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Abstract

The scope of this thesis is the developement and construction of a brushless direct
current motor drive demonstrator for Infineons advanced sensor solutions. Beside the
demonstration effect, the testbench should help to develop system expertise in the area
of motor control, especially with respect to feature set and performance requirements of
the individual sensors. The testbench consists of two coupled brushless direct current
motors, one for driving and one for braking. To cover many different applications,
several commutation methods are included, as well as different sensing techniques for
rotor position sensing and different phase current measurement techniques. As further
application the testbench is used to evaluate new sensing techniques, which requires a

flexible partitioning of the hardware and software.

Zusammenfassung

Zweck der Arbeit ist die Entwicklung und Konstruktion eines biirstenlosen Gleichstrom-
motorpriifstandes fiir Sensortechnologien der Firma Infineon. Neben dem Demonstra-
tionseffekt soll der Priifstand helfen, sich Wissen im Bereich der Motorensteuerung
aufzubauen, insbesondere in Bezug zu Anforderungen und Merkmale der einzelnen
Sensoren. Der Priifstand besteht aus zwei gekoppelten biirstenlosen Gleichstrommoto-
ren, einem als Antrieb und einem als Bremse. Um unterschiedliche Anwendungsfille
abzudecken, sind verschiedenste Kommutierungsvarianten wie auch Sensor Methoden
fir die Bestimmung der Rotor Position und Messung der Phasenstréome implemen-
tiert. Eine weitere Anwendungsmoglichkeit des Priifstandes ist die Evaluierung neuer

Sensortechniken, welche eine flexible Aufteilung der Hardware und Software erfordern.
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Introduction

1.1 Motivation

One of the key targets for a newly developed vehicle is to increase the fuel efficiency
and to reduce the pollutant emissions, especially as it gets more and more difficult
to meet the increasing specifications. These requirements are set by the customers
who demand a higher fuel efficiency as well as the governments which are reducing
the limits e.g. for COy, NOx emissions. In order to fulfill these high specifications,
sophisticated mechanisms have to be applied. This approach results in a higher demand
of intelligent electronics in a modern vehicle. Figure shows the target emission limits

for passenger cars in the NEDC drive cycle until 2020.

1.1.1 Electrification of vehicles

The increasing requirements for fuel efficiency and pollutant emission reduction result
in electrification of the vehicle. This means that the former belt driven actuators
are consequently changing to intelligent controlled systems. With this change, new
applications for electric motors in a vehicle occur. The number of motors used in an
average car is currently already around 50 and in premium cars up to 150. This trend
for electrification of the actuators is increasing the number of high power electric motors
in a car (e.g. Audi A8 - MY2017: +28 Motors compared to MY2014) [8, p. 4]

There are a lot of applications for a electric motor which can influence the efficiency of
the car. Typical Applications for electric motors in a modern car are: power steering

motors, starter motor, alternator, engine cooling fan, windscreen wiper, washer pump,
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Figure 1.1: Emission Limits - C'O; target emission limits in the NEDC drive cycle

until 2020 (Weight-based corporate average values) [7, p. 4]

fuel pump, window actuation, heat and air conditioning motors, seating position motor,

sunroof motor, ABS pump, engine water pump, headlight positioning, automatic closing

aid, powertrain and more. Not all of these applications have a direct influence on the

efficiency but many of them do. Other applications result from different requirements,

e.g. Hybridization - with implementing a start/stop funcionality, several functions

have to be active during the stop state as well (Cooling on demand - waterpump, brake

booster, gearbox). Table shows different electric motor applications and the affect

on fuel efficiency and COy emissions [I}, p. 14,38-47].

Application fuel efficiency COs reduction
Electric Power Steering (EPS) 1.3 mpg 5.9 g/km
Start/Stop with high efficient generator 2.76 mpg 16 g/km
Double clutch transmission (with BLDC) 0.7 mpg 3.2 g/km
Electric water pump (BLDC) 1.4 mpg 6.4 g/km
Fuel Pump 0.34 mpg 1.6 g/km

Table 1.1: Electric motor applications influence on efficiency [Il, p. 14,38-47]
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Efficiency or hybridization is only one reason for the electrification of vehicles -
as discussed before, different new motor applications can include comfort functions
as well. With this increasing sockets for electric motors in a modern vehicle, the
demand on high efficient semiconductors and control algorithms for motor controls is
increasing. For implementing the high efficient control algorithms, accurate and reliable
sensing techniques are required as well as efficient electronics. An overview of motor
applications with power range and ambient temperature in a modern vehicle can be

seen in figure (1.2

Tad
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Figure 1.2: Motor Applications - different motor applications in a modern car [8 p.
5]

1.1.2 Electric motor types

For all new applications in a modern car discussed in chapter different motor
types can be used to fulfill the desired functionality. The selection of the motor type
has an impact on the efficiency as well as on the complexity of the electronics. Figure
shows a classification overview of different motor types. The main focus of this

thesis will be the Brushless DC Motor.
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Electric Motors
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Figure 1.3: Motor Types - different motor types - classification [8, p. 9]

1.1.2.1 Brushed DC Motor

The brushed DC motor is the most traditional motor type used in automotive en-
vironments. Figure shows the mechanical construction of a brushed DC motor.
The most noticeable point is that it consist of a mechanical commutator with brushes.
These brushed DC motors have efficiencies of 75-80% [9, p. 17]. With this principle,
the direction of the field in the stator is constant and the mechanical commutator keeps
the current switching in the rotor winding, to keep the rotor turning. The switching
of the field in the rotor windings is called commutation. [I0, p. 1] With a switching
sequence, the generated field of the rotor is readjusted in a way that a force is always
applied to the rotor in order to keep it turning. Currently around 60% of automotive
motor applications are covered with this motor type [8, p. 10]. The main advantages
of brushed motors are the low costs and the simple control algorithms. The main
disadvantages are the low efficiency and the degradation of the brushes, especially in
high temperature environments. With this degeneration, the brushed DC motor is not
maintenance free over lifetime for some applications. In addition to that, there is a
potential sparking of the brushes, which makes this motor type not suitable for all

applications (e.g. fuel pump).
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Commutator

Magnets

Figure 1.4: DC Motor - Principle construction of a brushed DC motor [I1], p. 25]

1.1.2.2 PM Motors

Permanent magnet motors can be basically divided into three subsections: DC com-
mutator motors with permanent magnet, brushless motors (dc and ac synchronous)
and stepping motors [12, ch. 1.2]. The mechanical construction of a DC commutator
motor with permanent magnets can be seen in figure [I.4, The advantages of using a
brushless PM motor are the better mass/power ratio, higher efficiency, longer lifetime,
lower torque ripple which results in a more silent drive and the flexible partitioning
(rotor can be inside or outside). The main disadvantages are the higher cost for the
motor and the more complex control algorithm, as well as the dependency on rare earth
materials (if using neodymium magnets). Brushless motors have a typically efficiency
of 85-90% [9, p. 17]. Figure is showing the mechanical construction of a BLDC

motor. This thesis is focusing on brushless motor drives, which will be discussed in
chapter

1.1.2.3 Switched Reluctance Motors

From a construction point of view, the switched reluctance motor is the simplest of
all electrical machines. The mechanical setup is similar to the brushless permanent

magnet motors with concentrated (toothed) windings, the main difference is that no
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Figure 1.5: BLDC Motor - construction of a brushless DC motor [I3] p. 26-27]
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permanent magnets are needed on the rotor, instead the rotor is made of iron. The
stator consists of coils which are used to generate the movement of the rotor. When one
stator phase is energized, the rotor moves into the position of maximum inductance.
Now the next phase will be energized and the rotor moves again to the position of
maximum inductance - the rotor follows the field applied to the stator [14, p. 2-3].
Figure shows the commutation sequence for a SRM. The main advantages of a
SRM are the simple and robust design, the low cost and the independence of rare earth
materials (for permanent magnets). The efficiency of a SRM is in the range of 73-82%
[15] p. 8]. The high torque ripple, the audible noise (generated by the deformation of

the stator iron due to magnetic forces and the torque ripple) and the complex control

algorithms are the main disadvantages of SRMs.

. )

Figure 1.6: Switched Reluctance Motor - commutation sequence for a SRM [16]

1.1.2.4 Comparison of motor types

Table shows a comparison between the different motor types discussed in this chap-
ter. The simplest machine from a control perspective is the brushed DC motor. From a
construction point of view, the SRM is the simplest machine but has the highest torque
ripple. Another disadvantages is the requirement of a complex control logic but on the
other hand the machine is maintenance free over life time. The BLDC motor has the
same benefits as the SRM but has a lower torque ripple. The main disadvantage is
the dependency on rare earth materials for the permanent magnets, if not using ferrite

magnets.
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Feature Brushed DC BLDC Motor Switched
Motor Reluctance Motor
Commutation mechanical electronic based on rotor position
Maintenance required Less required due to absence of brushes.
periodically
Lifetime Shorter Longer Longer
Speed/Torque Moderately flat Flat high torque ripple
Characteristics
Efficiency Moderate High Moderate-High
Cost of Building Low Higher Low
Control Simple and Complex and expensive
inexpensive

Table 1.2: Electric motor comparison [2] p. 7]

1.1.3 Application of sensors

With the increasing complexity of intelligent controls in a modern car, the demand
on sensing technologies increases as well. The sensor IC market is one of the fastest
growing segments in the electronics market today. For example, a new car features
now besides other sensor techniques, up to 80 magnetic sensor applications [I7, p. 3].
Figure is showing examples of different applications for sensors in a modern vehicle,
e.g. throttle position, pedal position, crank/camshaft speed, airbag pressure sensing
or tire pressure monitoring system. An accurate and reliable sensing technique is a
prerequisite for most efficient systems. This thesis issues drive systems and therefore
covers the two main sensing applications for drive systems: rotor position and current

sensing.

1.1.3.1 Rotor Position sensors

Figure shows an overview of different rotor position techniques used in motor ap-
plications. The traditional sensing methods are the optical and inductive sensors. The
benefit of using the inductive or magnetic method is that the absolute angle position

is known at any time, whereas optical incremental encoder only support one index
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Figure 1.7: Sensor Applications - different sensor applications in a modern vehicle [I7,
p. 6-8]

pulse per revolution. Another way to determine the position of the rotor is using hall
switches. These switches are distributed in a 120° distance around the shaft, which re-
sults in a update of the rotor position every 60°. A similar update rate can be achieved
with measuring the back-EMF voltage of the motor. For this method, one phase should
not be energized and the induced voltage on this phase will be measured. With a zero
crossing detection of this voltage, the position of the rotor is known. This technique
is one method for a so called sensorless control and has the benefit that no additional
components are needed. The disadvantage is that this technique is not suitable for low
speeds, as the back-EMF voltage is proportional to the speed of the rotor and could be
too low for a reliable zero crossing detection. For a highly efficient control algorithm,
the update rate of hall switches or back-EMF measurements are too low, as the position

has to be interpolated between the known points, especially for low speed.

