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ABSTRACT

The Doctoral Thesis is titled “Research and Development of Auxiliary Converters for
Application in Electric Vehicles.” The aim of the Thesis is to research and develop an
energetically and economically effective technology for auxiliary converter systems in electric
vehicles, in accordance with the actual industry needs, as well as to create a scientific
contribution and disseminate the acquired knowledge by introducing new concepts in the
proposed converter design. The main research object of the Thesis is the auxiliary converter
system, consisting of non-isolated DC/DC converters and DC/AC inverters for auxiliary drives.
The main research methods include the determination of the appropriate auxiliary converter
topologies, adjusting the converter mathematical model parameters, developing simulation
models, and evaluating the results of simulations, developing auxiliary converter prototypes
and performing experimental verification in a laboratory environment. The main research
results cover a set of recommendations and technological improvements for the practical
application in the auxiliary converter systems of electric vehicles. The total energy savings by
auxiliaries in electric vehicles can reach up to 10 % with stress reduction by up to 80 % and
considerable functionality improvements in reliability and fault tolerance.

Chapter 1 deals with the investigation and development of novel current sensing and
measurement techniques in auxiliary converters. The novel indirect current measurement
technique allows to achieve a cost-efficient auxiliary converter sensing and measurement
design with functionality of the current sensing and balancing with adequate accuracy and
measurement errors below 0.5 A resulting in no efficiency degradation; fault detection and
identification; as well as the fault-tolerant operation. In chapter 2 a detailed coupled inductor
analysis is performed and the fuzzy logic current balancing and output voltage regulation
controller with optimized steady-state and dynamic performance has been developed. Chapter 3
describes the indirect current sensing-based fault detection and the concept of fault tolerant
operation. Implementation results have shown fast fault detection and identification capability
within 1 converter switching period or 20 ps and efficient fault-tolerant operation that can allow
converter operation with active fault condition and improve efficiency by up to 2 %, at the same
time ensuring fail safe and reliable converter operation for the safety critical systems. Chapter
4 is dedicated to the energy efficiency topic in auxiliary converters. Wide bandgap
semiconductor utilization and auxiliary drive design with permanently excited synchronous
machine and multi-level inverter utilizing modern GaN devices ensures energy savings by up
to 10 %, more reliable faster operation with thermal and mechanical stress reduction up to 80 %
and is economically effective solution in scope of the whole converter’s life cycle in electric
vehicle operation.

The Doctoral Thesis is written in English. It consists of an Introduction; 4 Chapters;
Conclusions; 66 figures; 6 tables; the total number of pages is 85; the References contains 75
titles.



ANOTACIJA

Promocijas darba nosaukums ir “PaSpatérina parveidotaju izp€te un izstrade
elektrotransporta vajadzibam.” Promocijas darba mérkis ir izpétit un attistit energgtiski un
ekonomiski efektivu tehnologiju elektrisko transportlidzeklu paspatérina parveidotaju
sistémam, atbilstosi aktualajam industrijas vajadzibam, ka ar1 radit zinatnisku pienesumu un
izplatit ieglitas zinasanas, ievieSot jaunas koncepcijas piedavato parveidotaju konstrukcija.
Promocijas darba galvenais izp&tes objekts ir paSpatérina parveidotaju sisteéma, kas sastav no
neizolétiem DC/DC lidzstravas parveidotajiem un DC/AC invertoriem paSpat€rina sistému
piedzinai. Galvenas pétniecibas metodes ietver atbilstoSu pasSpatérina parveidotaju topologiju
identific€sanu, parveidotaja matematiska modela parametru pielagosanu, simulacijas modelu
izstradi un simulaciju rezultatu noverteSanu, paSpat€rina parveidotaju prototipu izstradi un
eksperimentalas verifikacijas veikSanu laboratorijas vide. Galvenie p&tijumu rezultati aptver
ieteikumu un tehnologisko uzlabojumu kopumu praktiskai pielietoSanai elektrisko
transportlidzeklu paSpatérina parveidotaju sistémas. Kopgjais energijas ietaupijums, ko
piedavatie risinajumi rada paspat@rina sistéma elektriskajos transportlidzeklos, var sasniegt lidz
pat 10 %, samazinot termomehaniskas slodzes lidz pat 80 % un ieve@rojami uzlabojot
uzticamibas funkcionalitati un bojajumpiecietibu.

1. nodala aplikota jaunu stravas sensoru un méeriSanas metozu izp&te un izstrade
pielietoSanai paSpaterina parveidotajos. Jauna netiesas stravas mériSanas metode lauj panakt
rentablu papildu parveidotaja sensoru dizainu un meérjjumu metodiku ar stravas noteikSanas un
balanséSanas funkcionalitati ar atbilstoSu precizitati un mérjjumu klidam zem 0,5 A bez
veiktspgjas samazinajuma; defektu noteikSanu un identific€Sanu; ka ari bojajumpiecietigu
darbibu. 2. nodala ir sagatavota detaliz€ta magnétiski saistitu indukcijas spolu analize un
izstradats izpludusas logikas stravas balans€Sanas un izejas sprieguma reguléSanas kontrolieris
ar optimiz€tu stacionara reZima un dinamisku veiktsp&ju. 3. nodala aprakstita uz netieso stravu
mérijumiem balstita bojajumu noteikSana un bojajumpiecietigas darbibas nodroSinasana.
Rezultati ir paradijusi atru kludu noteikSanas un diagnostikas sp&ju 1 parveidotaja parsl€gsanas
perioda jeb 20 ps laika un efekttvu bojajumpiecietigu darbibu, kas var laut parveidotajam
darboties aktiva bojajuma apstaklos un uzlabot efektivitati [1dz pat 2 %, vienlaikus nodroSinot
bezatteikumu un uzticamu parveidotaju darbibu drosibas kritisku sistému gadijuma. 4. nodala
ir veltita energoefektivitates t€mai paSpaterina parveidotajos. Platjoslas pusvaditaju
izmantoSana un paspatérina piedzinas sistému dizains ar pastavigo magnétu ierosmes sinhrono
masinu un daudzlimenu invertoru, izmantojot modernos GaN pusvaditdjus, nodro$ina energijas
ietauptjumu Iidz pat 10 %, atrdarbibu un droSumu ar termisko un mehanisko slodzu
samazinajumu Iidz 80 %, ka arT ekonomiski efektivu risinajumu pilna elektrotransporta
parveidotaju dzives cikla laika.

Promocijas darbs ir uzrakstits anglu valoda. Tas sastav no ievada; 4 nodalam;
secinajumiem; 66 att€liem; 6 tabulam; kopgjais lappusu skaits ir 85; literatiras saraksta ir 75
atsauces.
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GENERAL OVERVIEW OF THE THESIS

Motivation and Background

Transport sector makes about a quarter of total greenhouse gas emissions in Europe and is,
therefore, the main contributor to the climate change currently. To significantly reduce the
environmental footprint, the European Commission has stated a goal to reduce the greenhouse
gas emissions in transport sector by 90 % before 2050. To fulfil this goal, the most effective
solution nowadays is transport sector transition towards electrified drivetrain technology. The
number of electric vehicles has shown a gradual increase within the last decade and this number
is expected to show a rapid growth in the future. This arises a lot of concerns regarding the
vehicle energy consumption and efficiency.

The vehicle energy consumption consists of the energy drawn by the main propulsion
(drive) system and auxiliary power required for the rest of the systems, located in a vehicle, e.g.
lighting, signalling, control, pneumatic and hydraulic systems for steering and braking systems,
heating, ventilation and air conditioning (HVAC). In the case of electric vehicles all the
auxiliary systems must be supplied from the vehicle electrical energy net and, hence, the
demand for auxiliary converter power in transportation applications continues to increase. In
addition, more safety and comfort systems are being introduced that demands additional
auxiliary power and results in increasing dimensions and weight of auxiliary converter systems.

Some vehicle auxiliary components, like power steering and braking system, are safety
critical, i.e. there are catastrophic consequences in case of failure. Therefore, the fault-tolerance
and reliability of auxiliary converter systems becomes crucial aspect and there is a demand for
reliable solutions for auxiliary converters. As the component redundancy and the growing
power consumption leads to increasing volume and weight, it results in the increased overall
vehicle energy consumption. Hence, there is a need of cheap, reliable, energy efficient and
environmentally friendly solutions in electric vehicle auxiliary converter design. However, the
most of scientific contributions and research results are mainly focused on the advancements in
the vehicle main drive systems, while the auxiliary converter systems are often neglected and
are not in the top of current research interests, despite the growing industry demands and electric
vehicle market potentials for growth.

Hypothesis and thesis for defence

1. Converter’s voltage and current waveforms contain sufficient information about
converter status that in combination with intelligent sensing can be utilized by
control system to ensure improved fault tolerance and more reliable power supply
thus increasing safety in critical auxiliary systems of electric vehicles.

2. Intelligent sensing and converter control systems with integrated status monitoring
ensure operation with highest possible efficiency and optimized performance, even
in an active failure mode by ensuring fast transition to the fault-tolerant operation
mode and improving efficiency by ap to 2%.
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3. Auxiliary drive design with permanently excited synchronous machine and multi-
level inverter utilizing modern wide bandgap semiconductor devices ensures energy
savings by 10%, more reliable faster operation and is economically effective
solution in scope of the whole converter’s life cycle in electric vehicle operation.

Research aim and objectives

The aim of the Thesis is to research and develop an energetically and economically effective
technology for auxiliary converter systems in electric vehicles, in accordance with the actual
industry needs, as well as to create a scientific contribution and disseminate the acquired
knowledge by introducing new concepts in the proposed converter design.

The main objectives of the Thesis are:

1. To investigate and develop novel current sensing and measurement techniques in
auxiliary converters.

2. To investigate and develop the control methods and to analyse the control
performance under unpredictable auxiliary converter load conditions.

3. To develop a solution for the fault detection and to investigate the fault tolerant
operation capabilities.

4. To analyse the wide bandgap semiconductor device application in auxiliary
converters, including the cost vs benefit analysis.

5. To investigate and propose the solution for reliable and energy saving auxiliary drive
operation.

Research object and scope

The main research object of the Thesis is the auxiliary converter system, consisting of non-
isolated DC/DC converters and DC/AC inverters for auxiliary drives. The main scope of
application is mainly focussed on different types of grid-connected electric vehicles and
transportation, i.e. trolleybuses, trams and electric motorized units in light and heavy railways,
as well as the battery electric vehicles. The proposed concepts and technological improvements
may be applied in any type of vehicle auxiliary converter systems in whole or in part, however,
the preliminary technology adaptation for the specific vehicle type is always required. The
proposed indirect current sensing solution, fault detection and identification technique and the
fault-tolerant operation algorithms can be used in any application, where the DC/DC or DC/AC
multiphase or multilevel power converters are utilized.

Research tools and methods

To fulfil the aim of the Thesis, the incremental research design method is being used. The
research stages include the determination of the appropriate auxiliary converter topologies,
adjusting the converter mathematical model parameters, developing simulation models, and
evaluating the results of simulations, developing auxiliary converter prototypes and performing

9



experimental verification in a laboratory environment. The prototypes of a 5-phase bi-
directional DC/DC converter with coupled inductors and a 3-phase 3-level DC/AC inverter
have been built for the proposed concepts and technological improvements validation in a
laboratory environment. Hence, the research results correspond to the Technology Readiness
Level 4 (TRL4).

Scientific novelty

1. Novel Indirect Current Measurement (ICM) technique, including voltage and
current sensing circuit part and phase current reconstruction signal processing part,
has been developed and integrated into the DC/DC converter and DC-AC inverter.

2. Fuzzy logic current balancing and output voltage regulation controller with
optimized steady-state and dynamic performance has been developed based on the
ICM and applied for the DC/DC converter control.

3. The common fault detection and identification method with fast response based on
the extended signal processing of ICM has been developed and integrated into the
DC/DC converter self-diagnosis system.

4. Fault-tolerant operation algorithm for the multiphase converter with strongly
coupled inductors and small reaction time has been developed for reliable power
supply to the safety critical systems.

5. A comparative analysis of the modern wide bandgap SiC and GaN semiconductor
application in high voltage auxiliary converters is performed, including the
evaluations of costs and benefits within the life cycle of converter.

6. An energy efficient and reliable auxiliary drive concept has been proposed and
assessed by means of the case study on a vehicular air compressor example.

Practical relevance

The research results cover a set of recommendations and technological improvements for
the practical application in the auxiliary converter systems of electric vehicles. The outcome of
this work corresponds well with the industry demand for cheap, reliable, energy efficient and
environmentally friendly solutions in electric vehicle auxiliary converter design requirements.
The proposed concepts have been validated experimentally in the laboratory environment and,
hence, can be further developed for the testing in the application relevant environment,
certification, type approval and release to the market within the next 4 years.

In scope of the commercialization training program for scientists CO.LAB, the
commercialization potential of the Thesis results has been assessed. As the result a technology
road map has been created, total addressable market and market opportunities were evaluated,
and the first version of business model has been developed for advancing the technology in the
market in collaboration with industry partner JSC Riga Electric Machine Building Works.
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INTRODUCTION

The demand for auxiliary converter power in transportation applications is increasing and
this requires more complex solutions and novel approaches for auxiliary power supply design.
As discussed in [1], the drawn auxiliary system power in trolleybuses has become so high that
it is challenging to provide acceptable supply during momentary power interruptions due to
travelling through insulated grid sections. A typical trolleybus electric power circuit functional
diagram is shown in (Fig. 1) [2]. Another example is an electric locomotive power circuit
functional diagram, depicted in (Fig. 2) [3].

e. g. Trolleybus functional circuit diagram:

Main drive system

Booster Section
of the Electric Locomotive

50 Hz Control Section
2§ of the Electric Locomotive
-
| |
|

C

3~400 V 50 Hz @ l
-110V
[ ]
Small power DC loads é é é é G O

Figure 2. Example of a railway locomotive power circuit functional diagram

TAbinl®
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As can be seen from (Fig. 1.) and (Fig. 2), the diagram consists of the main drive system
and the auxiliary system. The auxiliary system can be divided into 2 major parts — small loads
supplied from the DC system and large loads and auxiliary drives, supplied by the AC system.
The rising auxiliary system power demand trends require higher power ratings and increased
efficiency in auxiliary converters, but currently the main solution is seen as increasing the
converter weight and dimensions or install multiple converters in parallel. Another problem
arises in the DC system supply for many relatively small loads. As there is a large number of
DC loads with unpredictable mission profiles, the voltage regulation problem arises and this
requires innovative solutions for the DC converter design and control to ensure a very dynamic
power supply. A single DC/AC inverter is used for supplying a finite number of loads with
relatively large power drawn from the AC system. In case of the simultaneous load turn on, an
overcurrent or overload due to the transients might happen, moreover, in case of the converter
failure the whole AC system including safety critical loads will fail. Finally, the conservative
design of the auxiliary system supply leads to low efficiency, wasted energy and very dynamic
load character leading to thermal cycling, shorter component lifetime and less reliable
operation.

