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Abstract

TION Racing is a student organization that each year designs and tests a formula student race car.
The goal is to compete in formula student , which is the largest student competition in the world
for engineers. The objective of this thesis is to design and a motor controller for use in the race
car. The race car is electric and uses a 400V battery for the main power source and a permanent
magnet synchronous motor. The motor controller is the interface between the battery and the
motor. The thesis includes the design of the small-signal electronics, power electronics, cooling
of the power electronics and control software.
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Chapter 1

Introduction

ION Racing designs and creates a one-seat-race car for competing in formula student each year.
Formula student is the largest engineering competition for students in the world. The race car
for this year is a one-motor electric race car, limited to 80kW. The drivetrain consists of a 400V
battery, a motor-controller, an PMSM motor, a one-level gearbox and a mechanical differential.
This thesis were about designing, creating and testing the motor controller system for the car.
This includes design of the power electronics, small-signal electronics, casing, cooling of the power
electronics and control software.
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1.1. THE COMPETITION CHAPTER 1. INTRODUCTION

1.1 The competition

The competition consists of a dynamic part and a static part. Figure shows the distribution
of points that are awarded in the competition. The concept of the dynamic part is test how good
the car drives while the static part is to evaluate the engineering effort of designing the car, the
cost of the car and the teams business plan for mass production of the car. The competition have
a relatively comprehensive set of rules that need to adhered to. As a part of the competition
the teams needs to write several documents, whereof two are relevant for the work done in this
thesis. These two documents are the Failures Mode and Effect (FMAE) and Electrical Safety
Form (ESF). These documents are a team effort written by all the members of the electrical
team. The electrical safety form is added to the appendix.

Endurance
30%

Static
Efficiency 32%

10%

Cost Analysis
10%

Autocross Presentation

15% . 7%
Skid-Pad Acceleration

5% 8%

Figure 1.1: Score distrubution in Formula Student

1.2 The Motivation

Electrical vehicles are becoming more popular both in the consumer marked and the racing
community. Combustion engine cars and electrical cars compete at formula student against
each other. The tracks at formula student are small with many corners, which means that
electrical cars with their high torque and acceleration excel. Many of the top teams creates
electric cars with four motors driven independently by using torque vectoring algorithms. The
motors are usually mounted in the wheel. Torque vectoring increases the handling of the car
in corners by controlling each motor independently instead of relying a mechanical differential.
The implementation of a four wheel drive race car is complex both in regards of the control
algorithms and the hardware implementation of the system.

A four wheel drive car have been considered at ION Racing, but there are little to no complete
solutions for such a system on the marked for the time being. The solution would be to design
such a system in-house, but were for now disregarded as being to complex. The purpose of this
thesis is to acquire a better understanding of inverter design and the control of permanent magnet
synchronous machines by designing a VSI. Hopefully this thesis will serve to help if anybody in
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1.3. ELECTRONICS SYSTEM IN THE CAR CHAPTER 1. INTRODUCTION

the future would like to design a four wheel drive system.

1.3 Electronics system in the car

Figure shows a simplified overview of the electrical system in the car. All the small signal
electronics in the car is powered by a 15V battery. The electronics communicate with each other
over CAN-bus.

Engine Control Unit This is the brain of the car. It reads different sensors, including the
throttle position, runs control algorithms and transmits a torque request to the motor
controller. It runs safety checks, decides when the car can start and when it needs to shut
down. Further it can transmit data to a external computer for live view of the data in the
car. It also loggs sensor readings and CAN-bus messages for later analysis.

Data analysis software This software is written by the computer engineers on the team. It
enables live view of desired data in the pit, and analysis of logged data. It runs on a normal
computer and communicates with the car over telemetry using a team designed telemetry
module.

7-segment display This display is used for showing information to the driver. It’s not essential
since the team monitors the live data over telemetry and relays important information to
the driver via radio communication, but it can be helpful if the communication with the
driver fails and under initial testing of the car. The display can be programmed to show
any information broadcasted on the CAN-bus.

400V battery The High Voltage Battery (HVB) is the energy source for the drivetrain in the
car. It uses a Battery Management System (BMS) which can stop the car and isolate the
400V from the rest of the system if it detects a fault.

Motor controller The motor controller is the subject for this thesis. It converts the 400V DC
from the HVB to three phase AC to the motor. It’s task is to take a torque request from
the ECU and create three phase voltages on the output which generates the desired torque
request.

Insulation monitor This is a bought module from Bender which monitors that that the high
side (400V system) is isolated from the low side (15V system). If a ground fault is detected
the 400V from the HVB will be isolated from the rest of the system, and the car stops.

Figure 1.2: Simplified overview of the electrical system in the car

12



1.4. DRIVETRAIN CHAPTER 1. INTRODUCTION

1.4 Drivetrain

It were decided to control the torque of the motor (instead of the speed of the motor), since
this is the most natural response for the driver. The drivetrain consists of the 400V battery
which is connected to the motor controller. The motor controller takes a torque request from the
ECU, and controls the torque of the motor to that value. The motor is connected to a one level
gear-box and then to a mechanical differential. This section describes the electrical components
of the drivetrain in some more detail.

High Voltage Battery

The car uses a high energy battery designed by teammates at ION Racing, [[9]]. The battery is
the energy source for the drivetrain.

As Per the rules of the competition [2] the power delivered by the battery must not exceed
80kW. If the delivered power exceeds 80kW for more than 100ms or it exceeds 80kW after a
moving average filter for 500ms is applied it is considered a violation. A violation results in a
disqualification for the event which it happened at. A disqualification at an event leads to zero
points for that event. So even though the battery can deliver large amounts of power, the peak

s — 80KW
power is limited to Ipeqr = Vbattery "

1.4.1 Engine Control unit

The ECU are also designed by teammates at ION Racing. In short the role of the ECU is to read
the requested torque from the driver and other sensors. The ECU then processes the data and
transmit a new torque request to the VSI. The processing includes safety algorithms, traction
control and power limiting. It is the responsibility of the ECU to limit the maximum power to
80kW per the rules, so the VSI does not need to take measures to limit the peak output power
to be below 80kW.

1.4.2 Motor

The car were designed to use a Emrax 228, which is a Permanent Magnet Synchronous Machine
(PMSM). This is the same motor that were used for last years car and the team wanted to
continue using this motor as they were pleased with it’s performance. The PMSM type has the
highest torque-to-weight compared to other motor types on the market, which is the desired
characteristics for use in a race car. The cost of a PMSM is larger than that of other motor
types, but are justified by the higher performance it delivers. Table shows the characteristics
of the Emrax 228 motor.

Table 1.1: Emrax 228 motor characteristics
Continuous power @ 3000-5000 RPM  28-42 kW

Peak power 100 kW
Mechanical speed limit 5500 RPM
Weight 123 kg

1.4.3 Motor controller

The Motor Controller (MC) is supplied by the high voltage battery. It needs needs to transform
the DC voltage from the battery to three phase alternating currents to the motor in such a way

13



1.4. DRIVETRAIN CHAPTER 1. INTRODUCTION

to generate the torque requested by the ECU.

Table 1.2: Voltage source desired specifications

Continuous power 30 kW
Peak power 80 kW
Input Voltage 288-400 V

14



Chapter 2

Theory

This chapter explains some useful theory for controlling the torque generated by the motor. It
includes some basic theory about permanent magnet AC (PMAC) motors, some important math-
ematics, popular control methods and their implementation in a microcontroller. Most of the
content for the theory chapter were gathered from the following books: "High performance con-
trol of AC drives” [I], ”Power electronics” [5] and ”Power electronic converters: PWM strategies
and current control techniques” [6].
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2.1. BRUSHLESS PERMANENT MAGNET SYNCHRONOUS MOTWRSTER 2. THEORY

2.1 Brushless Permanent Magnet Synchronous Motors

2.1.1 Permanent magnet synchronous motor construction

This section goes through the construction of the motor, different types of the motor and some
useful math needed for understanding the control of them. The purpose of the PMSM motor is
to generate mechanical energy. This is done by converting electrical energy to magnetic energy in
the stator coils. The magnetic fields induced in the stator windings is attracted to the permanent
magnets in the rotor, which generates mechanical energy.

Figure[2-T]illustrates the construction of a four pole brushless Permanent Magnet Synchronous
Motor (PMSM) with glued on permanent magnets. It consists of a rotor with permanent magnets
either glued on or embedded in the rotor, a wound stator and a sensor for sensing the rotation
of the rotor. The position of the rotor is read from the sensor, and is used for controlling the
torque and/or speed of the motor.

Figure 2.1: Permanent magnet motor with four rotor poles

The windings with the same labels illustrated in figure [2.1] are internally connected. The
minus marking (-u, -v, -w) means that the current goes through these windings in the opposite
direction than in the windings without a marking. The start of each winding are the phase
connections of the motor (U, V, W). The end of the connections can either be star-connected or
delta-connected, for the Emrax 228 they are internally connected in a star-configuration.

The direction of the current flow in, i.e U, is opposite of the direction of the current flow in
the -U winding, so that the generated magnetic field is opposite for them. i.e a current flow in
one direction would create a north pole towards the magnets for both windings. By applying
different currents to each of the phases a combined magnetic vector can be generated at a desired
angle. The relationship between the electrical position of the generated magnetic field and the
mechanical position of the rotor is given by equation 2.1} where P is the number of rotor poles
in the motor.