1.1.3.2 Current sensors

For an efficient control of a motor, the stator phase currents have to be measured. With

the phase currents and a proper motor model, the generated torque can be calculated.
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Resolver
Encoder Sensors Angle Sensors

Optical Encoder

Figure 1.8: Rotor Position Sensors - Overview of the rotor position sensor principles

The phase currents can be measured either direct in the phase or indirect in the inverter
output stage. Figure shows an overview of different current sensing techniques.

Current sensing techniques can be categorized in these physical principles[18]:
e Ohm’s law of resistance (Shunt resistor, Trace-resistance Sensing)
e Faraday’s law of induction (Rogowski coil, Current transformer)
e Magnetic field sensors (hall-effect, Fluxgate-principle, magneto resistance effect)
e Faraday effect (Fiber-optic current sensors)

The main requirement for a current sensor used in drive applications is the bandwidth

of the sensor, as it has an influence on the performance of the control.

Current
Sensors
v ) ‘ ¥ v
Ohm's law of Faraday's law Magnetic field Faraday
resistance of induction sensors effect
— — t v
v v v
Shunt Trace- Rogowski Current Fluxgate- magneto Fiber-optic
ist resistance coil transformer Hall effect principle resistance current
resistor Sensing effect sensors

Figure 1.9: Current Sensors - Overview of current sensing principles
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Brushless DC Motors

2.1 Mechanical Construction

Brushless motors are a type of synchronous machines, which means that the generated
field in the stator is rotating synchronous to the rotor. BLDC motors do not have
the ”slip” as induction motors have. There exist single-phase, 2-phase and 3-phase
configurations of BLDC motors, which represent the number of stator windings. The
most popular configuration is the 3-phase motor were the windings are connected in
a star fashion [2, p. 1]. These three windings are placed in the stator of the BLDC
motor and the rotor contains the permanent magnets, either buried or on the surface
of the rotor. The number of permanent magnets and the number of pole-pairs on the
rotor of the machine can vary. Depending on the required magnet field density, the
material of the magnets can be ferrite or a neodymium alloy. The advantage of using
an alloy is the higher magnetic density per volume but on the other hand the costs
are increasing. Ferrite magnets have the advantage that they are independent from
rare earth materials. Figure shows a cross-section of the principle construction of

a BLDC motor with three phases and six poles. [2, p. 1-4]

2.1.1 Difference BLAC - BLDC

There exist basically two types of brushless machines: the BLAC and the BLDC motors
which differ in the construction of the stator windings. Motors with a sinusoidal back-
EMF are typically called BLAC motors and those with a trapezoidal back-EMF are

named BLDC motors. This distinction is caused by the different structure of the stator

11



2.2 Theory of operation

Figure 2.1: BLDC - principle mechanical configuration of a BLDC motor with two
pole-pairs [19, p. 26]

windings in combination with the magnetization of the magnets and the shape of the
airgap (in case of burried magnets). The back-EMF is the voltage which is induced in
the stator windings when the rotor is turning. This voltage depends on the velocity
of the rotor, the magnetic field of the permanent magnets and the stator windings.
The voltage is increasing with increasing speed, magnetic field of the PMs or number
of turns in the windings. Figure shows the difference between a sinusoidal and a
trapezoidal back-EMF.

2.2 Theory of operation

In order to generate a movement on the rotor, torque has to be applied on it. This
torque is generated by the interaction between the field generated in the stator and
the magnetic field of the permanent magnets in the rotor. Torque on the rotor is
generated due to the Lorentz force on a current carrying wire according to equation
2.1] The magnetic field B is generated by the permanent magnets and the current I
flows through the stator windings (length 1). The peak torque occurs when both fields

12



2.3 Operating Modes
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Figure 2.2: Back-EMF - examples for sinusoidal and trapezoidal back-EMF [2, p. 2]

are 90° shifted to each other. If now the stator field is rotating, the rotor is trying to
catch up with this field and the motor is turning. Besides the magnetic field in the
rotor, the current in the stator is generating a magnetic field as well and is influenced

by the induced back-EMF voltage of the rotor in the stator windings. [2, p. 5]
F=1-1xB (2.1)

2.3 Operating Modes

As discussed in chapter to create a movement on the rotor, the stator field has
to rotate. This rotation of the field can be achieved by different commutation algo-
rithms. The simplest commutation algorithm is the block commutation, followed by

the sinusoidal commutation but the most sophisticated way is the field oriented control.

2.3.1 Block commutation

Block commutation is the simplest method for driving a BLDC motor. Usually this
commutation technique is done using hall-sensors or back-EMF position sensing method.
In block commutation mode, one phase is positive energized, one negative and one phase

is floating. When the hall switch pattern changes, the next phase will be energized and
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2.3 Operating Modes

another one is floating. This principle is shown in figure In this sequence, every
hall pattern results in a defined output pattern for the motor phases, shown in table
for one direction. In order to change the velocity of the rotor, the amplitude of the
applied voltage has to be changed. A higher amplitude results in a higher velocity of
the rotor. This is typically done with pulse width modulation of the ”high” amplitude.
When the three windings are connected in a star configuration, applying a positive
voltage U on one phase and ground on another phase, the current will flow through
both windings and if neglecting the back-EMF voltage, this would result in a star point

voltage of % This way one winding is positive and the other one is negative energized.

Hall Sector H1 H2 H3 U V W
3 1 1 0 X L H
2 0 1 0 H L X
6 0 1 1 H X L
4 0 0 1 X H L
5 1 0 1 L H X
1 1 0 0 L X H

Table 2.1: Block commutation sequence

2.3.2 Sinusoidal commutation

The main difference between the block commutation and the sinusoidal commutation is
that instead of just applying static voltages on the windings, a sinusoidal voltage is used.
This results in a smoother movement of the rotor as it reduces the torque ripple but
increases the switching losses in power stage. The frequency of the sinusoidal voltage
is defined by the speed of the rotor. For this commutation method, the position of
the rotor has to be known more precisely. If using hall sensors or sensorless rotor
position sensing (e.g. with a back-EMF estimation, as the phases are never floating in
sinusoidal commutation), the angle between the fixed points have to be interpolated,
which is affecting the efficiency of the motor. Figure is showing the voltages applied
to the phase inputs and the mathematical difference between them, which results in a

sinusoidal voltage across the windings.

14



2.3 Operating Modes

“ I I |
| |
Hall 1 i i i
! ! ! -
- T >
| | | | |
U I I I I I
T : ‘ : :
| | p——
Hall 2 | | i i
l 1 : 1 »
I I I I I
| | | | |
u I I I I I
| ! !
I T T
Hall 3 | | |
| | |
T ' f f P deg
0° 30° 60°  90° 120° 150° 180° 210° 240° 270° 300° 330° 360°
| | | | |
Hall
Decimal ( 3 2 6 4 5 1 ‘ 3 5
| | | | |
u i I I I I
| Vior | | ) | |
PhaseU | _ - T " \ﬂoatlng ! !
i | | | ~ | i .
(terminal) ! ! ! ~ | ! — -~
f i i i i i =
u i i i i i
| | | | |
I I i *
Phase V ! LT : NN
(terminal) | - | | | ~
>
T T T T T T >
| | | | |
U | | | | |
A l i i i ]
] D ————
Phase W ™« | | | -7
(terminal) } ~ ~ } | i -~ - }
I . . . I >
T T T 1 Ll
0° 30° 60°  90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

Figure 2.3: Block commutation - commutation sequence depending on the hall switch
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2.3 Operating Modes

2.3.3 Field Oriented Control - FOC

Field Oriented Control is the most advanced control method for brushless DC motors.
With FOC it is possible to implement a torque or position control as well as a speed
control. FOC is the most efficient way to control a motor, but requires the most math-
ematical processing power. The basic idea behind FOC is that the three phase signals
will be converted into two rotor referenced values. The output itself is similar to the
sinusoidal commutation, as it generates sinusoidal voltages on the windings. The goal
of FOC is to separately control the torque building and magnetic flux generating stator
current components [20, p. 4-5]. In order to decouple these components, several math-
ematical transformations are necessary. Figure [2.5] shows an overview of the blocks,

which are needed for a field vector control. As it can be seen the phase currents and

i Current
i | _Sensing
i Current
i |_Sensing

Current
| Sensing

the rotor position have to be known for FOC.

output modulation blocks

Id‘ L -
«
- | P-Controller Inverse ™| Cartesian N/
Park to Polar
U
Wref 6 Speed + lq Va,| Transform V_B' Transform* _|> PwM
— > % Pl-Controller d PI-Controller

*... Block may not be needed (depending on SVM algorithm)

Position
Sensing

4

Speed
Calculation

a

Park | Clarke |

Transform s Transform

Figure 2.5: FOC commutation - Principle concept of a FOC control

The first coordination transfrom is called the ”Clarke” transform and is moving
the three-axis and two-dimensional coordinate system into a two-axis system. The
transform removes the redundancy of the three phase system and this resulting two-
axis system is keeping the same reference - the stator. Figure 2.6] and equation is

showing the transform of the individual phase currents into the «, 8 domain. [21] p. §]

to = Ty
1
i = 7 (i + 20) (2.2)

Ty + ty + i =0
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2.3 Operating Modes

ly
| y
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Clarke | v
Ig Transform
Iw
—

lw
Figure 2.6: Clarke Transform - transformation into two dimensional «, 8 domain

The next step is the Park transformation, shown in figure and equation [2.3
With the Clarke transform, the stator currents are represented in a two axis and stator
referenced orthogonal coordinate system. With the Park transformation, this stator
coordination system (SCS) is rotated with the angle of the rotor and is then referenced
by the rotor. This rotor coordinate system (RCS) is called the d-q axis and ¢ is the
rotor angle. Figure [2.8 shows the location of the d-q axis in the rotor with 2 poles. For
constant speed and constant torque operation, the currents I, and I; are stationary
in the RCS and therefore easy to control. The inverse Park transform is used for a
conversion from the RCS to the SCS. Equation [2.4]shows this relationship from the d-q
system to the «, § system. [2I], p. 8] [22, p. §]

ig = i cos (@) +igsin (p)

(2.3)
iqg = —iqsin (@) +igcos (¢)

Vo = Vg cos () — Vg sin (@)
(2.4)
Vg = Vgsin (@) + V; cos (¢)

