
IN ,DEGREE PROJECT ELECTRIC POWER ENGINEERING 120 CREDITS
SECOND CYCLE

,  STOCKHOLM SWEDEN 2015

Design and implementation of an
SPB converter for fault tolerant
PMSynRel motor control

NIKOLAOS APOSTOLOPOULOS

KTH ROYAL INSTITUTE OF TECHNOLOGY

SCHOOL OF ELECTRICAL ENGINEERING



Design and implementation of an SPB converter for fault
tolerant PMSynRel motor control

NIKOLAOS APOSTOLOPOULOS

Master of Science Thesis in Electrical Machines and Drives
at the School of Electrical Engineering

Royal Institute of Technology
Stockholm, Sweden, November 2015.

Supervisor: Oskar Wallmark
Examiner: Oskar Wallmark

TRITA-EE 2015:107



Design and implementation of an SPB converter for fault tolerant PMSynRel motor
control
NIKOLAOS APOSTOLOPOULOS

c© NIKOLAOS APOSTOLOPOULOS, 2015.

School of Electrical Engineering
Department of Electrical Energy Conversion
Kungliga Tekniska högskolan
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Abstract

The stacked polyphase bridges (SPB) converter topology is investigated in the present
thesis as a fault-tolerant choice for permanent-magnet synchronous reluctance (PMSyn-
Rel) motor control. Integrated motor drive systems are studied as they offer great benefits
for propulsion applications. Moreover, the importance of amodular topology, like the
SPB, for an electric powertrain is discussed. The latter consists of a number of series
connected, 3-phase 2-level inverter submodules that supply separate sets of windings in
a multi-star motor. The specifications of building a four-board SPB setup are examined,
while the challenges of an active voltage balancing controller are analyzed. The design
process is explained step-by-step and the final printed circuit boards (PCBs) are presented.
Furthermore, the significance of low electromagnetic interference design for a converter
that requires high speed communication is highlighted. Finally, the prototype is tested
thoroughly and the expected fault-tolerant capabilities are validated on a PMSynRel mo-
tor.

Key words: Fault-tolerant operation, multi-star motor, PCB design, permanent-magnet
synchronous reluctance motor, PMSynRel, SPB, stacked polyphase bridges converter.
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Sammanfattning

I detta examensarbete undersök SPB-omriktartopologin (stacked polyphase bridges con-
verter) i termer av ett feltolerant elektriskt drivsystem för en permamentmagnetassis-
terad synkron reluktansmaskin (PMSynRel). SPB-omriktaren består av ett antal seriekop-
plade trefasomriktare av tvånivåtyp som, var och en, förser effekt till en trefaslindning
tillhörande en modulär elmaskin av multifastyp. Specifikation, design och konstruktion av
en SPB-omriktare med fyra seriekopplade moduler studeras.Designproceduren presen-
teras i en steg-för-steg-process och de tillverkade kretskorten presenteras utförligt. Kom-
munikationen mellan de olika kretskorten undersöks med s¨arskild tonvikt på låg elektro-
magnetisk interferens vilket är nödvändigt om hög kommunikationshastighet skall kunna
uppnås. Den färdigställda prototypen har utvärderatsexperimentellt och kapaciteten för
feltolerans har demonstrerats vid drift av en PMSynRel-maskin utrustad med en multi-
faslindning.

Nyckelord: Feltolerant drift, multifasmaskin, PCB-design, permanentmagnetassisterad
synkron reluktansmaskin, PMSynRel, SPB, stacked polyphase bridges converter.
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Chapter 1

Introduction

The motive behind the thesis subject is given in this first chapter together with the project
goals. A summary of the report layout is also presented.

1.1 Background and objectives

During the last years a significant movement towards greenertechnologies is promoted
worldwide. Governments and organizations strive to develop strategies in order to im-
prove life quality and reduce human impact on the environment. In this framework, elec-
trical propulsion systems have gained increased attentionby both consumers and compa-
nies. Having solved many technological obstacles, the electric and hybrid electric vehicle
market is constantly growing against their traditional internal combustion engine (ICE)
rivals. The European Union (EU) is also supporting the electrification by setting ambi-
tious targets for CO2 reduction over the next years for all major manufacturers (Fig. 1.1).
Consequently a lot of effort is being put on the design of moreefficient, more reliable, and
less expensive powertrain systems that can compete with theconventional car engines.

The present thesis aims to explore the concept of integratedmotor drive (IMD) sys-
tems as a way to improve the existing powertrain structure. Combining the electric motor
with power electronics under the same enclosure has a lot of advantages, but there are still
a lot of challenges to be solved. A modular approach is presented in order to develop a
prototype converter for a permanent-magnet synchronous reluctance (PMSynRel) motor
using a dc-side cascading topology. The introduced system is called stacked polyphase
bridges (SPB) converter and can be a reliable and fault-tolerant alternative with great po-
tentials when paired with the proper motor design. A prototype of the converter with four
submodules is built and tested in order to highlight its benefits and prove its operation
principles.
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Chapter 1. Introduction

Fig. 1.1 CO2 emmision targets for major car manufacturers set by the EU [1].

1.2 Thesis outline

The thesis report is separated in five chapters as follows:

• Chapter 1: Short presentation of the thesis purpose and the report structure.

• Chapter 2: Investigation of the IMD technology. Presentation of the core compo-
nents of a usual IMD system and introduction of the SPB topology.

• Chapter 3: Detailed description of the development process of a four-submodule
SPB converter. Discussion on the design specifications and presentation of the final
schematics.

• Chapter 4: Validation of the SPB converter designs through experimental testing.
Verification of its fault-tolerant capabilities and identification of potential flaws.

• Chapter 5: Brief discussion over the experimental results and suggestions for fur-
ther design improvements.

2



Chapter 2

Modular integrated motor drive
systems

The theoretical background for the IMD systems is presentedin this chapter. The major
parts of such a system are analyzed, while the SPB converter is introduced as a very
promissing topology.

2.1 Integrated motor drive systems

The introduction of variable frequency drives (VFDs) in themarket made a huge impact
by greatly increasing the efficiency and speed range of the electric drive systems, making
them more suitable for automotive traction applications. In the mid-1990s, the idea of
coupling VFDs with AC motors under the same enclosure emerged. That is how IMDs
first appeared, promising lower production and maintenancecosts. The electric vehicles
industry is one of the main fields where the advantages of sucha compact system could
be implemented. However, many challenges had to be solved over the last years in order
to make the IMDs an attractive choice for the major manufacturers.

IMDs offer great benefits for an electric powertrain system.They require very lim-
ited space because of the common enclosure for the two components which gives more
flexibility on the powertrain compartment design. That alsoreduces the system produc-
tion and mounting costs, while decreases the vehicle service time by allowing the man-
ufacturer to easily swap drive units in case of failure. Furthermore, fewer materials are
required and the system gets lighter and more versatile, while maintaining high ingress
protection (IP) rating. In addition, due to the lack of long power cables and sensor wires
the powertrain potentially becomes more reliable and efficient. The current is usually fed
to the motor through short metal bars with low inductance instead of costly shielded ca-
bles. Moreover, the metal enclosure acts as a very effectiveshield for any electromagnetic
noise induced by the pulse width modulated (PWM) voltages atthe inverter output and
therefore ensures better electromagnetic compatibility (EMC).

3



Chapter 2. Modular integrated motor drive systems

The main drawback of an IMD is the design complexity and cost.The two different
components, motor and power electronics, have to be combined in one package where
both of them meet their specifications and maximize their performance. Therefore, the
designer has to consider the limited space available and theproblems that can rise be-
cause of the subsystems interaction under different operating conditions. Electronics are
usually the most sensitive part of an IMD and they can be affected by vibrations, tem-
perature rise and electromagnetic fields that couple into the common metal enclosure. In
order to solve the above issues, one has to build a durable housing with an exceptional
heat exchange system and great EMC performance. However, while the initial design can
cost up to 20% more than a traditional, the overall cost of production and installation
can be dropped by almost 40% mainly because of the componentsreduction and system
efficiency improvements [33].

Fig. 2.1 Integrated propulsion motor with a switched reluctance (SR) motor [36].

IMD systems can nowadays be found in many industrial fields and their design
can vary depending on the application. Their power ratings,however, are still limited by
the volume and durability of the passive components, while the operational temperature
span of the different subcomponents (electronics, sensors, etc.) still hinder a reliable, high
power design. The main design approach includes one AC motorwith a power electron-
ics module placed on the stator and a combined heat exchangerthat circulates the cool-
ing medium between them (Fig. 2.1). It also includes current, position and temperature
sensors, while an input/output interface is usually placedon the enclosure. Other design
approaches focus on different inverter topologies, such asthe matrix converter [40] or the
integrated modular motor drive converter (IMMD) [7].

The SPB converter, studied in this thesis, is a modular inverter that is well suitable
for integration in an IMD system. It includes a number of power electronic submodules (3-
phase, 2-level inverters) connected in series, driving an electric permanent-magnet (PM)
motor. The following sections give an introduction on the conventional 2-level converter
drives as well as the different PM motor topologies.