The largest part of auxiliary power is consumed by auxiliary drives, i.e., power steering, air
compressor and air conditioning system. Hence, an optimization of these systems is the most
reasonable. In [4], a permanent magnet synchronous machine is proposed to increase efficiency
and reliability of a 6-kW auxiliary oil pump, requiring variable frequency drive supply.
Similarly, in [5] the integrated variable frequency drives are recommended for both propulsion
and auxiliary system drives to achieve high efficiency, reduced weight and compact design.
According to case study in [6], the multi-level inverter topology realized with wide bandgap
semiconductors can offer excellent performance, that is essential for variable frequency
auxiliary system drives in transportation application. Consequently, the multi-level DC/AC
inverter realized with SiC or GaN semiconductors can be considered as an optimal solution.

An effective solution for the non-isolated DC/DC auxiliary converter with high
requirements for dynamic performance is the multiphase bidirectional buck converter with
coupled inductor topology. Multi-phase DC converters are widely used in different
applications, as their interleaved operation principle ensures high efficiency and low output
current ripple in comparison with single phase converters [7]-[24]. Multi-phase bi-directional
buck converters meet the requirements for automotive application, where different voltage
levels must be interconnected with improved dynamic performance and no galvanic isolation
is required between input and output [7]-[10]. The multiphase converters with coupled
inductors ensure even a better solution, because they provide even higher efficiency, low phase
current ripples, compact design due to reduced inductor core volume and high energy density
[71-[13] [23] [24]. However, a big issue of coupled inductor converters is a necessity of phase
current balancing controller implementation, as even small differences in inductor volt-second
products cause significant phase current misbalance, leading to efficiency decrease, enlarged
current and voltage ripples, inductor core saturation and even converter failure [ 10]. Hence, the
differences between all phase inductor currents must be determined and controlled to operate
converter efficiently and avoid system failure.
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1. SENSING AND MEASUREMENT IN AUXILIARY
CONVERTERS

Sensing and measurement techniques play a crucial role in auxiliary converters. To design
an intelligent and reliable control system, the main converter parameters, i.e. voltage and
current must be determined or estimated. This chapter describes the general approach for cost
effective and reliable current sensing techniques for multiphase converters, using single sensor,
and introduces the novel Indirect Current Measurement (ICM) technique that can be used in
multiphase DC/DC converters and DC/AC inverters.

1.1. General approach for current measurement using single sensor

Multi-phase DC converters are widely used in different applications, as their interleaved
operation principle ensures high efficiency and low output current ripple in comparison with
single phase converters. However, a significant challenge for multi-phase converters is a
necessity of current balancing controller implementation, as phase current misbalance reduces
efficiency, increases current and voltage ripples and even can lead to core saturation and
converter failure [10]. Implementing a separate current sensor for each converter phase would
be a very expensive solution [11]-[13]. In [20] a single sensor scheme is proposed, however
additional switches are required to perform measurements. In [14]-[16] sensorless current
sharing techniques are described, but [15] and [ 18] showed significant errors between the phase
current values and [14] showed slow transient response. Therefore, a lot of attention recently
attracted single current sensor schemes deploying the DC-link current measurement with the
following phase-current reconstruction algorithms [11]-[13], [17]-[20]. It is shown in [11]-[13],
that current sharing based on single DC link current sensor measurements is possible in coupled
inductor converters with small errors and good transient behaviour.

As shown in [4], the DC link current can be mathematically represented by (1.1) as the sum
of phase current and PWM switching function products. The PWM switching function is
represented by (1.2). Considering (1.1) and (1.2), in an interleaved N-phase converter phases
are shifted by T/N, therefore, the DC link current may contain the sum of 0 up to N phase
currents depending on duty cycle range and, hence, N duty cycle ranges must be analysed.
From measurements of the DC link current at each phase PWM carrier valley and peak points,
the corresponding sum of phase currents is obtained [7]. These results are then represented by
(1.3) and (1.4), respectively, where Avi and Ap; are NxN matrices.

Ipc(t) = ZiL1 Li(8) - Si(0) (I.1)
where I; — phase current, A;
S; — PWM switching function.
_ 1if0+(pi<t<Di'T+(pi
Si(t)_{OifDi-T+<pi<t<T+(pi (1.2
where ¢; — phase shift, s;
T -PWM switching period,
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D; -duty cycle.
[l,1] [h
P l=A4,1¢ (1.3)
-IUN- IN
where [,; — measurement of the DC link current at i-phase PWM carrier valley point, A;

A, ~PWM carrier valley point current reconstruction matrix.
1 p1 | L
: (1.4.)
Iy

=4,
where I,; — measurement of the DC link current at i-phase PWM carrier peak point, A;

_IPN i

Ay, ~PWM carrier peak point current reconstruction matrix.

The dependency between PWM carriers and current waveforms with DC link current
sensing solution is shown on a 3-phase converter example for 3 duty cycle ranges in (Fig. 1.1.).
The resultant Avi2 3x3 matrix with the DC link current samples at the PWM valley points valid
for the duty cycle range of D€ [0...2/3] is represented by (1.5). The resultant Ap23 3x3 matrix
with the DC link current samples at the PWM peak points valid for the duty cycle range of
De [1/3...1] is represented by (1.6).
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100

A,,lz[o 1 0] (1.5.)
0 0 1

011

A,,2=[1 0 1] (1.6.)
110

Current reconstruction algorithms are derived for each duty cycle range by inversing the
matrices Ayi and Ap; and, hence, the phase current average values are obtained from the DC link
current measurements. The inversion of matrices Avi2 and Ap2; gives (1.7) and (1.8), valid for
the duty cycle ranges D€ [0...2/3] and D€ [1/3...1], respectively. Consequently, there are 2
phase current reconstruction algorithms derived in the case of a 3-phase converter, valid for the
duty cycle ranges D€ [0...2/3] and D€ [1/3...1] and represented by (1.9) and (1.10),
respectively.
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. 10 0
(Am)‘1=[0 1 o] (1.7.)
00 1
PR = B B |
(4p2) =5-[1 -1 1] (1.8.)
1 1 -1
11 1 00
o 1 0] (1.9.)
13 00 1
Ly -1 11 [Ip1
I, =E'[1 _1 1]. L, (1.10.)
13 1 1 _1 _Ip3

The limitations of the proposed method arise when any of the matrices Avi or Api becomes
singular. This happens if they consist of zeros or ones, or the number of summed phase currents
in the corresponding DC link current measurements has the same multiplier as the converter
number of phases N. An example situation with the method limitation arises in case of a 4-
phase converter operating at the duty cycle of D=0.5 point. In this case the current samples will
achieve undefined values. By setting up the auxiliary current samples in between the PWM
carrier valley and peak points, the obtained current sample and the phase current average value
equation is (1.11). However, the 4x4 matrix Aaux in (1.11.) is singular and, therefore, the current
reconstruction algorithm cannot be derived.

Iy L 10 0 17 [h
Iea| _ A21_11 1 0 of |
It3 = Aaux 13 - 0 1 1 O 13 (11 1)
Lea I, o o 1 1!

A similar situation can be observed in the case of a 6-phase converter operating in the duty
cycle range D€ [1/3...2/3]. In this case the obtained current sample and the phase current
average value equation is given by (1.12) and both 6x6 matrices Avi and Ap; are singular.

I [1”4] 1100 0 17[h
Le| IWs| 1111 0 o 0] Iz}
1v3 — Ip6 — O 1 1 1 O 0 . 13 (1 12)
Ly Ip1 001 1 1 oflhL e
Ls| |5 {o 00 1 1 1K
b [0, 1100 0 1 1l

Hence, the limitations occur only in converters with composite number of phases N within
the separate duty cycle ranges. Thus, for converters with prime number of phases a general
approach can specified as shown in (Fig. 1.2.).
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Duty cycle range 0...1/N|1/N...2/N [2/N...3/N| ... |(N-3)/N...(N-2)/N|(N-2)/N...(N-1)/N [(N-1)/N...1
Number of summed phase valley 1 1 3 N-2 N-2 N
currents at DC link current|
measurement from... peak 0 2 2 - N-3 N-1 N-1
Reconstruction algorithm | valley algorithm 1 algorithmN-2
from measurements at... peak - algorithm?2 L alg. N-3 algorithm N-1

Figure 1.2. General approach for DC link current sensing and phase current reconstruction

The performed current waveform analysis shows a clear dependency between the DC link
and phase current waveforms. For converters with prime number of phases, single DC link
current sensor measurements can be used for phase current reconstruction within the whole
duty cycle range. For converters with composite number of phases, the limitations of duty cycle
ranges will occur, when using a single sensor, or a reduced number of DC link current sensors
can be used to ensure operation within the whole duty cycle range. The described current
measurement concept is valid for multi-phase uncoupled and coupled inductor converters with
any number of phases.

1.2. Indirect current measurement in multiphase DC converter

Previously described DC link current measurements were performed directly [11]-[13]
because the converter contains only one DC link capacitor with sensor position between the DC
link and the half-bridges, as shown in (Fig. 1.3.a). However, if the sensor position is changed
as shown in (Fig. 1.3.b), the DC link current must be obtained indirectly. The DC link current
is obtained indirectly using capacitor voltage by means of (1.13).

Iy=Ig+1gp..+Ilgy=1—-I=1-C
where I —DC link current, A;
I5; — current flowing into i-half bridge, A;
C — DC link capacitance, F;
V¢ -DC link capacitor voltage, V.

ave
dt

(1.13)

(A
T]s

Isl i‘;sz Isn
Q1 Q3 :
— — gt Qn 1. -

]

Vin Vin

a){

Figure 1.3. Multi-phase converter with coupled inductors and a) previously [9]-[11] used
sensor position, b) proposed sensor position together with capacitor current determined by
capacitor voltage measurement

In low voltage converters, where MOSFETs with low on-state resistance and breakdown
voltage are used, the path length between the half-bridge switches and capacitor must be kept
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minimal to avoid transient overvoltage caused by path parasitic inductance. To achieve that, an
installation of capacitors, located near each of the half-bridges, would be suggested. Thus, a
multi-phase converter with multiple distributed DC link capacitors is obtained as in (Fig. 1.4.).
The DC link current for a 5-phase converter can be expressed by (1.14), considering the current
sensor measurement and currents, flowing into the distributed DC link capacitors. Rearranging
(1.14) for capacitor voltages gives (1.15).

L=lg+tlptlgtlytls=—1—1q—lop—Ilz—I4—Is (1.14)
where I; — current flowing into i-distributed DC link capacitor, A.
= J—c Y _ W WV Vs o~ Des
Iy =—1—-C; ” C, " Cs " C, p” Cs p” (1.15)

where C; — distributed DC link i-capacitance, F;
V,; — distributed i-DC link voltage, V.

I—

() Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
A) 4
=L |Q1 =2 |Q3 3 |03 B4 |Q7 55 Q9 coupled
{}_1 J — % — % ey % —= inductor
Icl Ic2 Ic3 Ic4 Ics L1, I
Vin X >
CD | Cin
[T 1t
GND
Bl g2
+Vs—H + - P H-V{]R1

IisSP

GND

DC link current sensor

Op-amp circuit

Figure 1.4. Investigated 5-phase converter with coupled inductor circuit diagram with an
operational amplifier circuit for indirect current sensing

A summing differential amplifier circuit is designed, based on (1.15) considering reverse
direction of the input current sensor. Additionally, an offset voltage for bidirectional current
sensing and internal PT; performance is included by adding capacitor Ci7 in the feedback loop.
Applying Kirchhoff’s Current Law to the inverting input and considering the Hall effect current
sensor winding ratio gives (1.16) for an op-amp circuit output signal. By neglecting the current
Ic17 from the (1.15) the scaling factor between converter currents and acquired signal are
obtained by (1.17).

C stig + Vsig — ﬁ + I & . Ry _ C AL _ C Ve
17 " ae Rs R, N, Ri+R3 6 gt 7 at
dVes dVes dVes
—Cg—=—C. —-C 1.16.
8 at 9 at 5 at ( )



where Vy;, — operational amplifier output voltage, V;

N o .
N—l — Hall effect current sensor winding ratio;
2

C; — i-capacitance, F;
R; -i-resistance, Q;

Vs - Hall effect current sensor supply voltage.

R N. Rg'R
Vsig — VS._6+1._1.5_1_
R, N, Ri1+R3
RgCe RgCr7 ReCg
_Icl c. Ic2 c,  ‘¢3 - 1c4-

(1.17)

To increase an op-amp circuit immunity against common and differential mode

disturbances, it is designed as fully symmetric differential amplifier and additionally a small

output low-pass filter is applied, consisting of R8 and C18. Thus, a filtered signal is obtained,

representing the restored DC link current waveforms. The obtained signal can now be used by

ADC converter for DC link current measurement and phase current reconstruction, as described

in the previous subchapter 1.1.

As shown in subchapter 1.1, by knowing the switching function pattern for each of the 5

duty cycle ranges, phase currents can be obtained from the DC link current samples. The

switching patterns for measurements on PWM carrier valley points Iy; for the duty cycle ranges
D<0.4 and 0.4<D<0.8 are represented by (1.18) and (1.19), respectively. The switching patterns
for measurements on PWM carrier peak points I for duty cycle ranges 0.2<D<0.6 and D<0.6

are represented by (1.20) and (1.21), respectively.
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Phase currents are reconstructed from the DC link current measurements by simply
inversing the 5x5 matrices for each duty cycle range. Hence, 4 current reconstruction algorithms
are derived for duty cycle ranges D<0.4, 0.2<D<0.6, 0.4<D<0.8 and D<0.6, represented by
(1.22), (1.23), (1.24) and (1.25), respectively.

[11' 100 00 [Im]
I [0 100 0] Ly,
Ll=lo 0 1 0 0] (1.22)
Ll lo oo 1 o |l
1 oo o o 1!l
b 1 o-1 1 1 17 [
LI -1 1 -1 1 1|k
Ll=11 -1 1 -1 1| |hs (1.23)
I, 1 1 -1 1 =1 |1,
T I B SRS U T
117 —1 2 -1 =1 27 [
LI 12 -1 2 -1 -1 |
Ll=3]-1 2 -1 2 -1f|Ls (1.24)
I, “1 -1 2 -1 2| |Ls
il L2 -1 -1 2 -1l gl
b1 -3 1 1 1 17][%]
LI 1 -3 1 1 1|[he
Ll=1 11 =3 1 1| (1.25))
I, 11 1 =3 1|]|1,
T L R A

Simulation of a 5-phase converter with the op-amp circuit, shown in (Fig. 1.4), is performed
to obtain the current waveforms, signal formed by the operational amplifier circuit and to
validate the phase current reconstruction algorithms. The correspondence between simulated
converter current waveforms, PWM and op-amp circuit signals in shown in (Fig. 1.5). As can
be seen from (Fig. 1.5), the op-amp circuit can restore the DC link current waveforms and
sampled values correspond to phase current average values. Simulations are performed for
validation of the derived phase current reconstruction algorithms. An example of simulation
results, when converter operates with a duty cycle D=0.3 and unbalanced phase currents are
reconstructed by means of (1.23), is shown in (Fig. 1.6). As can be seen from (Fig. 1.6), phase
current values can be reconstructed from indirect DC link current measurements and phase
misbalance detected.
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Figure 1.5. Correspondence between simulated converter current waveforms, PWM and op-
amp circuit signals
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Figure 1.6. Phase current reconstruction example for 0.2<D<0.6

22




The proposed concept of ICM has been validated experimentally. A 5-phase buck converter
with coupled inductor and distributed DC link capacitors, shown in (Fig. 1.7), is used for

experimental setup. Converter circuit diagram corresponds to (Fig. 1.4), parameters are listed
in (table 1.1).