(pl q A
lg | IB ,,,,,,,,,,,,,,,,,, IS
- a :
o« : d
Park :
lq | Transform | | :
- l——— |q ild O]
! >

Figure 2.7: Park Transform - transformation from SCS to RCS
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2.3 Operating Modes

Figure 2.8: RCS - location of the d-q axis in the rotor with 2 poles

As I, and I; is stationary in the RCS, they can be easily controlled with PI con-
trollers. I, is the torque generating current in the rotor as it is orthogonal to the PM
magnetic field. For a maximum torque per ampere control if Lg = Ly, 14 is controlled
to 0. It is also possible to control the I; to negative values. This mode is called ”Field
weakening mode” and is used to extend the operating speed of the motor. Equation
shows the mathematical representation of the PI controllers. The input signal e(t)
is the error signal, which is the deviation between the reference value and the actual

value. [22, p. 9-10]

Ut) = K, - e(t) + K; - /Ot o(r)dr (2.5)

The final step in the FOC process is the output modulation, which applies the volt-
ages on the phases according to the input voltage vector Ug. One of these modulation
schemes, is the Space Vector Modulation SVM. Depending on the implementation of
the SVM, it could be necessary to calculate the vector from the V, and V3 values with

the Cartesian to Polar coordinate system transformation shown in equation [2.6

|Us|:1/V(3—|—Vﬁ2

B Vs (2.6)
© = arctan <Va>
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2.3 Operating Modes

For applying these voltages on the windings, pulse width modulation is used. The
SVM calculates the appropriate duty cycle values for each phase output stage. The
space vector diagram shown in figure 2.9] is describing the six possible sectors of the
output stage. The desired output vector U can be generated by superposition of two
phase voltages. The energized phases are determined by the sector of the output vector
(Sector A-F). As shown in the figure, the maximum output voltage of a SVM could be
in a hexagonal shape. For a sinusoidal output, the amplitude of the voltage vector Uy
has to be limited to fit a circle in this hexagon. Using the maximum output voltage
of the SVM (hexagonal shape) is called over-modulation and could generate a higher
torque. Using over-modulation results in a higher torque ripple and higher losses in
the machine, as the output voltage is not sinusoidal. The two passive vectors exist, if

all phases are shorted, either with the high-side or the low side switches of the output

inverter.
m Active Vectors
\ v V1i: 100
' V2: 110
“/N V3: 010
V4: 011
V5: 001
[011] ioo;  V6: 101
X m Passive Vectors
VO0: 000
V7: 111

B Six Sectors
A B C D, E F

Figure 2.9: SVM - Space Vector Diagram [22] p. 16]
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3
Sensing - angle

As discussed in chapter a reliable and precise rotor position sensing is essential
for an efficient control of a brushless motor. As shown in figure [1.8] angle sensors can
be classified by their measuring principle. There exist optical, magnetic and inductive
measurement methods, which are used in motor control applications. The accuracy
requirements depend on the motor application and is shown for the different sensing
techniques in table Optical encoders cause higher costs but do also have a higher
accuracy (absolute encoders) than other sensing methods [3, p. 122]. The rotor position
sensing can be either in the motor, or externally on the motor shaft. Another distinction
can be made with absolute and relative encoders. With absolute encoders, the position
of the rotor is known at any time. With relative encoders, the rotor angle is only known

once per revolution and has to be calculated from the incremental steps in between.

Encoder type Principle  Accuracy
Resolver Inductive 40.16°
Encoder Optical +0.16°
Sin-Cos absolute encoder Optical +0.03°
TLE5012 Magnetic max. +1°

Table 3.1: Comparison of the accuracy of different encoders [3, p. 122], [, p. 23]

20



3.1 Resolver

3.1 Resolver

The resolver makes use of an electromagnetic inductive sensing principle and consists
of a single-phase rotor winding and depending on the number of pole-pairs, two-phase
stator windings. Figure[3.1]shows the construction and cross-section of a resolver. With
the coupling between the rotor and the stator phases, the angle of the rotor shaft can
be calculated. Resolvers are supplied and evaluated by an electronic circuit but do not
need any additional electronic components. Due to this fact, resolvers are very robust
compared to other sensing techniques, especially in high temperature and vibrational
environments. Another advantage of the resolver is that it is supplying the absolute
angular position information of the rotor immediately at start-up. The requirement for
this is that the number of pole-pairs in the resolver has to be an integer multiple of the
number of pole-pairs of the motor. The information of the rotor position is included
in the induced sinusoidal voltages on the stator which are shifted by 90°. The angle of
the rotor can be calculated with equation [3, p. 122-124]

V.
m = tan~' [ " 3.1
o =tan™ () (3.1)

Housing  Ring transformer
s / Stator winding 2

-IM]IMI‘-!-i'I Rotor winding
li=E

Motor shaft

Figure 3.1: Resolver - principle construction and cross-section [3, p. 123]

3.2 Incremental Optical Encoder

The incremental encoder uses an optical technique for detecting the rotor position. This

technique provides electrical pulses if the rotor is moving. On the shaft of the optical
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3.2 Incremental Optical Encoder

encoder, a rotor disc is mounted with optically transparent slots or a reflective pattern.
On one side of the disc, a light source is emitting a light beam, which is then sensed
on the other side of the disc with optical sensors or on the same side of the disc if a
reflective pattern is used. Figure[3.2|is showing the principle mechanical construction of
an optical incremental encoder with transparent slots. If the disc is rotating, the light
beam is modulated and generates rectangular pulses on the output as shown in figure
In order to detect the direction of the rotation, there is a second light-beam and
sensor placed with an angular offset (light source A and B in figure . Depending
on which signal is leading, the direction of the rotation can be determined. With the
A and B tracks, only a relative movement of the rotor can be detected. In order to
have a reference of the absolute position of the rotor, another track is implemented
on the rotor disc. This track has only one slot and one light source - sensor pair and
is called the index track (light source Z). With this single pulse per revolution, the
absolute position of the rotor is known. The resolution of the encoder is determined

by the number of slots in the rotor disc. [23] p. 287-289]

Photosensors

Fixed
Reference
Axis (6 =0) 2]

Rotating axis

8,/4

Figure 3.2: Incremental Encoder - principle construction of an optical incremental
encoder [23] p. 288]
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3.3 Magnetic Angle Sensing
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Figure 3.3: Incremental Encoder - output signals generated by a incremental encoder
for clockwise CW and counter-clockwise CCW direction [23] p. 289]

3.3 Magnetic Angle Sensing

Another principle for measuring the rotor position is the magnetic angle sensing. The
main technique of this principle is to measure the orientation of a magnetic field. This
magnetic field is generated with a permanent magnet and is linked to the rotor. This

magnetic sensor could use a hall or magneto resistive effect (xMR) based technique.

3.3.1 Hall effect

The hall effect is one of the most widely used effect in sensing magnetic fields. Figure|3.4
is showing the principle of the hall effect. If a magnetic field is applied perpendicularly
to an, electrical current carrying thin sheet of material, this field creates a transverse
force on the moving electrons and is pushing them on one side. The charges of positive
polarity will be pushed to the other side. This generates a measurable voltage across
the thin material according to equation I is the current flowing through the
thin material, B is the applied magnetic field, n is the charge carrier density, e is the
elementary electronic charge (1.602 - 1071 C) and d is the thickness of the material.
Figure shows the measuring principle of a hall effect angular position sensor. [24]
p. 36-37]

(3.2)

Viai =
“ n-e-d
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3.3 Magnetic Angle Sensing

Fz - transverse force on the moving
charge carriers exerted by the
magnetic field

Fe - electric field created by the
separation of charges

Figure 3.4: Hall effect - principle of the hall effect [24] p. 37]
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Figure 3.5: Hall effect - position sensor with hall effect [25] p. 329]
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3.3 Magnetic Angle Sensing

3.3.2 Magneto-Resistive Effect

Magneto-Resistive effect means that an applied magnetic field results in a change of

resistance of a ferromagnetic material. [26], p. 583-584]

3.3.2.1 AMR

The anisotropic magneto-resistive (AMR) effect is the dependency of the resistance
of a material on the angle o between a current in a ferromagnetic material and the
magnetization as shown in figure The relationship between the resistance and the
angle of the magnetic field can be described as stated in equation [3.3] The maximum
resistance is reached at a = 0° and the minimum at o = 90°, but the overall resistance
change ARAyr ~ 2 — 3%. Angle sensors which use the AMR principle have only a
angle detection capability of 180°. [26, p. 583-584] [27, p. 2]

Ry = Ry + ARcos® a (3.3)

H extern

M
o Kx -
J
Permalloy

80% Ni / 20% Fe

Figure 3.6: AMR - principle of the anisotropic magneto-resistive effect [27) p. 2]

3.3.2.2 GMR

For the giant magneto-resistive (GMR) effect, a layered system is needed. This system
consists of two magnetic iron layers (FM1 and FM2) separated by a thin non-magnetic
layer (NM). Depending on the thickness of this isolation layer, the magnetic orientation
of the two outer layers is either parallel or anti-parallel. With the anti-ferromagnetic
layer (AFM), the magnetic direction of the reference layer FM1 is fixed. The magneti-
zation direction of the upper free layer can be influenced by an external field and can

rotate. This rotation of the external field changes the direction of the magnetic field
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3.3 Magnetic Angle Sensing

of these two layers from parallel to anti-parallel, which changes the resistance of the
system as shown in figure due to the GMR effect. If the electric charge carriers hit
obstacles or are deflected (scattered) the resistance of a material increases. The charge
carriers of a materials can either have a spin-up or spin-down state. If the material
is now ferromagnetic, one of these carriers are a majority and the other one are the
minority. If the number of spin-up and spin-down carriers is equal, the material is not
ferromagnetic. Usually the spin of an electron does not influence the transportation
of electric current but in narrow geometries, it has an influence, especially with the
presence of a magnetic field. As the GMR layers are only a few nanometres thick,
the ability of charge carriers to scatter and thereby switch the spin decreases. If now
electrons are moving through this GMR layers, a spin-up electron can strike a layer
containing a predominance of spin-down electrons. If this occurs, a scattering on the
interface occurs at a high probability and will increase the resistance. If the charge
carrier and the GMR layer have the same magnetization vectors, there will be almost
no scattering, resulting in a lower resistance. This effect is shown in figure [3.8] The
number of GMR layers can increase the resistance change, more layers result in a higher
AR. [28, p. 88-89] [29, p. 56]

The sensitivity of GMR effect sensors, which dependent on the rotation of the magnetic
field is higher than the AMR effect sensors and in a range of ARgyr ~ 4 — 10%. The
minimum resistance is reached when both fields are in parallel direction at a = 0° and
the maximum resistance can be achieved at an angle a = 180°. The dependence of
the resistance on the magnetic direction is shown in equation Angle sensors which
are using the GMR effect have an unambiguous 0...360° angle detection capability if
using two GMR  cells, which are oriented orthogonal to each other. For measuring the

resistance two Wheatstone bridges are used for the sin and cos outputs, as shown in
figure 3.9 [26, p. 584] [27, p. 2]

AR(1 — cos )

R, =Ry + 5

(3.4)
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3.3 Magnetic Angle Sensing
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Figure 3.7: GMR - dependence of the resistance on the orientation of the magnetic field

[29, p. 56]
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Figure 3.8: GMR - Resistance change of the GMR system depending on the charge
carrier spin [28, p. 89]
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3.3 Magnetic Angle Sensing
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Figure 3.9: GMR - angle sensor using the GMR principle with two measurement bridges.

