent flow. To work in the buck mogdthe duty cycle must be larger
than this divisionVscadVoc is added to the value calculated by Pl algoritfing. 2.10showsthe
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DC bus wltage duringthe braking phase. All of energy dugnbraking is stored in the
supecapacitor and voltage remains consfaergual to 120/.

"r'scnp
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PWMM1 * ' V=120V
- jF jC PI algonthm @

Fig. 2.9. Control system block diagraof the converter in buck (charge) mode

~ ,T'-
(CH3=

Fig. 2.10. Current and voltage of the proposed system inihgakode

The theoreticaland experimental results show tleasupercapacitor based modernization
device with an independent control system could be used for lead acid battery powered LEV
efficiency and performance improvement without any modificatiorthef existing commercial
drive. Only two wres and the current sensor haveb# connectedand the system can work by
itself improving the efficiency of the drive system. Future research is needed to develop the ESS
system without battery current sensofhe supercapacitor based device with control system that
supplies current proportional tbe battery current is implemented in the laboratory test bench that
emulates the real electrical processes of LEV. The experimental results show that the proposed
control method can be implementedthe LEV drive system by using microcontroller. Such
modernization systerallows storing regenerative dking energy of the vehigland the discharge
process of supercapacitors has high efficiency.
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3. Current ripple re duction by utilization of coupled inductors in high power

density power electronics converters

The power electronics converterhich is installed inan electric vehicle should be as small as
possible, thereforeit is important to investigate methods increasingpower density of the
converterand in the same time increasing efficienaythout significant increasing of cost§he
utilization of multiphase convertefrsecomeswider and wider Equation (3.1)[26] shows the
relationship bet we eigopneuof ptwa phaseuintarleavetd comverterpahde  (
curr ent isnfelpnRpof singld ppase converter. It showhat by usingan interleaved
structurethecurrent ripple can be significagtteduced.

e2D- 1.
. i—,if D>0.5
D'two_phase :I 1-D
Di 11- 20 (3.1)

single_phase | —_ =~ if D <(Q.5.
f1-D’

Coupled inductor is a special form of multiple winding coupled magnetic structure. The
advantages of integrated magnetic techniques arehthamount of core material is reducg83].
The significant advantage ahinterleaved converter with coupled inductor is that the ripple in one
winding can be dumped to another phEs4. The research on the interleaved IDC converters
usingacoupled inductor to reduce current ripples is reflectd@8ii [35].

3.1.Inversely coupled inductor for atwo phase interleaved DEDC converter

The interleaving structure has more inductors than the single phase converter. The two
individual inductors of the two interleaving channels cambegrated on a single magnetic core to
reducethe component size. The structure af integrated inductor is shown in Fig. 3.Both
windings of the inductors are built on the central leg of the E core. Although in literatutaq6]
proposed to placthe windings of the inductor on the wing legs thereby obtaining higher leakage
inductancemanufactured coil formers for such a case are not available. The inductor, proposed in
this Thesis can be wound on ETD coil former in a convenient way as showigir3 2.

F lleakage

slo /"B

F 2leakage F 2leakage

Fig. 3.1. Core structure of the coupled inductor aatiematic®f inversely coupled inductor
[36].
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Fig. 3.2. Practical design of the coupled indudi®®].

The basic schemasticof a twophase coupled inductor is shown in FB3. The mutual
inductanceM represents the coupling between the two inductors. The voltages across the two
inductors V1, V») are elated to the currents through themig) as follows:

A

mode a

VT1

VT3

Veat VecatVyor L1

di d
V=L -M=2, 32
=, % 32)
di d
V,= M2 k2. 33
=g 33)
| I | |
I mode b :1110:1 c : mode ::l: Voclonr 0T 102 .
| : ry vy 5,
! | s
: I | Microcontroller m g ©
[ ! i
|
1
I : . > FIT 3
|

Fig. 3.3. Signals in one switching cyctada circuit of two phase converter schematics

In case ofa two phase interleaved converter the control signals are shifted by BEgD 3.3
showsthe gate signals of the transistors. The period can be divided into four different modes
A a i d B8y solving (3.2) and (3.3) and taking into accotir@modes, the equivah inductances
can be calculated:he equivalent inductance during the periag @s follows[37]:

wherek is the coefficient of couplingk = M/L.