O, =0y, - P (2.1)

2.1.2 Torque generation

Figure [2.2] shows the equivalent electrical model for one phase of the motor. The resistor and
inductor are the resistance and inductance of the windings respectively. The voltage source,
called the Back-Electromotive Force (BEMF), is the induced voltage in the windings generated

16



2.1. BRUSHLESS PERMANENT MAGNET SYNCHRONOUS MOTWRSTER 2. THEORY

when the rotor rotates. The shape of the BEMF is determined by how the motor have been
wound.

iu
—— AM——T

\ V_bemf

Figure 2.2: Per phase equivalent model of motor

The torque generated by the motor is given by equation [2.2] where P is the number of poles,
¢ is the flux linkages of the motor, Ky is the BEMF of phase U, Ky is the BEMF of phase V,
Ky is the BEMF of phase W, iy is the current in phase U, iy is the current in phase V and iy
is the current in phase W.

T, = P¢[ZUKU[@G] -+ iva[@e] -+ ZWKW[@eH (22)

To generate constant torque the shape of the BEMF must be known. The shape of the BEMF
is used for classifying the PMSM and can be roughly divided in two categories:

1. Trapezoidal type

2. Sinusoidal type

Figure 2.3 shows two ideal BEMF waves for a full 360 degrees rotation. The sinusoidal type
will have a BEMF that resembles the ideal sinusoidal shape, while the trapezoid type will have a
BEMF that resembles the ideal trapezoid shape. Motors wound to have a trapezoidal BEMF is
often called Brushless DC (BLDC) Motors, and motors with a sinusoidal BEMF is often called
sinusoidal PMSM or just PMSM. From now on the name PMSM will be used for the sinusoidal
PMSM. The EMRAX 228 motor is a PMSM, and thus the rest of the theory chapter will have
a focus on relevant theory for the PMSM.

~ — — sinusoidal
Trapezoid

Back EMF
°

0 30 60 90 120 150 180 210 240 270 300 330 360
Degrees

Figure 2.3: BEMF waves
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2.1. BRUSHLESS PERMANENT MAGNET SYNCHRONOUS MOTWRSTER 2. THEORY

The BEMF wave-shape of a PMSM (sinusoidal BEMF) is given by equation

Ky[©.] = sin(©.) (2.3a)
Ky[©.] = sin(©, — 2%) (2.3b)
Kw[0O.] = sin(0, + 2%) (2.3¢)

Figure 2.4 shows a simplified two pole motor. The Rotor direct axis is the direction of the
magnetic field generated by the permanent magnets. The axis for Phase U, V, and W is the
direction of generated magnetic field in each of the phases. The vectors of the magnetic fields
produced by the windings are skewed from each-other by 120 degrees. Together they produce one
magnetic field vector. The direct rotor field will lock on to the combined magnetic field of the
phases. The angle of the combined magnetic field vector and the direct rotor axis is referenced
to the phase U axis, given by ©.

Phase V axis

Rotor direct axis

Phase U axis

Phase W axis
Figure 2.4: A simple two pole permanent magnet synchronous machine
The produced torque of the motor were calculated for a locked rotor (© = 0 for the direct
rotor axis) and choosing currents for the three phases which generated a combined magnetic field

vector for different angles. Figure shows the result of the torque calculation for a full 360
degrees rotation of the combined magnetic field vector generated by the windings.

18



2.2. FIELD ORIENTED CONTROL OF TORQUE CHAPTER 2. THEORY

Normalized torque
e
o (4,1
T
|

o
o
T
|

- 1 1 1 1 1 1 1 1 1 1 1
0 30 60 20 120 150 180 210 240 270 300 330 360
Angle

Figure 2.5: Hlustration of maximum torque per ampere

As can be seen from figure the maximum torque is achieved by generating a magnetic
field that is skewed by 90 degrees from the rotor axis magnetic field. Thus to generate maximum
torque per ampere the currents entering the phases should be equal to that of equation [2.4] If
these input currents are used on a motor with sinusoidal BEMF the produced torque will be
nearly constant (little torque ripple), but if a trapezoidal motor it would generate considerable
torque ripple.

iy = is8in(O,) (2.4a)
iy = is5in(0 — 2%) (2.4b)
iw = 155in(O¢ + 2%) (2.4¢)

If the BEMF of the motor is sinusoidal and input currents to the phases are equal to those
given in equation the torque generated by the motor can be simplified to that given by

equation [2.5

3
T. = 3 Pgis (2.5)

The relationship between the electrical frequency of the currents and the mechanical frequency
of the rotation is given by equation[2.6] where P is the number of poles , w. and wy, is the electrical
and mechanical rotational speed in rad/s respectively.

We = W P (2.6)

2.2 Field oriented control of torque

This section describes the control-algorithm used for controlling the generated torque from the
motor. It uses the torque equation explained in the previous section. The control solutions
presented in this section ignores the power electronics that is needed in practical systems. The
power electronics will be explained in the next section. It starts with a simple solution for the
control loop and explains the improvements that can be made by the use of some mathematical
transformations. Figure shows a simple approach to the control loop.

19



2.2. FIELD ORIENTED CONTROL OF TORQUE

CHAPTER 2. THEORY

Figure 2.6: Field oriented control simple

This method uses three regulators, three set points and three current sensors. The difficuly
of this approach is mainly that the reference values are sinusoidal for steady point, not constant.
By using the mathematical transformation called the Clarke-transform the control loop can be

simplified.

2.2.1 Clarke transform

The clarke transform takes the three phase values and transforms them in to two-phase values.
The forward clarke transformation is given by equation 2.7 and the inverse clarke transformation

is given by

tw

2.7)

]
H

(2.8)

Figure 2.7 illustrates the Clarke transformation of the three phase currents given by equation
It takes advantage of the fact that the PMSM is a balanced system, which means that
iy + &y + 7 = 0. Thus only two current sensors are needed.

20



2.2. FIELD ORIENTED CONTROL OF TORQUE CHAPTER 2. THEORY

Three Phase Vectors Clarke transformed vectors

iv i

120°

iB o

Figure 2.7: Clarke transformation illustration

A simplified control method utilizing the Clarke-transform are shown in figure 2.8] By using
the clarke-transform one current sensor and one Pl-regulator have been removed, but the ref-
erence values are still sinusoidal for steady-state. The control loop can be further simplified by
using the Clarke and Park transform.

Figure 2.8: Field oriented control, improved by the use of Clarke-transform

2.2.2 Clarke and Park transform

The clarke transform takes the park transformed values and translates them by 6 degrees, where
O is the angle of the direct rotor axis referenced to the U-axis as previously shown in figure
Equation shows the forward Park-transform and equation shows the inverse Park-

transform.
iq| _ |%a 18 | |cosf
=l ) ) e3)
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B;} - BZ _zﬂ |:§;)ZZ:| (2.10)

Figure 2.9 shows the Clarke and park transformation of the three phase currents given by
equation It is important to note that the transformed values are constants, this means that
for steady state the reference values are constant.

iv it
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iw
iv iu i . iq

Figure 2.9: Clarke and Park transformation illustration

The generated torque of the motor can be rewritten as shown in equation The value 44
controls the torque, but the value of i needs to be controlled to zero as illustrated in figure [2.9

T, = qubiq (2.11)

The value of 4, then controls the amplitude of the magnetic field that is rotated 90 degrees
referenced to the direct rotor axis, and the value of i4 controls the amplitude of the generated
magnetic field that is on the direct rotor axis. By controlling the current in the d-axis to a negative
value the permanent magnets in the motor can be temporarily weakened (called flux weakening).
In a practical system the BEMF of the motor will restrict the maximum RPM that the motor
can reach. This is because the voltage generated by the BEMF creates a opposing voltage to the
control voltage, thus limiting the input current to the motor. The peak voltage amplitude of the
BEMF wave can be calculated with equation where k. is the BEMF-constant and w is the
electrical frequency of the rotor.

Vpk = kew (212)

If flux weakening is used care must be taken to limit the negative d-axis current amplitude
to not permanently weaken the magnets. Also the speed must not exceed the rated speed of
the motor bearings. Flux weakening were not used in the system designed for this thesis to not
accidentally destroy the motor.
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Figure shows the control loop using the Clarke and Park transformation. By using these
transformations the flux generated in direct rotor axis and the generated flux which is rotated
by 90 degrees from the direct rotor axis have been decoupled. Further it simplifies the control
method by removing one PI-regulator, one current sensor and by making the references constants
for steady-state operation.