[29, p. 57]

28



3.3 Magnetic Angle Sensing

3.3.2.3 TMR

In a Tunnelling Magneto-Resistive (TMR) cell, the intermediate non-magnetic layer
of a GMR system is replaced with a thin insulating layer of metal oxide as shown
in figure 3.10f With the quantum-mechanical tunnel effect, small currents can flow
through the insulating layer when an appropriate voltage is applied on the outer layers.
This tunnel current depends on the spin of the tunnelling charge carriers. This spin is
dependent on the relative magnetization of the two outer magnetic layers. A parallel
magnetization leads to a higher current than anti-parallel magnetization. This results
in a change of the electrical resistance depending on the direction of the outer magnetic
field. The benefit of TMR, elements over GMR elements is the higher sensitivity but
on the other hand, the higher complexity in manufacturing is the main disadvantage.
The relationship between the angle of the field and the resistance is the same as in a

GMR sensor (according to equation but the sensitivity is much higher: ARpp g ~
50 — 200%. [28, p. 89] [27, p. 2]

current

Figure 3.10: TMR - construction of a TMR cell [28] p. 89]

3.3.3 End of shaft angle sensing

As discussed in the previous chapter there exist several methods for measuring the angle
of a magnetic field. This field is usually generated with a diametrically magnetized
permanent magnet. If this magnet pill is positioned at the end of the rotor shaft with
a sensor on top of it, it is called end of shaft angle sensing. The mechanical set-up of
a end of shaft sensing method is shown in figure The main disadvantage is that
one end of the rotor shaft has to be available, which is sometimes not possible from a

mechanical point of view.
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3.3 Magnetic Angle Sensing

sensor

magnet pill

Figure 3.11: End of shaft - position sensing technique

3.3.4 Out of shaft angle sensing

The other method for measuring the angular position of the rotor is the out of shaft
angle sensing method. This method is using a diametrically magnetized permanent
magnet ring which is placed on the rotor shaft as seen in figure The sensor itself
is out of the axis of the rotor shaft and measures the field of the ring magnet. This
solution has the advantage that no end of the rotor shaft has to be accessible but needs

more computing power and is more susceptible to stray fields.

/ sensor

shaft

magnet ring

Figure 3.12: Out of shaft - position sensing technique
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4

Sensing - current

4.1 Methods

Besides the angular position of the rotor, another information is needed for an efficient
motor control - the phase currents as discussed in chapter [1.1.3.2] For measuring the

current, different techniques could be used.

4.1.1 Precision Resistor

The most traditional method for current sensing use a precise power resistor. The volt-
age drop across this resistor is amplified with an operational amplifier and the voltage
is then measured with an analog-digital converter of a microcontroller. The tolerance of
the resistor value, the temperature dependence and the influence by the inductance of
the resistor are defining the accuracy and bandwidth of this measurement. The value of
the resistance of the shunt resistor depends on the desired current measurement range
and the amplification factor. A higher gain and a lower resistance would result in an
increase of noise on the signal. On the other hand higher resistance values and lower
gain would improve the signal to noise ratio SNR but the power losses would increase.
Therefore this trade-off has to be considered when dimensioning the system. Another
drawback is that a shunt-measurement is not galvanic isolated for the case that special
isolation requirements are needed. Depending on the voltage levels of the shunt resistor,
the operational amplifier has to be selected appropriately (common-mode range). To

keep this voltages at low level, a current measurement with precise resistors is usually
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4.1 Methods

done in the low-side path. One big advantage is the lower cost of this sensing princi-
ple but sometimes a shunt-current measurement is not possible or impractical due to
the disadvantages discussed before. Figure shows the current measurement with a

precision shunt resistor in the low side path with filtering and offset compensation.

i

igh side switch

To motor phase

To MCU ADC pin

Figure 4.1: Shunt current measurement - principle of a current measurement with

precision resistors in the low side path of an inverter[30, p. 1]

4.1.2 Electromagnetic Current Transducer

Electromagnetic current transducers use a magnetic circuit to concentrate the magnetic
field created by a current through a wire. This magnetic field is proportional to the
current and can be measured with secondary windings or with a hall element. In
figure [£.2] the concentrated field is measured with a hall element. The hall voltage is
proportional to the current and can be measured easily. One benefit of this method is
the galvanic isolation and no insertion losses are implemented with this technique. The
main disadvantage of this method is that a magnetic core is needed and therefore the

overall mechanical size is higher. [31]

4.1.3 Coreless Hall Effect Sensor

Another principle is to directly measure the magnetic field generated by the current
without the flux concentrator. This magnetic field can be measured with a magnetic
sensor, e.g. hall plates. With this sensing technique the size of the sensor can be

significantly reduced and the sensor does not have the hysteresis effect of a core. A
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T+v.

|

[} Ve I
ov
Primary current IP Isolated output voltage

Figure 4.2: Electromagnetic current transducer - principle of the LEM open-loop
hall-effect transducer [31], p. 1]

galvanic isolation between the current rail and the interface is possible as well. Figure

shows the structure of a coreless hall effect current sensor in a SMD package.

Figure 4.3: Electromagnetic current transducer - principle of the Infineons coreless

hall-effect current sensor [32]
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Implementation

5.1 Scope

The scope of this project is to develop an electric drive demonstrator for Infineon
advanced sensor solutions for high performance motor drive implementations. Be-
sides the demonstration effect for different sensing technologies, the development of the
demonstrator shall also help to develop system expertise in the area of motor control,
especially with respect to feature set and performance requirements of the individual
sensors. As a side aspect, the demonstrator can be used to evaluate new concepts for

sensing solutions.

5.2 Requirements

The drive demonstrator shall consist of two individually controlled and coupled BLDC
motors. One of these motors is used as an active brake and shall feed back into the DC
current rail. Furthermore the control of the testbench, as well as the selection of differ-
ent commutation methods, shall be possible in graphic user interface (GUI). Different
rotor position and phase current sensing techniques shall be used in the demonstrator.
For including a reference angle measurement, an optical incremental encoder shall be
implemented as well. The demonstrator shall be sized so, that it can be used for trade
shows and customer visits, thus the mechanical outlines, selected voltage levels, weight
and power demand shall be sized to enable a simple installation and operation of the

demonstrator.
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5.3 Motor Selection

5.2.1 General Conept

The general concept of a motor control application is shown in figure [5.1] The system
consists of a hardware with a microcontroller unit (MCU), a pre-driver with mea-
surement signal conditioning unit and a power stage. The main sensor application in
this system is the phase current measurement and the angular position sensing. The
pre-driver is the interface between the MCU and the output power inverter. For the
demonstrator two of these systems are required, one for the drive motor and another
one for the load motor. These two motors are coupled with an auxiliary shaft, which

can be used for implementing other sensing techniques.

In-phase
PC Control Current
’,\Sensor
A M\ Angular Sensor _Hall Sensors
N ““ . |
Control Pre-Dri . A bt
ontl || Prerver | | poyer | | || /////“/
(MCU) Conditioning Stage (e -
()
A A

Current feedback v

Rotor position feedback v

Figure 5.1: Motor Application Concept - General application concept of a motor

system

5.3 Motor Selection

For selecting the motor, different parameters have to be considered. First of all, the
mechanical size of the complete testbench should be portable for trade shows and
customer visits. The nominal voltage of the motor should be in the safety extra-low
voltage range, which requires no special isolation. The nominal current range of the
motor is defined by the demonstrated current sensor and should be in the range of 50A.
The maximum speed of the motor should be in a range of 3000 —4000rpm. Furthermore
the motor should have a double shaft configuration. With these requirements, the
selection of suitable motors is narrowed. Two different appropriate motors have been

selected:
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5.4 Mechanical Implementation

1. Dunkermotor BG75x50
2. Ohio Electric Motors - Frame 42

Table [5.1] is showing the parameters of both motors.

Parameter Dunkermotor BG75x50 Ohio Electric Motor 42
Nominal Power 500W T40W
Configuration double-shaft

Weight 2,2kg 12,3kg
Magnets neodymium ferrite

max. speed 3700rpm 3600rpm
Nominal current 21,2A 52A
pole-pairs 4 2

Nominal Voltage 24V

Table 5.1: Parameters of selected motors according to the datasheets [5], [6]

5.4 Mechanical Implementation

5.4.1 Requirements

With the selection of the motors, the overall size of the testbench is determined. The
motors shall be mounted on a base plate which allows the flexibility of different motor
configurations. Furthermore the motors shall be coupled with elastic shaft couplers
and shall support the insertion of a sensor setup onto an auxiliary shaft. All rotating

parts shall be covered with a transparent cover.

5.4.2 Concept

Figure shows the mechanical construction concept with the two coupled motors on

a base plate.

5.4.3 Actual Implementation

Figure [5.3|shows the mechanical construction of an Ohio Electric Motor and a Dunker-

motor mounted on the baseplate. The baseplate is made of a aluminium strut profile
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5.4 Mechanical Implementation

Drive Motor Sensor Setup 1 Shaft Coupler Load Motor
(BLDC) Magnetic Wheels (e.g. DC or ACIM)
Double Shaft Sensor DUTs Single Shaft

Bottom Plate

Sensor Setup 2 (end of shaft)
- Sensor

- Interface PCB

- Suspension

Figure 5.2: Mechanical Concept - Concept of the construction

which allows flexible motor configuration. The Dunkermotor and the bearings are
suspended with aluminium brackets. The protective cover is indicated with blue color.
The rear shaft of the Dunkermotor is used to mount the encoder and End-of-Shaft rotor
position sensor, which will be discussed in chapter Another configuration with
two coupled Dunkermotors is shown in figure To compensate mechanical alignment
tolerances of the whole system, flexible shaft couplers are used. These couplers only

compensate misalignment but they support a torsion proof connection.

o O

\\\\\\\\\\\

Figure 5.3: Mechanical Implemenation - Dunkermotor and Ohio Electric Motors

configuration with protective cover
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5.4 Mechanical Implementation

Dunkermotor BG75x50 Dunkermotor BG75x50

ﬂ

T .. N rmr  reaO

Figure 5.4: Mechanical Implemenation - with two Dunkermotor

5.4.3.1 EOS Encoder

Special care had to be taken for the end of shaft and encoder angle sensing on the rear
shaft of the Dunkermotor as the available space is limited. The overall construction can
be seen in figure [5.5} For the rotor angle position reference sensing, a Baumer GI342
incremental encoder with 2048 pulses and a hollow shaft has been chosen. The rear
shaft of the motor has been extended with an aluminium interface, which is holding
the magnet for the end of shaft angle sensing. The PCB is hold in place with threaded

rods, which allow a variation of the airgap between sensor and magnet.