M2
L-— 2
1- k
Leql,a: L = o Lv ( 3 .
M D 4 D 6
"1 oo Ya&gp 9
- ¢ I-D) =
M2
L-—— 2 5
_ L 1-k° 0
L= —- & L (3.5)
oM B 8
L
M 2
L- 2
_ L _1-k
= L. 3.0
Leql,c ;g_{_M b‘ D 1- k&'D ( )
c L =D (;5

The phase current ripples of phase 1 and phase 2 can be expressed aitm®dwm the
boost converter basics:
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D
1- k)
VinD  M.D (h)l-D

DI, = e (3.7)
2 1:Swl-eql,a f sv‘r 1- k2
5 1 o a4 D
VinDad- 5 6 VD kg o
D, _(Vin - Vour) D _m % 1-D 9 |_n [ -D ) (38)
’ fswl-eqz,a f sv!r eq2,a fswl-(l' kz)

The overall output current ripple is the sum of two phase current ripples and for inversely
coupled inductors it is given as

V,D  1- 2D,

fo,Ld-k) 1-D (3.9)

Dl =1, #o0

Equation (3.9) shows th#tie output current ripple will be larger in the case if inversely coupled
inductor is used. Pulsations of current in each phase is determined by equivalent indugtaifce
the duty cycle is less than 0&ndLeq ¢ if the duty cycle is more than 0.&nd will be less than in
the case if conventional inductors are used. Using derivative functions equivalent inductance that
minimize current ripple can be obtained:

Leg 1-K?

—4= , (3.10)
L 1+Ck
aL 0 ° ~
dee ™ 6 -CoU? %k e
¢ — = & =4, (3.11)
dk 1- CK?

1-D. D . . . L
whereC = Y if D>0.5andC= o if D <0.5. Solution of the expreSS|dxﬁ+%k 1 6is given

as

(3.12)

au v,
— N T

N
!

Fig. 3.4. Hardware implementain of DGDC converter with two coupled inductors

MOSFET driver

FEET

To validate theoretical analysis for phase-DC converter it is designed with aaominal
power of 2 kW (Fig. 3.3 Inductor is wound on ETD39 coil formerss gtructure is shown in
Fig.3.2. All air gapsare selected equal to 1.5 mihe count of windings is 30, the measured
inductance id =1550 H coupl i rkg0.7c dlefexperimeénelnmeasurements coincide
with theoretical results.
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3.2. Current ripple reducing by using a coupled inductor in multiphase interleaved
converters

To reduce pephase current ripplevenmore the multiphase interleaved converter structure can
be used. Application of two phase coupled inductors to maintain energy transfer between all phases
is proposed ithe DC-DC conveter shown in Fig. 3.5The transistors Vito VTg arecontrolled by
pulse width modulation. Each parallel pair of switches turns ON avitlynal shifted by90A To
control this DGDC converter digital control will be used. Such converter can be usedrniany
other applicatiog it can be modified as only buck or boost conveibeicause the synchronous
rectification has better efficiency thaee of the diodes.

Vour
VT, CCIIJ[
1 1 1 14 2 jT__
+ * * VT lout VTs Ty )
PO & — i —_ ik
= VT, VT, a . T b -— .
PUM, .g —> VT, ¥ . ) Vi
= = 4 . - .
. UM 3 E& _hJL a1~ Ta: YTY Y Y 2
Micro- +—— 2. . VT: Iy AN o Cy
controller PRyl °5 [VTy VT, a L ey Ta by
O VT I3 M.
Vig Vo g VI R} & o *~vy |
M Vour = ﬂ VTs I 1114 AN
VT 1
_i VT,

Fig. 3.5. The schematics of the interleavegiase DEDC converter witlcoupled
inductors