4



2.2. Conventional two level converter drive systems

2.2 Conventional two level converter drive systems

2.2.1 Topology description

When it comes to 3-phase inductive load drives, the conventional 2-level voltage source
converter is the most common choice. It consists of 3 half bridges, one for every phase,
that are connected with the DC voltage power supply through alarge capacitor. The con-
verter topology is depicted in Fig. 2.2. Each half bridge hastwo switches paired with
anti-parallel diodes in order to allow for reverse power flow. The switching elements are
mostly either bipolar junction transistors (BJTs), metal-on-silicon field-effect transistors
(MOSFETs), or insulated-gate bipolar junction transistors (IGBTs) [30]. There are23 = 8

different combinations of the conducting elements [6]. However, the two leg switches,
upper and lower, always use complementary gate signals to minimize the chance for a
short-circuit between the positive and negative DC terminals. Depending on the switch-
ing pattern, the output phase voltage can have two levels: EitherVdc, if the upper switch
is conducting, or0 if the lower switch is conducting. Since at every moment one of the
two switches in every leg is conducting, the output voltage is independent of the load
and therefore the phase current can either be positive or negative [25]. Using different

Fig. 2.2 The 3-phase 2-level converter topology.

modulation techniques to trigger the switches, the converter can output voltages with the
demanded fundamental component [21]. The harmonic contentthough will be very high.
That is why highly inductive loads, like electrical motors,are preferable.

2.2.2 Modulation techniques

In order to designate the switching state for each semiconductor in a power converter, a
switching pattern is needed. The selected modulation technique is responsible for creating
the current and voltage waveforms in the output stage by deciding which switches, and
for how long will be conducting. During the past years, numerous techniques have been

5



Chapter 2. Modular integrated motor drive systems

developed aiming at minimizing the converter losses, reducing the dc voltage and current
ripple and adjusting the output depending on the load. In [21], a classification across the
most important techniques for power converters has been done. Fig. 2.3 presents a sum-
mary of the different techniques and separates them into constant and variable switching
frequency cases.

Fig. 2.3 Classification of the most common modulation techniques forpower converters [21].

With regard to the three phase 2-level inverter, sinusoidalpulse width modulation
(SPWM), space vector modulation (SVM) and hysteresis modulation are the most typi-
cal techniques being used in electrical vehicle drive systems. A brief presentation of these
strategies will follow. For more details on the implementation and operation of these tech-
niques the reader should refer to [6], [25], [30].

The SPWM technique is based on the comparison between a sinusoidal reference
signal and a triangular carrier. The three phase voltage references created by the controller,
are differentiated with a carrier signal that has a fixed frequency. The result, as shown in
Fig. 2.2 is a square wave signal with varying duty cycle. Thatdefines the turn-ON and
turn-OFF times for each of the switching elements so that theconverter can recreate the
desired voltage waveforms.The SPWM can output a two level voltage waveform (unipolar
SPWM) or a three level (bipolar SPWM) if one or two opposite carriers are used respec-
tively. A major advantage of this technique is that the harmonic distortion of the output is
based on the carrier frequency (and it’s multiple values) and therefore it can be controlled
by changing the ratio between the fundamental harmonic of the reference signal and the
carrier frequency.

SVM is another PWM based technique that incorporates third-harmonic injection

6



2.2. Conventional two level converter drive systems

Fig. 2.4 Sinousoidal pulse width modulation (SPWM) operating principle.

and ensures better dc voltage utilization. Since in most of VFDs the motor is Y-connected
with a floating neutral point, there can be a lot of interaction between the phases [6]. That
phenomenon is taken into account by the SVM, which achieves peak fundamental phase
voltageVdc/

√
3 [30]. In addition, SVM does not rely on a carrier signal, but instead,

it’s operation is based on a space-vector representation ofthe reference phase voltage.
The eight possible switching states of the converter form a vector diagram on theα-β
coordinates system, dividing it into six sectors. Table 2.1presents how the eight vectors
correlate with the eight discrete switching states of the converter, while Fig. 2.5 depicts the
six active vectors on the (α,β) plane. The reference voltage is placed on the diagram and
reconstructed by the appropriate combination of the available space vectors (together with
the two zero vectors). Finally, the SVM algorithm decides the duration of each switching
state that will be applied on the converter and generates theappropriate gate pulses.

Table 2.1: Converter switching states.
State S1/S2 S3/S4 S5/S6 Van Vbn Vcn Vector

0 0 0 0 0 0 0 V0(000)
1 1 0 0 2Vdc/3 -Vdc/3 -Vdc/3 V1(100)
2 1 1 0 Vdc/3 Vdc/3 -2Vdc/3 V2(110)
3 0 1 0 -Vdc/3 2Vdc/3 -Vdc/3 V3(010)
4 0 1 1 -2Vdc/3 Vdc/3 Vdc/3 V4(011)
5 0 0 1 -Vdc/3 -Vdc/3 2Vdc/3 V5(001)
6 1 0 1 Vdc/3 -2Vdc/3 Vdc/3 V6(101)
7 1 1 1 0 0 0 V7(111)

The hysteresis modulation (or bang-bang control [21]) is a simple technique that
uses variable switching frequency and can be implemented insystems where a wide har-
monic spectrum can be tolerated. It is based in the comparison between a reference signal

7



Chapter 2. Modular integrated motor drive systems

Fig. 2.5 Space vector diagram for the SVM technique.

(e.g. phase current waveform) and a hysteresis band around it. Fig. 2.6 shows the operat-
ing principle of the controller. While the switch is conducting, the current increases until
it reaches the upper hysteresis limit. Then, the switch stops conducting until the current
reaches the lower limit, and then turns ON again. Therefore,the switching frequency is
not constant and can only be partially controlled by the hysteresis band width.

Fig. 2.6 Hysteresis controller operating principle.

8



2.3. Permanent-magnet motor topologies

2.3 Permanent-magnet motor topologies

In the electric vehicle (EV) and hybrid electric vehicle (HEV) industry, the motor is the
heart of each powertrain system since it is in charge of transforming the electrical energy
into mechanical and vice versa. Therefore, the criteria forchoosing the appropriate mo-
tor type should include exceptional system efficiency, highpower density, sufficient low
speed torque, wide constant-torque region, low construction cost and reliability [9]. In
the past, both induction motors and DC-motors have been usedfor that purpose. How-
ever, modern EVs tend to use permanent-magnet motors mainlybecause of their high
efficiency and power-to-volume ratio.

2.3.1 Permanent-magnet synchronous motors (PMSMs)

The PMSM is a special version of a synchronous motor that usespermanent-magnets to
support the excitation field. Therefore, the flux created is constant and cannot be directly
controlled. Furthermore, since there is no need for an excitation winding, the copper losses
become significantly lower and the efficiency gets comparably higher. By eliminating the
rotor winding and increasing the efficiency, smaller and more compact designs can be
achieved having higher power density and at the same time lower inertia. On the other
hand, PMSMs are more expensive and can be more sensitive to temperature rise and in
some cases brittle because of the magnetic material properties.

The PMSMs, depending on their geometry, can either produce axial magnetic flux,
or radial. Fig. 2.7 shows the two types of motors. In the first case, the flux created by the
magnets is radially distributed from the rotor to the statorthrough the airgap. However, in
the second case, the flux travels along the rotor axis. The main characteristic of the axial
flux motors is that they can have a high number of poles and thusthey are more suitable
for low speed, high torque applications. More information on the comparison between the
two topologies can be found in [29], [41], [10].

Radial flux PMSMs can also be divided, based on the magnets position on the rotor,
into surface mounted and interior magnet machines (IPMs). In both cases, the iron sta-
tor has a 3-phase winding that provides the rotating airgap flux which interacts with the
permanent-magnets in order to produce torque. The rotor is usually built using laminated
iron in order to reduce the circulating eddy currents and hence minimize the iron losses.
The magnets are either placed on the surface of the rotor (using some kind of adhesive
material) or inside the rotor construction. The differencebetween the two cases is that
in the latter, since the permeability of magnets is very close to that of air (µr ≈ 1), the
effective airgap is larger, and thus the motor becomes salient (direct-axis inductance<
quadrature-axis inductance). The rotor saliency can be used in order to create reluctance
torque using the proper control algorithm. In addition, in the IPMs case, field weaken-
ing techniques can be effectively used in order to reduce theback-electromagnetic force

9



Chapter 2. Modular integrated motor drive systems

(a) (b)

Fig. 2.7 PMSM topologies based on flux distribution: a) Axial flux machine; b) Radial flux ma-
chine [29].

(back-EMF) and allow higher speed operation with lower DC bus voltage. Fig. 2.8 shows
the two ways of magnet placing on the rotor of a PMSM.

(a) (b)

Fig. 2.8 PMSM topologies based on magnet placement: a) Surface mounted PM machine; b) In-
terior PM machine [11].

Finally, PMSMs that are used in modern electric vehicles canalso have the form
of in-wheel-motors. In that case, the motor is actually integrated into the wheel and the
rotating part is the outer one. That setup can offer multiplebenefits such as direct energy
transmission between the drive shaft and the tires, but alsohas many reliability and cost
issues related with the motor placement outside of the car body. An interesting comparison
between IPMs and SPMs for in-wheel-motor applications can be found in [22]. More
information regarding the PMSM topology can be found in [34], [6], [30].