5.4.3.2 Final Setup

The final setup shown in figure 5.6l The setup consists of the Dunkermotor on the left
side and the Ohio Electric motor on the right side. Two individual hardware sets are

mounted on the bottom of the testbench.
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h_A Section A-A

Baumer GI342.A707129000

Encoder Interface

. N\ Dunkermotor
e Rev 1.0
20/12/2013
SEV/

Mounting Plate

I
| Motor
I

Figure 5.5: EOS and Encoder - mechanical construction of EOS sensing and encoder
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5.4 Mechanical Implementation

Figure 5.6: Mechanical Setup - the mechanical construction of the Dunkermotor and
the Ohio Electric motor
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5.5 Hardware

5.5 Hardware

5.5.1 Requirements

The motor bench consists of two BLDC motors, therefore two individual hardware
setups are needed. As one of this motor should be used as load motor, the output
stage should allow to feed back the current into the supply rail. The key focus on
the testbench is to evaluate different sensing principles in drive applications. The dif-
ferent sensing applications are: angular position sensing, rotor position sensing with
hall switches and phase current measurement. To enable a full flexibility in terms of
power capability and sensor interfaces, both the output power stage as well as the
sensor interface boards shall be implemented on separated boards that connect to the
mainboard through a standardized connector. The configuration management shall be
performed by the mainboard. With the selection of the motor, discussed in chapter
the voltage capability of the output power stage should be 24V and the current
capability 50A.

In order to maximize the flexibility, a spare general purpose sensor interface bus (SIB)
shall be implemented on all boards for extendability. The SIB should support inter-

connections between the sub-boards, as well as connection to the MCU.

5.5.2 Concept

The general hardware partitioning is shown in figure The mainboard is connected
and controlled via a USB connection to the PC. The pre-driver which generates the
gate signals for the B6 power inverter stage is also placed on the mainboard. The
PWM output signals and an SPI connection is used to interface the pre-driver. The
pre-driver includes operational amplifiers for shunt current measurement signal condi-
tioning as well. The output B6 power stage is implemented on a separate board which
is connected to the mainboard. Different current sensing methods require the insertion
of different sensor elements into the high current loops. Therefore the current sensing
is implemented on the B6 inverter board and different interfaces are foreseen. For sup-
plying the high currents to the inverter stage, the B6 output board has an own supply
interface.

In order to automatically detect the different sub-boards which are connected, each sub-

board includes an EEPROM. In this EEPROM the board type will be programmed

41



5.5 Hardware

and should be read out by the mainboard on startup. Therefore on each sub-board an
I?C interface is needed to read out the EEPROM.

The speed sensor board is the interface board for the hall switches and the reference
speed measurement. An interface for a resolver is foreseen, but not used in the demon-
strator, as an incremental encoder is used. The hall switches of the motor will also be
interfaced with this board.

The general purpose connector is used for interfacing different sensor sub-boards. The
boards should be connected in daisy chain configuration, which allows a maximum
extendability. For the end of shaft measurement which should be implemented, an
additional interface board is used.

As the implemented current sensor only supports the SPI interface, but should be read
out as often and fast as possible a separate SPI interface is used for the inverter board.

For the communication with the other boards, a second SPI interface is used.

5.5.2.1 Supply Concept

With the different voltage domains used in the demonstrator, special considerations
have to be taken for the supply concept. Figure [5.8] shows the supply concept of the
demonstrator. Signals which are going off-board, shall be buffered with an auxiliary
voltage of 5V. These voltages are generated with a voltage tracker device. The mi-
crocontroller has a supply voltage of 3.3V and therefore voltage level translators have
to be used for all communication signals. Another level shifter is needed on the sen-
sor boards to translate the bus voltage to the levels needed by the sensor. With this
topology maximum flexibility is achieved as the signals are translated to appropriate
voltage levels directly at the sensor board. As the demonstrator should work with only
one supply voltage level, a DC/DC converter is used to generate a 9V supply rail. A
9V rail is used because this voltage is in the operating range for the PSI5E| interfacing

protocol.

1PSI5 is a common interface protocol developed for airbag ICs
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5.5 Hardware

5.5.3 Actual Implementation

5.5.3.1 Microcontroller

One central part of the drive demonstrator hardware is a powerful microcontroller.
Infineon Technologies offers a wide range of different controllers but for this system,
the XMC4500 is used. The XMC4500 has a powerful 32bit ARM Cortex-M4 core which
is running at 120MHz clock frequency. 1024KB on-chip flash memory and 64KB on-
chip high-speed data memory is included as well as a USB 2.0 interface and various
ADCs and DACs. The computing power of the controller is more than sufficient for
the complexity of the software. The controller only needs one 3.3V supply voltage and
one crystal oscillator. [33]

As the number of I/Os is not sufficient for the complexity of the application, a port
extension for outputs and inputs is needed. Due to the serial to parallel conversion,
the access time on these ports is relatively high. Therefore these ports are only used
for non time critical functions. The serial to parallel logic is interfaced with an SPI
interface of the MCU as shown in figure U6 and Ul1 are the serial to parallel shift
register for the output extension and U7 is used for parallel to serial conversion for the
inputs. As the MISO Line of an SPI interface is usually an open-drain line, a TriState
Buffer (U8) has to be implemented.

output ports

To the MCU J
bo to the MCU
- [IE [T qarus [eDL l"/
. .

Figure 5.9: Schematic Port Extension - schematic of the port multiplexer

5.5.3.2 PreDriver

Another essential component of the mainboard is the pre-driver device. The Infineon
TLE9180 - 3-Phase Bridge Driver IC has been selected. It is completely configurable via
the SPI interface, supports 100% duty cycle output and has an operation voltage up to
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5.5 Hardware

60V. Furthermore it also includes three flexible operational amplifiers for shunt current
measurement signal conditioning. With the TLE9180 several protection functions are
implemented as well, e.g. voltage supply monitoring or failure detection of the output

stage. [34]

5.5.3.3 Supply

As discussed in chapter different supply domains are used in the demonstrator.
Figure [5.10] shows the schematic of the power supply on the mainboard. The 9V rail
is realized with a DC-DC Step-Down Voltage Regulator TLE8366, which supports an
adjustable output voltage and a maximum output current of 1.8A. [35] The voltage
can be adjusted according to equation

R6 + R7 12k 4+ 820

06V gy . =i redl g 1
Vo= 0.6V — 0.6V = 9.38V (5.1)

The general 3.3V supply voltage for the mainboard is generated with a linear voltage
regulator TLE42744 (U3). The regulator is supplied either from the 9V supply rail or
if an additional supply is not present, via the USB interface. The sensor interface bus
is using 5V signal levels and therefore a voltage tracker has been foreseen. The used
voltage tracker TLE4254 (U18) supports an adjustable output voltage. This 5V rail
is generated with respect of the 3.3V as the tracker supports a higher output voltage

than the reference voltage. The output voltage can be calculated according to equation

R8 + R9 2.7k + 5.1k
_ 331, _ 331 . 5. 2
Vpus =33V~ 33V T 5.05V (5.2)

As the sub-boards could use either a 5V or 3.3V supply voltage, an additional
voltage tracker is used to buffer the 3.3V voltage reference for the voltage supply on

the sub-boards. As 5V reference the SIB bus voltage is used.

5.5.3.4 Bus voltage level translation

All digital I/Os are level shifted from the 3.3V MCU supply voltage to the 5V bus
supply voltage and vice versa. One limitation is that the selected level shifters (TI
SN74LVC8T245) are only unidirectional, this means that data on one port can only

be transmitted or received. For the analog inputs a protection circuit is implemented
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Figure 5.10: Supply Schematic - mainboard supply schematic
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5.5 Hardware

to protect the microcontroller from voltages higher than 3.3V as well as voltages lower
than OV. The protection circuit realized with Schottky diodes and additional low-pass
filters can be seen in figure [5.11]

MCU input Signals ADC input from Board

Pl bl
[~
[*

&% |5 |5 5.5 5. 5
BE Ra BERE Ra Ba fa Ba R

Figure 5.11: Analog Schematic - analog inputs protection and filtering

5.5.3.5 B6 power inverter sub-board

In order to address different current measurement techniques, two separate B6 inverter
boards are created. One board uses the shunt current measurement and the other one
uses an in-phase current measurement with current sensors. The different options for a
current measurement can be seen in figure[5.12] Boards for option 1 and option 3 have
been developed for the demonstrator. Option 1 shows the principle of the shunt current
measurement in the low-side path of the inverter. With this method the current in the
phase is measured indirectly and have to be calculated depending on the switching
state of the output MOSFETs. With option 3 the phase currents are measured directly
with the Infineon TLI4970 hall effect current sensor.

Figure [5.13| shows the schematic of the B6 inverter board with shunt current mea-
surement. The measured voltage from the shunts are filtered and will be amplified
in the pre-driver. Three 1000uF electrolytic capacitors are used to buffer the supply
voltage. The power inductor L1 and the capacitors C40 and C41 form a Pi-Filter.
With this filter noise caused by the fast switching of the inverter MOSFETsS is filtered.
The MOSFET used in the inverter stage is the Infineon IPLU300N04S4-R7, which is
specified for a Vpg = 40V and an Rpge, = 760u82. [36]. For limiting the slew-rate

(%) of the switching MOSFETSs, gate series resistors are used. The capacitors between
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— — |

Option2 __ Option 3

Figure 5.12: Current measurement - general hardware partitioning

the gate-source and gate-drain terminals of the inverter MOSFETs (e.g. C2, C11 at
MOSFET Q1) can be used for further decreasing the slew-rate, but are not used in
the current hardware. In order to be able to decrease the deadtime, which is the time
between the switching of the high-side and low-side FETs, a non-symmetric discharge
circuitry is used. The switching time to the ON-state of the FET is limited by the
series resistance and the switching to the off-state is done faster via the diodes parallel
to the resistors.