According to pulse lengtithere are four operation modes on-phése interleaved converter
with integrated magnetics. The first mode appears when the duty Bycie less than or equal to
1/4 of the switching periodlj. The seconanode appears when tleis betweenl/4 andT/2, and
the third mode appears when the duty cycle is betwézmnd 3/4, andthe fourthi whenD is
more than 3/4. The equations dhis describé circuit are solvedanalyticallytaking into account
all thee modes as describadlove

all ATa k|
VT2
VTS
T4
T
(] YT
VIZ
T3
H:I A
T
-] VT4 |
YT |
VT3 1 [VE i
: NTA lI A
0 Tia iz 3T/ T

Fig. 3.6. Operation modes @hinterleaved DEDC converter

An expression for input current ripple is obtainedtfoefirst period

-3 4 §
4, } D)av T
O - gty F b A O T (3.13)
necozs = 720 2u 2 - b@ M) .

b
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and for other modes,more detiled analysis is available [87]. By using these equations it isgsible to

draw graphs shown in BB.7 and 3.8These graphs can be very useful to séteatoupling coefficient

and inductor valueFigure 3.8 shows thatthe coupling coefficientwhich is bigger than 0.9 causes
significant input current ripple andetefore in this case this coefficient will be considered as maximum
possible fronthe current ripple point of view. In the same way current ripple depends on the boost ratio.
In the particular case boost ratio will be from 1.1 to 1.7, so the impacs ratige is not so big.

-3
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Fig. 3.7. Input current ripple according to coupling coefficient
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Fig. 3.8. Input current ripple according to boost ratio

An experimental prototype was used to verify the analytical expresti the particular case, the
inductor is wound on ETD59 coil formers gtructure is shown in Fig. 3.Zhe central air gap and air
gaps of outer | e g==065%emtsadmber ¢f widdings ¢ B8 the nteasuradl
inductancei$ =4 00 OH, c o u pki=D.86gThareame fwb indudtoes in tseries in each phase.
It means thathe inductance is almost 2 times larger than in the casa ahcoupled inductor and
output current ripple is only three times larger than in the case of the uncoupled indugitadeer
current ripple is reduced at least 2 times. The external view gifrthatype is shown in Fig. 3.9n
order to control the DDC converter, the STM32F407VGT6 microcontroller (MCU) is used. The
current of each phase is measured by low cost ACS713 Hall effect based currenasdri2bcontrol
algorithm is controlled by putswidth modulation (PWM). The PWM signals shifted in phase 9 0 A
control IRFP4768 MOSFET transistors.
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Fig. 3.10. Perphase currenvavdform at duty cyclé®.25 and measured pglnase current ripple
as a function of duty cycle

Fig. 3.10shows that the pgyhase current ripple is lower than 30 % ofplease current ithecase
of uncoupled inductor. The main disadvantages of such coneegtencreased costsid the need to
regulate current in each phase.

3.3. Application of directly and inversely coupled inductor combination in DGDC converters

The 4phase interleaved DDC converter with integrated magnetic component and auyxiliar
inductoris shown in Fig. 3.11n this figure,Vi, andV, are the input and output voltagés,l,, 13 and
I, are the inductor currents of each phas®l I,y and loyt arethe input and output currents. The
MOSFETSs are switched with a phase shift of A88tegrated magnetic components are applied in the
converter to reduce the volume, weight, and cost of the magnetic components. The windings of the first
and second phases are separated by isolating material and placed on the coil former. The windings are
madeof litz-wire. The number of windings is equal toghd air gap is 0.1 mm. The inductance is 16
eH, and coupdOithg coefficient