2.3.2 Synchronous reluctance motors (SRMs)

The SRM is another type of synchronous motor without an excitation field. However, in
this case the torque is not produced by the permanent-magnetflux, but rather by the in-

10



2.3. Permanent-magnet motor topologies

herited tendency of the rotor to align with the stator field atthe exact point where the flux
path has maximum permeability [6]. Therefore, the SRMs havea 3-phase stator winding
that creates a rotating sinusoidal field and force the rotor to align with it at the minimum
reluctance positions. There is no need for an excitation field and thus the rotor is made
from laminated iron in a sophisticated way that will allow for high saliency. Since the
torque produced is a function of the difference between the direct axis inductance (Lds)
and the quadrature axis inductance (Lqs), the design incorporates thin ironless areas that
act as flux barriers and increase the saliency. An example of such a rotor design can be
seen in Fig. 2.9. This type of motor design offers great benefits because of its simple

Fig. 2.9 Usual rotor design for a SR motor [26].

construction. Since the rotor is only made from laminated iron, the construction is a lot
cheaper than that of a PMSM, or an induction machine. It is also very robust and reli-
able, while still achieving high torque density (in general, higher than an induction motor
but lower than a PMSM). In addition, it can operate at very high speeds while it allows
better sensoreless position estimation because of the designed saliency. Furthermore, the
efficiency ratings are higher than an induction motor because it lacks rotor copper losses.
On the other hand, this topology usually has a comparably lowpower factor that can be
defined by the saliency ratio (d-axis inductance over q-axisinductance ,κ = Lds/Lqs)
and can get up to 0.78 for ratios around 7 to 8 [26]. Higher saliency ratio is also possible.

2.3.3 Permanent-magnet synchronous reluctance (PMSynRel) mo-
tors

In order to improve the power factor and torque density of theSRM, while keeping the
cost low, addition of PMs has been proposed. The new design, PMSynRel motor, com-
bines the characteristics of an interior magnet motor (IPM)and a SRM by placing a com-
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Chapter 2. Modular integrated motor drive systems

parably smaller amount of magnets inside the rotor flux barriers. The resulted motor has
an increased torque because of the permanent-magnet flux andat the same time a bet-
ter low volt-ampere rating and improved saliency because ofthe saturation on the iron
bridges [5]. The torque eq. (2.1) indicates that for the samecurrent, a PMSynRel motor
can produce more torque as a result of the PM flux and reluctance terms [26]. On the
other hand, according to [4], PMSynRel motors might have some disadvantages related
to the rotor design like higher torque ripple, vibrations and losses in the laminated iron
core. The torqueT can be expressed as

T =
3

2

P

2
[(Ld − Lq)idiq + λmid] (2.1)

whereP is the number of poles,Ld, Lq the direct and quadrature axis inductances,id, iq
the respective currents andλm the permanent-magnet flux.

The optimization of the PMSynRel design can be very challenging and that is why a
lot of research work has been done around it. A very interesting specification, for example,
is the PM flux linkage needed in order to achieve great performance characteristics and
at the same time maintain a low cost. In [5] the authors claim that the required flux for
a power factor higher than 0.8 should be three times the quadrature axis flux at nominal
current. A PMSynRel rotor design is depicted in Fig. 2.10.

Fig. 2.10 Usual rotor design for a PMSynRel motor [24]. Magnets are place inside the flux barri-
ers.

12
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2.4 Introducing the SPB topology

The most expensive part of a modern powertrain system for plug-in EVs is the battery
pack. Even though the Li-ion technology, which is mostly used for traction applications,
has evolved during the past years and the manufacturing costhas decreased, the average
cost of a battery pack today is around 560 $/kWh [1]. Many techno-economic researches
have been published regarding the price change of the powertrain components over the
next decades, like [31], [23], [28] with a lot of discussionsregarding the battery materials
and packaging techniques. It is obvious that in order to reduce the total production and
maintenance cost of an EV, smaller battery packs are required together with more efficient
powertrain systems.

The final cost of a battery pack, however, is greatly affectedby the aging perfor-
mance of the technology used. Each battery cell undertakes ahuge number of charge-
discharge cycles during its lifetime, so one has to optimizethe way these two procedures
affect the battery materials. Many studies have shown that one of the major reasons that
reduces the lifespan of a Li-ion pack is the dc current ripplecaused by the power converter
switching methods [12], [35], [38]. In order to minimize that ripple, large capacitors are
usually used in parallel with the converter to reduce the voltage ripple on the dc side. The
capacitance required for each system in order to control theripple percentage depends
on the characteristics of the converter components and cabling. In order to get a good
estimation, very precise modeling and simulation is required, taking into account the non-
linearities of the components. However, a rough calculation can be done by the following
equation when a 3-phase 2-level inverter is used with PWM to drive an AC motor [32].
The equation indicates that the voltage ripple for a selected capacitance is proportional to
the bus voltage and inversely proportional to the square of the switching frequency used.
Consequently in order to minimize the capacitance value, the system should be designed
to use higher switching frequency and lower dc voltage. The voltage ripple∆V can be
expressed as

∆V =
Vbus

(k · Cdc · Lph · f 2
sw)

(2.2)

whereVbus the bus voltage,Cdc the DC capacitance,Lph the phase inductance,fsw the
switching frequency andk a constant based on the duty cycle of the PWM pulses.

In addition to the battery cost drop, a smaller dc bus capacitance would affect the
powertrain design in terms of size reduction. According to arecent study on dc bus ca-
pacitors used for automotive applications, the capacitance needed for an EV powertrain
can occupy more than 40% of the power converter volume [39]. Similar studies, like [16],
also indicate the design problems that arise due to the large, bulky capacitors needed.
Especially in cases of IMDs, minimizing the capacitor size is of major importance for a
good and efficient design.

Within this framework, the SPB inverter was introduced in [27]. The authors of
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the paper proposed a modular converter consisting of a number of identical submodules
connected in series on the DC-side. Each submodule is a three-phase two-level inverter
supplying a set of windings in a multi-star motor. Similar converter schemes have also
been presented in [13] for an offshore wind generator application and in [14] for a split
winding induction machine. Fig. 2.11 describes the SPB converter topology.

Fig. 2.11 Topology of the SPB converter [19].

There are several benefits that this topology can offer. By dividing the dc link into
smaller input voltages for the submodules, low voltage semiconductor devices can be used
with high switching frequency. That way the dc capacitance required can be minimized,
while reducing the dc current ripple that deteriorates the battery performance. In addi-
tion, the authors in [19], were a control scheme for the SPB converter is proposed, claim
through simulation results that it is possible to achieve the same voltage ripple as that of
a conventional inverter with 4 times smaller capacitance intotal (sum of the capacitances
for each submodule). Furthermore, the authors show that it is possible to cancel out the
dc current harmonics by properly shifting the PWM carrier signals along the submodules.

In addition, since each submodule is a stand alone inverter that feeds an isolated 3-
phase winding, the powertrain operation can be protected even in fault cases. That could
describe a situation where one of the inverters breaks and the others actively change their
output power in order to support the motor until the faulty module is repaired. However,
that would require a motor that is also capable to operate under such a fault for long
time. Consequently, the motor design has to ensure that the windings can withstand short-
circuit currents without breaking. A lot of work on that has been done by the authors
of [43], [42] in order to verify the required specifications and design a fault-tolerant PM-
SynRel motor that is capable of integrating the SPB converter in a compact and reliable
construction (Fig. 2.12). Finally, it should be noted that since all modules share the same
dc current, special design considerations and control algorithms have to be considered to
ensure active voltage balancing between them.
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Fig. 2.12 Schematic view of an IPM machine with integrated SPB converter [42].
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Chapter 3

SPB converter design

The SPB converter prototype design aspects are discussed indetail in this chapter. Speci-
fications and challenges are highlighted, while the exact PCB layout for each submodule
is presented and analyzed.

3.1 Design specifications

The SPB converter was designed under several specificationsthat were set to ensure reli-
able operation and flexibility during the testing procedure. As a prototype, the converter
had to be able to support last minute hardware and software changes that would improve
it’s performance. At the same time, the setup had to be safe for the operator and adjustable
so that any kind of electrical, thermal or electro-magneticinterference (EMI) testing could
be successfully conducted. It also is important to note thatsince this is a prototype design
for testing purposes, no consideration was taken regardingthe final integration of the SPB
converter on a PM motor. Below, the main mechanical and electrical characteristics are
summarized:

Mechanical characteristics:

• Each submodule should be built on an individual printed circuit board (PCB). All
submodules have to be identical.

• The prototype converter should be enclosed in a Eurocard rack. Therefore all PCBs
have to be able to fit in the standard width dimensions that arespecified in the IEEE
1101.1 Standard for mechanical core specifications [17].

• The SPB converter should include 4 submodule cards and 1 resolver to digital card
required for motor control.

Electrical characteristics:

• Submodule DC voltage 100 V. The four boards should be able to operate on a 400 V
DC bus.
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• The PCB should have only 2 copper layers (front and back). That is mainly for cost
reduction of the first prototype version.

• Each submodule should be able to deliver up to 20 A peak current per phase.

• The power limit of the submodules should be defined by the thermal limits of the
PCB copper traces.