The other B6 inverter board is very similar to the first one, but instead of using three
shunt resistors in the low side path of the inverter, three current sensors are directly
measuring the phase currents. For the current sensor the coreless Infineon TLI4970 is
used, which supports a measuring range of £50A within an accuracy of £1% [32]. The
current sensor can be read out via an SPI protocol, but for programming the device,
the Serial Inspection and Configuration Interface (SICI) has to be used. Therefore the
SICI interface is implemented as well.

As the B6 inverter stage is also used for the load motor to feed back to the DC
current rail, a overvoltage protection has been included. During dynamic speed changes
of the drive motor and due to the inertia of the whole system, it could be possible that
current is fed back to the supply rail without energy absorption by the drive motor.

If this state occurs, the voltage of the DC rail could raise and damage the system.
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Figure 5.13:

Inverter schematic - B6 output stage with shunt current measurement
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To prevent this, the rail will be loaded with a resistor by the overvoltage protection
circuit, if the voltage exceeds a defined value. Figure shows the schematic of the
overcoltage protection. If the supply voltage exceeds the zener voltage of diode D3 and
D5, the power MOSFET Q7 will be switched on. A hysteresis prevents an oscillation
of the switch. The protection circuit is implemented on the B6 inverter board, but has

not been tested.

Figure 5.14: Overvoltage protection - circuitry for protecting the supply rail from

ramp-up

5.5.3.6 Speed Sense Sub-board

The Speed Sense sub-board is used for interfacing the incremental encoder and the
hall-switches of the motor. To enable the operation of the sub-board, the module has
to be activated, in order to enable the power supply of the sub-board. Depending on
the reference voltage of the voltage tracker, the sub-board could be either supplied with
3.3V or 5V. Figure [5.15] shows the schematic for the power supply of the sub-board.
This supply schematic is the same for all sub-boards, except the speed sense board

where the additional 12V rail is generated for supplying the incremental encoder.

5.5.3.7 Angle Sense Sub-board

For interfacing the different sensors, several boards can be connected on the General

Purpose connector. One of these general purpose boards is the angle sense sub-board,
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o

Figure 5.15: Supply schematic - sub-board supply schematic

which is used to interface the angular position sensors Infineon TLE5009 and TLE5012.
Both sensors are using the GMR principle discussed in chapter [3.3.2.2] The difference
between these two sensors is that the TLE5009 has an analog output and the TLE5012
a selectable digital output. For a fast readout of the angle the incremental interface
mode of the TLE5012 is used.

As several sub-boards could be connected to the general purpose port, the MCU should
be able to detect the connected sub-boards. Therefore a circuitry for addressing the
EEPROMs is implemented. The schematic for one sub-board is shown in figure [5.16]
U5 is a D Flip-Flop and forms a shift register with other connected boards. On the
Mainboard a high level will be set on the DET_DIN pin and the DET_CLK starts
pulsing. The DET_SENSE pin is connected via a wired ”OR” from all boards and is read
back from the MCU. If the DET_SENSE signal turns to ”low” state, the MCU stops the
clocking. The number of pulses sent until DET_SENSE turns to ”low” state determines
the number of connected boards on the general purpose connector. Connected to the
DET_CLK is a counter on each sub-board. If the shifted ”"high” level is reaching the
sub-board, the counter will stop counting. This way the first sub-board in the chain

has the highest count value and the last one, the lowest. The output of the counter
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is then used as device address for the EEPROM. The EEPROM supports up to eight
addresses, but two are needed for the Speed Sense and Inverter board. This results in

a maximum of six additional connected general purpose boards.

EEPRONM
Array

’ I

L<_“ il

T

Figure 5.16: EEPROM addressing schematic - sub-board incremental addressing

5.5.3.8 Layout of B6 power inverter sub-board

Special attention has been paid on the layout of the power inverter stage, as the current
capability should be around 50A. There are no special requirements regarding the
isolation as the output stage is designed for a 24V application. In order to distribute
the current evenly a four layer board with 70um thick outer copper layers is used. The
buffer capacitors are placed as close as possible to the inverter stage. For cooling the
power devices, a heatsink is mounted at the bottom of the PCB. For a better thermal
conductivity, thermal vias are placed around the power MOSFETSs and current sensors.
Figure [5.17] is showing the layout of the inverter stage. The high current paths of the
inverter are indicated and are held as short as possible in order to reduce the inductance
of the output stage. One of the bottle necks of the output stage is the common shunt
resistor in the low side path of the circuit. The manufacture and assembled drive demo

PCBs can be seen in figure [5.18
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Figure 5.17: B6 Power Inverter with TLI4970 Layout - top and bottom layer with

current path of the inverter stage
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5.6 Software

5.6 Software

5.6.1 Requirements

5.6.1.1 Firmware

The firmware shall be implemented in a modular way. Since the drive demo has to sup-
port multiple hardware configurations, all hardware components shall be abstracted
through a separate hardware abstraction layer that provides low-level driver functions
to the upper control layers. The configuration management shall detect the available
hardware components and shall enable the required low level functions to provide the
required functionality to the higher software layers. In case multiple hardware selec-
tions are available for a particular sub-function (e.g. both encoder and end-of-shaft
measurement are available for rotor position measurement), the configuration manage-
ment shall ensure that a default setup is selected, prevent from potential hardware
conflicts on the main board and allow for alternative input selections through the GUI
interface layer.

The firmware shall be based on a generic real-time operating system (RTOS) layer for
functions which are not time critical (e.g. USB communication). On the drive appli-
cation layer, the firmware shall support both speed control as well as position control
as shown in figure [5.19, The loading of the drive motor is determined by the load
motor. Four quadrant controls (drive/brake forward/reverse) shall be implemented, as
the same hardware is used for the drive and the load motor. All relevant parameters

for the individual control loops (PI Controllers) shall be adjustable through the GUI

interface.
Position Speed Current / Inverter
Control Control Torque
Control Phase
Control _{E
sref wref _r\ IRef] f\ n_Ref | commutation J
‘/ —v —k/ > Control 4{ . Load
H R
act, lact Rotor Position
|
d/dt |
[

Figure 5.19: Firmware requirements - structure of the modular firmware
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5.6.1.2 PC GUI Configuration Control

The configuration control section of the GUI shall provide all information regarding the
current hardware configuration. In case multiple selections are possible (multi-purpose
hardware), the GUI shall enable a selection of the individual options.

The following parameters shall be configurable through the Configuration window:
e PID control parameters for all control stages (FOC, speed, position controller)
e Limit parameters for all controllers (angular speed, torque, current)
e Operating modes (Block, Sinusoidal, FOC)

The Stimulus Control section shall be used to control the drive and load motor. The
primary input to the system is the drive control mode. The following control modes

shall be selectable:
e (Angular) position control
e Speed Control
e Duty Cycle Control
e Current / torque control (FOC)

In Angular position control mode, an absolute angle can be entered. Once acknowledged
the rotor will be driven into the requested angular position. In Speed Control mode,
the RPM speed of the drive shaft is controlled. In this mode, the GUI shall display the
requested and current speed value as well as the drive motor current information. In
case of FOC, Id and Iq shall be displayed, too.

To enable automatic operation of the system, the GUI shall provide an auto-drive mode.
Depending on the selected mode of operation (Position or Speed control) minimum and
maximum values for angular position or speed can be entered. The GUI shall then

generate a stimulus to operate the drive system in the selected range.
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Figure 5.20: Firmware structure - topology of the firmware

5.6.2 Concept

5.6.2.1 Firmware Structure

As discussed in chapter the firmware shall have a layered structure in order to
maximize flexibility. Figure [5.20]is showing the layered approach of the software.

The bottom layer is the MCU abstraction layer and consists of the basic routines
for accessing the hardware of the microcontroller. The next layer comprises the low
level device drivers and is another hardware abstraction layer. In this layer all compo-
nents and modules are abstracted, e.g. the different angle sensing techniques, current
measurements or power inverter output. The sub-function layer 2 manages the han-
dling of the different modules of the hardware abstraction layer and provides a unified
interface for the upper application layers. This layer together with the hardware ab-
straction layer are the main layers to support the flexibility in the hardware as well as
the software configuration. For implementing a new sensing technique, a new block is
implemented in the hardware abstraction layer and the sub-function layer 2 has to be
adapted for interfacing the new technique.

In the sub-function layer 1, the motor commutation control is implemented. All dif-
ferent operating modes (Block, sinusoidal and FOC) are implemented here and can
be controlled from the application layer. This layer contains the speed and position
controllers and is used to control the motor commutation. The communication with

the PC is realized in the GUI interface layer. This layer contains the routines of the
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USB command handler, which distributes the incoming command and returns desired
data.

Besides all the stacked layers, there exist the configuration management layer, which
can interface all of the other layers. In this layer, functions of all sub layers are con-
figured and the sub-board management is done. This includes for example the config-
uration of the output functions (SVM, PWM control) for different sensing techniques
(e.g. current sensor, three-shunt measurent, single-shunt current measurement) as well.
Furthermore this layer consists of different diagnostic functions, e.g. data loggers or
real-time feedback to the PC GUI.

If applicable, functions from theses layers are implemented in a RTOS environment in
order to maximize the flexibility. The RTOS is used as a platform for non time critical

functions, e.g. the USB communication or data loggers.

5.6.2.2 USB Commands

The USB communication between the MCU and the PC GUI, is bidirectional and can
be initiated either by both sides. The USB interface is realized via a VirtualCOM port,
which is emulating a serial interface on the USB physical layer. With this approach
it is possible to communicate with the MCU with different programs or programming
languages as the serial port interface is widely supported (e.g. Matlab, LabView, C#
, Visual Basic, ... ).

The serial port is using a byte-wise communication and a dataframe consists of one
ID byte and a variable number of data bytes. A typical structure of a communication
frame is shown in figure All command frames have a predefined length, except
a status message frame, which is used for displaying status messages on the PC GUL

This frame has a variable number of data bytes (up to 100 bytes).
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Byte 1] 1 2
BLDC_CONFIG CONFIG LeadAngle
Rt/ Tx Tx Tx Tx

Selects and configures the commutation
Byte 0 - CMD Byte

USB Command Byte
Byte 1 - CONFIG
Bit 0:1 - MODE
Set the BLDC Commutation Mode
Bit1 Bit 0 Mode

0 1 Block
1 0 Sinusoidal
1 1 FOC

Bit 2 - DIRECTION
Set the BLDC Motor Direction;
0..cw
1..CcCcwW
Bit 3 - INVERT HALL SWITCHES
Enables the Hall Switches Invert
0... not inverted
1...inverted
Byte 2 - Lead Angle
lead angle in degrees

Figure 5.21: USB communication - structure of a dataframe

5.6.3 Actual Implementation

For the implementation of the firmware, Infineon IDE Dave 3 is used. The code is
written in C and is compiled in Dave with ARM GCC. It comprises a MCU abstraction
with so-called "Dave Apps”, which are available for various different applications. These
apps can be configured via a graphical interface in the IDE. For example the USB
Virtual COM, ADC, SVM or the RTOS is implemented with a Dave app.