Iy ) Ly N @ Ls Iy out, VD1 lout Vour

Vin QA (Ml J’i}VTll/l
o L2 iny Le ol

»
S

— outy
—— v,

Fig. 3.11. Fourphase interleaved boost converter with inversely and directly connected coupled
inductors andthe construction of such inductor
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In this caseferrite core with air gap is used to design this inductbe dsadvantage of ferrite
is low Bsat, andto overcome thisthe air gap in the core must be introduced. With a large ajr gap
the kakage flux through the air affects directly the windings wlaohcloserto the air gap
inducing a current which is opposite to the main curient is called finging effect andis
described irdetail in[38]. In this caseto minimize this effectthe windings are moved away from
the air gap. Figre 3.12 shaws the simulation of magnetic field of the inductor by using FEMM 4.2
finite element method magnetic field simulation software. As can be sensmall part of the
fringing flux crosses the windings. Directly coupled inductor is compared to conventidnator
in this figure, as can be sedghe magnetic flux into directly coupled inductor is lower. Directly
coupled inductor can be realizedarsimilar way as inversely coupled inducttut windings are
connected in a way to create magnetic flux ie direction. The inductor has two windings in the
central leg of the #£ cores. The magnetic structure is very similar ashencase of inversely
coupled inductor only witlalarger air gap to avoid saturation of the core.

: | ;

e ¢ I [ : | N
Fig. 3.12. Magnetic field of directly coupled inductor and conventional inductor

More detailed analysis ambmparisorwith using of conventional inductor is given[BB]. The
main conclusion is thaheincreasing of coupling coefficient leadsdaignificant current ripple of
output currenttherefore a compromise must be found betwékacurrent ripple and flux density
In the case of directly coupled inductthe flux density is smaller andherefore theinductorcan
be more compact and with lower losses.

$FLIR 24.0

Fig. 3.13. Prototype ofafour phase DEDC converter anthermalimage
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To verify theoretical expressiesmandtest benefitsa prototype witha combination of directly
and inversely coupled inductors (Fig. 3.1has been developedhe pulse wdth modulation
(PWM) signals areshifted in phase by 90 Inversely coupled inductor and directly coupled
inductor are wound on ETD39 coil formers. The number of windings of botls kindducors is
equal to 5 in each phassymmary copling coefficient is equal to 8, so to reduce pgrhase
current ripple alsaa close coupled inductor can be used with smaller, $imé thena directly
coupled inductor mugie bigger anavith higher inductance.

The resultsshow that the useof directly coupled inductor can be consideis a possible
solution not only for overall input current ripple minimization but also forgherse current ripple
reduction. The creating of directly coupled inductor is more complicated than additional single
phase inductorThe experimetal results math with the theoretical oseand itcan be concluded
thattheintegration of themagneticcore of inductorsllowsto reduce pephase current ripple and
thesize of the magnetic components.
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4. Modernization device forthe improvement ofICE starting

To make internal combustion engine (ICE) sta@rshould be turned &t certainspeed, so that it
sucksfuel and air into theylinders and compresses it. Usually the starting system converts
electrical energy from the leatid batteries into mechanical egy to turn the engine. The
improvement of the stany system with supercapacitor allows the use of old batiesiegh are
unable to provide enough power to start the ICE but have energy to charge supercapacitor with low
current. It reduces high disalge currents from leadcid battery thus prolongirtge lifetime of the
leadacid battery P3 times[40]. Some forecasts expect thhie startstop system that allows
switching off the ICE during the short time stopdl be incudedin more than half of new ICE
vehicles. In such systereadacid starter batteries that enable the system to restart the engine many
times per day may need to be replaced more frequendsefore the demand for new technology
that solves this probim is high. Moreover, batteigupercapacitor hybrid reduces the volume of the
storage device by 30 % and reduces weight byl@%6[41], [42].

The batterysupercapacitor hybrid can be pasg¥8], semi activg44], and fully active[45],

[46]. In the passive topology, the leadid battery and supercapacitor are connected parallel
without any converter. Although this hybrid is the chegphstwhole energy of the supercapacitor
cannot be used. The fully actitepology attains the best performance and often is used in hybrid
cars but in this case it requires bulky, expensive-DC converter for high current. This chapter
presentsthe approach based on low power IXC converter used for charging of the
supercapeitor and active high current switch.