• Low EMI between the converter components has to be achieved in order to ensure
good communication between them.

• All boards should be completely isolated from each other andfrom the converter
enclosure.

• Each board should have all the necessary components (DSP, current and voltage
measurement devices, switching semiconductors, ets) to perform current control on
a PMSynRel motor and actively regulate each own DC voltage atthe same time.

• There should be separate power connectors on each board for the main (DC bus)
and auxiliary power (DSP, isolators, gate drivers, etc) supply. The power supplies
should be isolated from each other.

• All boards should be able to connect either in series or in parallel configuration
from the DC side. In addition, their auxiliary power supply should be connected in
parallel and thus it has to be completely isolated for each board.

• The boards should be able to communicate through a bus interface. Special consid-
eration should be taken on the placement of the communication connectors on the
PCBs.

• The boards should support several extra analog and digital input/output ports for
testing purposes.

An overall schematic of the SPB converter topology based on the above specifica-
tions is presented in Fig. 3.1.

Fig. 3.1 SPB converter topology schematic.
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3.2. Design challenges

3.2 Design challenges

What makes this converter a challenging topology design is its complexity due to the
DC-side cascading architecture that requires active voltage balancing between the sub-
modules. In the SPB topology, each module is always on a different ground potential.
For example in case of a 200 V DC link supply on 4 boards, the ground of the ”lower”
submodule will be at 0 V, but the ground of the others will be at50V, 100V and 150V
respectively. That implies that each of them has to be well isolated from the others and
the chassis. Furthermore, there should be proper isolationbetween the computer interface
that will be connected with each off them and the boards that will be running in differ-
ent potentials. The motor windings that each submodule willbe connected to should also
be isolated since the voltage difference between them will vary all the time, while the
ground for each star connection should be floating and isolated from the motor metallic
components.

Another important aspect of this design is the DC voltage control between the
boards. Since all modules share the same DC current, their individual input voltages will
vary depending on their load needs. Consequently, there hasto be some kind of active bal-
ancing between them in order to equally share the DC link voltage under any operating
condition. One has to keep in mind though that the SPB converter has to be fault tolerant
in terms of submodule failure. Therefore the topology has nomain controller board, but
instead uses one of the identical modules as the ”master” andthe rest as ”slave” devices.
That way, even when the ”master” board fails, another can take the lead and continue
controlling the SPB converter operation.

The key aspect of the SPB design is communication. What makesthat particular
topology special is that 4 submodules have to control different set of windings in the
same motor and at the same time regulate their individual DC voltages in order to equally
share the DC link. Since all boards are identical, each of them can only measure its own
capacitor voltage and not the whole DC bus voltage. Consequently during normal opera-
tion, the boards have to send each other information in orderto be able to follow any bus
voltage change. In addition, in order to control the motor, the position signal has to be
shared between them, as well as the torque request, speed data, etc. The individual PWM
carrier signals, also, have to be synchronized so that the DCcurrent harmonics elimina-
tion concept can be tested. All the above signals need to be transfered fast and reliably
between the submodules, especially when the switching frequency gets higher. It is very
important, though, to consider the fact that each board is ona different potential. There-
fore, communication between them has to be done through isolating devices that usually
add more delay and design complexity.

Another important design challenge is the co-existence of aswitching converter
and a communication module on each of the 2-layer PCBs. Inherently, any switching
element used in a converter emits electromagnetic energy during the turn ON and OFF
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transients. The voltage induced in the surrounding circuitis a function of the current
change with respect to the time duration of the transition(dI/dt). Therefore, in case of
high switching frequency converters, like the SPB, a lot of problems can occur because
of the EMI between the power components and the rest of the board. Especially when
the boards have only 2 copper layers and, thus, no middle ground plane, the effects of
the induced voltages on the sensitive communication tracescan be disastrous. That is
why a lot of research was done regarding EMI reduction techniques for PCB designing.
Various application notes and design guidelines (like [8],[37], [3]) were studied in order
to conclude on a layout that minimizes the electromagnetic noise problems on each board
and between the 4 submodules.

Finally, designing a robust but flexible PCB can be quite controversial. In order to
ensure that the boards will be able to withstand all the experiments without breaking and
at the same time be able to support unscheduled hardware or software changes, special
considerations have to be taken and a lot of forward-thinking has to be done. In addition,
the space and cost limitations have to be taken into account in order to design a complex
but successful prototype.

3.3 Submodule design

The SPB converter consists of four identical submodules. Each of them is a 3-phase 2-
level inverter together with a communication module and a DSP. Therefore, the PCB
design includes not only the three half-bridges required for the converter, but also DC
capacitors, current and voltage measurement sensors, signal isolators, and many other
components that will be analyzed in the next sections.

The submodule design was separated into two main parts; communication and
power part. Fig. 3.2 shows briefly how these two parts were placed on the PCB layout
together with other essential components. The power flows inthe lower part of the board
from the left side (DC input) through the switching components (Power module) to the
right, where the 3-phase output terminals are placed. The auxiliary power flows from the
upper left side to the DSP board and supports all the measurement and isolation compo-
nents. Isolation is an essential part of this design since high currents and voltages have to
co-exist on the same board with small electrical signals necessary for control and com-
munication. Consequently, the DSP has to be isolated both electrically and spatially from
the power semiconductors at the bottom and from the externalcommunication part on the
top side.

In the next sections a detailed description of all submoduleparts will be presented.

20



3.3. Submodule design

Fig. 3.2 Module distribution on the PCB layout.

3.3.1 DC input and AC output modules

The DC input part of the board is where the power enters the PCB. Therefore it includes
connection terminals and large capacitors to reduce the voltage ripple and provide energy
to the switching elements. Two parallel film capacitors with47 µF from KEMET were
used for that purpose. The capacitance calculation was based on simulations from the au-
thors of [27] to ensure a stable DC link. However, the minimumvalue that will guarantee
stability in the SPB controller depends on the voltage balancing algorithm performance.
Consequently, the DC capacitance was only set to that value for testing purposes, safely
allowing the examination of the converter stability limits. The goal will, of course, be to
minimize their volume in order to facilitate the integration of the converter on a com-
pact drive system. The DC voltage measurement is being done through a simple resistive

Fig. 3.3 Schematic of the DC input part.

voltage divider (Fig. 3.3) that provides the appropriate analog voltage signal for the DSP.
A zener diode has also been used in order to protect the DSP from over-voltage. The
DC current measurement is done via a small current transformer with integrated measure-
ment resistance. The LEM coil outputs an analog voltage signal proportional to the current
flowing through it that can be then used by the microprocessorfor control purposes. Once
again, a protection zener diode was placed in parallel with the LEM output.

The output part of the board consists of the 3-phase terminals for the motor cables
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and the current measurement devices. The same LEM current transformers were used to
measure two of the three phase currents since the third can becalculated assuming a Y-
connected load. Special consideration was taken to ensure that the trace length for each
phase on the board was short and equal in order to minimize theunbalances due to the
wire inductance differences.

3.3.2 Power module

The inverter module is based on the IPP075N15N3G n-channel metal oxide semicon-
ductor field effect transistor (MOSFET) by Infineon. It has a blocking voltage of 150 V,
low on-resistance (7.2 mΩ) and a maximum drain current of 100 A. It incorporate a re-
verse diode with the same maximum current specifications andit can operate at up to
175◦C junction temperature. Cooling of the MOSFETs is done through individual metal-
lic clamping heat-sinks. The gates are driven by the ADuM5230 chip from Analog De-
vices.

The gate drive unit (GDU) can supply both MOSFETs in a half bridge, trough a
buffer circuit (ZXGD3005E6, Diodes Inc.), with up to 10 A. The gate signal is electri-
cally isolated from the DSP in order to protect it from any fault of the switching element.
Furthermore, it incorporates an integrated DC/DC converter in order to create the floating
gate-to-source voltage of the upper MOSFET and it can operate at up to 105◦C junction
temperature. In addition, it supports switching frequencies up to 1 MHz with maximum
propagation delay 100 ns. The external gate resistance between the buffer and the MOS-
FET gate was set to 22Ω in order to protect the system from current spikes that can
damage the semiconductor. Fig. 3.4 shows a simple schematicof the power module cir-
cuit.

Fig. 3.4 Schematic of the power module circuit.
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3.3.3 DSP board and auxiliary power supply modules

The microprocessor is the heart of each submodule. It is the most essential part since it
is responsible for gathering all the measurements and run the control algorithms in order
to drive the MOSFETs correctly. It is also in charge of communication with all other
boards and the converter operator. Consequently it should be able to support PWM signal
generation for high switching frequency, communication protocols for high speed data
transfers and include multiple input and output pins for digital or analog signals. The
DSP that was used is the TMS320F28069 from Texas Instruments. It features a 32 bit
floating point central processing unit (CPU) with 80 MHz clock frequency. It supports
various peripheral interfaces like a PWM module, a quadrature encoder module (QEP), an
analog to digital conversion (ADC) module, a serial peripheral interface (SPI) module, an
inter-integrated circuit bus (I2C) module, a controlled area network (CAN) module, etc.
The microcontroller was implemented on the SPB submodule design using the F28069
Piccolo controlCARD from the same company. The later is an integrated version of the
processor that uses a standard 100 pin DIMM interface and supports JTAG emulation for
real time debugging through a computer. Since the boards were designed for prototype
testing, using an external microcontroller card added a lotof flexibility on the design and
allowed for instant DSP swap in case of failure.