The windows GUI software is written in C# . Microsoft Visual Studio Express 2014
C# is used as IDE for the Windows Forms project.

5.6.3.1 USB Communication

Figure shows the structure of the USB communication between the demonstrator
and the GUIL On the PC side, the sub functions can transmit the data via the virtual
serial port driver to the MCU. On the MCU side the Virtual serial port Dave app is
receiving the data and after processing the command, the requested functions will be
executed. For transmitting data from the MCU to the PC the same method applies
on the firmware side. In the GUI, a separate thread is polling the serial interface and

invokes a function in the main form. This function processes the incoming data und
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executes the requested function. The receive thread also separates the data frames from
the byte stream of the interface. Therefore the number of data bytes in each frame has

to be known. When receiving a status message frame ID, the stop byte is the carriage

return.
PC GUI Firmware
Main Form Serial . .
Function Command |[€—| RxTx |e—p] Vil COM | g USB p| Virtual COM W) @amiEn| Function
Driver Dave App Handler
Handler Thread

Function Function

Figure 5.22: USB communication - structure of the USB communication

5.6.3.2 Commutation sequence

The primary part in the firmware is the commutation of the BLDC motor. The output
of the sinusoidal signals is done via the SVM - PWM app from Dave. A PWM frequency
of 20k H z and a 7-segment SVM generation is selected. In a 7-segment SVM scheme, all
three phases are switching and the passive vectors are equally distributed. Furthermore
the current measurements are triggered from the SVM module. The commutation
routines are executed every PWM period. Figure[5.23shows the commutation sequence,
which will be executed every PWM period from the Sub-Application layer.

Get Rotor Angle o | Rotor Position o | Calculate Rotor g BLDC Diagnostic

Reference > ' ' . .
(Encoder) Update Speed Commutation functions

A 4

Figure 5.23: Commutation sequence - functions will be executed every PWM period

For determining the reference rotor position of the encoder, the position interface
of the MCU is used. This basically maps a counter on the phase A and B inputs and
counts with every edge of the signals. The counter will be cleared on every index pulse.
The count value of the counter is now proportional to the angular position of the ro-
tor. As the incremental interface is selected from the TLE5012, the same procedure is

done for the angular position sensing with the TLE5012. The calculation of the rotor
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speed in incremental mode is done via counting pulses of the encoder. The time taken
for counting 100 pulses is measured and with this information the rotor speed can be
calculated.

When the hall sensors are used for rotor position sensing, the angle is only known at
specific points. Therefore the angle has to be interpolated between the known points.
As the signal of the hall sensor jitters, a moving average filter for the interpolation is
used. With every hall sensor change, the angle is synchronized. This results in a non-
monotonous angle function, but best performance in commutation. The time between

a full hall pattern sequence is measured and used for calculating the rotor speed.

5.6.3.3 Block Commutation

Figure is showing the structure for block commutation. In the first step the field
angle is calculated and the lead angle is added. In the next step the current hall state
is calculated from the angle. If clock wise (CW) direction is selected, the hall pattern
is inverted. When the hall state or the duty cycle value changes, the inverter output

pattern is updated accordingly.

5.6.3.4 Sinusoidal Commutation

For sinusoidal commutation, the PWMSVM Dave app is used to output the according
PWM values. The input values for the SVM unit are the field angle and the amplitude

value.

5.6.3.5 Field oriented control (FOC)

For the FOC, the Motorlib is used from Dave. In this library, the park, clarke, PI-
controller and coordinate conversions are already implemented. The FOC commutation
is implemented as discussed in chapter [2.3.3] The actual structure programmed in the

firmware for speed control is shown in figure [5.25
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Calculate Field
Angle (LeadAngle)

v

Get Hall State
from Field Angle

CW direction?

Invert Hall State

Hall State
change?

Duty Cycle
Change?

\ 4
Output Block
commutation
signals

Figure 5.24: Block commutation - structure
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Clarke Transform »| Park Transform »| Speed Controller Iq Controller —|

Inverse Park Cartesian to Polar Amplitude
» » B
—»  d Controller = Transform 1 Transformation = Limitation _|
SWM
> Qutput End

Figure 5.25: FOC commutation - structure

5.6.3.6 GUI interface

An overview of the possible operating modes of the motor with the demonstrator is
shown in table (.2l

Commutation method Operating modes Control options
Block commutation target voltage Speed Control, Speed -
DC Link current control
target voltage Speed Control, Speed -
Sinudoidal commutation DC Link current control
FOC Speed Control, Torque
(I4,14) Control, Position
Control

Table 5.2: Motor operating mode possibilities with the demonstrator

Figure is showing the graphical user interface for the drive demonstrator. The
functions of the different controls are:

(A) With these buttons, the motor can be started or stopped.

(B) The direction of the motor can be selected (clock-wise CW or counter clock wise
CCW) here. The other option here is the possibility to invert the hall switches,

depending on the hall switch interface of the motor.

(C) The Lead Angle can be set here for non-FOC operating mode.
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(D)

(E)

(A)

(B)

(©)

With the PWM duty cycle control the voltage applied to motor can be set. This

is used if no speed controller is active and non-FOC mode is used.

With this control the commutation method can be selected. It can be chosen
between block-, sinusoidal- and FOC operating mode. The FOC operating mode
supports three options: Speed Control, Torque Control (Id, Iq - control) and

Position Control.
In this control, the Rotor Sense Mode is selected.

In non-FOC mode, a speed controller or a speed with inner DC-link current control
can be selected and parametrized. The inner current DC link controller can be
useful for limiting the current taken from the power supply. The benefit of only
using the speed controller is that for this method, no current measurement is

needed.

With these sliders, the set speed and set position for the different controllers is

selected.

These controls are used in FOC torque operating mode. With Iq the generated

torque can be controlled and with Id field weakening is possible.

In this area, status messages are displayed. The source of these messages could be
either the GUI or as well the MCU.

Figure is showing the general control interface for the drive demonstrator:

With these controls the drive demonstrator serial port can be selected and the

connection to the demo can be established.

This button opens the configuration window. In this window, e.g. the shunt
resistor current measurement, the position offset of the encoder and TLE5012 or
the PI controller parameters for FOC control can be configured. Furthermore it

is possible to select the output of the DAC.

With these buttons the pre-driver can be initalized and enabled. In the PreDriver

Status Window, the diagnostic registers can be read out.
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(D) With these controls the DataRecorder can be configured and initiated. This func-
tion is described in chapter

(E) The real-time data logger is started and configured in this section (see chapter

553,
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Figure 5.26: GUI - interface for motor control

5.6.3.7 Data recorders

In order to be able to display MCU internal variables and parameters, three different

diagnostic tools are implemented:

1. DAC output:
Can be used for displaying real-time data on a connected oscilloscope. Several
output variables can be selected: e.g. rotor angle, calculated speed, phase cur-

rents, Iy, I4. These variables are sampled and output on every PWM period:
o50us.

2. Real Time Data Logger:
With the real time data logger, the data sampling rate can be selected in the
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& DriveDemo - ——
{General || Motor Control| (o[ E ]
Connect —— B
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)
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| eriodical Data Logger DataRecorder TLE9180 /
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Toggle EN
ShosCont CHA: -
CHB: v EN Status: 8

PreDriver Status

Decimation: |1 Window

Record Time:  0.205s
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Figure 5.27: GUI - general interface for drive demonstrator

GUI with a minimum of 50ms. In the periodical data logger graph, the set speed
and current speed are displayed. Furthermore up to four different other internal
signals (variables) can be selected. It has to be considered that this function is
only sampling every 50ms and does not supply an averaged value. Figure [5.28

shows the graph window.

. High-Resolution Data Recorder:

Another option is the high-resolution data recorder, which can be initiated in the
main form. Two different signals can be recorded with a maximum sampling rate
of the PWM frequency (20kH z). The recording always starts at the zero crossing
of the index pulse and 4096 samples are taken, which results in a recording time
of 0.205 seconds. To increase the covered time span, a selectable decimation can
be used, which decreases the sampling rate by that decimation factor (e.g. a
decimation factor of 2 results in a recording time of 2-0.205 = 0.41 seconds). The
recorder data is displayed in a graph in the GUI and can be exported to a CSV
file.
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Figure 5.28: GUI - interface of the real time data logger
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6

Results

6.1 Measurements

All following measurement results are recorded with one of the diagnostic tools dis-
cussed in chapter or with an oscilloscope. All measurements are done at room
temperature with a motor supply of 14V. The Dunkermotor BG75x50 is used as drive
motor for the test setup. The coupled motor is a DC motor, which is used as drive

motor if the BLDC is used in active braking.

6.1.1 Accuracy of Angle Measurements

All measurements discussed in this chapter reflect the accuracy of the angle measure-
ment compared to the reference measurement mounted on the testbench. As additional
errors (e.g. mechanical mounting, accuracy of encoder or misalignments) occur, these
results do not reflect the absolute performance of the sensing method, but give an
indication of the performance of the demonstrator. Furthermore the accuracy of the

Encoder is not considered and could influence the measurements.

6.1.1.1 Angle error of TLE5012

The accuracy of the TLE5012 compared to the optical encoder is measured with the
high resolution data recorder. The TLE5012 is configured with enabled and disabled
hysteresis mode and the measurement has been done at 500rpm and 1800rpm. Fig-
ure [0.1] shows the angle error at 500rpm with and without activated hysteresis of the

TLE5012 and figure the results at 1800rpm. Table [6.1] shows the results of the

68



6.1 Measurements

angle error. It can be seen that a different speed does not influence the accuracy of the

sensor. The angle error of the TLE5012 compared to the encoder is +0.107%.
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Figure 6.1: TLE5012 accuracy - angle error compared to encoder at 500rpm

TLE5012 Config 500rpm  1800rpm

hysteresis disabled +0.5822° £(.5822°
hysteresis enabled  +0.3845° £0.3845°

Table 6.1: Measurement results of Encoder-TLE5012 comparison

6.1.1.2 Angle error of Hall switch estimation

As discussed in chapter the angle of the rotor is only known at specific points
when using the hall switches for angle estimation. Therefore the angle function is not
monotonous and could have jumps at the synchronization points. Reasons for that
could be e.g. the estimator is inaccurate, the hall switches jitter or the position of the
hall sensors is not evenly distributed. Figure is showing the hall estimator and the
encoder angle and figure [6.4] shows the angle error. The measured deviation between

the hall estimation and the encoder angle is +4.79° = +1.33%.
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Figure 6.2: TLE5012 accuracy - angle error compared to encoder at 1800rpm
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Figure 6.3: Hall estimation accuracy - angle error compared to encoder
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Hall sensor estimation - angle error
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Figure 6.4: Hall estimation accuracy - angle error compared to encoder

6.1.2 Output stage

The two output modes of the power inverter is either the block or the sinusoidal mode.
Figure [6.5]is showing the low pass filtered phase voltages in block commutation as well
as the W phase current. In figure [6.6] the sinusoidal output is shown. In this mode the
difference between the motor terminals result in the sinusoidal voltage. The voltage
difference between the three phases is seen in the upper part of the figure.