Figure 1.7. Prototype 5-phase converter with coupled inductors and ICS circuit

Table 1.1.
Prototype converter circuit parameters
Parameter, designator Values
Input voltage Vin 24-60 V
Load Rload 0.1-10 Q (500 W)
Switching frequency f 50 kHz
Cin 100 nF
Cout 3 mF
Cl...C5 10 pF
Sensor type and winding ratio N1:N2 LA 55-P, 1:1000
MOSFET Q1...Q10 IRF135B203
Op-amp DA1 AD845INZ
R1,R8 953 Q
R2, R4 10 kQ
R3,R5 857.7Q
R6, R7 1kQ
C6...C15 1 nF
Cl6,Cl17 120 pF
C18 470 pF

Firstly, the indirectly acquired DC link current waveforms are compared with the phase
current waveforms under normal operating conditions. The cases with balanced and unbalanced
phase currents are shown in (Fig. 1.8.) a and b, respectively. In the first case, phase currents are
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almost equal and therefore, the restored DC link current waveform is lined-up with sampled
values nearly same. In case of misbalance, the phase currents are inequal and the signal obtained
from op-amp circuit reflects an existing phase current misbalance. Secondly, the current
measurement accuracy is investigated. The differences between reconstructed and measured
phase current values are compared at different converter operating points within the whole duty
cycle range. The resulted deviations are shown in (Fig. 1.9.). The accuracy of the proposed
method is adequate, phase current misbalance is well represented by the ICM sensing signal
and the measurement error is well below 0.5 A in the wide operation range.

v B T

IDC link current (restored), 1 Afdiv Phase 3 current, 1 A/di T=20 us; 5 usdiv | DC link current (restored), 1 A/div Phase 3 current, 1 A ' T=20 us; 5 us/div
Phase 2 current, 1 A/div Phase 4 current, 1 A’dw Phase 2 current, 1 Aldiv | Phase 4 current, 1 A/dw

Q,

\ ‘c ;\ NN \ w"\\r
A \\ \J\,,a\ 'f\ NI \\

Figure 1.8. Converter current waveforms under normal operating conditions in case of

a)balanced and b)unbalanced phase currents
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Figure 1.9. Deviations between measured and reconstructed phase current values

The DC link current waveforms can be restored in good quality using a single current sensor
with an operational amplifier circuit in converters with distributed DC link capacitors. 4 phase
current reconstruction algorithms are derived for the 5-phase converter operation within the
whole duty cycle range. Simulation and experimental results approve the proposed technique.
The precision of acquired current measurements achieved measurement errors below 0.5 A and
is influenced by signal filtering, differences between phase-to-phase impedances and passive
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component tolerances. Achieved accuracy in real operating conditions, nevertheless, is
adequate for a current balancing controller implementation, as approved in [25].

1.3. Indirect current measurement in multi-level inverter

The dependency between the DC link and phase currents in inverters have been investigated
in [26]-[35]. The cost reduction in current sensing infrastructure of a 2-level inverter is achieved
by implementing a single DC-link current sensor at converter input. Using single sensor for
performing multiple measurements distributed within the switching period and following
implementing of the phase current reconstruction algorithms has shown significant overall
system price reduction and possibility of additional fault-tolerant technique implementation, in
case phase current sensors are used anyway [33], [34]. Phase current reconstruction in 3-level
inverter, using single neutral DC link current sensing shunt is described in [26], [28]-[31]. This
technique is the most advantageous, however [27] showed, that some limitations still apply,
when only single sensor is used.

PWM inverter current sensing solution must ensure not only the current value detection, but
also protection against isolation faults and short circuits [33]. Shin and Ha [27] showed, that
the phase currents can be reconstructed using single (SDSS) or multiple (MDSS) top (TSS),
bottom (BSS) and neutral (NSS) DC link shunt sensing. Nonetheless, a combination of at least
2 (multiple) DC link current shunts are required to ensure full inverter protection and minimize
current unmeasurable areas (CUA) by reconstructing phase currents using space vector pulse
width modulation (SVPWM) [27]. In terms of costs, this is comparable with use of phase
current sensors. Shin and Ha emphasize, that shunt current sensing was originally designed for
protection purposes, but additionally “the MDSS technique becomes a cost-effective current
measurement method” [27]. Hence, this technique is economically effective, but challenging
from the design perspective.

The direct DC link current sensor placement is rather difficult if not impossible to
implement in a common inverter design with planar bus bars. Lu et al. [35] faces this problem
in 2-level inverters and proposes an input current measurement to ensure fault tolerant operation
by current estimation in case of phase current sensor fault. Thus, the path length between the
inverter phase legs and DC link capacitors can be kept minimal, and the parasitic inductance
caused effects can be minimized [35]. This allows using lower voltage rated semiconductor
devices, i.e., SiC MOSFETs, with significantly higher switching frequencies in typical inverter
applications.

Hence, the indirect measurement approach can be extended for a multi-level inverter with
planar busbars between DC link capacitors and switching devices, by placing an input current
sensor at the positive DC rail. Additionally, 2 operational amplifier circuits are implemented
to restore the top (TDC) and neutral (NDC) DC link current waveforms, thus, ensuring indirect
fault tolerant multiple DC link current sensing (MDCS) [26]-[29] by means of single sensor
and sensorless sensing techniques, respectively. The indirect multiple DC link current sensing
(MDCS) technique is analysed on a 3-phase 3-level neutral point diode clamped PWM inverter
example, which is shown in (Fig.1.10) with the corresponding operational amplifier circuits
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used for DC link current waveform restoration. Using (Fig. 1.10), the top and neutral DC link
currents and can be expressed by means (1.26) and (1.27).

av,
Irpc = =lin = Ic1 = —lin — G4 _dil (1.26.)
where I — current flowing into top DC link capacitor, A;
I;, — input current at the positive rail, A;
C; —top DC link capacitance, F;
V.1 —top DC link voltage, V.
av, av,
Inpc =1Ier = Iz = (4 dzl - d_;z (1.27.)
where I, — current flowing into bottom DC link capacitor, A;
C, —bottom DC link capacitance, F;
V., —bottom DC link voltage, V.
i Itde Phase 1 Phase 2 Phase 3
-> T T
jo |l el e
Vel * —_c1
3-phase load
]im;{E}ol Vi HE}Q& Ao HE}QIO ”
22
G < =i a0 | | AP
O T
VCZ‘::CE
e e e i
= I N spw
= A'—.}—E—m 2> 5 OpAmp | g5
= 3. ._l_-
. | “D‘}—< L\E(L% —cis
3 cn‘} 7l B2
41 [ o
_ 4 ‘:'j pere Op-amp circuit for neutral DC link current sensing
{ ug

6
+Us s P [R it
LA55? g
1T 1

GND GiD

Input current sensor Op-amp circuit for top DC link current sensing

Figure 1.10. Investigated 3-phase 3-level neutral point diode clamped inverter circuit diagram
with 2 operational amplifier circuits for indirect current sensing

Both operational amplifier circuits are fully symmetric and filter parameters are chosen to
ensure high frequency component (e.g. voltage ringing) and common mode noise elimination,
but the low frequency components remain almost unaffected in terms of amplitude and phase
shift. An op-amp DA1 circuit is designed to restore the TDC waveforms. Applying Kirchhoff’s
Current Law to the inverting input and considering reverse direction with winding ratio of the
sensor N1/Nz gives (1.28) for an op-amp DA circuit output signal Vapci. By neglecting the
current Ics scaling factor between inverter TDC and acquired signal are obtained by (1.29). An
op-amp DA2 is designed to restore the NDC waveforms. Applying Kirchhoff’s Current Law to
the inverting input gives (1.30) for an op-amp DA2 circuit output signal Vapcz. By neglecting
the current Ic12 scaling factor between inverter NDC and acquired signal are obtained by (1.31).
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where V,pc1 — operational amplifier output voltage for TDC, V;

N . .
N—l — Hall effect current sensor winding ratio;
2

C; —i-capacitance, F;
R; -i-resistance, Q;
V; - Hall effect current sensor supply voltage.

R yp, M. BeRy g ReGs (1.29.)
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where Vypc, — operational amplifier output voltage for TDC, V;
C; — i-capacitance, F;
R; —i-resistance, Q.
R N1 ReR Re'C
VADC2=VSIR_Z+Iin'N_;'R:TR13_Icl'GC_13 (1.31)

Current measurements can be performed by setting up the sampling points within the
possible measurement windows. To acquire multiple current measurements within a period, the
switching states in a single measurement window must be constant. Moreover, the current
unmeasurable areas, containing switching transients and voltage ringing effects, must be
avoided. The minimal PWM state length, suitable for DC link current measurement is depicted
by means of (Fig. 1.11). It should last for at least the time interval Tmin, consisting of driver
delay with the time of switching transient Taelay, and include current sample acquisition delay
Tsgn. If the actual PWM state length is shorter, than the time interval Tmin, the corresponding
measurement is not performed. Nonetheless, it is assured, that the number of samples within
one sine period will be enough, if at least 10 switching periods are within one sine period.
However, the Nyquist criteria can be fulfilled, if at least 2 valid measurements are performed
within a sine period and with MDCS this can be achieved by at least one TDC and one NDC
samples.

Minimum PWM state length

New TDC or NCS state
Current measurement window

Switching ADC S&H Measurement completed

transient 2 o Acquisition
Ringing

€ Driverdelay > o

delay

| Tm n
Toetay Tsan

Figure 1.11. Minimal PWM state length requirement for current measurement window
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Phase currents are reconstructed from the corresponding DC link current measurements by
knowing the actual switching states [27]. The correspondence between switching states,
additional requirements for reliable current measurement, as well as the TDC and NDC value
correspondence to the phase current values is shown in (table 1.2). The phase current sum is
assumed to be equal to zero and, therefore, phase current values can be represented by (1.32).
Here, the corresponding phase duty cycle (D;) values are assumed to be positive (Di>0), when
the high side is switching (and the low side switch is closed), and negative (Di<0), when the
low side is switching (and the high side switch is open). The additional requirements are defined
for triangular PWM carrier and the current measurements are set-up on the incrementing high-
side switch carrier with positive duty cycle. This information is used by the current
reconstruction algorithm, implemented in the microcontroller. Reconstructed phase current
values can then be used for inverter controller or fault tolerant algorithm implementation.

Table 1.2.
Correspondence between switching states, requirements, TDC, NDC and phase currents
. Reconstructed
Switch . . . .
states Requirements for current measurement (conditional Sampling point | phase currents
$,5,Ss statements) setup From | From
TDC | NDC
TDy > Tnin & D, < 0&D3; <0 &
211 Tdelay 11 _11
(TDy +T) > Tpin & (TD3 +T) > Tyin
121 TD, > Tpin &D; <0& D3 <0 & T I _
(TDy + T) > Tpin & (TD3 + T) > Tpuim delay 2 2
112 TD3 > Tpin&D; <0&D, <0& T I -
(TDy +T) > Trnin & (TDy + T) > Tonin detay 3 3
122 TDy > Tppin & TD3 > Typin & Dy < 0& (TDy + T) > Typin Taetay -1 I
212 | TDy > Tpyin & TD3 > Typin & Dy < 0 & (TDy + T) > Tpin Telay -1 I,
221 TD; > Tonin &TDy > T1in & D3 < 0& (TD3 + T) > Thuin Taetay -1 I
210 T(Dy —Dy) > Tin&Dy; >0&(TDy —TD3 —T) > T TD, — Teey L I,
210 T(D, = D3) > Tin & Dy <0&(TDy =TDy = T) > Tpin | TDy + T — Toa L I,
201 T(Dy —D3) > Tin & D3 >0& (TDy —TDy, —T) > T TD, — Tsey I I
201 T(D3 —Dy) > Tyin & D3 <0&(TDy —=TD3 —T) > Ty | TD3 + T — Tgy I I
120 | T(D, —D;) > Tpin &D; > 0& (TD, —TD3 —T) > Tyin | TDy — Tsans L L
120 | T(D; —=D3) > Tppin &D; <0&(TD, —TDy —T) > Topin | TD1 + T —Teer | L I
021 T(D, —D3) > Tyin & D3 >0& (TD, —TD; —T) > Ty TD, — Toan I, I
021 T(D3 —D;) > Tyin & D3 < 0& (TD, —=TD3 —T) > Tpin | TD3 + T — Tgy I, I
102 | T(Ds—Dy) > Tyin & Dy > 0& (TD3 —TDy —T) > Toin | TDs — Tog Iy L
102 T(Dy—Dy)) > Tpin & Dy <0&(TD3 —TD; —T) > Tpin | TD1 + T — Tooy I3 L
012 | T(D3—D;) > Tpin&Dy > 0& (TD3 —TD; —T) > Toin | TD3 — Tens I A
012 | T(D,—D))> Typin &D, <0&(TD3 —TDy —T) > Tyin | TDy + T — Togr | I I,
I 0 -1 -11 1L
H = [—1 0 —1] : [12 (1.32)
I3 -1 -1 0 I3

where I; — i-th phase current, A.

A simulation of a 3-phase 3-level neutral point diode clamped inverter with both op-amp
circuits, shown in (Fig.1.10), is performed to obtain the SVPWM, current waveforms and the
signals formed by the operational amplifier circuits. The resulting waveforms are shown in
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(Fig.1.12) for current frequency of 100 Hz, modulation frequency 1 kHz and inductive load
with full impedance Z=13,1 Q and ¢=17,4°(lagging). A clear dependency between top (TDC)
and neutral (NDC) DC link currents on phase currents with their corresponding SVPWM states
is observed. Both TDC and NDC waveforms are fully restored by their operational amplifier
circuits without any visible errors or phase delays and, hence, phase currents can be
reconstructed using op-amp circuit formed signals with adequate accuracy. All phase currents
can be reconstructed from TDC, using at least 8, and from NDC, using at least 10 sampling
points per period within large enough measurement windows. Hence, the Nyquist criteria holds
even, if the sine period is equal to 10 switching periods, but inverter operation with higher
switching frequency (or lower sine frequency) would allow to make even more phase current
measurements per sine period, thus, reducing the current unmeasurable areas and their influence
on phase current estimation capabilities.