Inverse transform

Iqosir?:cc : i}:: Pl = a0 Three
P - PWM > phase
Id set | + module ™* inverter
> > ABC >
point _’® PI >  system
Rotor Angle 1
dqo iU UV (W

_ iV M
ABC[

Forward transform

Figure 2.10: Proposed field oriented control method

2.3 Motor controller

The previous explanations have disregarded the practical problems of the implementation. The
400V DC voltage from the battery needs to be converted to three phase currents to the motor.
This can be done by using a voltage source inverter. The schematics for a Voltage Source Inverter
(VSI) is shown in figure It consists

A Voltage Source Inverter (VSI) is a electrical circuit used for converting DC to AC. Figure
shows the configuration for a three phase 2-level VSI. It consists of six switches and six
diodes. The six switches are grouped in three poles; Pole U (U and nU), pole V (V, nV) and pole
W (W, nW). The output voltage of the VSI can be controlled by modulating the transistors.
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Figure 2.11: Voltage source inverter

The task of the motor controller is to take an input in form of a torque request or RPM
request and regulate the motor to generate the desired value by switching the transistors in the
correct manner. The other task is to keep the system safe. It does this by monitoring for any
faults in the system and set it in limp mode or shut it down if necessary. The common method
for switching the transistors are using Pulse Width Modulation (PWM).

2.3.1 Pulse Width Modulation Techniques

The theory governing this section were mainly acquired from the book ”Power electronic con-
verters: PWM strategies and current control techniques” [6]. PWM is used to vary the output
voltage of the Voltage Source inverter. This section briefly explains the concept of PWM and
some methods for implementing it in a motor controller.

Sine Pulse Width Modulation

Sine PWM is a common method and fairly easy to implement in a microcontroller. It works
by having carrier wave and a reference wave. The carrier wave and the reference are compared
to each other. If the value of the reference signal is larger than the carrier signal the output
goes high and otherwise it goes to low. The carrier wave is usually a form of triangle wave
(sawtooth or center aligned triangle wave). The frequency of the carrier wave determines the
switching frequency of the system. The reference signal is the signal which gets modulated on the
output. The modulated output voltage or frequency can be changed by changing the carrier wave
amplitude or frequency respectively. Figure[2.13|shows a plot of the carrier signal, reference signal
and the modulated output for a single transistor system. The output is a modulated square wave
which needs to filtered if only the fundamental frequency is of interest. In motor applications
the filter is not crucial since the motor acts as a filter. If a filter is not used in motor applications
the fundamental frequency and some harmonics are left in the signal.
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Figure 2.12: Sine Pulse Width Modulation for single transistor

The implementation of sine-PWM for a three phase inverter is done by using one triangular
carrier wave and three sinusoidal reference waves, which are displaced from each other by 120
degrees (as shown in equation . The two PWM signals to one pole are complementary with
a added dead-time. The dead-time is a small time delay between switching one of the transistors
on before switching the other transistor off. This is needed to not short circuit the pole.

Vi = Visin(wt) (2.13a)
2

V, = Visin(wt — %) (2.13b)
2

Vi = Visin(wt + g) (2.13¢)

Figure shows the sine-PWM signals for a three phase VSI. Viyy are the voltage between
the phase and the negative side of the DC supply. Vv is the voltage between phase Viy and Vi,
given by Viy — Vi
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Figure 2.13: VSI Sine PWM

The modulation index is given by equation where V,..s is the amplitude of the reference
wave and Vg rier 18 the amplitude of the carrier wave.

eref

mey = %
carrier

(2.14)
The line to line RMS voltage of the fundamental frequency voltage of the output is given by
equation where m, is the modulation index and V; is the supply voltage.

Vio—-rms = 2\\/g(man) (2.15)

The carrier signal can be implemented in a microcontroller by the use of a internal timer.
The same timer that creates the carrier wave can be used to create a interrupt for calculating
the new reference values, by doing this the control loop gets synchronized to the update rate of
the PWM.

2.4 Other methods for torque-control

2.4.1 Six step control

Six step control works by switching the transistors in a repeating pattern. Each transistor con-
ducts for 120 degrees and only two transistors remains on at any time. It’s the most popular
method for controlling low-performance motors. Figure illustrates the phase voltages gen-
erated and the switching states. The output waves shown in the figure gets low-pass filtered by
the motor. The low-pass filtered waves will resemble trapezoidal waves, and are thus suitable for
controlling fans, hard-disks or other low performance motors with trapezoidal BEMF. Another
disadvantage of this method is that only two transistors are on at the same time, so only two
thirds of the copper in the motor is utilized. For a high performance drive control methods using
the Iq and Id vectors are more suitable.
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Figure 2.14: Six step control method
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Chapter 3

Hardware

This chapter goes through the design choices and implementation of the hardware for the motor
controller. This includes DC-link capacitor, switching transistors, gate-driver, current sensors,
resolver interface, control electronics and cooling of the switching transistors.
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3.1 Clearance requirements

The system contains both 400V and 15V. The 400V system is categorized as high side and the
15v system as low side. Components that interface both sides must implement some form of
insulation. The rules for the competition have clearance requirements on PCB’s which contains
high side and low side. Table lists the clearance values required by the rules.

Voltage  Over surface Through air Under coating

0-50VDC 1.6mm 1.6mm 1mm
50-150V 6.4mm 3.2mm 2mm
150-300V 9.5mm 6.4mm 3mim
300-600V 12.7mm 9.5mm 4mm

Table 3.1: Clearance requirements between high side and low side

The PCB’s which contains both high side and low side will be conformally coated. The rules
does not state any clearance or creepage values between components with high voltage potential
but were both components are high side. The IPC-2221B standard values have been used for
the spacing requirements between high voltage potentials on high side connections.

3.2 Bamocar D3

On the previous electric cars the Bamocar D3 motor controller have been used. The self designed
inverter is designed to be compatible with the Bamocar. This were done as a precaution if the
self-designed does not work or fails, it should be swappable with the Bamocar D3 motor controller.

3.3 System overview

In this section the system as a whole will be briefly explained. The sections afterwards will go
in more detail on each subject. The whole system is shown in figure [3.1
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Figure 3.1: System overview

The following functionality were desired:

1.
2.

9.
10.

Gate driver electronics to properly drive the gates of the switching transistors.

A resolver interface to read the motor position from the resolver sensor on the Emrax 228.
Read the current in two of the phases.

CAN-bus to communicate with the rest of the car.

RS232 for debugging and logging data under bench testing.

Non-volatile storage for storing parameters.

A microcontroller to run the control algorithm, protect against over-temperatures,under/over
voltage and over-current.

Hardware protection against over-current for a more robust protection scheme.
Hardware protection against short-circuit in legs.

Hardware protection against faulty PWM signals (Trying to turn on both transistors in a
leg should not short circuit the supply, but be ignored).

For ease of design and space restriction the system were divided in three separate PCB’s.
It were desirable that the cards should be easily mounted and with as little as possible wired
connections between them. This was wanted to keep the assembly time lower, and minimize
faults from occurring during assembly.
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1. Auxiliary card
2. Driver card

3. Logic card

Auxiliary card

The rules from Germany and England demands some functionality for the motor-controller. The
Bamocar D3 does not fulfill these rules, as such the auxiliary card were designed to fit in both
the Bamocar D3 motor-controller and the self-designed motor controller. This were deemed as
the easiest solution to make both motor-controllers rule-applicant. The auxiliary card needed
the following functionality:

1. When the system is shutdown the voltage on the capacitors needs to be discharged to below
60V within five seconds.

2. VDC measurement circuit for detecting if the voltage on the capacitors are above 60V.

Driver card & Logic card

The rest of the electronics were decided to be split up in two cards. The reasoning behind these
are space restrictions and clearance restrictions between the low side and high side system. The
reason for the space restriction is that it’s desirable to have the driver electronics as close as
possible to the gates of the switching transistors, preferably mounted on top of the transistor to
minimize stray inductance.

The driver card contains the components that interface to the high side of the system, while
the logic card contains the low side components.

3.4 Switching transistors

3.4.1 Switching transistor technologies

Most of the theory for this section is gathered from the book ”The Art Of Electronics” [3]. It
goes through some important aspects of the different transistor technologies for use in switching
applications.

Bipolar Junction Transistor

Bipolar Junction Transistors (BJTs) are in essence a current amplifier. Equation explains
the relationship between the base current and the current through the collector to emitter. This
means that for large current through the collector to emitter a large control current is needed.
This means that the driver circuitry needs to be complex and large, thus the BJT technology is
not a good choice for the motor controller.

Iee=1-p (3.1)

On the other hand a characteristic of the bipolar transistor which does make it useful is the
collector to emitter voltage (V..), which varies little with collector current (I.). The on power
loss of the BJT is given by equation |3.2)

Py =1, Ve (32)
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Power Metal Oxide Semiconductor Field-Effect Transistor

Power Metal Oxide Semiconductor Field-Effect Transistors (MOSFETSs) are suitable for use
in switching applications because of their low on resistance (R,,), High input impedance and
negative tempco at high drain currents. When used in switching applications MOSFET's can
be paralleled without a balancing ballast resistor because of the negative tempco at high drain
currents. The voltage drop from source to drain (Vs4) is determined by the source current (Iy).
The on power loss of the MOSFET is given by equation [3:3] As can be seen the power loss
increases by the square of the current, thus for high currents the BJT technology can have lower
conduction-losses than that of a MOSFET. Even so the MOSFET is good solution for a power
application because of the low on-loss and low switching losses.