4.1. The starting process ofan ICE

To studyICE garting processa halleffect based current sensor HTFS -B@®vith maximum
currentof 300 A and Fluke 199C oscilloscope were usdtke measurementsere performed on
two passenger carms Skoda Octavia with 1.8 petrol engine and Toyota Corolla with 2.0 diesel
engine.Fig. 4.1. shows typical current and voltage profile of the starting process. The current is
higher inthe case of diesel engine, if the ambient temperaidewer, in the same way engine
type, starter motor type, maintenance conditions, oil viscosity, ignition quality other factors
affectthe starting currentbut, anyway current profile trend stays similar toatrshown inFig. 4.1.
The characteristic starter operation modes are short circuit mode in which rotation speed of the
starter motor is close to zero, the current and torque is maxianuhthe load mode in whictihe
engine starts to rotatendthecurren decreases. The ped with highcurrent lasts about 50 ms. The
ripples in the current are due to the compression and expansion of the engine pistons.

. Sfadting . . . End of the :

L staiting ©

BT 200ms  Yeis: 6 | B=5U |
Fig. 4.1. Typical current and voltage profile of the starting process
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Tosart an | CE, t he mot or onrussich a tase back eleetloraotive t e d
forceEy can be calculated as folloys7]:
V- B ,
Rear + Rs
where Vg is no load voltage of the batteng is the back electromotive forc&s is the stator
resistanceRg is internal resistance of the batteandi, is the start currentFrom (4.1) it can be
concluded thaif the state of charge or state of health of leadl battery is lowthenVs is low but
Rsat largerthan usualtherefore currenti o can betoo small for developingsufficient torque to
overcomd oad torque for accel es Guchbattgryismogvalidferl GEo t h
starting and must be charged or repladédgk very high short circuit current in the first moment of
the starting process drastically affects stdteahe healthof the batteries aseédd acid batteries
operate best at constant power levels. Reducing this spike from the battery in a starting circuit can
increase the life of the battery, because the stress on it will be less as the starter is first €hgaged.
overairrent during short circuit mode of the starter motor caassignificant drop othe battery
voltage This voltage drop can generate the malfunction of the devices connected to the battery.
Fig. 4.1 showsthe battery voltage during the starting processummer with chargedattery but
anyway the voltage drops belowMd(the normal limit). The problem of the voltage drop during
starting is more important in vehicles with the start stop function while the frequency of engine start
is much higher than inonventional cars and could endanger the users by resetting systems that
must beuninterruptible.One of the solutionto preventhevoltage drop is to use two batter{ds]:
one to start the engg andthe other for the supplyf the electrical system3.he proposed device
allows to stabilize the battery voltage during short circuit mode.

ILo =

(4.1)

4.2. Supercapacitor based modernization devict improve ICE starting

The proposed system for ICE starting isdzhen series connection of supercapacitors and the
DC-DC converter Fig. 4.2. The supercapacitor based energy storage is charged by using the
converter with low current. Duringhe ICE starting processenergy is taken from the
supercapacitorsas a resulthe leadacid battery is not damagdxy short circuit currentwhich
increases lifetime of the battergndthe supply voltage of the vehicle electronics stays constant
during the starting process.

Starter relay

+
2,
& supercapacitors Starer mator
T inseries
batterey —I_ %

Fig. 4.2. Shematics of therpposed ICE starting system

BCAPO0350 E270 T11 supercapacitors are selected as energy storage for the device. In the
datasheetthe ma xi mum i nternal resistance i s speci f
modernization device integran in the starting systerae prototype waslevelopedo test it during
the ICE starting processFig. 4.3 shows the prototype of the device, it haa size of
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150mm1 110mmIl 8mm. The prototype was installed on the vehicle and téetea month, no
problemswere indicated in the operatiorWith one charging of supercapacitors the ICE can be
started 24 times but the test was performed in summer and with vehicle equipped with petrol
engine. The energy stored in supercapacitors is too little to stainl&ny conditions. Such engine

start module has enough energy only for petrol cars with smallfgE4.4shows voltage of the
supercapacitor battery aite current duringhe starting process=ig. 4.4shows thathe voltage of
supercapacitodecreassfast, it means thahe energy of supercapacitors is consumed to start ICE
and in low ambient temperature the energy will be consumed so fast that starting of the ICE
becomes impossible. Therefpferther improvements of the devieeeproposed.