2 I
a) —‘ |
s
1o o
@
Fm=1 kHz
0 - 5

20F I
b TN

O f=—7"
=100 Hz

-\-___\—'_—_4
20|20 A/div T

} |
I
| —"—
Op-amp_TDC |
Op-amp_NDC | _
L~
1

500 mV/div
1 ms/div lT=10 ms

Figure 1.12. Simulation results with a) SVPWM states, b) phase currents, c) top and neutral
DC link currents, d) restored TDC and NDC waveforms from op-amp circuits

The proposed concept of ICM has been validated experimentally. A prototype 3-phase 3-
level neutral point diode clamped inverter with integrated TDC and NDC sensing circuits has
been built for experimental verification of the proposed concept. Prototype inverter layout is
shown in (Fig.1.13). Prototype circuit parameters are listed in (table 1.3).
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Figure 1.13. Prototype 3-phase 3-level NPC inverter layout

Prototype inverter circuit parameters

Parameters Values for experimental
prototype
DC Input voltage Vin 48-600 V
AC Output voltage (RMS) Vout 30-400 V
Load Z1, 72,73 RL - adjustable
Switching frequency f 1-10 kHz
Auxiliary supply Vs 15V
Sensor type and winding ratio N1:N2 LA 55-P, 1:1000
MOSFET Q1...Q12 IMW65R107M1HXKSA1
Diode D1...D6 IDH20G65C6XKSA1
Op-amp DA1, DA2 AD845INZ
Cl,C2 300 uF
C3,C4,C8...Cl11 7,5 nF
C5...C7,Cl12...C14 1 nF
R1,R8, R13 100 Q
R2, R4, R9,R10 20 kQ
R3, R5 3.9kQ
R6,R7,R11,R12 2 kQ

Table 1.3.

Firstly, the correspondence of current waveforms between experimental and simulation
results for switching frequency of 2 kHz is shown in (Fig. 1.14.). The calculated TDC and NDC
waveforms are preserved by the op-amp circuits. Separately reconstructed phase current values
are shown in (Fig. 1.15). An example phase current reconstruction outcome for the 5 kHz
switching frequency is shown in (Fig. 1.16).

30



Phase1cJ
[inase # eume

lw.\uu ” rﬂ' Wk
H.ﬂ_.l.h]_. Hp 'f?j H

' I
e bojprprt

u.'uu ] Tl

bk Jl's,,- »\lu

T it
%\F ﬂ11 ‘IJUP “Jnli “l ]
w 'l (RN s ’ i ]

|._|1"|"]'\ ) ._I.JI'M ”Jq.

50 b F swe2 i 2 el
L

T
'y

| ,-ﬂ.'_q:-\..l'-. |||]|II|* i,

fl]u

1 7u’:] |'
Ry JI,J-,‘MI,I," FORTAN M

R
il \ i i ||| I

e

|.J|'.'.

fi a‘ f ”!‘ll‘“ y Ui 'h' '"\.\ J

Iil}d_hﬂu .'F l‘l

]ﬂ I]I’lf;l
i

hl |'\1 i'l

Wit i '1_-.
[ I1I|]I]|]I11hl .]tlu n” ||| f||4”r]fl|,']ﬁ‘ {IH'] |'|J'I’| ||J||'|]|]f‘| 'ﬂﬂljhl,ll“ ) w\ﬂlu

Figure 1.14. a) Experimental and b) simulated inverter current waveforms at 2 kHz switching

frequency

tPhase 1 curent, 2 Afdiv

ﬂwnr"\ f\

M-

Phase 1 current {reconstructed), 2 Aldiv |

Phase 2 current (reconstructed), 2 Aldi
tPhase 2 current, 2 Aldiv

-'.\A'M\

] [Phase 3 cuent (reconstructed), 2 Aidiv'
YPhase 3 curent, 2 Aldiv

| * .f | ‘ i\ ,"\ r"‘\,'ll'\l. ‘III* lufn .". ;,'f'-\}

Phase 2 current, 2 Aldiv

- :’\._[1\' —V’" ~ W

{Phase 3 current, 2 Aldiv

N L Spertebmiiian |
VW \.Vl ) !
\Jrr}_ \“V \1” L ‘q'l"'

|| Phase 1 cument, 2Nd|v

/\’f‘-/\-/ ..\N \,\"'--/\
\)

[ Phase 3 cumrent, 2 Aldiv
=50 Hz; F_sw=5 kHz; 200 us(div
TR - - i

n /nm/ A,/l\a\/_\/‘\/"\f‘/

/\/\/\./

Phase 1 current, 2 A.fdlv

- =50 Hz; F_sw=>5 kHz; 200 us/div

%w?;f\ﬂ&

'\

/’H AV '“\/\/ 7@7’\&

"I"w se 2 current, 2 A

{50 He;F sw=S iz, 200 v

Figure 1.15. Separately reconstructed phase currents
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Figure 1.16. Phase current reconstruction at 5 kHz switching frequency

The indirect MDCS has shown good current waveform quality, high precision and
immunity against disturbances. Further analysis of TDC and NDC current samples, by
evaluating the difference between reconstructed and real phase current values has shown, that

indirect DC link current sensing technique achieves an adequate measurement accuracy. The

precision of acquired current measurements is mainly influenced by signal filtering, differences
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between phase-to-phase impedances, passive component tolerances, DC link capacitor ESR and
correct measurement window setup. With inverter switching frequencies up to 20 kHz, the
reconstructed phase current value maximum measured deviation at separate points did not
exceed 20 %. At most of acquired measurement points (>90%), the relative error was below
10 %. Achieved accuracy was lower at high switching frequencies and gradually improved with
the frequency decrease. Hence, the indirect MDCS can be used in modern power supply and
electrical drive applications. Moreover, it can be extended for multi-phase and multi-level
inverters. The ICM implementation in a 3-phase 3-level inverter is specified in more details in
[36].

1.4. Conclusions

The dependency between the DC link and phase current waveforms can be used for a cost
effective single sensor measurements. For converters with prime number of phases, single DC
link current sensor measurements can be used for phase current reconstruction within the whole
duty cycle range. For converters with composite number of phases, the limitations of duty cycle
ranges will occur, when using a single sensor, or a reduced number of DC link current sensors
can be used to ensure operation within the whole duty cycle range.

Using an indirect DC link current measurement technique for a multi-phase DC converter
with coupled inductors the DC link current waveforms can be restored in good quality using a
single current sensor with an operational amplifier circuit in converters with distributed DC link
capacitors. The accuracy of the proposed ICM method in multiphase DC/DC converters is
adequate, phase current misbalance is well represented by the ICM sensing signal and the
measurement error is well below 0.5 A in the wide operation range. Achieved precision in real
operating conditions is sufficient for a current balancing controller implementation without any
visible waveform or efficiency degradation.

The proposed ICM technique is valid for single sensor or sensorless phase current detection
in the multi-level inverters, using TDC or NDC sensing separately. The TDC and NDC
waveforms can be restored using a single current sensor with 2 operational amplifier circuits,
both forming a reliable MDCS technique, used for phase current reconstruction. The indirect
MDCS has been verified using simulation and experimental results and has shown good current
waveform quality, high precision and immunity against disturbances. Hence, the indirect
MDCS can be used in modern auxiliary power supply and drive applications.
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2. AUXILIARY CONVERTER CONTROL

Auxiliary converter controller design is an essential step to achieve the objective of
energetically and economically effective technology. To develop an intelligent and reliable
control system with fast response, the system internal parameters and behaviour must be
analysed narrowly. This chapter describes the converter system transfer function determination
and controller design and analyses the fuzzy logic controller performance under different
circumstances. The detailed fuzzy logic controller design is described in [37].

2.1. Coupled inductor analysis

The 5-phase DC/DC converter, considered in subchapter 1.2 is built with a coupled
inductor. Coupled inductor is formed by the differential configuration of 5 toroidal N87 cores
EPCOS B64290L0082X087 with 5 turns for each phase winding. The coupled inductor
configuration with superimposed magnetic circuit is shown in (Fig. 2.1). The corresponding
magnetic circuit diagram is shown in (Fig. 2.2.). The inductance matrix measurement results in
the linear range are represented in (2.1).

Figure 2.1. Coupled inductor configuration in converter

15 s15

< |
- S

MMFI:NIIC
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Figure 2.2. Coupled inductor magnetic circuit
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where L — inductance matrix (in linear range), uH;

The considered coupled inductor magnetic circuit diagram is analysed to obtain the
mathematical model for the further non-linear analysis and determination of transfer function.
By applying the superposition theorem to the magnetic circuit shown in (Fig. 2.2), an equation
system (2.2) is obtained:

MMF. MMEF; MMF. MMFs MMEF:
(I)1=Q)O-1+q)12_(1)51= 1+ L z + L
S1 S12 S12 Ss1 Ss1
MMF, = MMF, MMF; MMF, MMF,
Py = Py + Po3 — Pyp = + - - +
Sz S23 S23 S12 S12
MMF MMEF-: MMEF, MMEF, MMEF-:
Q3 =Qp3+ Py — Py =— "+ ——— -+ (2.2)
S3 S34 S34 S23 S23
MMF, ~MMF, MMFs MMF; MMF,
Dy = Dy + Dy5 — Dy = M0y MMF  MMF  MMF
4 a4 45 34 Sa Sas Sas S34 S34
MMFs . MMFs MMF, MMF, MMFs
¢5:¢05+¢51_¢45= + - - +
Ss Ss1 Ss1 Sas Sas

where ®,; — magnetic flux in the air across i-phase windings, Wb;
®;; — magnetic flux in the torus between i- and j-phase windings, Wb;
@; — magnetic flux corresponding to i-phase windings, Wb;
MMF; — magnetomotive force across i-phase windings, A (Ampere-turns);
S; — reluctance of the air path across i-phase windings, H!;
S;j —reluctance of the toroid between i- and j-phase windings, H.

Rearranging (2.2) to the state space representation gives (2.3) that can be further used in a
simulation model.

r. 1 1 1 1 1 R
1,11 -t 0 0 -1
(51 + Ss1 + 512) S12 Ss1
(o _1 1,11 1 0 0 MMF;
®, S12 (52 + S12 + 523) S23 [MMFZl
D, | = 0 T 0 |\ MMF,
S23 Sz Sa3 Sz S34
[‘“J 0 0 1 @dplgny MME,
Ds S3a Sa S3a Sas Sas MMFs
1 1 1 1 1
- 0 - — - —_
Ss1 0 Sas (55 + Sas + 551)—
2.3)

where ®@; — magnetic flux corresponding to i-phase windings, Wb;

MMF; — magnetomotive force across i-phase windings, A (amperturns);

S; — reluctance of the air path across i-phase windings, H'!;

§;j — reluctance of the toroid between i- and j-phase windings, H.

For the further non-linear analysis of the coupled inductor behaviour in converter under
different ultimate operation conditions, a B-H (magnetization) curve of N87 ferrite has been is
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combined with the toroid dimensions. The different mathematical models have been derived to
express the non-linear dependence between the magnetic flux density B and the magnetic field
strength H and shown in (Fig.2.3) by means of the B-H curve.

B-H curve modelling
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Magnetic field strength H, A/m

Figure 2.3. Comparison between different mathematical models, representing the non-
linearity of B-H curve

The model 1 has the easiest mathematical expression and considers 2 ranges of the B-H
curve, - the linear range and the saturation range. This model is the most suitable in terms of
computational power requirements, however it is not accurate enough to model and analyse the
partial saturation effects in the coupled inductor converter. The model 2 has a reasonable
mathematical expression and considers 3 ranges of the B-H curve, - the linear range, the partial
saturation range, and the full saturation range. It models the natural B-H curve well and is
balanced in terms of computational power requirements, however some impreciseness of
transition between the linear and partial saturation ranges might cause inappropriate analysis
results. The model 3 has a more complex mathematical expression and considers 6 ranges of
the B-H curve with the 6 adjusted magnetic material permittivity values, - from the linear range
to the full saturation range. It follows the natural B-H curve in an excellent way, but its
implementation would demand high computational power requirements, resulting in slow
simulation process, therefore, is not feasible from the practical application perspective.

The linear reluctance model considers the linear dependence between the reluctance and the
magnetic field strength H. In terms of the given inductor toroid dimensions, the correspondence
between the magnetic flux ® and the magnetic flux density B is expressed in (2.4), but the
correspondence between the magnetomotive force MMF and the magnetic field strength H is
expressed in (2.5). Hence, the reluctance S in given by linear function (2.6) shown in (Fig.2.4),
dependant on the magnetomotive force. The magnetic flux @ is then calculated from (2.7),
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given the reluctance S and the magnetomotive force MMF from (2.8). The comparison between
the different mathematical models is shown on the graph illustrating the coupled inductor
correspondence between the magnetic flux and magnetomotive force (dependent on the phase
current) in (Fig.2.5).

B=2=—2

A~ 0,1957-1076 (2.4
where @ — magnetic flux in the toroid, Wb;
A — toroid core cross-sectional area, m?;
B — magnetic flux density, T.
MMF _ MMF
H —_ T —_ 0'7 (2.5.)
where H — magnetic field strength, A/m,;
1 — toroid magnetic path length (by the centreline), m;
MMF — magnetomotive force, A (Ampere-turns).
S=a-MMF + b =10082 - MMF + 47396 (2.6.)
where S — reluctance, A/Wb;
a — gradient coefficient (acquired from tendency line in (Fig.2.4)), 1/Wb;
b — intercept coefficient (acquired from tendency line in (Fig.2.4)), A/Wb.
o =22 2.7.)
MMF =N -1 (2.8)

where N — number of turns in the phase winding;
I — current flowing in the phase windings, A.

Reluctance dependency on magnetomotive force
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Figure 2.4. Linear reluctance model depending on the magnetomotive force
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Magnetic flux dependency on magnetomotive force
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Figure 2.5. Comparison between different mathematical models superimposed on the graph
illustrating the correspondence between magnetic flux and magnetomotive force

As the linear dependency model expressing the correspondence between the reluctance and
the magnetomotive force follows the natural B-H curve in an accurate manner, the resultant

magnetic flux dependency on magnetomotive force has been considered for the further analysis
and depicted in (Fig. 2.6).

Magnetic flux dependency on magnetomotive force
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-150
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Figure 2.6. Dependency between magnetic flux and MMF in coupled inductor
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The outcomes of the coupled inductor analysis have been combined in a single simulation
model (Fig.2.7) that is used to as a digital twin of the multiphase converter with coupled
inductor. The model has been verified by a direct comparison between simulation and
experimental results, as depicted in (Fig. 2.8). The corresponding magnetomotive forces and
magnetic fluxes in inductor cores, air paths and total flux are shown in (Fig. 2.9). Thereafter,
the acquired simulation model is used to model the converter non-linear behaviour, reaction to
ultimate operation conditions and analysis of the inductor saturation effects. An example
inductor open circuit fault electric and magnetic parameters are shown in (Fig. 2.10).