P, =R, -I? (3.3)

S

Insulated Gate Bipolar Transistor

The Insulated Gate Bipolar Transistor (IGBT) can be modelled as a MOSFET driving a BJT.
The IGBT has the advantageous characteristics of the MOSFETSs high input impedance as well
as the BJTs low saturation voltage. The disadvantage of the IGBT compared to the MOSFET
is that the turn-on time is larger, which means that the switching power losses in the IGBT is
larger than that of the MOSFET.

3.4.2 Choice of switching transistor technology

The MOSFET were of interest because of low switching losses, but solutions using MOSFET
ended up being expensive compared to IGBT solutions. The IGBT technology were chosen
because there are plentiful of modules to chose from for the current/voltage range of the system,
and the fact that they are cheaper than the MOSFETsSs.

3.4.3 IGBT selection

The IGBT used in the Bamocar were used as a reference for the selection of IGBT for the motor-
controller. Table compares some different IGBT’s, FF600R06ME3 is the IGBT module used
in the Bamocar D3.

Since the manufacturers differs in how they specify the IGBT’s a maximum DC-current
through the diode and through the IGBT were calculated for the table. The maximum currents
were calculated by using equation @ where T op_maz is the maximum operation temperature
of the junction in degrees Celsius, T} o, is the operation temperature in degrees Celsius, Rjc_ignt
is the thermal resistance from the junction to case in Kelvin/Watt and Ve_sq: is the saturation
voltage of the component. T ,, = 80 were used for all the calculations.

I _ tj-op.maz j-op 4
Cmax ch % ‘/sat (3 )
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MPN Ve az Ioraw  Ia,.ae Price (NOK)

FF600R06ME3 600V 458A  239A 1094
SEMiX303GB12E4p 1200V 324A  202A 1722
FF300R12ME4_B11 1200V 363A  283A 1084
MIXA300PF1200TSF 1200V 383A  254A 1114
FF450R12ME4 1200V 517A  424A 1542
MIXA450PF1200TSF 1200V 543A  368A 1456
MG06600WB-BNAMM 600V~ 438A  292A 1262
FF600RO7TME4 B11 600V 511A  333A 1080
FF450R12ME4.B11 1200V 517A  424A 1158
MG12450WB-BN2MM 1200V 352A  234A 1692
MG12300WB-BN2MM 1200V 250A  176A 1262
MG12225WB-BN2MM 1200V 188A  141A 1120
FSS00R07A2E3 B31 1200V 516A  399A 2026

Table 3.2: IGBT specification comparison

The FF450R12ME4 were chosen since it had roughly the same specifications as the FF600R0O6ME3
used in the Bamocar D3, and that RS online stocked the FF450R12ME4. RS online sponsors
ION Racing by giving good discounts on their components.

3.5 Cooling system

The excess heat generated by the power loss in the IGBT needs to be removed. There needs
to be a water cooling system in the car since the EMRAX228 motor is water cooled. It were
therefore chosen to also water cool the IGBT transistors. This section describes the design of the
water cooling block for the transistors. It were 3D-modeled in Autocad Inventor and simulated
in Autocad CFD. The CFD simulation gives thermal results, flow results and pressure drop.

3.5.1 Calculation of inlet temperature

To find a rough estimate to the inlet temperature a thermal analysis of the whole cooling loop
where done. Figure [3.2] shows the order which the components are placed in the cooling loop.
The motor comes before the motor controller in the loop since it requires a maximum inlet water
temperature of 50 degrees Celsius.

T ctrl Motor T rad ]
Motor Controller Radiator
T motor
Pump Catch can

Figure 3.2: Cooling loop in the car

The steady state temperature out of the motor were calculated with equation where T;,
is the input tempetaure in degrees Celsius, w is the flow in kg/s, P is the power loss in the motor,
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and is the specific heat constant of water.

Tout = Tln w P (35)
w

To calculate the inlet temperature T, the flow of the water must first be calculated. Further
to calculate the water flow the pressure drop through the different components must be known.

Pressure drop calculations

The pressure drop calculations over the motor and radiator are based upon measurement from
last year, reference ??. The radiator for the 2017 car were unknown. Using data from last
years radiator were chosen as a rough estimate. The pressure drops are calculated by using
equation where w is the mass flow of the water in kg/s and b is a constant determined from
measurements. The formula is for calculating pressure drops where the flow is laminar.

APyrop =b-wh™ (3.6)

The cooling block were designed and simulated for pressure drop to calculate the constant b.
Figure [3:3] shows the results of the first simulation. The cooling block were designed with 13mm
inner channels. The simulations shows particle traces of the water, which shows how the water
particles have moved through the cooling block. The simulation were done with a water flow of
0.08kg/s. The b value were calculated using equation

Figure 3.3: Cooling block pressure simulation
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Table lists the b constants for the different components.

Component b
motor 2527473.6
cooling block  230719.3
radiator 360532

Table 3.3: Pressure drop constant b

Pressure drop in hoses

The hoses also introduce a pressure drop. Larger inner diameter of the hose reduces the pressure
drop. To decide which inner diameter should be used for the hoses, the pressure drop for three
different sizes were calculated (10mm, 12.7mm, 17mm). For a rough estimation the calculations
were done for only for straight paths. First the Reinolds number were calculated using equation
where Q is the volume metric flow in m?/s, v is the kinematic viscosity of water in m?/s,
and D is the inner diameter of the hoses in meters.

4
R, = @
v D
Then the Moody friction factor were calculated according to equation [3.8] where E is the
absolute roughness of the hose, R, is the Reinolds number, and D is the inner diameter in
meters.

(3.7)

1.325

 log(5Ep + 16%)2

Finally the pressure drop in KPa were calculated according to equation |3.9] where p is the
specific weight of water, Q is the volume metric flow in m?/s, f is the moody friction factor, D is
the inner diameter of the hoses in meters, and L is the length of hose in meters. A total length
of 2.5 meters were estimated based upon manual measurements in the car.

8@ f-L
n2.D4 D

A Matlab script was created to calculate the pressure drop vs flow. The result is shown in
figure The matlab script are added in appendix ?.

f (3.8)

AP=p 1/1000 (3.9)
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Figure 3.4: Pressure drops for the different components and different inner diameter for the
cooling hose

Pump choice

Last year a Bosch 0 392 023 232 water pump were used. It were of interest to compare it with a
more powerful pump. The weak pump from Bosch (0 392 023 232) and a more powerful pump
from Bosch (0 392 024 058) are compared in this section. A plot were created in Matlab by
interpolating data points from the data-sheets characteristics. The results are shown in figure
9.9l
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Figure 3.5: Pump characteristics

To find the flow in the system the intersection between the total pressure drop in the system
and the pump characteristics must be found. Figure [3.6] shows a plot of the total pressure drop
for the different hose sizes and both pump characteristics.
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Figure 3.6: Pump characteristics vs total for loss for different inner diameter for the cooling hose

As shown in the figure the hose size does not have a major effect on the achieved flow. A
10mm inner diameter hose were chosen, since this size fits on the motor coolant fittings. Further
for a 10mm inner hose diameter the flow ends up being 3.668 L/min for the weak pump and
7.287 L/min for the more powerful pump. Emrax recommends a flow of 8L/min, therefor the
more powerful model (0 392 024 058) were chosen as the pump for this years car.

The inlet temperature can now be calculated. To find the power loss of the motor, it were
estimated that the average motor power were 45kW. A worst case efficiency from the Emrax228
datasheet of 86% efficiency were used for calculating the power loss. Further it were anticipated
that the radiator were able to cool the water to 50 degrees Celsius. The inlet temperature where

then calculated to be: To = 50'4186'0'3'211221';%510;3‘(1_0‘86) = 62.42 degrees Celsius.

3.6 Power dissipation in IGBT's

A Matlab script which estimates the power losses numerically were created. The script is added in
the appendix. The peak output current were set to 166A for the calculations, which corresponds
to a appareant motor power of 4bKW with a modulation index of 0.9. The power loss in each
IGBT-module were estimated to be about 282W. Each IGBT Module contains two transistors
and two diodes. The maximum heathsink surface temperature can be calculated using equation
where Tjmax is the maximum junction temperature of the IGBT, Ry;p is the thermal
resistance from junction to heatsink in K/W, and P is the power loss.

Ty < Tjmax — Roju - P (3.10)

The Rg;jp is equal to 150 degrees Celsius and the Ry is equal to 0.096 for one IGBT. Both
values are read from the datasheet. The value Ry;g is for one IGBT, so the calculated power
loss of 282W needs to halved for the calculations. The maximum heatshink surface temperature
were calculated to be Ty < 150 — 0.096 - 282/2 = 136 degrees Celsius.
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3.6.1 Thermal analysis of cooling block

A thermal analysis of the cooling block where done in CFD. The result of the simulation is
shown in figure [3.7] The simulation where done with a inlet temperature of 70 degrees Celsius
to give some headroom for faults in the calculations. The temperature that is shown is the
maximum casing temperature, which is well below the maximum allowed temperature of 136
Degrees Celsius.

Figure 3.7: Thermal analysis of cooling block

3.6.2 DC-Link Capacitor

First the RMS-current draw of the VSI were calculated. This is needed to know how much heath
is generated in the capacitor. The research ” Analytical calculation of the RMS current stress
on the DC-link capacitor of voltage-PWM converter systems” paper proved to be helpful for
calculating the RMS-current stress of the capacitor bank [4]. The methods in the paper ignores
the affect of dead-time and recovery current of the diodes, which it states are minor influences.
Further a purely sinusoidal output current is considered.