The DSP card needs 5 V power supply for operation, but all digital and analog pins
use 3.3 V power supply. Therefore two different voltage levels should be available for the
operation of the microcontroller. In addition, the GDUs of the power module require 15 V
power supply in order to drive the MOSFET gates with sufficient current. Consequently
the submodule has to have 15 V power supply as well. Finally, in the specification section
it is considered important to have separate isolated supplementary supply for the SPB
converter in order to ensure reliable operation and flexibility for different tests.

The auxiliary supply consists of two DC/DC converters and a voltage regulator. The
TEN 8-7213WI and TEN 8-7211WI 8 W converters from Traco Powerprovide with 15 V
and 5 V respectively the board. They have 85% efficiency, and are able to operate with
input voltage 43 V to 160 V. Therefore, they can also be used with direct connection to
the DC capacitors of each submodule. Furthermore, they offer electrical isolation between
their input and output for up to 1500 V DC. For the 3.3 V supply LM3940 from Texas
Instruments is used in order to provide efficiently up to 1 A DCvoltage using the 5 V
supply input.

3.3.4 Communication module

The SPB converter is inherently unstable since all submodules share the same DC current.
Therefore, good communication between the boards is of major importance in order to
guarantee proper voltage balancing at the DC side and at the same time synchronization
of the output phase currents in order to control the motor smoothly. A brief research on the
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communication protocols for high data transfer rates in small distances used in automotive
applications highlighted the advantages of the serial peripheral interface (SPI) bus in terms
of speed and bandwidth in comparison with the I2C and CAN protocols. Since the exact
communication specifications could not be precisely definedbefore actually testing the
prototype converter, the transfer speed was the main designconcern.

The SPI is a non-address based protocol that supports bidirectional communication
through a number of unidirectional wires. The design and implementation is very simple
in terms of hardware and software, while galvanic isolationdevices can easily be added on
the system. Fig. 3.5 shows the operation concept of the SPI protocol between 4 devices.

Fig. 3.5 Schematic of a typical SPI configuration with four modules.

In a typical SPI configuration one of the devices is set to be the ”master” and all
other devices are ”slaves”. Communication can only be done between the master and one
of the slaves, and never between two slaves. The SPI bus has three channels (wires); the
master output - slave input (MOSI), the slave output - masterinput (SOMI) and the clock
signal (CLK) that ensures synchronization. When a master wants to exchange data with
one of the slave devices, it uses a chip select signal (CS) to activate that specific slave
device and deactivate the rest. Therefore the bus will contain only data packages between
these two modules. Unfortunately that results in a number ofchip select wires that have
to be running between the master and each slave device.

In the SPB case, however, the simple SPI configuration is not an option since each
board should be able to act both as master or slave in order forthe converter to con-
tinue operation in case of a submodule failure. Consequently each board should have
enough chip select signals to control the communication modules of the others. Another
important aspect is the signal isolation required for this specific application. Since all
submodules are in a different ground potential, communication between them can only
happen through isolator chips. These chips can electrically isolate the communication bus

24



3.3. Submodule design

from the boards, but they add propagation delays and complexity in the design. Fig. 3.6
describes the topology that was designed in order to overcome the above difficulties and
ensure reliable communication.

Fig. 3.6 Designed topology for the SPB communication module.

The isolators that were selected are the ISO7240C and the ISO7241C from Texas
Instruments. They offer insulation for up to 560 V with a low propagation delay (20 ns
to 50 ns) and support signal rates up to 25 Mbps. The 7240 chip can isolate up to four
unidirectional channels, while the output of the chip can becontrolled through an external
enable signal. The 7241 chip is ideal for the SPI implementation since it can isolate three
channels on one direction and one channel on the reverse direction. With these two devices
two SPI buses were designed; SPI-B for communication between boards and SPI-A for
communication with the resolver card. The reason for that separation is that since the SPI
protocol does not allow slave devices to interact with each other, any module addition in
the setup will increase the system latency. In addition, a second SPI bus allows for more
flexibility when it comes to testing different configurations. It also makes the system more
robust and eases the addition of more slave devices. The finaldesign (depicted in Fig. 3.6)
consists of:

• One 7241 chip for SPI-A bus (can only operate as master device)

• One 7240 chip for general pin inputs (including a PWM synchronization channel)

• One 7240 chip for general pin outputs (including a PWM synchronization and ex-
ternal chip enable/disable signal)

• Two 7241 chips for SPI-B bus (one for master and one for slave operation)

• Two 7240 chips for chip select signals (one for master and onefor slave operation)

With this complicated design the SPB converter submodules are able to communicate with
each other through the master board and exchange vital information for correct operation.
Furthermore, they are able to switch the master controller in case of failure and continue
their operation normally. Finally, the resolver position data are transfered to the master
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board through an individual bus (resolver card is always a slave device), and are then
shared with the other submodules through the main bus.

3.3.5 PCB layout

The design of the PCB was done based on the specifications of Section 3.1. It has two
copper layers and includes all the previously discussed parts in a total area of 100 mm x
210 mm = 210 cm2. The traces were designed carefully using 105µm copper thickness
in order to be able to support the 20 A peak current that was specified as maximum
value [18]. The width of the traces for the communication signals, analog measurements
and auxiliary power supply were also carefully picked, while a lot of time was spent in
order to optimize the cable routing for better EMC. Important guidelines for reduced EMI
and good signal acquisition were followed, such as:

• Solid ground plane design.

• Careful bypass and decoupling capacitor selection.

• Y-capacitor to reduce common mode noise between external communication bus
and ground.

• Avoid creating current loops.

• Keep noisy traces away from the edges.

• Keep sensitive traces (like the PWM pulses) away from noise sources like DC/DC
converters.

• Physical separation of analog and digital signals.

• Physical separation of the isolated parts.

• Low pass physical filters (anti-aliasing) for the analog measurements and protection
diodes for the DSP input pins.

• Connection between the digital ground and the power ground close to the voltage
measurement point.

In addition to the above considerations for EMI reduction within the boards, design
efforts were made to also reduce the noise on the communication ribbon cable that con-
nects all submodules together. Furthermore, several pins were placed on different points
of the board to facilitate testing on the prototype submodules. Moreover, some analog
input connectors were also placed on every board for different test purposes, as well as,
two LEDs for master and slave indications.

The final submodule PCB design layout is shown in Fig. 3.7. Redcolor traces indi-
cate placement on the top layer, while green color indicatesbottom layer. Looking at the
layout, on the left part one can distinguish the input terminals, DC capacitors on the lower
side and the two TRACOs on the upper side. In the middle of the board lies the DIMM
100 pin connector for the DSP board placement. The inverter half-bridges are located on
the lower side (Q1-Q2, Q3-Q4, Q5-Q6), while the communication isolators are placed on
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the top part. Finally, the 3-phase output terminals are located on the right side together
with the current measurement LEMs. The ground planes are hidden for better observation
of the PCB traces but their contours are still visible.

Fig. 3.7 Submodule PCB layout.

3.4 Control structure

The coordination of all four submodules is done through a control scheme that ensures
good communication and synchronization, while achieving good performance on both
the AC and DC sides of the converter. The board that is defined as master is in charge
of gathering the capacitor voltages of the other boards and calculate the reference DC
voltage. Then all submodules have to reach that voltage while supplying the motor with
the correct waveforms. The control scheme of the SPB converter consists of three main
parts; communication, voltage balancing and current control. Fig. 3.8 shows an overview
of the implemented control topology.
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Fig. 3.8 Block diagram of the SPB control scheme for one submodule.

The algorithm steps for a master board can be summarized in the following list:

1. Initialization of all DSP modules used (PWM, SPI, ADC) andcalibration of the
analog measurement signals.

2. Define the board as master or slave by turning ON the respective isolator chips and
LEDs on the PCB.

3. Wait for an external digital trigger in order to start the interrupt functions. The
trigger command is given as an input to all boards simultaneously by a button con-
nected on the communication bus. In addition, a PWM carrier signal is periodically
sent out from the master board to all slaves in order to maintain synchronization
between the DSPs.

4. Get the position measurement (θr) from the resolver board, calculate the speed (ωr)
through a phase-lock-loop (PLL) and send the data out to all slaves.

5. Measure the DC capacitor voltage (ucap), the two phase currents (ia, ib) and the
quadrature current referencei∗q that is given by an external potentiometer (throttle).

6. Gather the capacitor voltages of the slave boards and calculate the reference (u∗

cap)
based on the total DC link voltage.

7. Sent out the DC voltage reference, the position and speed to all slaves.

8. Calculate the balancing q-current (i∗q,bal) that needs to be added or subtracted by the
reference (i∗q) in order to achieve the requested DC voltage. That is done through a
proportional controller with a gain (Kp,dc) that is defined by the initial q-current ref-
erence.i∗q,bal = Kp,dc(ucap−u∗

cap), whereKp,dc = (γ · i∗q/2)/u∗

cap andγ a controller
gain that ensures stability [15].