.
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Figure 2.8. Non-linear simulation model of coupled inductor verification results:
experimentally acquired phase currents (left) vs. simulated phase currents (right)
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Figure 2.9. Non-linear simulation model of coupled inductor verification results: magnetic
circuit parameters
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Figure 2.10. Simulated inductor open circuit fault electric and magnetic parameters

The dependency between converter duty cycle difference, current misbalance and converter
efficiency is acquired experimentally and shown in (Fig. 2.11). Due to high coupling factor and
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small leakage path, the DC component of magnetic flux is compensated in mutual inductor
cores, if the phase currents and, hence, the fluxes in each core are equal [8]. Since even small
change in inductor volt-second product causes phase current misbalance, the DC component of
magnetic flux emerges and leads the core towards non-linear region and saturation. Once the
coupled inductor core starts to operate in non-linear region, the hysteresis effect will intensify
and cause increased core iron losses and, hence, lower efficiency of the converter. Moreover,
the differences between phase currents are compensated by the equalizing currents flowing in
the loops among phases and causing increased phase current rms values and, hence, winding
copper losses due to the phases winding resistance. Nevertheless, the resistance of windings is
small and not sufficient to limit the equalizing currents. Therefore, non-linear controller
performance is required for effective current sharing among phases.
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Figure 2.11. Dependency between converter duty cycle difference, current misbalance (left)
and converter efficiency (right)

2.2. Fuzzy logic controller design

The current balancing controller is capable with both, current-mode and output voltage loop
control with previously proposed [17]-[20] different control architectures, including error
calculation based on average current, phase pair differences and master-slave topology. Error
calculation based on average current is reasonable, when using current-mode control [17],
because N controllers are required for a N-phase converter [20]. By calculating phase pair
differences, only N-1 controllers are required for an N-phase converter [19], but in this case
balancing controllers counteract each other and might disturb the outer voltage loop controller,
hence, the full control decoupling is not achieved. In master-slave topology the master phase is
regulated by outer voltage loop and slave phases are following the master phase current [20],
thus, achieving full controller decoupling.

Different controller design techniques are known, including classical design in s-plane [10],
[13], [20], state-space [19], [21], predictive [14] and non-linear [22] control. The classical
controller design is limited by single input single output (SISO) system and often shows good
performance at specific operational points [20]. State-space controller design can be
considering multiple input multiple output (MIMO) system, which is advantageous, but still
challenging for system with varying dynamics [19]. Predictive controller can achieve excellent
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dynamic behaviour, but only if system parameters are well known [14]. Non-linear controller
has significantly improved dynamic performance, but SISO system limits are still applicable
[22]. For automotive auxiliary converter with high performance and fast response requirements,
considering rapidly changing system dynamics, optimized controller parameters are needed [7]-
[10], which cannot be fully achieved using previously described methods.

Fuzzy logic controller can combine the advantages of non-linear control for MIMO systems,
ensuring high performance under varying system dynamics conditions [38]-[41]. Moreover, a
classical PI (or PID) controller design for a multi-phase converter with coupled inductors can
be very challenging due to complicated mathematical system description, non-linear behaviour
of coupled inductors (hysteresis, saturation) and especially, at unpredictable load change
conditions [38]-[41]. Fuzzy logic controller design requires just cognitive knowledge about the
system behaviour and desired control logic [38]. As the controller input output variables and
logic are fuzzified, the transitions between controller rules are smooth and control performance
can be optimal in different operating conditions.

The control of converter with coupled inductor must consider the non-linear behaviour of
the inductor cores, as described in previous subchapter 2.1. In addition to that, transient
operation at the load change can show undesirable current balancing controller interventions,
caused by misbalance due to incorrectly interpreted phase current value change that is a specific
issue of single sensor current sharing schemes. The origin of this effect is illustrated by means
of (Fig. 2.12). The load increase is shown with the gradually rising phase currents. The sample
points of currents are distributed within the switching period, resulting in different values
sampled due to the load change and not the misbalance. Nevertheless, a classical balancing
controller would try to compensate these different current values and, thus, causing real phase
current misbalance. To overcome these problems a fuzzy logic balancing controller is proposed
for the auxiliary DC/DC converter control. An additional controller input variable “Load
change” is introduced. The controller reaction speed will be adjusted depending on the load
change rate. Hence, a reduced current balancing controller performance is proposed during
transient with maximum performance applied at steady state. This control strategy will help to
eliminate or at least reduce undesirable controller interventions.

T |_phase/1 |

|_phase/2
|_phase/3 R
|_phase/4
|_phase/5

5 A/div

|_DC_link

10 us/div T=20us
Figure 2.12. Converter operation at load change illustrating the pseudo-misbalance effect
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Current balancing control architecture consists of DC link current measurement, phase
current reconstruction, error and load change calculation, controller and PWM correction
blocks, as depicted in (Fig. 2.13). An ICM technique with the following phase current
reconstruction algorithms are used for phase current average value acquisition. When the phase
current average values are obtained, errors are calculated by (2.9) independently on duty cycle
range. The error calculation corresponds to master-slave topology, where phase 3 is chosen as
a master and, hence, an average current in phase 3 is used as a reference value. Currents flowing
in slave phases 1, 2, 4, and 5 are adjusted to a master phase 3. Difference equation (2.10)
describes the calculation of the load change Al[n] using decoupled master phase 3 present I3[n]
and past I3[n-1] current values.
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€3 1 0 -1 0 0 I
esl_|10 I -1 0 0.
643“[0 0 -1 1 0 f (2.9
essk Lo o -1 0 1|/
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where e;; — error between the phase currents in i-slave phase and j-master phase, A;
I; — current average value in i-phase, A.
Aln)=I5[n] — I3[n-1] (2.10)

where AI[n] — load current change, A;
I5[n] — actual current sample in master phase, A;
I3[n-1] — previous current sample in master phase, A.

4 identical fuzzy logic controllers are used in master slave current balancing control
topology for a 5-phase converter with coupled inductors. Each controller processes fuzzified
current misbalance and load change values at the input and returns a proportional and integral
(PD) duty cycle correction at the output. The obtained duty cycle corrections are added to the
main duty cycle from the output voltage controller and fed to the corresponding slave phase
PWM module. The control architecture is shown in (Fig. 2.13).

Figure 2.13. Current balancing control architecture with master-slave topology

Fuzzy logic controller is designed using Mamdani fuzzy interference system with triangular
membership functions for both input (current misbalance and load change) and both output
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(proportional and integral duty cycle correction) variables. A designed controller architecture
with control surfaces for both outputs and 19 control rules are shown in (Fig. 2.14).
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Figure 2.14. Fuzzy logic controller: a) architecture, b) proportional control surface, c) integral
control surface, d) control rules

The maximum control performance will be achieved at steady state, when large phase
current misbalance will occur. The proportional gain is intended to quickly compensate the
suddenly emerged misbalance and designed, based on measured dependence between duty
cycle difference and resulted phase current misbalance. A small integral part is added to
compensate the steady-state error and ensure the reversion of magnetic flux DC component in
inductor core to avoid saturation. During transients, the controller is operating with reduced
performance to avoid undesirable interventions.
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2.3. Control performance evaluation

The designed control concept has been validated by simulation and experimentally. Firstly,
the comparison between the converter phase currents without and with the turned-on controller
at steady state are shown in (Fig. 2.15). The converter was operated with duty cycle D=0.25
and duty cycle disturbance Ad=0.005, applied to phase 2 positive and phase 4 negative. The
phase currents show obvious misbalance with non-linear waveforms, differing from simulation
results without the control, but after switching the fuzzy logic current balancing controller on,
equal phase currents with linear waveforms are observed in both cases.

a) without control 1 b) with control

NARNANARNANANKAARAKARRA
N \/ \/\/\f \ \/ \/\/\[ \/ 2A/div 5 us/div T=20Ius | ‘

T
PhasE 1 cument, 2AIdV ¢ i T-20 45 Phase 3 curent 2
{Phase 2 current, 2 A/div {Phase 4 curent, 2 Ad\v

Phasé 1 curreni 2 Aldiv 5 us/div T=20 us |Phase
Phase 2 current, 2 Aldiv Phase 4 currem 2 A div.

\\\\§§

without contro

Figure 2.15. Simulation (top) and experimental (bottom) results for steady state: a) without
and b) with current balancing control applied

To evaluate the controller performance during converter operation throughout the whole
duty cycle range, phase current average values were measured. The measured phase current
values depending on duty cycle in shown in (Fig. 2.16) with current balancing controller
switched off and on, respectively. (Fig. 2.17) shows the resulting maximum current misbalance
depending on duty cycle with and without control. It is observed from both measurement results
that at each duty cycle phase current misbalance is large, when control is not applied. If
controller is switched on, the current misbalance does not exceed 1 A of steady state error.
These results correspond to accuracy limit of the ICM circuit, as described in [25]. Hence, it is
possible to operate the converter within full duty cycle range with small current misbalance,
without causing considerable efficiency degradation or inductor core saturation.
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Figure 2.16. Experimentally measured phase current values depending on duty cycle:
a)without and b)with current balancing control at steady state

44 = without control
e with control
g . | = |
8 " u ‘: "
2 3
®© / | |
© |
i | "W w
K] / | \ ! | ‘.‘ ]
E 2 ;‘: \ .
5 I’ . ‘
o ‘: I H
£ / L/
= | | |
£ 1 " n/
x i ° °
= W e ee Te Te .
[ ] [ ] 0 PS ® ¢
. .
0 T T 1
0 20 40 60 80 100
Duty cycle (%)

Figure 2.17. Resulting maximum current misbalance depending on duty cycle with and
without current balancing control at steady state

The step response of phase current balancing controller has been acquired from simulation
and experimental verification and is shown by means of phase current waveforms at controller
turn-on in (Fig. 2.18). The current balancing control can achieve nearly zero steady state error
within 1 ms after controller turn-on, with higher gain initially when prototype converter currents
showed stronger misbalance due to core saturation, and lower gain in the linear region.
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Figure 2.18. Current balancing controller step response at turn-on: simulation (top) and
experimental (bottom) results

The phase current waveforms under load current increase conditions are shown in
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(Fig. 2.19) a) and b) without and with load change input variable enabled, respectively. Thus,
an influence of load change algorithm on the control performance can be analysed. Significant



undesired current balancing control interventions can be observed on phase current waveforms,
when load change variable is disabled and smooth waveforms are observed, when the load
change algorithm is enabled. The phase current waveforms under load current decrease
conditions are shown in (Fig. 2.20). A smooth phase current decrease without any undesired
interventions can be observed.
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Figure 2.19. Phase currents at load change: simulation (top) and experimental (bottom) results

for cases a) without and b) with enabled load change algorithm
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Figure 2.20. Simulated phase current waveforms at load current decrease

Finally, the sinusoidal duty cycle disturbance is applied to measure the controller frequency
response. The sinusoidal duty cycle disturbance Ad=0.005 with frequency ranging from 1 Hz

47



to 10 kHz was applied to phases 2 and 4 in opposite directions, to determine the open loop
(converter) and closed loop (controller) system reaction to slow and fast disturbances. The
resultant open loop and closed loop current waveforms are shown in (Fig. 2.20). The frequency
response for the open and closed loop systems is shown in (Fig. 2.21). The open loop system
reaction on slow disturbances is large, but it decreases for faster disturbances. On the other
hand, the closed loop system reaction on slow disturbances is very small, but it gradually
increases, when disturbance gets faster. Hence, the controller achieves maximum performance
on low frequencies and at high frequencies the control performance is minimal.
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Figure 2.20. Phase current waveforms under sinusoidal disturbance conditions:  a) open
loop @ 1 Hz, b) closed loop @ 1 Hz, c¢) open loop @ 100 Hz, d) closed loop @ 100 Hz,
e) open loop @ 10 kHz, f) closed loop @ 10 kHz
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Figure 2.21. Frequency response on the current misbalance for the open and closed loop

As the real current misbalance causing factors are slow and change gradually with time
[10], the obtained controller behaviour corresponds to the necessary requirements and, hence,
the aim of specific variable current balancing controller performance is achieved. Moreover, a
sufficient current balancing controller steady state behaviour is observed within the full
converter operation range.

2.4. Conclusions

Multiphase converter with coupled inductor demonstrates a non-linear behaviour due to the
possible core saturation, caused by the current misbalance and resulting magnetic flux DC
component. Using single sensor ICM technique can cause undesired current balancing
controller interventions during the load change. Application of fuzzy logic under these
circumstances allows to design a non-linear complicated controller in relatively easy and
intuitive manner, by measuring the open loop system parameters and applying the cognitive
knowledge about the system. As a result, the desired closed loop system behaviour is achieved.

Simulation and experimental results show good current balancing controller performance
at steady state with low steady state error, caused mainly by indirect DC link current
measurement circuit accuracy limits. The remaining phase current misbalance is low and cannot
cause significant efficiency decrease. Experimental results showed only linear current
waveforms, when the control is enabled, and, hence, no inductor core saturation or converter
failure can be expected.
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The current balancing controller dynamic behaviour was designed to achieve high
performance at low frequencies and reduced performance at high frequencies or under fast load
change conditions. An enhanced transient behaviour was achieved by implementing a fuzzy
logic controller with non-linear gains and considering the load change rate as an additional
controller input variable. The resulting transient responses are validated using simulation and
experimental results, by evaluating the transient operation under load change conditions, step
response at controller turn-on, and the frequency response on sinusoidal disturbance. Obtained
phase current waveforms fully meet the necessary current balancing control requirements and,
hence, the aim of an optimized current balancing controller behaviour is achieved.
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3. FAULT DETECTION AND FAULT TOLERANCE

Auxiliary converter system provides power supply for safety critical systems. As the failure
in power supply may lead to catastrophic consequences, the fault detection and fault tolerant
operation is required to ensure reliable uninterruptible power supply. This chapter introduces
the converter ICM based fault detection and identification method and describes the fault
tolerant operation algorithm for uninterruptible operation even with active fault.

3.1. Fault detection and identification

As described in the previous chapters, the phase current values can be obtained by means
of ICM and used for current mode control or balancing controller implementation, which in
both cases will protect the converter from excessive equalizing currents and resulting core
saturation and efficiency decrease under normal operating conditions. However, the converter
circuit elements, such as semiconductor devices, inductors and capacitors can fail randomly or
under certain circumstances [42]. Parts with the highest stress and thermal loads have the
highest failure probability [42]. In an automotive bi-directional converter, the MOSFETSs have
the highest failure risk, resulted by the switch, remaining on short or open circuit state in
converter single or multiple phases [42]-[44]. In this case a failure in one or more phases will
not lead to the whole converter refusal and, hence, it is essential to determine and locate the
fault as quickly as possible, to protect the converter from further damage and ensure at least
uninterruptable power conversion with reduced power for high priority loads.

The DC link current waveforms are therefore analysed in terms of failure condition
reflection. The ICM technique is used to detect the overall fault conditions and specify the failed
component. Fault detection performance is assessed, considering fault type and time, necessary
for detection. The detected faults can then be used to take specific actions or implement the
converter fault tolerant operation algorithms, thus, ensuring higher reliability.