Fig. 4.3. Prototypeof modernizatiordevice forstarting ICE.
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Fig. 4.4. Voltage of supercapacitors and current during starting the ICE

4.3. Modernization device for ICE starting with active control

As supercapacitors with higher capacity significantly increhsecosts of the systenit is
necessary to find way to remove current spikes from leacid battery. The MOSFET transisdo
with low breakdown voltage are dqe and with low orstate resistance. The parallel connection of
several MOSFETs can commutdlte starting current foa short time without heating ufig. 4.5
showsan ICE starting system complemented with two controllable switches. The supercapacitors
through MOSFET V¢ are connected to the startebut the leaehcid battery through Vaat is
connected to the starter. When the starter relay closes the maint,cth@tawitch VTsc is turned
on, short circuit current goes frotie supercapacitor to theaster motor. After typical short circuit
time (approximately equal to 150 ms) or by detectirngvery of the voltage switch \&E is turned
off, and switch VEar is turned on. Ta power to crank engine gofem the leadacid batteryin
this state From the voltage pulsations during cranking rotatitve speed can be detected. If this
speed is analyzeddh therecan be detectespeed loss of the starter motor (internal resistance of
lead acid battery o high or voltagdoo low to start ICE)and VTsc can be switched on tsupply
energy taheengine starting from both sources.
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Fig. 4.5. ICE starting system with MOSFET switches

The supercapacitors are charged through theD@Cconverter with low current. iDing the
starting process of ICEenergy is taken partly from leatid battery andpartly from
supercapacitorsAs a resultthe leadacid batery is not damagely the high short circuit current,
the lifetime of the batteryncreasesandthe supply vahge of the vehicle electronics stays more
constant during the starting proceas the internal resistance of supercapacitors isrlewe they
can be charged to M Additional benefitof sucha solution isthe simple connection of the device
in parallé to the leadacid battery and limitation of generator current dutimgfirst moment after
starting.

SFLIR

Fig. 4.6. The hardware of ICE start battery assistance device and temperature of the MOSFET
based switclandof supercapacitors current during starting process

~—

For the practical application in cargo transport where start and stop is reqtteadhe
prototype was developed withseries connection & SAMWHA DH5U128W60074TH 1200F
supercapacitors. In the datashemily the maximum internal resistance specified and is equal to
0.5mq f or one s u pselated dyckhanst DE@DC .convertenwas utilized to charge
supercapacitor energy storage in current mode. Conventional passive balancing circuit is used to
balance voltages of supercapacitors. The parts of hardwarshownn Fig. 4.6. The MOSFET
transistors with low ostate resistance were selected and used as ewitth connect
supercapacitors.

The parallel connection of several MOSFETs can roomate starting current for short time
without overheahg as can be seen kig. 4.6. The high current from the leaatid battery during
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short circuit mode is eliminated from the other sidibis current spike will be supplied from
supercapacitors and can e¢baeven higher value as the internal series resistance of supercapacitors
is lower. To limit peak starting current frosupercapacitofdVOSFET switching on in linear mode

can be used, the starting process becomes only a bit |tngehe lifetime of thestarter motor and
supercapacitors is significantly increased. It will lead to additional heating of the transistors
therefore the heatsink sizeanore likely, should be increased. Such approach alltwafally control

the power flowsand there is possbility to switch on and off the supercapacitors dependmthe

state of charge.
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5. Development of modernization devices including DOC converters for
frequency converter controlled electric drive retrofit to increase energy
efficiency

In the recentyears, storage of energy has become extremely important in renewable energy
systems (such as wind enefdB9], small hydroelectric power plaf49] and photovoltaic plats
[50]) because the wind does not always blow and the sun does not always shine at any given
location as well as in the regenerative braking systems. Therefagryy storage can be regarded
as an esseial component of future energy systems that use large amounts of various renewable
resources. The proposed solution is to integrateldd@3converter together with supercapacitors into
one module andetrofit the existing electrical drive system to increaseergy efficiency and
reliability during voltage outages. The central part of an energy storage system is-h€ DC
converter which connects the sumapacitor pack or the battery pack with the DC bus. AT
converter is always required to allow eneagchange between the storage device and the rest of
the system. Such a converter must habédirectional power flow capability with flexible control
in all operating modes.