The ripple current stress of the capacitor bank where calculated using equation

A Imms\/2M- [4@ + cos(4)? - (? - %M))} (3.11)

The power factor of the system where not known so a worst case analysis were done with the
power factor equal to 1. The worst case normalized RMS current is then equal to 0.6497. The
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RMS current ripple were calculated to be 155.928 Arms by taking 240A rms and multiply by the
normalized factor.

0.8

0.6

Normalized capacitor RMS-current

0.6
0.4 04

Modulation index m 0 o Power factor

Figure 3.8: Three dimensional representation of the normalized current stress of the capacitor
bank as function of modulation index and power factor.

Two CADEFPQ6380A8TK film capacitors were used in parallel. They are rated for 400V
and 100Arms ripple current each, which means that two in parallel can handle a ripple current
of 200Arms.

3.7 Bus-bars

The capacitors needs to be connected to the IGBT’s in some manner. This could be done by
the use of cables or bent sheet-metal bus-bars. To prevent high switching voltages, which can
destroy the IGBT’s, the inductance of the connection must be as low as possible. To lower the
inductance a two-layer busbar were designed 7?7 . A sandwich structure consists of two metal
plates isolated from each other by a isolating material. The plates gets mounted as close to
each-other as possible, so that they act as a capacitor. Figure [3.9]shows a rendered side image of
the construction, and figure [3.10] shows a angled image of the construction. The bus-bars were
isolated using Capton tape. Technical drawings of the bus-bars are added in appendix A.
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Figure 3.9: Bus-bar construction side view

Figure 3.10: Bus-bar construction angled view

3.7.1 Current sensor

The control algorithm needs current measurement of two phases. It is not uncommon to measure
the current in all three phases for detecting ground fault, but this is unnecessary for this design
since the car have a insulation monitor installed. It were decided that measuring the current of
two phases were good enough.

There are different methods for measuring the current. Two of the most popular are to
measure either the phase currents or the current going in the legs of the switching transistors.
Measuring the current in the phases offers the benefit of constant motor current through the
sensor independent of the transistor switching state. It were decided to measure the current in
the phases because of this reason. There are different types of sensors to be used for current
measurement. The two most common types are:

1. Current transducer.

2. Shunt resistor.
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The shunt resistor works by measuring the voltage drop over a precise and known low re-
sistance resistor. The current transducer works by measuring the magnetic field in the cable.
There are some trade-offs between the technologies. The current transducer offer the following
advantages:

1. They offer isolated measurement.

2. They can be placed anywhere in the current path, which sometimes can simplify the con-
struction of the system.

3. They have very little effect on the system they measure.
Some disadvantages for the current transducer are:

1. They are expensive compared to shunts.
2. They can be affected by nearby magnetic fields, which would need to be compensated for.

3. They have limited bandwidth compared to the shunt and thus (for some sensors) consid-
erable delay.

The advantages of the shunt resistor are:
1. They are usually very cheap compared to current transducers.
The disadvantages are:

1. They can dissipate a lot of heat. A trade-off between heat dissipation and accuracy must
be made.

2. They affect the measured circuit by introducing a voltage drop.

The high current of the system introduces a problem with using shunts. It were difficult to
find shunt resistors rated for such high current. The ones which were rated for the high current
were both large and expensive. The current transducer were chosen because of the larger selection
of sensors for high current and the smaller size of them. Table compares the specification of
SoIme Sensors.

Name LF 305-S HASS 50 200  HAL 200S
Supply voltage +/-12V 5v +/-15V
Supply current 170mA peak 25mA 80mA peak
Output signal 150mA RMS 2.5 +/- 0.625V +/-4V
Total un-adjusted error 0.836% 11.8% 4%
Response time lus 4us 3us
Nominal measurement range +/-300A RMS +/- 600A +/- 200A
Price 94% 22.77% 56.5%

Table 3.4: Current transducers comparison

The total un-adjusted error were calculated as the sum of the different errors for the sensor. It
were calculated with a delta in temperature of 40 degrees Celsius. The current transducer sensors
can be roughly put in two categories: compensated and uncompensated. The compensated type
offers better accuracy, higher immunity to external interference and higher bandwidth, but needs
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a bipolar supply. The HASS 50 200 are of the uncompensated type while the other two are
compensated. The HASS 50 200 were dismissed because of it’s low accuracy.

The HAL 2008 series were chosen instead of the LF 305-S because of it’s lower price, lower
supply current compared to LF 305-S and the fact that the output is a voltage signal. HAL-
transducers can measure a larger area than the nominal measurement range, but the accuracy
specifications are only valid for the nominal measurement range. The HAL 400S were chosen as
the current sensor for the system. It has the same specifications as the HAL 200S, but a nominal
measurement range of 400A RMS.

3.8 Driver card

This section describes the design choices for the electronics on the driver card. The driver card
have the following functionality:

1. Drive the gates of the switching transistors.
2. galvanic isolation of temperature sensors.
3. Short circuit protection.

4. Logic for opening all the transistors.

5. Bus voltage measurement.

Figure [3.11] shows a top sheet diagram of the gate driver schematics. S1 is the connector to
the logic card. S3 contains the connections to the IGBT, shown in figure and Two of
the phase connections are identical to the one shown in figure [3.12] while one of the phases have
added connections for the voltage measurement as shown in figure [3.13
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Figure 3.11: Top sheet connection for driver card
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Figure 3.12: Driver card phase A connections
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Figure 3.13: Driver card phase C connections

3.8.1 Gate driver

The gate driver electronics receives the PWM signals from the microcontroller; amplifies them
and isolates them. The application note ”external booster for driver IC” [§] were a helpful
resource for the calculations done in this section. Schematics for a general gate driver is shown

in figure

Figure 3.14: Bus-bar construction angled view

Since the signal going out of the amplifier is on the high-side it needs to be isolated from the
control signal, which is on the low side of the system. Further it must be able to deliver enough
current to turn the transistor on/off quickly enough for the given PWM frequency. The circuitry
can either be made by discrete components or by the use of a gate driver IC. A gate driver IC
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often includes more advanced functionality, such a short circuit protection. A gate driver IC
solution were chosen for its simplicity compared to a discrete solution.

Supply voltages

To properly turn on the transistor a typical voltage of 15 is applied to the gate. For turning
off the transistor a negative voltage is usually applied. A more economical method is to use a
electronic clamp, which shunts the resistor Rg shown in figure The clamp method, while
economical, is not sufficient to keep the gate off. It were chosen to use bipolar supply with voltage
levels of +15V and -8.7V. The reason for this specific voltage level were that Murata delivered
a series of isolated DC/DC supplies designed for IGBT applications.

Current demands of gate driver

Gate drivers are specified for peak output currents. Even tough the average current demand
for switching the transistor on/off are low, the transient current can be quite large. The peak
output current are given by equation [3:12] where R;, is the internal resistance of the module.
The external resistor Rg can not be calculated, but must be tested in with the real hardware.
It’s desirable to have it as low as possible to minimize switching losses, but to low a value and
there will be overshoot in the gate voltage signal which can destroy the IGBT. Infineon states
that rough estimation for the the external resistor value is a value between the internal resistance
value and two times the internal resistance value. The internal resistance of the IGBT module
is 1.7Q2. To give some headroom it were chosen to calculate the peak current using a external
resistance value of 1.3(2. The peak current that the driver must be capable of delivering is then

15V 8.7V
equal to Iout = m =T7.9A.

Avaate

ate 3.12
Rint + Rg ( )

Iout =

Power demands of gate driver

The power requirements for the gate driver is given by equation @, where Qgate is the gate
charge for a given voltage swing, fq., is the switching frequency and AV, is the voltage swing.
The datasheet of the IGBT states that Q4ate is 3.3uC for a voltage swing of 30V. For a voltage
swing of 15 + 8.7 = 23.7 the gate charge will be smaller, but is not linear. The gate charge value
of 3.3uC" where used for the calculations since the relationship between voltage swing and gate
charge were unknown.

P = antefswAVgate (313)

The power demands for the gate driver were calculated to be P = 3.3u - 156K Hz - 23.7V =
1.17315W.

Average current demand

The average current demand is given by equation where P is the power needed to switch the
transistor (previously calculated as the power demand of the gate driver) and AV, is the voltage
swing. The average current demand were calculated to be I,y = 1.17315W/23.7V = 49.5mA.

P

_— 14
A‘/gate (3 )

Iavg =

46



3.8. DRIVER CARD CHAPTER 3. HARDWARE

Power supply choice

The transistor arrangement for a two-level VSI is shown in figure Each of the transistors
needs a individual gate driver. All of the drivers for the top transistors (S1, S3 and S5) must
have individual isolated supplies. The bottom transistors can have a common supply, since they
share a common ground potential.

Figure 3.15: Bus-bar construction angled view

Three methods were considered for implementing the supply:

Bootstrap The bootstrap method creates the isolated supply from the bottom supply. This
method is a economical way to implement the isolated top supplies. The downside is that
a 100% duty ratio is not possible if a bootstrap supply is used.