28



3.4. Control structure

9. Feed the final q-current reference (i∗q+ i∗q,bal) to the current controller. The d-current
reference (id) is set to zero (no field weakening).

10. Compare the direct and quadrature axis reference currents with the measured values
and calculate the respected voltages (ud, uq) using two PI controllers with anti-
windup schemes.

11. Convert the voltages into the stationary frame (uα, uβ) and feed them to the SVM
unit.

12. Finally, calculate the 3-phase duty cycles (Sa, Sb, Sc) and sent them to the inverter
GDUs.

In case of a slave board, there are some minor changes since the voltage reference,
speed, position and torque reference are sent directly by the master. Therefore, some dig-
ital filtering is only required instead of calculations. Furthermore, in order to ensure that
information is exchanged correctly between all boards, tags were used to indicate both the
sender and the information type. Consequently some small differences exist even between
the slave software. Finally, the above algorithms were entirely written in C, compiled and
sent to each DSP separately through the JTAG emulator for debugging.
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Chapter 4

Experimental validation

The testing procedure for validating the SPB converter design is presented in this chapter.
Different experiments are performed in order to verify the required specifications and
examine the limits of the prototype setup.

4.1 Initial considerations

The SPB converter prototype was built in the laboratory for electrical motors and power
electronics at the Department of Electrical Energy Conversion at KTH. The setup was
assembled and validated gradually in order to identify possible design flaws in the sub-
modules and optimize the microprocessor software. First, one board was fully soldered
and tested as an individual 3-phase 2-level inverter on a R-Lload. After tuning the current
controller and validating its operation, the second board was soldered. The next step was
to connect two boards and make sure that they can properly communicate at an adequate
transfer rate. After that was validated, the two submoduleswere connected in series at
their DC side and the voltage balancing control algorithm was tested for the first time.
Since the SPB converter was properly working with two boards, the remaining two were
soldered and connected to the setup. Achieving smooth communication between them
was a challenging procedure because of the complex SPI configuration. Using tags for
all the transfered messages made it possible to always verify the sending submodule and
therefore achieve high transfer rate. The final step was to connect the full SPB setup with
a PMSynRel motor, tune it and examine if the converter prototype manages to meet the
design specifications.

Fig. 4.1 shows how the four submodules where mounted on a Eurocard rack to
form the SPB converter. From left to right one can identify the external power supply for
the auxiliary circuits, the four boards vertically placed and a small potentiometer used to
provide the torque reference. The red/black cables on top supply the isolated communica-
tion bus. The white cable in the lower part forms the DC input series connection between
the boards, while the horizontal red/black cables connect the auxiliary circuits in paral-
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lel. Finally, the 40-wire ribbon cable used for the communication bus is placed on the
top part. More pictures of the setup arrangement and the submodules can be found in the
Appendix A.

Fig. 4.1 Photograph of the complete four-board SPB converter without a resolver board.

In the next sections the most important test results are presented including individ-
ual board testing, four submodules testing and finally the full prototype SPB converter
test on a PMSynRel motor.

4.2 Individual submodule testing

The first step of the SPB verification process was to examine the operation of a single
submodule as a 3-phase 2-level inverter.

Fig. 4.2 Measurement setup arrangement.

Fig. 4.2 shows the testing setup. The board was fed by a DC power supply in order
to generate 50 Hz sinusoidal currents for a 3-phase R-L load (0.6Ω, 4.67 mH) that simu-
lated an actual motor. A power analyzer was also connected onthe DC and AC sides of the
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module, while an oscilloscope was used to observe differentsignals on the board. Finally,
a thermal camera was set to capture the temperature behaviorof the different components
during testing.

The test procedure aimed to verify the capabilities of the board based on the design
specifications that were discussed previously. In addition, the maximum operating lim-
its of the board were investigated and the efficiency was mapped for different operating
points and switching frequencies.

4.2.1 Efficiency measurements

The efficiency measurements were done with the power analyzer that measured the DC
and AC power at different voltage and power levels. By tracking the power factor and
finding the active power for each side, overall efficiency wascalculated.
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Fig. 4.3 Submodule efficiency measurements for different switchingfrequencies.

Fig. 4.3 depicts actual steady state measurements (blue dots) in different operating
points for various switching frequencies. The DC voltage was gradually raised from 5 V
to 85 V, while the DC power increased linearly due to the constant AC load. It can be
seen that for 10 kHz and 20 kHz operation 98% efficiency can be achieved for most of
the power range. However, as the frequency increases, the efficiency drops because of the
semiconductor switching losses. Consequently, one shouldalways select the switching
frequency based on the efficiency requirements of the system. Furthermore, it can be
observed that for a certain switching frequency the efficiency generally increases with the
power. That is because the conduction losses become less important as the output power
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rises. Finally, it should be noted that the measured efficiency points will radically change
if cooling of the board is not sufficient.

4.2.2 Temperature measurements

A high definition thermal camera was used in order to capture the temperature raise on
the different components of the board. According to the specifications, the board should
be able to operate with up to 20 A peak current without forced cooling.

Fig. 4.4 Thermal capture of the submodule front side at 50 kHz, 4 Arms phase current.

Fig. 4.5 Thermal capture of the submodule back side at 50 kHz, 4 Arms phase current.

Fig. 4.4 and 4.5 show the front and back side respectively of asubmodule while
running for 3 minutes at 20 V DC, 4 A rms phase current, at 50 kHzswitching frequency.
The two figures were captured with a very small time difference so that they can be con-
sidered as if they were taken simultaneously. The hottest components in the front side are
the MOSFETs (around 88◦C) and the gate drivers (around 57◦C). The temperature of
the DSP is around 46◦C, while the TRACOs temperature is just below 40◦C. Finally,
the temperature of the traces and cables on the upper side of the PCB do not exceed 40
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4.2. Individual submodule testing

◦C. Looking at the back side of the PCB, one can observe that mostof the parts maintain
low temperatures because of the solid ground plane, but the traces underneath the MOS-
FETs reach high temperatures. That indicates a possible design flaw that has to do with
the small footprints used for the switching devices. By reducing the width of the power
traces in order to fit the small MOSFET footprints the resistance is increased locally and
thus the temperature rises faster. The PCB, however, shouldstill be able to withstand these
temperature levels for small periods of time.

Another interesting point that came up during the thermal testing is that the temper-
ature in most of the parts of the board does not vary significantly during different operat-
ing conditions. The gate drivers are an exception since their losses change based on the
switching frequency used. The same applies for the MOSFETs,since their losses depend
on both the current flowing through them and the switching frequency. More information
on the thermal characteristics of the semiconductors can befound in [25].

4.2.3 Maximum tested characteristics

The main purpose of the submodule test setup was to determinethe maximum operating
conditions and compare them with the design specifications,while validating the reliabil-
ity of the board under stress. The SPB module was, therefore,subjected into high power,
high switching frequency and high temperature tests. A summary of the maximum tested
characteristics can be found in Table 4.1.

Table 4.1: Maximum tested characteristics.
DC Voltage 100 V
DC Current 15 A
DC Power 1250 W (at 85 V)
Switching frequency 100 kHz
AC Current 14 A rms (20 A peak)
Efficiency 98 % (at 10 kHz)
MOSFETs temperature 155◦C
Board temperature 50◦C

It can be seen that the submodule board was able to operate with switching fre-
quency up to 100 kHz. It was also capable of delivering up to 1225 W with 98 % effi-
ciency. All tests were only limited by the poor cooling of theMOSFETs, since the board
temperature never exceeded 50◦C. The switching components, on the other hand, were
allowed to go up to 155◦C before limiting the power to protect them, since their maxi-
mum allowed junction temperature is 175◦C. Finally, since the power was very limited
at high switching frequency (as shown in Fig. 4.3), forced air cooling was used in order
to verify that the PCB could be used at 50 kHz. Indeed, the board was able to operate
normally at 85 V, 15 A which highlights the need for better heatsink design.
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4.2.4 Gate resistance investigation

An important aspect of a MOSFET designed inverter for inductive loads is that due to the
reverse recovery time of the integrated free-wheel diodes,there is always an overshoot (or
undershoot) of the drain to source voltage. When that is combined with the parasitic com-
ponents of the circuit, it can create significant ringing on the output voltage waveforms.
That ringing is more obvious for high switching frequencieswhere the effects of the non-
ideal diodes are more crucial. The described effect can be solved by choosing a diode
with faster recovery time, or by damping the oscillation through a higher gate resistance.
The latter was tested by changing the external resistance value on the SPB submodule and
observing the drain to source voltage (uDS) waveforms.
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Fig. 4.6 Drain to Source voltage of MOSFET Q2 during turn ON and OFF fordifferentRg values
at 15 V DC, 50 kHz switching frequency and no load.

Fig. 4.6 shows the results for 0Ω, 10Ω, 22Ω and 33Ω during the turn On and OFF
of a MOSFET. Higher resistance value results in smoother oscillations, but at the same
time increases the inverter switching losses. Therefore the value of the resistance has to
be set in a way that limits the dangerous current spikes but does not reduce the efficiency
of the converter.
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4.3. SPB converter testing on R-L load

4.3 SPB converter testing on R-L load

The next step on verifying the SPB design was to test the four submodules operating
in series connection. Fig. 4.7 shows the actual setup. All modules were supplying their
individual R-L loads with 50 Hz sinusoidal currents while trying to balance theirucap

voltages. An oscilloscope was used in order to capture simultaneously the phase currents
and DC voltages of each submodule during the tests.