5.1. Multiphase bi-directional DC-DC converter for energy storage integration
5.1.1. Topology selection

Interleaving control schemes are widely used in the converter applicattsnexample, as
voltage regulating modulefs1], [52], in renewable energy generati¢d3], in traction drive
systems[54], [55], and many other areadderits of such control methods are reduction of
input/output current or voltage ripples and voluamel increase in the processed power capacity of
the converters. In the discontinuous conduction mode (DCM) the rensm@eery losses of the
diode are eliminated and switching losses can be reduced. Thus, body diode of the MOSFET
transistor can be use@ompared to DCM with constant switching frequeffs§], [57], variable
frequency mode vyields to lower total harmonic distortion ofdimeent and smaller peak inductor
currents and results in lower switching and conduction logf]s It is more difficult to realize
interleaving features of a converter with variable frequency operation. The phase sisiftérom
IC even for two phase convertfs9] is complicated therefore digital control of the DOC
converter is implemented. Thus, the converter lbareasy and quickly configured for specific
application.

The proposedinterleaved bidirectional comerter [60] (Fig. 5.0 has six phases and it is-bi
directional as it can work in both buck and boost nsodleboost mode is sei¢ed, low side
MOSFET transistors (with an even number¥AI'T24) are being switched on and off but the Righ
side transistors remain turned off (with an odd nem¥T;i VT,3) and vice versaHig. 5.7). The
body diode of the transistor is used as a freewhgeliode. If it is necessary to improve efficiency
of the converterparallel diode can be placed parallel to the MOSFET transistogzraferably
synchronous rectification can be used. In the padr converter these options are not utilized to
improve reliability of the converteras byusing the transformer based MOSFET driver situation
when gate signal of the transistor stays open the whole period can be eliminated, faulty transition
from buck mode to boost mode prevented In order to control caverter six analogue values are
measured and converted into digital signkig.(5.2.
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Fig. 5.2. The input and output signals of microcontraller

The MOSFET transistors with the maximum voltage of 80fre available on the market while
the price of the high voltage Si€ansistors is still very higand onstate resistance of MOSFETSs
with a lower breakdown voltage is significantly low&his conerteris provided to recovethe
braking energy of the AC drive and is installed on the DC bus of an inverter with maximum voltage
of 750 V. To make using MOSFETSs transistors for such voltagsilple two level structure of the
converter is selected. This allows exploit even cheaper SPW52N50C3 560 V MOSFETs with
significantly better parameters than 800V MOSFETs or IGBTE1h [62] the rumber of levels is
increased to improvehe efficiency of the converter as lewltage MOSFETs have better
parameters. It is possible to devebpmultilevel structure with the proposed control algorithm in a
simple way. To prevent misbalance of the vadtagf the capacitive dividesignals to the gates of
the ransistors of the correspondippase must be equal. Therefaadransformer based MOSFET
driver with two secondary windings is applied.
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Fig. 5.3. Selection of the count of windings of the inductor

High current flows through windings of the inductor in the DCM mode. As in this mode lower
value of the inductance is necessary, the inductor is of a small size but a large air gap is necessary in
comparison with the inductors for the CCM mode. If a large air gap is introduced in thethwore
leakage flux through the air affedtse windings which are closer to this air gap, inducing current
opposite to the main current (fringing field effect). Dueths effect iron powder toroid T36D
with distributed air gap is selected although smaller losses can be achieved by using a ferrite core if
fringing effect is eliminated (for example, as proposed in [5] or in [12]). Magnetic Bwarid
magnetic lossefPmagnetic losy Can be calculated as folloy&3]:

B = Yaverage (5.1)
4fSw

f AN15 £ 22
P ] 810 f2B?, >-2
magnetic_loss 4000 .\ 3 1 2.7 16 ( )

B3 B2:3 ) BL65

wheref is switching frequencySis cross section area of the coneis number of windings.

Using the equationmentioned above is possible to draw a graph shownFig. 5.3 that
presentsmagnetic losses depending tie number of windings. From this graptihe minimum
number of windings that allows reducing magnetic losses is selected. The inductance of such
inductor is equal to 8O H .