Multi tap transformer Design a discrete isolated DC/DC converter using a multi tap trans-
former. One tap for every gate driver, or one tap for each top driver and a common tap
for the bottom drivers.

Individual isolated DC/DC modules One DC/DC module for each driver, or one for each
top driver and a common for each bottom. This method is more expensive than the multi
tap transformer solution, but is simpler to implement. Another benefit of this method is
that the PCB-layout is simplified since there will be less crossing of high voltage signals.

The individual isolated DC/DC module solution were chosen for it’s simplicity. It were
further decided to use one DC/DC module per driver, since the same DC/DC module could
then be used for all the drivers. The supply has to deliver the average current demand of the
gate driver, which were calculated to be 49.5mA. The MGJ2D151509SC isolated +15V/-8.7V
DC/DC module from Murata where chosen. The needed power for the system is 1.17315W, the
Murata DC/DC module is rated for 2W, which should give some headroom for other incidental
power losses.

Bulk decoupling capacitors

Since the supply is not capable of delivering the transients currents of the driver, bulk decoupling
capacitors must be added to deliver these currents. The total gate drive energy for one cycle is
given by equation |3.15

E = Qgate AVyate- (3.15)

The total gate drive energy for one cycle were calculated to be Eyp = 3.3uC'-23.7V = 75.9uJ.
This is the energy that both the rails need to supply. The 15V rail then needs to supply
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E = 75.9uJ s2Y_ = 48;1.J. The needed capacitance value of the bulk decoupling capacitor can

23.7V
then be calculated using equation Given a voltage drop of 0.5V the capacitance needs to
be C' = 15v22‘4—81lff.]5v2 =6.51uk".
2F
C = (3.16)
‘/igzit - Vf2inal

Another source for voltage drop is the ESR of the capacitor. It’s important that high quality
capacitors with low ESR is used. X7R capacitor, tantalum capacitor or other high quality
capacitors are suitable. It were decided to use X7R ceramic capacitors for the bulk capacitors.
Table shows some specifications for a X7R 4.7uF ceramic capacitor from Kemet. An
important downside of ceramic capacitors are that the capacitance are voltage dependant.

ESR @ 15Khz 12.808mf2
Capacitance @ 15V 3.25851uF
Tolerance 10%

Worst case capacitance 3.25851 0.9 = 2.933uF

Table 3.5: Specifications for Kemet X7R 4.7uF, C1206C475K3RACTU

If the capacitors are paralleled the ESR is lowered and the capacitance increases. By using
three capacitors in parallel the worst case total capacitance would be 8.799uF which leads to
a voltage drop of 0.37V. The total ESR would be 4.27m) which leads to a voltage drop of
Viarop = Ipeak - ESR = 7.9A - 4.27m = 0.034V

Choice of gate driver IC

The required peak current of 7.9A severely limits the choices of suitable gate driver IC’s. There
are some IC’s which can deliver such large peak currents, but they typically lack in other features.
It were decided to find a gate driver with suitable extra features, and add a boost stage after it.
The single gate driver 1IED020112-B2 were chosen. It were chosen for the following features:

Desat protection By measuring the saturation voltage of the IGBT it detects short circuit
fault in the leg and turns the IGBT off. The response time is from desat detection to
output low is 430ns.

Galvanic isolation Required to isolate the low side and high side.

Complementary PWM input It requires complementary PWM input, if both inputs are high
or both inputs are low the output state goes low. For one leg in the VSI the positive input
of one of the gate drivers are connected to the negative of the other gate driver. This
ensures that the microcontroller generating the PWM signals does not accidentally turn
on both transistors in one leg.

Fault output If the IC detects any faults this is signaled to the microcontroller.
Bipolar supply capability it were desired to use a bipolar supply of +15V/-8.7V.

Reset input Hardwired signal for turning off the transistor. All of the reset inputs of the gate
drivers are connected together. This is used to turn off all the transistor in the VSI if a
fault is detected.
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Current booster stage

To boost the output current of the gate driver IC a push pull stage using complimentary bipolar
transistors were used. A benefit of using a current booster stage is that it enables using two gate
resistors; one resistor for turning on the gate and one for turning off the gate. This can be useful
since the IGBT takes longer to turn off than on. The power loss in the transistor are given by

equation [3:17

1
Pd = §A‘/gatefstgate - (Rg =+ Rint)(fs'Wante)Q (317)

The power loss in the transistors were calculated to be P; = 0.5 -23.7V - 15KHz - 3.3uC —
(1.7Q+1.3Q)-(3.3uC-15K Hz)? = 0.58W. The NPN transistor zxtn2010z and the pnp transistor
zxtp2012z were used for the boost stage. Table 77 shows the required specifications for transistors
and the actual specifications for the transistors.

Specification required value zxtn2010z zxtp2012z

V(BR)ceo) 23V 60V 60V
ipeak 7.9A 20A -15A
Pax 0.58W 1.5W 1.5W

Table 3.6: Current booster transistor specifications

A maximum ambient temperature the transistors can handle with the given power dissipation
is calculated using equation [3.18

To—maz = Tj—maw - R9ja P (318)

For the NPN transistor the maximum ambient temperature is calculated to be T, _az =
150 — 0.58 - 80 = 103.6 degrees Celsius,and for the PNP T, ... = 150 — 0.58 - 83 = 101.86
degrees Celsius. Both temperatures are much larger than what the temperature inside the
enclosure should reach. The base resistance value were difficult to calculate since the gain of the
transistors vary a lot, testing with the real hardware were deemed necessary.

Schematics for final design

Figure shows the final schematics for the gate driver circuit, including the current booster
and supply. There are in total six of thse on one driver board (one for each transistor in the
VSI).
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Figure 3.16: Final schematics for gate driver

3.8.2 Temperature measurement

To protect the IGBT’s against over-temperature the temperature of the modules needs to mea-
sured. The chosen IGBT-modules have an internal Negative Temperate Coefficient (NTC)-
resistor. The NTC resistor have a temperature dependent resistance, equation 77 gives an
approximation to the resistance. There are several methods for measuring a resistance, the three
most popular are:

Current source The resistance can be indirectly read by reading the voltage drop created from
sending a precise current through the resistor.

Voltage divider Using a current limiting resistor in series with the NTC. This method linearizes
the the sensor to some degree.

Bridge measurement A bridge measurement is the same approach as a voltage divider, but
does a much better job at linearizing the sensor.

Since in the end a microcontroller processes the reading, the bridge measurement type were
not considered. This is simply because it’s easier, cheaper and more precise to linearize the
readings digitally in the microcontroller. The voltage divider solution were chosen instead of the
current source method, since it’s cheaper and easier to implement.

In application notes from Infineon it were stated that the sensor were isolated from the rest of
the circuitry, but if the IGBT should be destroyed under use the high voltage could break through
to the sensor connections. It were chosen to measure the resistance using isolating amplifiers to
give an extra level of insulation. The schematics of the circuit is shown in figure |3.1
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Figure 3.17: Temperature measurement electronics on driver card

Component description

R1 pull-up resistor for the NTC resistor voltage divider.
C1 Decoupling capacitor high side.

C2 Decoupling capacitor low side.

R2 & C4 Input low pass filter.

U3 Isolated amplifier.

Operational description

The pull-up resistor R1 forms a voltage divider with the NTC-resistor. The signal is low pass
filtered and isolated through the isolation amplifier (U3). The output of the isolation amplifier
is differential. The differential signal is wired to the logic card, where it’s converted to a single
ended signal and read by the internal ADC in the microcontroller. The microcontroller linearizes
the signal in software and protects against over/under voltage.

3.8.3 bus voltage measurement

The bus voltage is measured to detect if the bus voltage is to high or to low. Also it is used
for detecting if the bus voltage is above 60V, which is required by the rules for the TSAL. The
measurement were done by using a voltage divider circuit. Figure [3.18|shows the schematics for
the bus voltage electronics on the driver card.
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Figure 3.18: Schematics of the bus voltage measurement.

The resistors R3, R4, R5 and R6 are from the Vishay’s MMB MELF resistors. Four resistors
were used for the top resistor to increase the creepage and clearance of the voltage divider.
Each of the resistors are rated for a operational voltage of 350V, which means that the voltage
divider should have no problem with handling the maximum voltage of 400V. Again the ACPL-
C87AT/BT isolated amplifier are used for isolating the voltage from the voltage divider. The
amplifier have unity gain. The relationship between the bus voltage and the output voltage is

given by equation [3.19]

10k

Vo= Vo 510k

(3.19)

3.8.4 Isolated supply for temperature measurement and voltage mea-
surement

The circuitry for all three temperature measurements and the voltage measurement shares one

supply isolated supply for the high side, and one supply for the low side. The low side is supplied

with 5V from the logic card, and the high side is supplied by a isolated DC/DC supply. The
schematics for the isolated supply is shown in figure [3.19
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Figure 3.19: Schematics of the isolated supply for the sensor measurements.

3.8.5 Driver card Logic

Each of the phase legs have their error output signal tied together. All of the signals are wired to
the microcontroller so that errors can be read and responded to. Figure shows the schematic
for three LED’s added on the driver card. These light up a error occurs and are intended for
visual aid under testing.
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Figure 3.20: Schematics Fault connections and LED indicators.