Fig. 4.7 Measurement setup arrangement for four boards with individual R-L loads.

4.3.1 Healthy operation

The SPB converter was designed so that it can balance any given DC bus voltage while
supplying a 3-phase load. In this case, the load (R-L) is considered to be constant. Thus,
this test procedure was about changing the power supply voltage and observing the indi-
vidual submodule DC voltages. The converter should be able to follow every bus voltage
change and share it correctly between the four boards. Fig. 4.8 shows the synchronized
phase currents and DC capacitor voltages of the SPB submodules at 200 V DC bus volt-
age. It can be seen that both the current controller and the balancing algorithm are working
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as expected. The phase currents are well synchronized and reach the commanded ampli-
tude (6 A peak) while the four DC voltages are well balanced at50 V.
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Fig. 4.8 Steady state operation for a four board setup with R-L load at200 V DC bus voltage:
a) Phasea current for each board; b) Capacitor DC voltage for each board.

4.3.2 Submodule failure test

One of the main considerations during the SPB converter design was the ability to adapt
in cases of a submodule failure. That makes the converter more reliable and suitable for
an actual vehicle implementation.

In order to test that case and verify the design, a relay was used to disconnect the
fourth board during steady state operation by short-circuiting the DC capacitor of the
submodule (Fig. 4.7). The experiment was done using low DC bus voltage so that the
current flowing from the shorted capacitors would not harm the relay. Fig. 4.9 shows the
DC voltages and phase currents for each of the four submodules. At t = 0.1 s the relay
disconnects Board D (orange color). The remaining three boards after a short transition
period manage successfully to balance their DC bus voltage,going from 15 V to 20 V,
while continuing to provide the load with the commanded current. The reverse procedure
is followed when the fourth board is re-connected to the setup and the balancing algorithm
manages to stabilize the capacitor voltages back to 15 V.Thetest results confirm that the
SPB converter is a modular setup that can provide redundancyto the drive system since it
adapts in case of a fault.
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Fig. 4.9 Single submodule failure testing: a) Capacitor DC voltage for each board; a) Phasea
current for each board.

4.3.3 Communication measurements

The voltage balancing algorithm is based on the precise measurement of each submodule
capacitor voltage. Thus the communication between the boards has to be fast and reliable.

In order to test the limits of the design in terms of communication speed, a simple
ping-pong test was conducted. The master board sends out a 16bit word through the serial
interface at one of the slave boards and at the same time drives an output pin ”high”. When
the slave board receives the word, it moves the data to the transmission register and sends
them back to the master board. As soon as the master board confirms that the received
data are exactly the same as what was initially sent out, it drives the output pin ”low”.
Consequently, by measuring the pulse width, the necessary delay to send and receive data
between the boards can be measured. However, it has to be noted, that this delay includes
not only the isolators delay (four in total), but also the time needed for the DSP to receive
data and move them to the transmission register. It also includes the time needed to send
out the pulse signals. Fig. 4.10 shows one of the measured delay pulses. It can be seen that
the time needed for a measurement to be sent from one board andreceived back is about
6.5µs. The measured delay is much longer compared to the delay added by the isolators
(up to 50 ns each).

The communication was also tested in terms of minimum and maximum Baud rate
on the SPI bus. The test was done by operating the SPB converter at low power levels
(for safety), while changing the baud rate gradually until the voltage balancing algorithm
failed to regulate the submodules capacitor voltages correctly. The resulted maximum
speed was measured to be 5.5 Mbps, while the lower speed at which the boards were
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Fig. 4.10 Delay measurement pulse.

able to exchange voltage data correctly and control their DCvoltages was measured to
be 0.1 Mbps. That indicates that the communication speed requirements were actually
not as high as expected and therefore simpler, addressed based communication protocols
could be used in further development of the SPB converter. Ithas to be noted, though, that
the lower speed measurement was not enough for the boards to exchange data related to
motor control, like position, speed, torque command, etc.

4.4 SPB converter testing with a PMSynRel motor

The final step on verifying the SPB design was to connect all four submodules on a PM-
SynRel motor and rotate it successfully. Fig. 4.12 shows theexperimental setup.

Fig. 4.11 Winding arrangement of the PMSynRel motor.
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4.4. SPB converter testing with a PMSynRel motor

Fig. 4.12 Measurement setup arrangement for four boards connected tothe PMSynRel motor.

The 4-pole motor was designed to allow for different connections of the 12 avail-
able windings. Therefore, each of the four boards was able tocontrol a set of independent
3-phase coils. Fig. 4.11 shows the winding arrangement thatwas used in order to achieve
both electrical and physical symmetry. By examining the diagram, one can observe that
two of the winding sets are in phase, while two others have 15◦mechanical phase shift
which corresponds to 30◦electrical shift. That had to be taken into account when gener-
ating the 3-phase voltages for each board in order for the SPBto successfully rotate the
motor. Furthermore, since every board was operating on a different ground potential (DC-
side series connection), the neutral terminals of the motorhad to be floating and carefully
isolated. More information on the motor design and characteristics can be found in [20].

The setup also included a separate, independently controlled motor, that was cou-
pled on the same axis with the PMSynRel motor to act as a constant speed load. The
auxiliary motor kept the speed steady while the SPB converter applied different torque
commands.
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4.4.1 Steady state operation

During the steady state test, the DC bus voltage was set to 200V, the mechanical speed
command of the load motor at 2 Hz and the quadrature current reference to 10 A peak.
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Fig. 4.13 Steady state operation for a four board setup driving a PMSynRel motor at 4 Hz elec-
trical speed, 200 V DC bus voltage: a) Capacitor DC voltage for each board; a) Phasea
current for each board.

Fig. 4.13 shows the capacitor voltages and phase currents for the four SPB sub-
modules during steady state operation. The current waveforms for the four boards have
30◦electrical phase shift due to the symmetrical winding configuration. Furthermore, it
can be seen that the voltages are well balanced, but not as smooth as in the R-L load case.
That could be caused by several reasons. The motor was rotating very slowly compared
to the nominal speed of the load. Therefore, the auxiliary motor was not perfectly keeping
up with the torque variations and thus the shaft was able to rumble making the position
feedback noisy and affecting the controller. In addition, the different delays between the
boards could affect the output synchronization and create electrical oscillations on the
rotor. Finally, it could also be a result of bad tuning on the controller parameters.

4.4.2 Fault handling

In order to test the fault case in a real motor load, a relay wasused in order to short-
circuit one of the boards during operation. The SPB converter should be able to continue
operation by properly dividing the DC bus voltage to the rest, healthy, submodules.

Fig. 4.13 shows the capacitor voltages and phase currents for the four submodules
during a relay test. Att = 0.5s the DC terminals of the fourth board were shorted, re-
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Fig. 4.14 Single submodule failure testing while driving a PMSynRel motor at 4 Hz electrical
speed, 200 V DC bus voltage: a) Capacitor DC voltage for each board; a) Phasea current
for each board.

sulting in a large short-circuit current. The rest of the boards immediately changed their
DC voltage reference from 50 V to 67 V and continued rotating the motor. The SPB was
able to handle the fault and ensure non-stop operation. However, the circulating currents
caused a significant torque drop and threaten the windings for overheating. Therefore, a
special machine design is required in order to reduce the short-circuit current and allow
for operation under faulty conditions.
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Chapter 5

Conclusions and further work

Discussion regarding the design and testing of the SPB prototype is being done in this last
chapter. Suggestions for further work and improvements arealso given.

5.1 Conclusions

In the present thesis the use of stacked polyphase bridges (SPB) converter for electric
vehicle applications has been studied and tested using a four-boards prototype. As a first
step, research on existing IMD topologies has been conducted with focus on the electrical
powertrain. Combining a motor with a power converter under the same enclosure can have
many benefits such as cost reduction, volume optimization and loss minimization. The
SPB converter is introduced as a modular, fault-tolerant choice. It consists of four identical
inverters that are connected in series on the DC side and control a multi-star PMSynRel
motor. The unique aspect of this approach is that all boards operate with lower voltage
(udc/4) and therefore low voltage - high efficiency semiconductor devices can be used.
On the other hand, since all submodules share the same dc current, active balancing of
the voltage on the input capacitors is required for every board. That can only be achieved
with good communication between them. That is why designingsuch a prototype system
can be really challenging.

The SPB prototype design is presented in detail in chapter 3 of the report. At first,
the specifications are set, including maximum voltage levels, maximum current, etc. Then
the actual design is presented through the schematics of a single submodule. All parts are
analyzed, including the communication module, power module, measurements, etc. The
EMC issue is also highlighted and general guidelines for lowEMI are presented. Finally,
the PCB layout is presented.