5.1.2. The control algorithm
In the DCM modeperphase current is determined in each period and it does not depend on the
previous periods. This greatly improves the converter dynamics and simghidiesntrol system of
the converter as in DCM mode canter with voltage sources in output and input even with epen
loop regulation system with pulsedth modulator (PWM) is stable, while in the CCM mode the
feedback (current sensor) in each phase is necessary.

35



'y
|per—ph ase

L L
-V, YA

out;

m
Vin ut

ton torr

T
Fig. 5.4. Inductor current at boundary conduction mode in buck mode

In boundary conduction mode (BCMhe peak current in the inductor is twice the average
current.Therefore, this mode is the most economical and controbeitlesigned to ensure work of
the converter in DCM mode as close as possible to BCM nidde summary output currebdur
of n phase converter is the sum of all choke currents. In the, B@&\eak current in the chokig,)X
can be expressed as shofurther.

— 2|OUT
I == (5.3)

The dsadvantage of the BCM is a variable operating frequedmatyit can be avoided by using
digital control algorithms. Using the inductandg @s well as the inputV(,) and output Youy)
voltage the required etime ¢;) and offtime (t,) for buck mode can be calculated as showrb ih) (
and 6.5) and similarly for boost mode to ensure operation in boundary conduction mode. Inductor
current in BCM is shown iffrig. 5.4.

_ L

t =1, Vv (5.4)
L

tp = Im_V . (55)

out

The variabld, can be used not only to maintain the desirable output current but also to control
input current and output voltage. This can be dorg i§ output of thegproportionalintegral (PI)
regulator that is shown iRig. 5.5and can be calculated as shown5i6) whereKp is proportional
coefficient, T; is integral coefficienttsampe iS time between two sampleand DELTA is the
difference between the reference value and the actual value of a controlled parameterself.co
must be limited to the maximum value allowieth this case to 28. Power tracking can be carried
out by using the opeloop control, thus current sensing in each phase is not necessary.

Im(k) =DELTA(K) & I#(k 1)- DELTA &@*. (5.6)

121

Imp  + /= Imp+im
2 ) '% —+- FQ Im
+

Measured + DELTA

value

Reference

J L Imii
— A

Fig. 5.5. Calculation ofl , by PI regulator
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Fig. 5.6. The misbalance of the current in BCM doeinequal inductances

An error in the voltage measurement or unequal inductanceessatan cause unwanted
transition from the BCM into CCM for some of the pha@ég. 5.9. In such caseentering into
continuous conduction mode has to be avoided to prevent overcurrent. Therésdoeneficial to
stay in DCM, which means that somewhkatarged switching period is ressary. In order to obtain
pulse length necessary to stay in the DCM, inductance in equathnaad (55) is multiplied by
the coefficient. The results are showrfFig. 5.7.
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Fig.5.7. The perphase and output current of the converter
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Fig. 5.8. Switching frequencyf the DGDC converter|, =5A.
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Fig. 5.9. Switching frequencyf the DGDC converter], = 20 A.

According to (5.4) and (5.5witching frequency is very high atsmall value ofl,. This leads
to high switching losses and too short time for calculation of the pulse length of the next period.
Therefore in such case it is beneficial to enlarge the valokl, and decrease the switching
frequency. This can be done by limiting the PWM period value in the softwayeX.8and5.9).
This results in the increasing difference between the reference value and the actual value of the
controlled parameter asell asl, calculated by Pl algghm and the pulse lengtfrhis leads tahe
increasingof current while frequency stays equal tokfz. This means that the converter works in
deeper DCM mode.

5.1.3. Hardware
Fig. 5.10 shows the hardware implementation of th&FD controlled fphase interleaved
bidirectional DGDC converter. The power transistors (4) are placed on the radiator plate (5), MOSFET
drivers (3) are located near to the transistansl DSP board (2) is based on the STM32F407VGT6
microcontroller. In ordr to smoothen pulsations of current, the parallel connection of tved 47
electrolytic capacitors (6) is used. The converter is connected via contactors (1) to the DC bus and to the
storage system after charging the filter capacitors through resistors.

Fig.5.10. Hardware of interleaved DOC converter
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