The channels of the oscilloscope are:

e Channel 1 (yellow) - Voltage on Phase U
e Channel 2 (green) - Voltage on Phase V
e Channel 3 (purple) - Voltage on Phase W

e Channel 4 (pink) - Current of Phase W (1V=504A=10A/Div)
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6.1.2.1 Current Distortion

For a proper sinusoidal output, the rotor position has to be known precisely as shown
in figure where the encoder is used as angle sensing method. As discussed in
chapter the hall estimator results in an error of +£1.33%. This error results in
a distortion of the sinusoidal signal as shown in figure

The channels of the oscilloscope are:

e Function 1 (yellow) - Voltage difference Phase U - Phase V
e Function 2 (green) - Voltage difference Phase V - Phase W
e Function 3 (purple) - Voltage difference Phase W - Phase U

e Channel 4 (pink) - Current of Phase W (1V=504=10A/Div)
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Figure 6.7: Sinusoidal commutation current - with encoder angle sensing
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Figure 6.8: Sinusoidal commutation current - with hall estimator sensing

6.1.2.2 Phase currents in sinusoidal commutation

The phase currents in sinusoidal commutation are measured with the high-resolution
data recorder. The TLI4970 current sensor is used to measure the currents on board.
The motor is sinusoidal commutated with a fixed PWM duty cycle. Figure [6.9] is
showing all phase currents in sinusoidal commutation mode. The currents are recorded
separately as only two channels can be recorded simultaneously. This is possible, as

the high resolution data recorder always starts with the index pulse of the encoder.
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6.1.3 FOC drive measurements

The FOC controller parameters used for the following measurements is shown in table

6.2 All values are taken from the GUI - an internal conversion factor is not considered.

Controller Parameter Value
K, 150
Speed Controller
K; 1
K, 25650
1, Controller
K; 65000
K, 25650
1; Controller P
K; 65000

Table 6.2: FOC controller parameters

6.1.3.1 Speed controller jitter

The FOC commutation method is used with the speed controller. Figure[6.10|is showing
the speed jitter with using the encoder. The desired speed of the controller is set to

1300rpm and results in a accuracy of +12rpm= + 0.92%.
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Figure 6.10: Speed jitter - when using FOC speed controller with encoder
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6.1.3.2 Speed Step

Figure is showing the FOC current I, and the measured speed with an encoder.
The reference speed input was a step function. It can be seen that the torque generating
current /4, which is controlled by the speed controller is increased very fast and settles

to a steady value if the desired speed is reached.

2000 13

velocity / rpm
Iq current f A

1100
1000 T T T T T T T T 5
0 0,1 0,2 03 0,4 0,5 0,6 0,7 0,8
time /s
Reference Speed —— FOC:Ig

Figure 6.11: Speed step - FOC speed controller with reference speed step
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6.1.3.3 Speed Controller Load

If a load is applied on the motor shaft, the speed controller increases the reference I
until the desired speed is reached again. This behaviour is shown in figure A
defined load step could not be applied, as no second hardware setup for driving the

load motor was available.
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Figure 6.12: Load change - FOC speed controller with load change
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6.1.3.4 Torque Controller Step

Figure is showing the measured speed and FOC current I, during a step function
of Iy rey. The reference step is changing from 1.5A4 to 2A4. With the change of the
torque generating current I, the velocity of the rotor increases linearly. The maximum

error of the I, current controller in this measurement is +32.4mA= +1.6%.
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Figure 6.13: FOC torque controller - step of I,
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6.1.4 FOC load measurements

For this measurements the BLDC motor is used in brake mode and loads the DC mo-
tor. The DC motor is driven with a constant voltage source. The FOC commutation
controller of the BLDC motor uses the same parameters as used in the drive measure-
ment (see chapter . If the I, is controlled to a negative value, the BLDC motor

generates a torque in the other direction of the drive motor.

6.1.4.1 FOC load motor

Figure is showing one phase current of the motor and the FOC I, current. The
reference of I, is set to constant —20A. The maximum error of the controlled current
I, is £36.9mA==+0.74%. The resulting torque can be calculated according to equation
0, 1]

3

3
M =2 p[pyisg) = 5 -4+ [1.831m - 5 = 0.234Nm (6.1)
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Figure 6.14: FOC controller load - BLDC motor used to generate constant torque

Figure [6.15] is showing a step function of the load from I, = 04 to I; = —20A.
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Figure 6.15: FOC controller load step - a load jump produced by the BLDC motor
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7

Conclusion and Outlook

7.1 Conclusion

The main topic on this project was to develop and construct a flexible and extensi-
ble BLDC motor testbench. The testbench should help to develop system expertise
in the area of motor control, especially with respect to feature set and performance
requirements of the individual sensors. Furthermore the testbench should be used as
demonstrator for Infineons advanced sensor solutions. As a side aspect, the demonstra-
tor can be used to evaluate new concepts for sensing solutions.

In order to accomplish this task, knowledge in the area of BLDC motor control has
been gained in the first step and available parts were evaluated. This evaluation has
resulted in a requirement specification, which limits the available options. One of the
main factors here was the current sensing technology. The testbench should be tailored
to use the full scale range of the Infineon TLI4970 coreless hall effect current sensor,
but the voltage range should stay in a reasonable low range. This has been the limiting
factor for the motor selection, as usually the motor current is kept lower than 50A
for 24V motors. Two suppliers for an appropriate motor were found, Dunkermotoren
GmbH and Ohio Electric Motors.

The high currents were also the challenging factor in the hardware design. Therefore
special considerations had to be taken for the layout of the power inverter. A heatsink
has been added for cooling the inverter MOSFET's and the high current tracks are kept
as short as possible.

For the angular sensing different interfaces are implemented. A reference measure-

82



7.1 Conclusion

ment is done with an optical encoder. In addition to that interfaces for the TLE5012,
TLE5009 and a resolver are implemented. Furthermore the hall switches of the BLDC
motor can be used for an angle estimation.

All hardware functions are partitioned on several sub-boards to support flexibility. Dif-
ferent sub-boards implement e.g. different current sensing techniques (shunt or current
sensor). Furthermore a generic port interface is available for interfacing new modules
or sensing techniques.

The software has been partitioned in a similar way as the hardware and follows the
same flexible approach. For different sensing techniques, sub-blocks are used and are
abstracted for upper layers. Therefore an extension for a new hardware or software
block is simple. Furthermore the software makes usage of several Dave Apps, which
are maintained and tested software blocks.

For controlling the demonstrator, a graphic user interface for Windows is implemented.
With the GUI, all functions of the testbench are accessible and parametrized. Further-
more the GUI supports several diagnostic tools for displaying the measured or internal
recorded data. These tools are: the real-time data logger, high resolution data recorder
and the DAC output.

The accuracy of the angle measurement is limited by the mechanical precision of the
testbench. With this limitations the testbench is not suitable for precise qualification of
the devices. The test results discussed in chapter [f] are giving an indication on the per-
formance of the overall setup and not of the individual device. Furthermore mechanical
misalignment is influencing the accuracy of the end of shaft angle measurement and
result in a higher error.

Comparison measurements with shunt current measurement and in phase current sens-
ing were not possible due to a bug in the pre-driver. The bug in the pre-driver is
influencing the accuracy of the built-in operational amplifiers for signal conditioning.
Furthermore due to a bug, one of the operational amplifiers is not functional at all.
As the pre-driver is currently under development and not released yet, a performance
analysis can be done with the released and fully functional pre-driver.

All controllers are parametrized for using the Dunkermotor, as the Ohio Electric Motor
was not available due to a long ordering and shipment process. The parameters in the

GUI should give a starting point but have to be adjusted for the individual application
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and setup (depend on the supply voltage, load).

7.2 Outlook

The testbench can be used for demonstrating purposes or to evaluate new sensing and
control techniques. For further development, parameter sets for different motors should
be supplied (e.g. another parameter set for the Ohio Electric Motor). For an additional
dynamic performance increase the PI controllers should be tuned and furthermore an
online tuning of the PI controllers could be implemented.

For better characterization, a torque sensor between the two motors could be imple-
mented. In this case the torque ripple could be measured directly. The comparison
of the different current sensing techniques can be measured and evaluated with the
released and bug-fixed pre-driver. One topic of interest would be the performance gain
if using in-phase current measurement (TLI4970) compared to the low-side link current
measurement (shunt-resistor sensing method).

Another point would be the comparison of other current-sensing techniques in a drive
application. This could include the comparison of the TLI4970 with a flux concentrator
current measurement.

The implementation of an out-of-shaft angle sensing technique could be done as a next
step of angular position measurements. Furthermore a performance analysis compared
to the optical encoder or end of shaft method could be done. A more advanced hall
angle estimation algorithm could help to improve the dynamic performance, when us-
ing hall switches as angle sensors.

In addition to that, the speed calculations at lower speeds of the optical encoder and
TLE5012 could be improved. At lower speeds, the number of pulses in a given time
frame should be used to calculate the velocity of the rotor. This technique could be
done besides the current implementation (see chapter which is suitable for
higher speeds.

Furthermore the testbench offers a complete setup to gain knowledge in the field of

motor control algorithms as well as sensing requirements.
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Appendix

In the following appendix the schematics of all boards is included:

e Drive Demonstrator Mainboard
e Power inverter board with TLI4970

e Power inverter board with Shunt current measurement

Speed Sense Angle Board for reference measurements

Angle Sense Board for interfacing the TLE5012 and TLE5009

Angle Sensor Board 50xx - PCB which is used for end of shaft sensing
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TLI4970 SICI - Programming Interface

Current Limitation

H: normal operation
L: TRAP in PWM unit
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two different version:
populate one with TLE5009
and one with TLE5012
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