The next step is the experimental validation of the SPB design. That is done grad-
ually, starting from one board with R-L load, to four boards with R-L loads and finally
four boards controlling the PMSynRel motor. Different testare conducted including effi-
ciency measurements, thermal measurements and communication measurements. Finally
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the fault-tolerance capabilities of the setup are tested byshort-circuiting one of the sub-
modules and observing the rest of the healthy boards continue their operation rotating the
motor.
A summary of the most interesting points that came up during the SPB prototyping is
given below:

• The SPB converter is a feasible IMD solution with great benefits. The design offers
high efficiency due to the low voltage semiconductor devices, minimization of the
DC capacitance and fault tolerance capabilities.

• Active voltage balancing is always required. Due to the factthat all boards share the
same DC current, good communication is necessary to ensure that all submodules
operate under the same DC voltage.

• Fault-tolerant operation can be achieved but a special motor design is required. The
SPB converter is able to continue operation even with one broken submodule, but
the short circuit current inside a PM motor can be catastrophic for the windings.

• PCB design with more than two layers is required for a full scale SPB converter.
Each submodule was able to deliver up to 20 A peak phase current due to thermal
limitations.

• The SPB converter was able to operate with switching frequency up to 50 kHz. The
individual submodules were capable of 100 kHz, but the DSP module was not fast
enough to run the control algorithm at that pace.

• The setup was stable even with very low communication speed.Therefore a slower,
simpler, address based protocol like CAN could be used in a next version

5.2 Recommendations for further work

The prototype that was built for the present thesis successfully validated the SPB concept
and could provide the basis for a full-scale IMD applicationfor electric vehicles. Some
suggestions regarding future work on this field are given below:

• Design a full scale IMD system for electric vehicle propulsion using the SPB con-
verter together with a fault-tolerant PM motor.

• Make use of PCB layouts with more than two copper layers for better EMC. Design
custom-shaped boards in order to allow for integration on the traction motor.

• Explore different communication and data processing schemes for the setup.
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Appendix A

SPB setup pictures

Fig. A.1a shows a single submodule connected with a 3-phase R-L load. The board is in
the lower part of the picture, the three inductors in the middle and the power resistors
at the top. The measurement equipment, as well as the power supply of the board are
not depicted. Fig. A.1b shows the PMSynRel motor setup. The motor winding terminals

Fig. A.1 SPB testing setups: a) Single submodule connected to an R-L load; b) PMSynRel motor
with four sets of 3-phase windings.

come out of the enclosure into the connection box (lower partof the picture) where they
form four sets of Y-connections (blue cables in the lower right corner of the picture). The
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water-cooled motor is coupled on a common axis with a load brushless DC motor (upper
right part of the picture).

Fig. A.2 shows a complete SPB submodule board. One can identify the power sup-
ply terminals on the left, the MOSFETs at the bottom, the DSP board in the middle, the
SPI isolators on top and the 3-phase outputs on the right.

Fig. A.2 Single submodule picture.

Fig. A.3 shows the AC side of the complete SPB converter. In this picture one can
also identify the encoder board on the left side and the ribbon cable on top together with
the power supply for the isolated communication modules.

Fig. A.3 Complete SPB setup - picture of the AC side.
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Resolver board design

One of the most common analog methods for measuring the rotorposition is the resolver.
Compared to an encoder device, it offers infinite resolution(actually depends on the
analog-to-digital conversion) and absolute position measurement. The latter means that
the output of a resolver is unique for each rotor position, and not relatively defined as in
the case of an encoder. The operating principle of a resolveris similar to a transformer
with two secondary windings. The primary coil is placed on the rotor (or in the stator for
variable reluctance resolvers) and is fed by a high frequency excitation signal. The two
secondary coils are placed on the stator orthogonally, as shown in Fig. B.1a. The voltage
amplitude induced in them is a function of the sine and cosineof the shaft angle. There-
fore, the output signal waveforms (Fig. B.1b) contain the excitation frequency, but are
modulated by the angle.

Fig. B.1 Resolver operation principle: a) winding topology description; b) excitation and output
signals illustration [2].

What makes the resolver implementation complicated is its analog nature. In order
for the DSP to get the position measurement, an analog-to-digital step is required. That is
usually done by a resolver-to-digital converter (RDC) chipthat creates the excitation and
uses a PLL to synchronize it with the outputs in order to demodulate them and get the
position value in digital form.
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B.1 PCB design

The resolver board design was based on the AD2S1205 RDC chip from Analog Devices.
It features 12-bit fixed resolution and it is able to operate for up to 1250 rps with very small
tracking error (±11 arc minutes). In addition it is certified for automotive purposes and
has wide operating temperature range. In order to achieve the specified accuracy, the RDC
chip requires external modules such as an 8.192 MHz oscillating crystal, an amplifier for
the output signal and power supplies for 5 V and 15 V voltage levels. Special consideration
had to be taken for the correct gain design in the amplifier so that the resolver outputs have
the required amplitude for the demodulation process. Communication between the RDC
and the SPB master DSP was done through SPI protocol.

Fig. B.2 shows the final PCB layout. Red color traces indicateplacement on the
top layer, while green color is used for the bottom layer. On the lower left side, the input
terminal can be found together with a DC/DC 15 V converter. There is an extra terminal
above it in case of external power supply. In the middle of theboard, the AD2S1205 is
placed, surrounded by the crystal, a reset push button, an amplifier (AD8397) and several
output testing pins. On the top middle part, two voltage regulators were installed for digital
and analog 5 V supply on the board. The SPI communication channels were also placed
on that side. Finally, on the right side of the board, a 9-pin D-Sub connector was placed
in order to securely connect the board with the resolver cable.

Fig. B.2 Resolver PCB layout.

B.2 Board testing

In order to test the resolver board, a speed controlled brushless DC motor setup was
used. The motor was set to rotate under constant speed (4 Hz electrical), while the 2-pole
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resolver was supplied by a 10 kHz carrier. The analog and digital outputs were plotted
on the oscilloscope in order to verify the correct operationof the board. Fig. B.3 shows
the sinusoidal and cosinusoidal output waveforms of together with the digital north-pole
signal.
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Fig. B.3 Resolver board signals: a) analog cosinusoidal output; b) analog sinusoidal output; c) dig-
ital north marker output.

It can be seen that at zero resolver angle, when the north-pole output is ”high”, the
sinusoidal output is minimum (0 Vp-p) while the cosinusoidal is maximum (3.7 Vp-p).
During an entire electrical resolver rotation the two analog signal amplitudes are chang-
ing, giving that way the information required for the digital angle calculation. The final
resolver PCB is presented in Fig. B.4.

Fig. B.4 Picture of a complete resolver board.
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Appendix C

Design schematics

The electrical schematics of the SPB submodules and the resolver board are presented in
the next pages. The open-source software suite KiCad was used for both the schematics
and PCB layout design.
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Fig. C.1 SPB submodule schematic - DSP connections.
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Fig. C.2 SPB submodule schematic - Isolator modules.
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Fig. C.3 SPB submodule schematic - Power supply and DC voltage measurement.
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Fig. C.4 SPB submodule schematic - Connectors, LEDs and filters.
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Fig. C.5 SPB submodule schematic - Half-bridges and AC current measurement.
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Fig. C.6 Resolver board schematic - RDC module and crystal.
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Fig. C.7 Resolver board schematic - Output buffer, power supply and connectors.
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List of major PCB components

The main components used for the resolver board design are presented in Table D.1.

Table D.1: Main resolver board components.
Part Description Part Number Manufacturer
Auxiliary Power Supply - 15V TEN 8-7213W TRACO
Voltage Regulator - 5.0 V TPS7A6550QKVURQ1 TEXAS INSTR.
Current Amplifier AD8397ARZ ANALOG DEV.
Resolver-to-digital converter AD2S1205YSTZ ANALOG DEV.
Surface-mounted push button B3S-1000 OMRON
Crystal - 8.192MHz 9B-8.192MEEJ-B TXC
D-SUB 9 pin resolver connector 1734354-1 TE CONNECT.
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The main components used for the SPB submodule design are presented in Table D.2.

Table D.2: Main SPB submodule components.
Part Description Part Number Manufacturer

DC Cap - 47µF Film capacitor R60ER54705040J KEMET
Auxiliary Power Supply - 5V TEN 8-7211WI TRACO
Auxiliary Power Supply - 15V TEN 8-7213W TRACO
Voltage Regulator - 3.3 V LM3940IMP-3.3/NOPB TEXAS INSTR.
DSP - TMS320F28069 PICCOLO TMDSCNCD28069 TEXAS INSTR.
Control Card DIM-100 connector TMDSDIM100CON5PK TEXAS INSTR.
Current measurement LEM HAIS 50-TP LEM
100 A / 150V MOSFTETs IPP075N15N3 G INFINEON
Gate drive unit- GDU ADUM5230ARWZ ANALOG DEV.
GDU output buffer ZXGD3005E6TA DIODES INC.
Digital Isolator - 3 channels + 1 reverse ISO7241CDW TEXAS INSTR.
Digital Isolator - 4 channels ISO7240CDW TEXAS INSTR.
Single Inverted Buffer/Driver SN74AHC1G04DBVR TEXAS INSTR.
4.7 nF Film Y-capacitor B32021A3472M000 EPCOS
Dual Buffer with open drain outputs SN74LVC2G07DBVR TEXAS INSTR.
Generic green LED OVS-0804 MULTICOMP
40-pin Ribbon cable terminal 5103309-8 TE CONNECT.
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