Figure shows how the reset signal to all the gate drivers are connected. If any of the
error signals (RFE, OC or TRIP) goes low all the switching transistors are turned off. The
RFE signal is hardwired to the ECU and is there as a extra precaution in the case ECU looses
communication with the motor controller. The OC connection is the hardware overcurrent
protection implemented on the logic card. TRIP is connected to the microcontroller and is used
by the software to turn off all the transistors if it detects a error.
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Figure 3.21: Schematics fault logic

3.8.6 PCB clearance

Since the PCB contains both high side and low side connections there are requirements for spacing
between them to keep the creepage and clearances within allowed range. Figure 7?7 shows the
PCB layout with added dimensions for the clearances.

Temperature measurement

and voltage measurement
signals

Low side connections

Figure 3.22: Spacing dimensions on driver card.
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3.9 Logic card

3.9.1 Differential to single ended stage

Figure 77 shows the schematic for the differential to single ended stage on the logic card. It’s used
for converting the differential signals from the temperature sensors and voltage measurement to
single ended. The output is connected to the internal ADC of the microcontroller.
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4k7 R63 ——C85
47 180pF/COG= L
GND o
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Figure 3.23: Differential to single ended input stage

3.9.2 Non volatile storage

Non volatile storage where added for storing motor controller parameters. The internal flash
memory of the microcontroller could have been used, but the author have had some technical
problems using this method on previous designs, so it were decided to add an external EEPROM.
The schematics for the EEPROM circuit is shown in figure
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Figure 3.24: EEPROM schematics

3.9.3 Motor temperature input stage

The motor has built in resistive temperature sensor. Fig [3.:25] shows the schematics for the
input stage of the motor temperature sensor. The output is connected to internal ADC of the
microcontroller. Over temperature is protected against in software.
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Figure 3.25: Motor temperature input stage

3.9.4 Current sensor input stage

The control algorithm needs to know the currents of two phases. Preferably the two currents
should be read with as little latency as possible, and simultaneously. It were chosen to use the
internal ADC of the microcontroller for reading the senors. The internal ADC of the microcon-
troller is of the Successive Approximation ADC (SAR), which offers zero cycle latency and low
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latency time. Further it has the capability of simultaneous sampling. What the internal ADC
lacks is the ability to read bipolar signals, which the output from the sensors are. To remedy
this problem the input stage had to add a positive offset on the sensor output voltage, so that it
never goes negative.

The second desired functionality for the input stage were to detect over currents, and send a
reset signal to the driver card. The reason for protecting against over current in hardware, were
added robustness to the protection scheme. The software will also protect against over currents,
but the maximum current for the software protection can be programmed to any desired value
below the hardware protection value. Under testing the software limit can then be adjusted to
a much lower value.

Figure shows the schematic for one of the input stages. Both of the input stages are
identical. The output, OUC, of both stages gets tied together so that it performs a logic or

operation.
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Figure 3.26: Input stage for current sensor

ouc

3.9.5 Casing temperature measurement

The microcontroller protects against over temperature inside the enclosure. Figure shows
the schematics for temperature sensor. It’s PCB mounted sensor and is directly connected to
the internal ADC of the microcontroller.
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Figure 3.27: Temperature sensor inside enclosure
3.9.6 Inputs

The motor controller have two inputs controlled by the ECU. Both uses optocoupler input stages
as shown in figure [3.:28] The two inputs are RFE and RUN. The RFE is directly connected to
gate driver reset signal, while the run signal is connected to the microcontroller to tell it when
it can enable the PWM output.

supply

SR76
33k9
ul7
R77
INPUT N ! Output
3k9
SR78 N
ek 2470
100nF €95
100nF | '
RETURN o Vishay SFH6106-4X001T
GND

Figure 3.28: Optocoupler input stage
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3.9.7 Bus voltage threshold detection

The German rules demands that a circuit needs to detect if there are a voltage greater than 60V
on the capacitor bank. The circuit is shown in figure [3:29] The input is the single ended signal
from the differential to single ended input stage. The output is connected to the high voltage
battery which uses the signal as a part of the Tractive system active light circuit.

T A3V3
C103
100nF }fgﬁ
. U20A GND @
[ VDC THRS SIGNAL | TLV1702AIDGK o o
y I MGSFINO3LTIG
GND
A3V3
* U208
6. ™ TLV1702AIDGK
V+ 7
B
Sl g v
<
GND

Figure 3.29: Voltage Threshold detection circuit

3.9.8 Pilot-line

A pilot-line stage were added to the motor controller so that it can shut down the whole car if
necessary. The pilot-line goes through the relay, and the microcontroller can open or close the
relay. The schematics are shown in figure [3:30]
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Figure 3.30: Pilot line control circuit

3.9.9 Communication interfaces

The motor controller have to communication interfaces. CAN-bus for communicating with the

car and a RS232 interface for debugging/testing purposes. Figure shows the schematics for
the CAN-bus. Figure shows the schematics for the RS323.

3v3

CAN bus interface __l_

100nF
V3
3 =
GND u13
| vec SN6SHVD234D
Rs4 SRR = 7 __CAN High :
10k ¢ CANIRX 4] . CANH KL CAN High
<:RSS
5> EN 2120
g CANL & CANLow - CAN Low
— 8 rs
GND ol =
D19
[RS6
3 2
g NUP2105L
on
— GND
GND
Figure 3.31:
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Figure 3.32:

3.9.10 Resolver interface

A chip from Texas instruments called PGA411 were used for interfacing the resolver sensor in the
motor. It has most of the needed hardware inside the IC, so only some passive components had
be added. It generates the sinusoidal reference and calculates the angle from the two feedback
sinusoidal waves. It has programmable frequency and amplitude of the reference wave. It has a
SPI communication interface for programming it and a parallel interface for reading the angle.
The full schematics of it are shown in the appendix.

3.9.11 Microcontroller

The STM32f405vgt6 were chosen as the microcontroller for the motor controller. It has a clock
frequency of 168Mz. This were done since this microcontroller have amble resources, functionality
and the fact that it have been used for two years at ION-Racing. The complete schematics for
the microcontroller are in the appendix.

3.10 Auxiliary card

The Auxiliary contains the discharge circuit, the Tractive System Measurement Point (TSMP)
resistors and a HV-detection circuitry. The design of auxiliary card will be explained here. The
card is designed to conform to both the rules for Germany and England. The Bamocar motor-
controller does not fulfill all the rules of the competition. This card is designed to be installed
in both the Bamocar inverter and the self-designed motor-controller so that both will fulfill the
rules.

3.10.1 Discharge circuitry

The role of this circuit is to discharge the energy stored in the DC-link capacitor within a given
time frame. The FSAE rules sets the following criteria for the discharge circuit:

1. The discharge circuit must discharge the capacitor bank of the motor-controller to a voltage
below 60V within 5 seconds.
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2. The discharge resistor must be able to handle the maximum discharge current for 15 sec-
onds.

The discharge circuit were kept as simple as possible. It consists of a discharge resistor in
series with a normally closed relay as shown in figure [3.33

NC relay
K1
v 1 grel oY V-
3k
< Pilolline - 2 E Pilothne + >
Cons 3350

Figure 3.33: Discharge schematics

The relay is supplied by the pilot-line connected as shown in figure |[3.34] The relay will be
closed if no faults are detected in the car. If a fault is detected or the tractive system of the
car is shut of the pilot-line will open, thus discharging the capacitor bank. For the system to
be fail-safe the discharge must occur even if power is lost which is why the normally closed type
relay were chosen.

Figure 3.34: Pilot-line wiring

Discharge resistor

To find the maximum allowable resistance value the standard equation for capacitor discharge
where used, see equation [3.20} For the discharge to be compatible with both the self-designed
system and the Bamocar the it must be able to discharge the largest capacitor bank from 400V
to 60V within 5 seconds. The maximum allowable resistance where calculated to be: R =
y = 3294.4671).

—5s
800uF-in(60V/400V
_ —t
T Cn(R)

i
Vo

R (3.20)
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A standard resistor value of 3K€) where chosen. The resistor does not need to be rated for
the maximum power of the discharge cycle, but it must be of sufficient size to handle peak power.
Wire wound resistor or similar would be suitable. According to Vishay Dale [add citation] the
power specification for the resistor can be conservatively derated for use in pulsed operation.
The derating factor is equal to v/D where D is the duty ratio of the pulsed operation. Given that
the resistor must be able to handle the peak power for 15 seconds (according to the rules), this is
chosen as the on time of the surge. Given that we only discharge every five minutes the derating

factor becomes : K = 5?20 = 0.2236. The peak power is equal to Py, = % = 53.3W. The

derated maximum power is then equal to Py = 53.3-0.2236 = 11.9253W. A power-resistor rated
for a continuous power of 20W where chosen to give some headroom. A suitable resistor from
Vishay Dale where chosen, table shows the specifications for the resistor.

MPN CP00203K000JE14-ND
Resistance 3K
Power 20W
Short time overload 5-Pforbs

Table 3.7: Discharge resistor specifications

This resistor fulfilled the requirements of the rules, but it were desirable to discharge more
often than every five minutes under testing. A more thorough calculation for the resistor were
done.