The main distinguishing criteria of normal current misbalance condition is slow appearance
and obvious response on current balancing controller interventions. Fault conditions, in
opposite, appear suddenly, cause rapid current changes and do not react on controller caused
duty cycle corrections. Hence, the fault detection must mainly rely on current change rate dl/dt.
This is especially important in case of short circuit in semiconductor switch. Short circuits are
rare, but harmful events [42], causing rapid current rise limited by relatively small parasitic
inductances, when both half-bridge switches are closed. Therefore, the short circuit detection
must be performed very fast. This can be done by using multiple distributed DC link current
measurements within a switching period. Open circuit faults can happen with higher probability
but have significantly lower risks of causing permanent converter damage [42]. Nevertheless,
open circuit faults must be detected to avoid the rise of equalizing currents, causing coupled
inductor saturation. It is generally more challenging to detect open circuit, as it is not always
leading to rapid current changes. Hence, the secondary criteria of no reaction on current
balancing controller interventions can be used.
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Fault detection is based on the reconstructed phase currents from the ICM samples. Phase
current average values and their change rates are used for the fault type identification. The
overall converter control structure with the failure diagnosis module is depicted by means of a
block diagram in (Fig. 3.1). It is assumed, that only one fault may appear at once, as the
probability of multiple faults appearing at the same time is low [42] and it is very likely, that
the case of multiple faults is caused by a serious converter failure, that will not allow fault
tolerant operation. The possible converter semiconductor switch faults and their conditions for
identification are listed in (table 3.1). The listed conditions are then used for converter control
in the “Fault detection” subsystem in (Fig. 3.1).
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Figure 3.1. Block diagram of the overall converter control structure including the failure
diagnosis module

Table 3.1.
Possible converter switch faults and their identification conditions
Possible fault description Identification conditions
Phase current Current change rate Current change rate
actual value in all phases
High side switch open circuit 1 phase below average fall in affected phase no fall
High side switch short circuit 1 phase rise in the rest phases no rise
Low side switch open circuit 1 phase above average | fall in the rest phases no fall
Low side switch short circuit 1 phase rise in affected phase no rise

The simulation results for a typical open circuit fault case in one converter phase is shown
in (Fig. 3.2) by means of phase and DC link currents, as well as the coupled inductor magnetic
circuit parameters. The phase currents in (Fig. 3.2) depict the case when an open circuit happens
in phase 5. The magnetomotive forces corresponding to the phase currents follow the phase
current patterns. This causes a rise in DC component in the cores of coupled inductor until the
partial saturation followed by phase current ripple rise is observed. The DC link current
waveforms reflect these changes and at specific time points it shows values equal to zero.
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Hence, the DC link current waveforms reflect active failure conditions and this property can be
used to detect failures.
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Figure 3.2. Simulation results of open circuit fault in one converter phase

Further analysis of failure conditions is performed experimentally. The experimental results
for 4 typical fault cases, i.e., high side and low side switch open and short circuit, are shown in
(Fig. 3.3). In both cases the open circuit (a) and short circuit (b) conditions are shown with the
corresponding digital signal representing health state, that is high for no fault and low for the
corresponding fault condition.

Analysis of (Fig.3.3) shows that any of the high side switch faults will cause a
corresponding DC link current measurement, linked to a failed phase current value, rapid
decrease. In case of open circuit, the corresponding phase current value drops, but in case of
short circuit, the phase current is not influenced strong enough to detect the fault using direct
measurements. This is resulted from the condition, when both switches are closed, causing the
short circuit in DC link. Nevertheless, the ICM waveforms reflect the existing fault condition.
Any of the low side switch faults will cause a corresponding DC link current measurement,
linked to a failed phase current value, rapid increase. In case of open circuit, the corresponding
phase current value rises mostly due to the resulting discontinuous conduction mode, but the
phase current is flowing through the body diode. In case of short circuit, the phase current rise
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is not significant. However, the ICM waveforms reflect the existing fault conditions in both

cases better, then the phase currents would do.
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Figure 3.3. Current waveforms, reflecting the specific semiconductor switch faults

The relationship between phase and DC link current depends on the duty cycle. Therefore,
there are 4 different phase current reconstruction algorithms derived in subchapter 1.2. As the

DC link current waveforms in a 5-phase converter differ in the duty cycle ranges D<0.4,
0.2<D<0.6, 0.4<D<0.8 and D<0.6, the fault detection and identification performance might also
be influenced by these differences. Hence, a verification of fault detection method is necessary
in all 4 duty cycle ranges. This has been done for the same high side switch open and short
circuit cases at D=0.25, D=0.4, D=0.6 and D=0.75. The corresponding high side switch states,
the phase and ICS waveforms for open and short circuit cases are shown in (Fig. 3.4).

Duty cycle range 1 [D<0.4]

Duty cycle range 2 [0.2<D<0.6]

Duty cycle range 3 [0.4<0<0.8]

Duty cycle range 4 [D>0.6]

] et

Figure 3.4. Fault detection results for different duty cycle ranges
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Analysis results in fact that application of the different current reconstruction algorithms,
depending on duty cycle ranges does not have any impact on the fault detection performance.
The disturbing factors for fault detection performance might be converter transients and
pseudo-fault detection. Converter transient might be caused by sudden load change or rapid
input voltage drops. This might lead to pseudo-fault detection when the converter operation is
still normal. To overcome this effect, fault detection and identification algorithm includes an
additional conditional statement, ensuring, that the current change is not happening in all phases
at the same time. Thus, converter transients, when currents can change rapidly, are not being
interpreted by the algorithm as failure. Another pseudo-fault event might happen shortly after
the single fault detection event. Especially at short circuit, the converter currents can be exposed
to very rapid changes, that might be interpreted by the algorithm as another independent fault
event. This drawback can be eliminated only partially, by checking conditional statement,
ensuring, that the current change is happening only in affected phase or in the rest phases at the
same time. This gives the controller an adequate timeframe for reaction and enabling the fault
tolerant operation algorithms. The corresponding switch states and current waveforms during
transient and single phase fault is shown in (Fig. 3.5). The switch states in (Fig. 3.5) show, that
no pseudo-fault events are generated at transient and at least 250 us after the single-phase fault
event. Hence, the proposed method is reliable enough.

Indirectly acquired DC link current, 2 A/div X T=20 us; 100 us/div | Phase 4 LS switch state (high if OK; low for SC) T=20us; 50 us/div
FPhase 5 LS switch state (high if OK; low for SC) | Phase 5 current, 2 Aldiv - [Phase 5 LS switch state (high if OK: low for SC) | Phase 5 current, 2 A/div
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Figure 3.5. Switch states and current waveforms during a) transient, b) single phase fault

Finally, the fault detection time measurements have been performed to assess the fault
detection performance at different converter operating points within the whole duty cycle range.
The resulting graph in (Fig. 3.6) verifies that the fault state can be detected within 10 to 20 us
in case of open circuit and less than 4 us in case of short circuit within the whole converter duty
cycle range. The switch state estimation utilizes the current change rate and current misbalance
evaluation. Hence, the short circuit condition can be detected faster, because of higher change
rate. Open circuit conditions are generally slower and, therefore, need more time for detection
and identification. After detection of the failed switch as further described in [45], the
corresponding phase can be deactivated to allow the converter fault-tolerant operation with
reduced number of phases [46]. Hence, the converter can be operated with reduced
performance, but will not fail completely, thus, ensuring higher energy conversion reliability.
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Figure 3.6. Fault detection time measurements at different converter operation points

3.2. Fault tolerance

Reliability plays an important role in modern power electronic system design. Recently a
concept of Design for Reliability has gained an increased interest for ensuring more reliable
and fail-safe field operation of power electronic converters by implementing reliability
assessment based on Physics of Failures already at the design stage [47], [48], that is especially
important in automotive application [49]. Complete assessment of power electronic system
physics of failures requires knowledge about power semiconductors, passive components,
control electronics, communication systems and software wear-out functions, including
modeling of thermal cycling, humidity, vibration and other stressors [48]-[50]. Hence, there is
a need for multi-physical modelling of power electronic component degradation for
implementing Design for Reliability [47] with continuous improvements based on field
operation data from health management and condition monitoring systems [50]. Current state
of the art provides comprehensive knowledge about silicon semiconductor devices wear-out
and short circuit failure mechanisms, based on thermal cycling model [48], as well as the
capacitor degradation and failure models [49]. However, there is still lack of knowledge about
different other components (e.g., PCBs, interconnects, cooling systems, etc.) and stress factors
(e.g., humidity, vibration, shock, etc.) [49]. Consequently, it makes reliability-oriented design
of magnetic components challenging [48] in case of multiphase converter with coupled
inductors. Therefore, the use of fault-tolerance concept can be considered to improve and
complement the reliability-oriented design, by filling the existing gaps in the knowledge and
provide fail-safe fault-tolerant operation instead of converter component redundancy.

Fault-tolerance is a key aspect to enhance the power electronic system reliability. Although
the reliability-oriented design and health management systems for power electronic converters
can ensure extremely low probability of failures, a lot of research must be conducted on
different component degradation mechanisms to minimize the risks of different possible
failures [48]-[50]. At some applications (e.g., automotive advanced driver assistance and other
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auxiliary safety-critical systems) black-out of power supply is not an option, due to high risks
of catastrophic consequences, even if the probability of failures is minimized [51]. In this case
a system must be able to continue performing its intended function despite the failure [50], or
at least provide emergency operation with reduced performance to fulfil the requirements of
functional safety [42], as by definition of fault-tolerance. Moreover, the fault tolerant operation
can replace the high level of system redundancy, e.g., by using multiphase machines instead of
redundant 3-phase machines in safety critical drive systems [50]. Similarly, the multiphase
design of power electronic converters with fault-tolerant operation algorithm can meet the high
standards of functional safety and reduce the component redundancy. Hence, the development
of fault-tolerant operation algorithms is essential to provide uninterruptable power supply for
safety-critical applications.

Different fault-tolerant operation technics were proposed recently for power electronics
systems. A monolithic single-phase integrated circuit with fault detection and switch blocking
capabilities is proposed in [51] to ensure fault-tolerance in multiphase hybrid Dickson converter
for safety-critical applications. In [52] an additional inverter leg with 4 switches is added to a
3-phase inverter to provide fault-tolerant operation of an electric vehicle drive. In [53] the
existing buck / buck-boost converter topology is modified with 3 additional switches to provide
fault-tolerant PV system operation. A boost converter with additional parallel low-side switch
is proposed in [54], thus, achieving low side switch interleaved operation in normal mode and
single-phase operation in case of low-side switch open circuit fault. Similarly, a unidirectional
interleaved 3-phase boost converter with additional fuses is used for isolation of a faulty phase
and ensure fault-tolerant operation with reduced number of phases [55]. Hence, in the most
cases additional components are used for redundancy and in case of faults the power flow is
distributed between the remaining components. Though, it is an indicator of not optimal
component utilization in normal operation (healthy) mode.

Fault-tolerant operation and reliability of bidirectional multiphase interleaved buck
converters was investigated recently and showed good results. Operation of a 4-phase converter
with deactivated phases was investigated in [43] and showed possibility of coupled ladder type
core saturation without power loss increase. A partially decentralized control algorithm with
PWM carrier phase-shift re-configuration was proposed in [56] and achieved operation with
stable output voltage in case of 4-phase converter with uncoupled inductors and multiple current
sensors. Fault tolerant single-phase operation of a 2-phase converter with none, weak and strong
coupling was investigated in [57], achieving better results for the case of weakly-coupled
inductors. Reliability indicator comparison is presented in [43], showing the benefits of coupled
inductor converters over uncoupled inductor multiphase and single-phase buck converters.
Hence, the multiphase interleaved buck converter topology utilizing coupled inductors has
advantages in terms of reliability, fault-tolerance, and ability to provide fail-safe operation in
safety-critical applications.

The proposed fault-tolerant operation algorithm is initiated in case of an active fault in any
of the converter legs. Firstly, the corresponding phase leg with an active fault is being shut
down to avoid any damage, caused by the fault. In the case of active faults in multiple phases,
all the affected phase legs are switched off. Thereafter, for the remaining in operation phases
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with healthy states, the PWM carrier phase shifts are re-distributed between each other with
equal phase shifts, as expressed by (3.1). As a result of a single fault, converter continues
operation with one deactivated phase, as it would be in a normal 4-phase converter operation.
Or in the case of active faults in multiple phases, more phases are deactivated for 3 or less-
phase mode.

ATL' s

S

(3.1.)
where AT; — phase shift between PWM carriers,

wn

T — switching period, s;
n — number of phases remaining in healthy state.

To ensure the converter operation with reduced number of phases, the fault-tolerant
operation algorithm is integrated into the overall converter control algorithm, as shown in
(Fig. 3.7) by means of the corresponding flow chart. The overall converter control algorithm
consists of 3 paths - main path, control path and fault-tolerant path. The main path is initiated
in any case by generating PWM outputs, sampling indirect DC link current, phase current
reconstruction and fault condition monitoring. If no reset or shutdown is requested and there is
no active fault, the control path is proceeded sequentially. The control path consists of the duty
cycle corrections by the inner current balancing controller and the main duty cycle calculation
by the outer voltage control loop with returning to the main path. If a new active fault state is
detected by the end of the main path, the fault-tolerant path is proceeded. The fault-tolerant path
follows the faulty phase shutdown, PWM carrier re-distribution and enabling the state of fault-
tolerant algorithm (setting to ‘true’). If the reset or shutdown is requested, the main program
returns to the end, but at the start, the control mode is being reset to the normal mode with all
phases being activated. Hence, the fault condition is cleared by each reset and algorithm will
need to make 1 full cycle (equivalent to 1 switching period) to switch back to the fault-tolerant
mode, if any active fault persists.

The proposed fault-tolerant operation algorithm is intended to avoid the converter shutdown
and provide an effective solution for converter operation with optimal performance in case of
most common converter faults. It is supposed to be initialized in case of faults caused by
transistor, gate driver or inductor winding open circuits. However, the use of the proposed
algorithm is limited, if semiconductor switch short circuits or other rare, but harmful events
appear. The possibility of rare events is low, nevertheless, another set of measures must be
undertaken to negotiate potential harm from this type of failures. The converter protection from
short circuits is not covered by the proposed fault-tolerant operation algorithm. Nevertheless, it
can be realized using the existing gate driver protection functions, resulting in the corresponding
switch open circuit, that would allow to use the proposed algorithm and avoid the complete
converter undesired shutdown.
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Figure 3.7. Flow chart of the overall converter control with integrated fault-tolerant operation
algorithm
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For the experimental verification of the fault-tolerant operation algorithm, the fault
conditions are modelled intentionally. A switch open circuit event is generated by shortening
the corresponding gate driver input. Inductor fault is generated by a separate switch, causing an
open circuit fault in phase 5. The converter control algorithm is equipped with an additional
external input signal for switching on or off the fault tolerant algorithm part. Hence, the
converter can be operated in different modes — in normal (healthy state) with all 5 active phases,
with an active fault in 1 or multiple phases without transition to fault-tolerant algorithm or with
automatic transition to fault-tolerant algorithm. Thus, both, steady state and transient operation
can be evaluated in different modes. The comparison between different mode steady state
operation under high load is shown in (Fig. 3.8). Although all converter phases were in
operation, (Fig. 3.8) shows only phase 1, 4 and 5 currents for the sake of simplicity and better
overview. The experimental results show that at steady state the fault-tolerant operation
algorithm minimizes the negative effects of an active open-circuit fault and converter can
perform its functions with optimal performance. Under high load conditions the phase currents
show high peaks, caused by inductor partial saturation due to an active fault. The transition to
fault-tolerant operation reduces the current peak and, hence, the inductor saturation effects
significantly, thus, allowing operation with much better performance.
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Figure 3.8. The compassion between different mode steady state operation
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The comparison between separate phase and total currents in different steady state operation
modes with moderate load is shown in (Fig. 3.9) by means of separate phase currents and their
sum. Similar results are acquired by the moderate load. As the inductor saturation effects are
not observed under the active fault condition, the performance improvement has smaller effect.
Nevertheless, the fault-tolerant operation results show the reduction of phase and total current
rms values, current ripples, total loss power and improved efficiency in comparison with
operation with active fault and switched off fault-tolerant algorithm.
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Figure 3.9. The comparison between phase and total currents in different steady state
operation modes

The measured voltages and currents at converter input and output ports is shown in
(Fig. 3.10). The resulted numerical values with calculated power of loss and efficiencies for all
operation modes are listed in (table 3.2). In normal 5-phase operation with duty cycle of 25%
the currents show higher ripples in comparison with 4-phase operation, where ripples are
compensated by inductor coupling. This is caused by relatively large influence of switching
frequency Sth harmonic on the total current in normal operation. In case of fault-tolerant
operation in 4-phase mode, the switching frequency 4th harmonic influence on total current is
reduced due to more favourable PWM carrier phase shift re-configuration. Nevertheless, the
switching frequency component is present due to different pulse delays through the drivers and
imbalances in the core, that can be further optimized by e.g., implementing the active phase-
shift control described in [52]. Consequently, due to the increased coupled inductor hysteresis
(iron) losses, the converter efficiency decrease is observed in case of operation with active fault.
Due to transition to fault-tolerant operation, the efficiency decrease is being reduced.
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Figure 3.10. The comparison between measured voltages and currents at converter input and
output ports in different steady state operation modes

Hence, the proposed fault-tolerant algorithm allows further converter operation with active
fault, minimizes current ripples, and optimizes converter performance with significant
improvements under high load conditions. Under moderate load conditions the converter
performance is improved by the proposed fault-tolerant operation algorithm, however, it can be
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further optimized by implementing additional phase-shift control to compensate the core

imbalances, thus, achieving even better performance.
Table 3.2.
Comparison between converter parameter numerical values in different operation modes
Parameters normal operation OperatIO?a\S/lltth active fault-tolerant operation
Phase rms current, A 1.1 1.3 1
Phase current ripple, A 3.9 1.9 1.2
Total rms current, A 5.5 3.8 3.9
Total current ripple, A 16.9 6.3 4
Power of losses, W 9.9 13.9 11.2
Efficiency, % 92.5 88.9 91.7

Converter steady state operation has been verified in full duty cycle range. The comparison
between current rms and ripple value measurements are presented for normal operation,
operation with single phase fault and fault-tolerant operation. Phase current and total current
rms values are shown for 3 different modes in (Fig. 3.11). Phase current maximum ripple and

total current ripple values are shown for 3 different modes in (Fig. 3.12).
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Figure 3.11. Comparison between a) phase current and b) total output current rms values in

different operation modes
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Figure 3.12. Comparison between a) phase current and b) total output current ripples in
different operation modes
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The current ripples in normal 5-phase operation mode reach maximums at duty cycle values
of 10 %, 30 %, 50 %, 70 % and 90 %, but the minimums are observed at duty cycle values of
20 %, 40 %, 60 % and 80 %, as expected in a 5-phase converter with coupled inductors. The
maximum and minimum current ripple values in normal operation mode have impact on the
corresponding rms values. Therefore, phase and total current rms values represent the changes
in ripples with a rising tendency when the duty cycle is increasing.

In case of operation with active fault, the current ripples and rms values are rising by
increasing the duty cycle. The same tendency is observed in 4-phase fault-tolerant operation
mode, however, the phase and total current rms values are lower in comparison with operation
with active fault. The maximum phase current ripples and the total current ripple show a
significant decrease by enabling the fault-tolerant operation algorithm in case of an active fault,
especially in case of total current ripples. Hence, the proposed algorithm helps to reduce ripples
and, sequentially, the current rms values, thus, improving efficiency in wide duty cycle range.

Finally, the converter dynamic behaviour is analysed by evaluating the transitions between
different modes of converter operation at nominal duty cycle. The phase currents during
transition between 3 different modes of operation is shown in (Fig. 3.13) under circumstances
of intentionally applied 2.5 ms delay for the fault-tolerance algorithm turn-on. The phase
currents during an automatic transition to fault-tolerant operation right after the fault occurrence
is shown for high and moderate load in (Fig. 3.14) and (Fig. 3.15), respectively.
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Figure 3.13. Phase currents during transition between normal operation, operation with single
phase fault and fault-tolerant operation with additional delay

The transitions between different modes differs depending on converter load and transition
type. As can be seen from the (Fig. 3.13), current transients with overshoots can be observed
under high load conditions. The transient lasts approximately 1 ms before steady state is
reached. Likewise in (Fig. 3.8), under high load conditions the phase currents show high peaks,
caused by inductor partial saturation during 2.5 ms long operation with an active fault.
Nevertheless, shortly after enabling the fault-tolerant operation the current peaks are reducing.
In case of direct transition to fault-tolerant operation under high load the transient lasts
approximately 600 ps and current ripples are kept at low level, as shown in (Fig. 3.14).
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However, a short pulse transient with high current peak is observed at the initial stage of
transition. An automatic transition to fault-tolerant operation under moderate load is running
smoother. According to (Fig. 3.15), a slow transient and no overshoot is observed during
transient. Moreover, the total current ripple is significantly reduced right after the fault
occurrence and enabling the fault-tolerant operation algorithm.
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Figure 3.14. The phase currents during an automatic transition to fault-tolerant operation right
after the fault occurrence under high load conditions
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Figure 3.15. The phase currents during an automatic transition to fault-tolerant operation right
after the fault occurrence under moderate load conditions

The transitions between different modes can be realized very fast. Right after the fault
occurrence, an algorithm requires 1 or 2 switching periods to re-distribute the PWM carrier
phase shifts and set-up the fault-tolerant operation mode. Practically, the transition lasts 20 to
40 ps, including fault detection and identification, but the acquired transition time slot is small
enough to avoid any risks of converter damage. Hence, further converter operation with minor
performance degradation is possible even with an active fault. However, care must be taken
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during the output capacitance value estimation because the output capacitor must ensure voltage
stability during transients [53].

3.3. Conclusions

The DC link current waveforms reflect the most common converter failure modes and the
proposed ICM based technique can detect the overall fault condition and specify the failed
component within 10 to 20 us in case of open circuit and less than 4 us in case of short circuit
even in converter with strongly magnetically coupled inductors. The fault state detection and
identification method show reliable performance within the whole converter duty cycle range,
including transient operation and protection against pseudo-fault detection events.

The designed fault tolerant control system can avoid converter shutdown and provide an
effective solution for converter operation with optimal performance in case of active
semiconductor switch or inductor open circuit fault. The proposed algorithm has shown smaller
current ripples and rms values, loss power reduction and efficiency improvements by up to 2 %
in comparison with operation with active fault without fault-tolerant algorithm applied. In
comparison with normal operation, the application of fault-tolerant operation algorithm results
in minor efficiency decrease and ensures high performance especially under high load
conditions. A fast transition to fault-tolerant algorithm is performed in case of fault occurrence
and further converter operation with minor performance degradation.
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4. ENERGY EFFICIENCY IN AUXILIARY CONVERTERS

Auxiliary converter system efficiency is the major key to achieve the objective of
energetically and economically effective technology. The auxiliary systems must be provided
with a reliable power supply that consumes minimum amount of energy for the specified
purposes. This chapter discusses the potential of wide bandgap semiconductor use in auxiliary
converters and analyses the further energy saving measures. A detailed analysis is shown in [2].

4.1. Wide bandgap semiconductor utilization in auxiliary converters

Wide bandgap (WGB) semiconductor devices have gained an increased interest within the
last few decades in different fields and applications. While the WBG materials like Ge, GaAs,
InP, ZnO and ZnS are less commonly used in power electronics, the silicon carbide (SiC) and
gallium nitride (GaN) semiconductors are the most frequently mentioned and applied types of
WGB devices that are currently spreading on the market [59]. In comparison with the classical
silicon (Si), the SiC and GaN WBG semiconductors offer significantly lower switching losses
and operation capabilities at considerably higher switching frequencies [59]-[65], resulting in
choice of smaller passive filter components [63], better EMI performance and elimination of
acoustic effects [60]. Furthermore, their ohmic conduction characteristics lead to reduced
conduction losses at light loads [55], but combined with switching loss minimization, WBG
semiconductors offer a potential for achieving very high efficiencies in typical power
electronics applications [62]-[66].

SiC MOSFET devices have multiple considerable advantages in comparison with Si IGBTs.
SiC shows higher breakdown electric field, wide energy bandgap of 3.23 eV, higher saturation
velocity, thermal conductivity and melting point [59], thus, ensuring higher blocking voltage,
switching frequency and withstanding thermal stresses with reduced heat sink volume.
However, SiC electron mobility is considerably lower than by Si and GaN devices [59],
therefore, in terms of switching frequency SiC has lower theoretical limits than GaN devices.
As the result, the operational parameters of SiC semiconductors show significantly higher
performance compared to Si [61]-[64], [66] but slightly poorer results than GaN [61]-[63].
Nevertheless, in comparison with GaN the price and availability on the market of SiC
semiconductor devices is more competitive and is expected to approach the Si level in the next
5 years [59]. Hence, the SiC MOSFETs offer an attractive solution for power electronics
converter design in typical inverter applications [60], [61] already nowadays, allowing to
achieve high performance.

While the SiC MOSFETs are becoming to be widely implemented in different fields with
higher voltage levels, the GaN devices are less common and still intended for use in specific
low voltage power converters [67], [68]. Nevertheless, GaN shows the highest breakdown
electric field and wide energy bandgap of 3.5 eV for ensuring potentially higher blocking
voltage, the highest saturation velocity and electron mobility enabling operation with extremely
high switching frequencies, but average thermal parameters like conductivity and melting point
[59]. This results in potentially the best performance of GaN devices in comparison with Si and
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SiC [61]-[63]. Despite that, GaN semiconductors nowadays have very tiny market share, still
not available in voltage classes above 650 V, have lower reliability [59], [61] and, therefore,
are challenging to be utilized in typical applications without transition to multilevel topologies
[61], [66]. In the future GaN semiconductors are expected to show the highest market share
growth [59] by reducing the price and improving reliability.

Application of WBG semiconductor devices in power electronics applications leads to
considerable loss reduction and efficiency improvements. In [63] the Si IGBTs, SiC MOSFETs
and GaN HEMTs have been evaluated in a T-type single phase inverter and shown
enhancements in switching performance, efficiency rise, heat sink and output filter volume
reduction with lower harmonic distortions by moving from Si to GaN semiconductor
implementation, respectively. Considerable efficiency rise has been achieved by Si/SiC hybrid
switch utilization in 3-level NPC inverter in [60]. In [65] the GaN potential of very high-power
density is shown in different battery charging applications from 5 V 240 W up to 11 kW and
1 kV. While [67] and [23] has experimentally verified the GaN fast switching performance in
low voltage applications, in [68] it is approved that GaN based inverter can be designed for
operation under harsh cryogenic conditions, despite the reliability issues mentioned in [59].
Furthermore, studies [69]-[71] have verified that application of SiC MOSFETSs in auxiliary
converters in different types of railway application gives not only considerable loss reduction,
but also leads to more compact design and reduced weight due to less powerful cooling system
and, hence, reduces the overall vehicle energy consumption. Hence, it is reasonable to consider
the implementation of WBG semiconductors in converters for transportation application.

WGB devices can lead to considerable benefits in auxiliary power supply design for
different electric transportation applications. In [69] it has been shown that the SIC MOSFET
use allows the lightweight converter design by reducing losses and heat sink volume, however,
more careful busbar design is required to eliminate parasitic effects and achieve optimal
switching performance. In [70] SiC devices ensure efficiency increase with reduced LC filter
element volume reduction due to faster switching, resulting in higher auxiliary converter power
density. Loss reduction correlated to SiC use has been shown also in [71], but even more
considerable efficiency improvement was observed in combination with more advanced
DC/DC converter design with optimized commutation loop [71]. Hence, implementation of
WBG devices becomes especially advantageous in combination with the optimized auxiliary
converter design.

For the experimental evaluation of SiC MOSFET and GaN FET performance, a prototype
of 3-phase 3-level neutral point diode clamped inverter has been used (Fig. 1.13), (table 1.3).
In the inverter prototype the 650 V class commercially available WBG transistors and SiC
Schottky diodes are used. The selection of the transistors was based on the criteria of broad
availability on market at the time of their purchase, while the new designs and obsolete
components were excluded from selection. The case study system of the WBG device
evaluation considers the following criteria:

+ Efficiency and loss power distribution in wide operation range;
» Switching performance and ripples, including THD and EMI;
+ Initial purchase costs and operational costs;
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* Maintenance (reliability).

As the result, the analysed WBG semiconductor device utilization in electric transport
auxiliary drives is assessed from different perspectives. For the WBG device performance
evaluation the efficiency is assessed in different AC output frequency and switching frequency
modes. Firstly, the measurements are performed with the SiC MOSFETs being installed.
Secondly, the SiC MOSFETs are uninstalled and replaced by GaN FETs. Then the same
measurements are repeated for correct data comparison. Efficiency 1 is calculated based on
input and output power, according to (4.1). The input DC power is estimated by the external
supply unit using input current and voltage by (4.2), but the AC power is measured using
oscilloscope differential line voltages and phase currents probes with the 2-wattmeter method
as in (4.3). Additionally, the prototype inverter loss distribution is evaluated using the thermal
imager.

n= 1—1: 100 % (4.1)
where 11 — inverter efficiency, %;
P,y —output (AC) power, W;
P;,, — input (DC) power, W.
Pin = Vpc " Ipc (4.2.)

where P, —input (DC) power, W;

Vpc — input (DC) voltage, V;

Ipc — input (DC) current, A.

Poue = Vyy * Iy + Vy * Iy (4.3)

where P,,; — output (AC) power, W,

Vyy — line rms voltage (AC) between phases U and V, V;

Vwy — line rms voltage (AC) between phases W and V, V;

I; —rms current (AC) in phase U, A;

Iy — rms current (AC) in phase W, A.

Driver parameters are adjusted for optimal switching performance in each case. The dead
time circuit, gate impedance and snubber circuit passive components are being replaced, to
obtain moderate switching transients and minimize losses, as well as to avoid parasitic turn-on
events. The adjustable driver circuit elements are shown in (Fig. 4.1). The driver parameter
adjustments have been performed for the optimal SiC and GaN FET switching performance in
terms of voltage ringing effects, turn-on and turn-off times. The resultant driver parameters
according to (Fig. 4.1) schematics are listed in (table 4.1).

Finally, for the economical aspect assessment, the semiconductor device costs are evaluated
separately and in scope of the total system costs. Additionally, the reliability in field operation
conditions and failure rates are discussed, as these factors will have considerable impact on the
total life cycle costs. The efficiency and loss distribution results of SiC and GaN semiconductor
operation are interpreted in conjunction with their potential application in auxiliary variable
frequency drive systems for transportation application. Hence, the total WGB semiconductor
performance evaluation will cover different aspects to draw the considered conclusions.
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Snubber

Figure 4.1. The adjustable driver circuit elements

Table 4.1.
Adjustable driver circuit element parameters
Parameters Values
Designator Name SiC MOSFETs GaN FETs
C1 Dead-time circuit capacitance 10 pF 1 pF
R3 Dead-time turn on resistance 33Q 33Q
VD1 Dead-time turn off diode 1N4148 1N4148
Rg Gate resistance configuration R13 || VD6 RI13-L,
RI13 Gate resistance 10 Q 27Q
L, Gate inductance - 320 nH
VD6 Gate turn off diode MBRA360T3 -
R16 Snubber resistancec 0.5Q 1Q
C21 Snubber capacitancec 10 pF 10 pF

The performance of SiC and GaN semiconductors in a 3-phase 3-level inverter is evaluated
and compared with each other. The acquired line voltage and phase current waveforms with the
output current frequency of 50 Hz and variable switching frequency of 1, 10 and 100 kHz, for
inverter operation with SiC MOSFETs and GaN FETs is shown in (Fig. 4.2). The corresponding
thermal images of loss power distribution with the output current frequency of 50 Hz and
variable switching frequency of 1, 10 and 100 kHz for inverter operation with SiIC MOSFETSs
and GaN FETs is shown in (Fig. 4.3). Inverter operation with both compared types of WBG
semiconductor devices shows similar voltage and current waveforms. As the driver parameters
have been adjusted for similar switching performance in terms of turn on and off times, and
voltage ringing effects, the resultant line voltage and phase current waveforms are identical in
both cases. With the increase in switching frequency, a significant reduction in current ripples
is observed and in case of switching frequency of 100 kHz the current ripples are almost
eliminated, resulting in lower THD and conduction losses. However, at higher switching
frequency, the inverter efficiency decreases.
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SiC MOSFETSs and GaN FETs
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Figure 4.3. Thermal images of loss power distribution with the output current frequency of
50 Hz and variable switching frequency of 1, 10 and 100 kHz for inverter operation with
SiC MOSFETs and GaN FETs

Inverter input and output power measurements have been performed in wide range of AC
frequency and switching frequency for efficiency and loss power estimation. The inverter
efficiency and loss power depending on the switching frequency is shown for operation with
SiC and GaN semiconductors with AC frequency of 50 Hz in (Fig. 4.4). The inverter efficiency
and loss power depending on the AC frequency at 10 kHz switching frequency is shown in
(Fig. 4.5). Efficiency depending on the inverter switching frequency shows the maxima at
approximately 10 kHz, where the balance between switching losses and current ripples is
achieved in case of operation with SiC MOSFETSs. When operated with GaN FETs, inverter
shows higher efficiency even at low frequencies, resulted from more efficient conduction in
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freewheeling operation. In contrast with SiC MOSFETSs where the Schottky diode has forward
voltage drop, the GaN FETs have pure resistive conduction losses if the gate-source voltage is
set to high. Hence, the GaN FETs show more efficient conduction that has more considerable
impact at light loads and low switching frequencies, where the conduction losses are dominant.
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Figure 4.4. Comparison between inverter a) efficiency and b) loss power, depending on the
switching frequency for operation with SiC and GaN semiconductors
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Figure 4.5. Comparison between inverter a) efficiency and b) loss power, depending on the
AC frequency for operation with SiC and GaN semiconductors

With higher switching frequencies the switching losses become dominant and that reduces
the efficiency. Efficiency depending on the inverter output AC frequency shows the values
between 98 and 99 % in wide range of operation with GaN FETs. In case of SiC MOSFETs,
the inverter efficiency is lower by 1...1.5 %. Nevertheless, it must be mentioned that the SiC
MOSFET driving circuit has been operated with the 15 V supply voltage, while the
recommended gate-source voltage is 18 V to achieve maximum efficiency. Further analysis of
the thermal imager data approves the power measurement results and shows an additional loss
power source in the RC snubber circuits. The loss distribution shows considerable heat
dissipation in snubber circuits, especially at high switching frequencies. Comparison of SiC and
GaN operation in terms of heat dissipation from semiconductor devices is obviously showing
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benefits of GaN FET operation, where the temperature of transistors is lower. Hence, the WBG
semiconductor comparison results approve that GaN has lower losses and can achieve higher
efficiencies.

Finally, the single semiconductor switch costs, total semiconductor costs and other
component costs (i.e., PCB, passive components, integrated circuits, controller board etc...) are
estimated for comparison between Si, SiC and GaN semiconductors and depicted in (Fig. 4.6).
The initial purchase price of WBG semiconductor devices is very high. In comparison with
GaN and SiC, a similar Si IGBT initial price is 71 % and 59 % lower, respectively. However,
in terms of total system component price, the Si semiconductors are only 8 % and 5 % cheaper,
than the GaN and SiC ones, respectively, but the difference in terms of overall system price
would be insignificant. Although the economic influence of considerable loss reduction and
efficiency increase within auxiliary converter life cycle is challenging to determine, it can be
assumed, that the total life cycle costs are very likely to be reduced by utilization of WBG
devices. Nevertheless, as discussed in [59], the GaN FETs still have reliability issues resulting
in higher failure rate that can lead to additional unforeseen maintenance costs in field operation.
Therefore, in terms of economical aspects the SiC MOSFETs are more likely to be
recommended for auxiliary converters in transportation applications nowadays.
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Figure 4.6. Comparison between Si, SiC and GaN single semiconductor switch costs, total
semiconductor costs and other component costs

4.2. Variable frequency auxiliary drive

Auxiliary power demand in all types of vehicles has been gradually increasing within the
last decades, caused by more safety and comfort systems being introduced, as well as the
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electrification of auxiliary systems. As shown in [72], the operation of auxiliary systems has
considerable impact on the overall vehicle energy consumption. The largest part of auxiliary
power in vehicles make drive systems for heating, ventilation and air conditioning (HVAC),
power steering unit (PSU) and air compressor, having power ratings ranging from 1 kW [72]
up to 190 kVA [69]. Despite the significant technology advancements in power electronics and
electrical drives, most of auxiliary systems in modern vehicles use conservative design
approach with single auxiliary converter system producing 50 Hz AC supply for all systems
simultaneously and induction machine (IM) — contactor system for each system drive [73].
Consequentially, the auxiliary drives are operating in cyclic load conditions with regular IM
starting under load, nominal point operation and rest phases, resulting in high thermal and
mechanical stresses and low efficiency of the system. Hence, a variable frequency drive concept
operating with constant load can reduce the stresses and save energy. Moreover, the application
of multi-level inverter topology to auxiliary drive can enhance the efficiency of the system [74].
Therefore, it is reasonable to investigate a novel auxiliary drive concept for application in
electric transportation that ensures optimal efficiency and reliability for long life operation.

A case study on different auxiliary drive solutions is carried out on a vehicular air
compressor example for comparative result assessment. Firstly, the performance of induction
machine is compared between operation in nominal point with direct start versus variable
frequency operation from the frequency converter. Secondly, the performance of permanent
magnet synchronous machine (PMSM) is discussed in comparison with IM. In addition, an
industrial frequency converter operation is compared with the supply from the GaN based 3-
level NPC inverter. The initial data about the air compressor system and electrical drive
parameters is obtained experimentally to build up the simulation model that is used for the case
study comparative analysis. The compressed air consumption is modelled by a simplified
mission profile repeating the city bus operation patterns in Jelgava, Latvia [75]. The data about
the induction machine and frequency converter has been measured experimentally on the AEL-
EEA and AEL-SERINCA laboratory testbenches from Edibon. An experimental setup and
results are shown in (Fig. 4.7). The acquired data and system parameters have been combined
in a multi-physical simulation model, shown in (Fig. 4.8).
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Figure 4.7. Induction machine data acquisition setup and results
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Figure 4.8. Simulation model for the case study

The induction machine torque and speed patterns for the system turn-on and further steady
state operation in case of cyclic load and variable frequency operation are shown in (Fig. 4.9)
a and b, respectively. The comparison between the pneumatic system air pressure patterns for
cyclic and variable frequency operation are shown in (Fig. 4.10) a and b, respectively. The
comparison between the system turn-on energy consumptions and steady state power are shown
in (Fig. 4.11) a and b, respectively. Auxiliary drive for air compressor in variable frequency
operation mode shows stable system pressure, gradual transitions between turn-on and steady
state, energy consumption reduction by 2% at turn on and by 2.5% at steady state.
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Figure 4.9. Induction machine torque and speed patterns for modes: a) cyclic, b) variable
frequency
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Figure 4.10. Pneumatic system air pressure patterns for modes a) cyclic, b) variable frequency
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Further energy savings are achieved by utilizing PMSM instead of IM, as well as by
implementing GaN FETs in a 3-level NPC inverter topology that show efficiency about 99 %
even at partial load [2]. The PMSM machine achieves better efficiency at partial load below the
base speed, as there is no need for additional current for field weakening. In the case of IM, the
operation at partial load below the base speed requires to generate additional current for
maximum field creation that would be less effective solution in a partial load operation. In
comparison with industrial frequency converter performing at average efficiency of 94 %, a 3-
level NPC inverter performing at efficiency about 99 %. Hence, additional energy savings of
about 1.5 % and 5 % can be achieved by utilizing PMSM instead of IM, as well as by
implementing GaN FETs in a variable frequency inverter, respectively.

The pneumatic system air temperature patterns for in case of cyclic load and variable
frequency operation are shown in (Fig. 4.12) a and b, respectively. The compressed air
temperature is an effective indicator for the thermal stresses and additional energy waste. In
case of variable frequency operation, after the system start-up, the air temperature is kept
constant at low level. In contrast with cyclic load pattern, the compressed air temperature
changes dramatically during all IM and compressor starts and turn-offs. Hence, on cyclic load
operation, the thermal stress and mechanical stress due to frequent starts are high. By operating
the system constantly with partial load thermal and mechanical stresses are minimized by
reducing the component wear out due to frequent heavy starts and thermal stresses being
reduced by 80 %. Moreover, keeping the compressed air temperatures at constant level can lead
to additional energy savings of approximately 1 %. Hence, a variable frequency drive concept
can reduce the stresses and save energy of the system.
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Figure 4.12. Compressed air temperature patterns for modes a) cyclic, b) variable frequency

The proposed auxiliary drive concept ensures the highest efficiency in operation with partial
load, light and balanced loading without heavy starts, significantly reduced wear out of
components and energy savings by about 2.5 %. By utilizing PMSM drive with GaN FET NPC
inverter the total efficiency improvement is estimated to reach about 10 %. Moreover, by
operating the system in variable frequency mode, the thermal and mechanical stresses are
minimized. As a result, the auxiliary drive system can be designed with downsized components,
at the same time achieving more reliable field operation with an increased lifetime.

4.3. Conclusions

Auxiliary converter systems in transportation applications require novel solutions and
designs to meet the rising auxiliary power demands. The proposed auxiliary inverter operation
in variable frequency drive system shows high efficiency in wide range, therefore it has large
potential for energy savings in a vehicular auxiliary system, i.e., air compressor, steering power
unit and air conditioning system. The 3-level inverter topology allows utilization of
semiconductors with lower breakdown voltage, minimizes the current ripples, THD and EMI,
as well as offering more efficient operation with reduced switching losses. In combination with
the WBG semiconductor use, the proposed 3-level inverter in variable frequency operation has
even more benefits in terms of loss minimization in full operational range of auxiliary drives,
especially by enabling considerably more efficient operation at light loads and at reduced
voltage.

Wide bandgap semiconductors have shown excellent performance with efficiencies above
96 % in typical auxiliary converter operation modes. Utilization of GaN semiconductors in a 3-
phase 3-level inverter for auxiliary variable frequency drive application results in the maximum
efficiency in all operating modes, however, it has the highest initial purchase costs and
possibility of failure leading to risks of higher total life cycle costs due to possibility of
additional maintenance in the field operation. In comparison with Si, a high initial price for SiC
devices is likely to be compensated by the considerable loss reduction and reliable field
operation. Therefore, the use of auxiliary converters utilizing SiC semiconductors in
transportation applications is currently more advisable, as the inverter design with SiC
MOSFETs and Schottky diodes is nowadays still technically and economically more effective.

The proposed auxiliary drive concept in combination with the PMSM drive with GaN FET
NPC inverter shows the highest efficiency in operation with partial load, light and balanced
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loading without heavy starts, significantly reduced wear out of components, thermal stress
reduction by 80 % and energy savings by about 10 %. By operating the system in variable
frequency mode, the thermal and mechanical stresses are minimized, resulting in downsized
components, at the same time achieving more reliable field operation with an increased lifetime.
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CONCLUSIONS

Electric vehicles require volume- and cost-effective, efficient and modular auxiliary
converter system design. By introducing a set of technological advancements discussed in this
Thesis, the aim of designing an energetically and economically effective technology for
auxiliary converter systems in electric vehicles can be fulfilled. The total energy savings by
auxiliaries can reach up to 10 % with stress reduction by up to 80 % and considerable
functionality improvements in reliability and fault tolerance.

The novel indirect current measurement (ICM) technique allows to achieve a cost-efficient
auxiliary converter sensing and measurement design with functionality of the current sensing
and balancing; fault detection and identification; as well as the fault-tolerant operation.

The ICM implementation in a multi-phase DC converter has shown adequate accuracy for
current balancing with measurement errors below 0.5 A resulting in no efficiency degradation,
fast fault detection and identification capability within 1 converter switching period or 20 ps
and efficient fault-tolerant operation that can allow converter operation with active fault
condition and improve efficiency by up to 2 %. The proposed ICM technique implementation
in combination with intelligent control system is considered as a key technology for the
converter high efficiency, optimized performance, fault tolerance and reliable power supply for
safety critical systems.

Wide bandgap semiconductor utilization in combination with ICM results in significantly
higher efficiency and reduced volume that allows to achieve higher auxiliary converter power
density level, faster operation, and power loss reduction by up to 5 %. Moreover, the application
of the wide bandgap devices is technically and economically effective.

Use of variable frequency drive concept in vehicular auxiliary systems with wide bandgap
device-based multi-level inverter has shown low total harmonic distortion and electromagnetic
interference levels with high efficiency in wide operation range that results in energy savings
of approximately 10 %, longer lifetime and more reliable operation with thermal stresses being
reduced by 80 %.

In scope of the future research, the ICM concept can be extended for other multi-phase and
multi-level auxiliary converter topologies, utilizing wide bandgap semiconductors to propose a
solution for the complete auxiliary system modernization. The achieved results have a strong
potential for commercialization and can be further developed for the testing in the application
relevant environment, certification, type approval and release to the market within the next 4
years.
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