In reality it the resistor does not need to handle the peak power for 15 seconds, but the
dissipated energy of the discharge. The energy that the resistor had to dissipate were calculated
according to equation and equal to 64J.

E =0.5CV? (3.21)

Given a discharge time of 5 seconds and that the capacitor bank are discharged every 10
seconds, the average power that have to be dissipated is equal to 6.4W. This is within the
specifications of the resistor.

A safety issue which needs to be addressed is if the discharge circuit should fail in such a
way that it continuously discharges. The discharge resistor is of a fusible-flameproof type, which
means that it will fail open like a fuse. The capacitor bank voltage is monitored under use of
the car and a open discharge resistor would be noticed.

Discharge relay

A NC reed relay from Comus were chosen as the discharge relay. Table lists the required
specification for the relay and the specifications for the comus 3350 relay.

Specifications Required Comus 3350
Switching voltage >400V 3500V
Switching capacity > 400V?2/3KQ = 54W 200W

Carrying current > 400V/3KQ = 133mA 3A

Table 3.8: Discharge relay specifications
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3.10.2 Tractive system measurement point resistors

The tractive system measurement points and the current limiting resistors are required by the
rules. The tractive system measurement points are two banana-jacks mounted on the side of the
car. The two measurement points are connected to the positive and negative capacitor terminals
in the motor-controller. They are used for testing the functionality of the discharge, precharge
and insulation monitor. The value of the resistors are specified by the rules to be 15K).

3.10.3 Voltage measurement

The German rules states that the tractive system active light circuitry (Located in the high
voltage battery) needs to detect if there are above 60V present in the capacitor bank. The
circuitry for this are included in the logic-card and driver-card for the self designed motor-
controller, but for the Bamocar to fulfill the rules it had to be included on the auxiliary-card as
well. The circuitry for this section will only be soldered on the PCB which are mounted in the
Bamocar.

The complete schematics for the voltage measurement are shown in figure 7?. The design
of the voltage measurement are identical to that explained previously for the logic-card and
driver-card, and are therefore not explained again here.
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Chapter 4

Software design

This chapter explains the software of the microcontroller. All the source code for the system is
included in the appendix. The software utilizes the Standard Peripheral library created by STM
to configure the hardware.
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4.1 Program structure
Three different methods for structuring the program were considered:

Super-loop A super-loop is the simplest approach for system design. In a super-loop all the
code for the system is in the main loop and often implements state-machines to control
what to do. It is a deterministic system and often results in a robust solution, but can
become very complex to implement for larger systems.

Background and Foreground tasks The background and foreground approach splits the code
in two tasks namely the foreground and background task. It’s a common technique for con-
trol systems. Usually the foreground task is created by a interrupt at a certain interval,
while the background task is written in the main code. The code that needs to executed
regularly are then in the foreground task, while all the other code for the system is in the
background task. The background task gets executed as often as the system has time to.

Real Time Operating Systems Real time operating systems are created to minimize the in-
put/output delay of the system. It does this by creating tasks which it switches quickly
between. It is a suitable solutions for systems which needs to handle many tasks simulta-
neously.

The background and foreground method where chosen. The reason for this choice is the
ease of debugging the code compared to more sophisticated scheduling techniques (like RTOS)
and the authors previous experience with creating systems with this approach. A super-loop
solution, although more deterministic, where not chosen because of the complexity involved in
implementing it. The foreground task handles all the control-code, while the background task
handles the rest of the code. Figure shows flow charts for the background task and the
foreground task. The background task updates the torque set point in the foreground task, if a
new torque request were received on the CAN-bus.
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Background
N

Y
N

Foreground

Read currents

Read angle

Park/clarke transform

Pl regulator

Inverse Park/Clarke
Transform

f‘(
Process CAN
message

Update PWM
registers

A

Logg data Stop motor

Figure 4.1: Simplified flowchart for background and foreground task

The foreground code is handled by a interrupt while the background tasks are handled in the
main code. Thus the code handles all the background tasks when it has time for it, while the
foreground tasks are executed at a certain interval. The foreground task is synchronized to the
PWM update rate and thus runs at the same frequency of 15KHz.

4.2 Clarke and Park transformations

The forward clarke and park transformations were created as one function, since the control
algorithm only needs the iq and id values, as following;:

void inline parkClarke_forward (
uintl6_t theta,
float ia,
float ib,
floatx iq,
float+ id

/% Clarke transformation x/

float ibeta;

/x dalpha = ia; x/

ibeta = sqrt3Inv * (ia + 2xibeta);

/x Park transformation x/
xid = ia * LUT.COSINE(theta) + ibeta x LUT_SINE(theta);
xiq = ibeta x LUT.COSINE(theta) — ia % LUT_SINE(theta);
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The square root calculations were pre-calculated and added as a define. The same procedure
were done for the inverse transformation, as following:

void inline parkClarke_inverse (
uintl6_t theta ,

float vq,
float vd,
float* va,
floatx vb,
floatx vc
)
float vAlpha, vBeta;
/x Inverse Park transformation x/
vAlpha = vd % LUT_COSINE(theta) — vq+«LUT_SINE(theta);
vBeta = vq * LUT_COSINE(theta) + vd+«+LUT_SINE(theta);
/+ Inverse clarke transformation x/
xva = vAlpha;
xvb = (—vAlpha + sqrt3 % vBeta )/2;
xvc = (—vAlpha — sqrt3 % vBeta) /2;
}

4.2.1 Sine calculation

To keep the execution time low a 12-bit sin Look Up Table (LUT) were implemented. The
following macros were defined for interfacing the LUT.

#define nbrOfPoints 4096
#define nintyDeg 1024 /x (90/360) * 4096 x/

/x Macros */
#define LUT_SINE(angle) (LUT_sin| WRAPANGLE(angle) |)
#define LUT_COSINE(angle) (LUT._sin| ( WRAPANGLE(

angle + nintyDeg) ) |)

/x If the angle is larger than 4095 (360 degrees) it wraps to around.
x It skips zero when wrapping around (860 = 0).
x 4097 —> 1, 4098 —>2.. 4096 + 1024 = 1024.
*/
#define WRAP ANGLE(angle) (angle > nbrOfPoints ?
angle—nbrOfPoints : angle)

4.3 PI regulator

The PI regulator were implemented as pointer based structure. This were done so that several
PI regulator instances could easily be made.
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/* Macros */
#define MAX(vall ,val2) (vall > val2 ? vall : val2)
#define MIN(vall, val2) (vall < val2 ? vall : val2)

/*x Public functions */
void PI_update(PIregulator_t *PI)

{

float iMax, iMin; /+x min and maz values for
integrator anti—windup x/

PI-—>error = PI->setPoint — PI-—>plantValue;
PI-—>proportionalTerm = Pl-—>error % PI—>Ka;
PI—integralSum += PI-—>Kb *x PI-—>proportionalTerm;

/x Integral Anti windup */

iMax = MAX(PI—outputMax — PI—>proportionalTerm, 0);

iMin = MIN(PI—outputMin — PI—>proportionalTerm, 0);

if (PI—>integralSum > iMax){ PI—integralSum = iMax;}

else if (PI—integralSum < iMin){ PI—>integralSum = iMin;}

/x Calculate and limit output */

PI—>output = PI-—>proportionalTerm 4 PI—>integralSum;

if (PI—>output > PI—>outputMax){PI—>output = PI—>outputMax;}

else if(PI-—>output < PI-—>outputMin){PI—>output =
PI—>outputMin;}

The PI regulator implements a dynamic anti windup method. It works by setting the limits
of the integral sum dynamically, based upon the proportional output and maximum allowed
output. The dynamic anti windup method is described by equation [f.1] and £:2] where I, is
the maximum sum of the integral, I,,,;, is the minimum output of the integrator sum, P,,; is
the proportional output, H is the maximum allowed output value for the regulator and L is the
minimum allowed output value of the regulator. This method offers less overshoot compared to
static clamping.

Imam = MAX(H - Poutao) (41)

Imin = M]N(L - Poutao) (42)

4.4 Pulse Width Modulation

To generate the PWM pulses to the driver-card TIM1 were used. TIM1 were configured to run
in center aligned mode with a frequency of 15KHz. Three compare registers were configured with
complementary outputs (six-channels in total) and adjustable dead-time. The timer hardware
compares the running timer with the three compare registers and automatically sets the PWM
outputs high or low based upon if timer value is larger or lower than the register value. A
interrupt were configured to happen when the timer counter reaches 50% of the maximum values.
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This interrupt is the foreground task of the code. Figure illustrates the PWM configuration
scheme.

Center aligned timer

Compare register 1\ [RQ—~C0Mpare register 2\ Compare register 3\
1— _ _ N A 4 )
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0 1 2 3 4 5 6

1 ! M 1 r
3 1
505

0 — ! ! Sl i

0 1 2 Ts 4 5 6

0 1 2 3 4 5 6
GPIO output for compare register 3
Complementary GPIO output for compare register 3

Figure 4.2: Pulse width modulation confiuration

The task of the controller is to update the PWM registers to the correct value after every
Interrupt. As can be seen from figure the compare register values end up having three phase
sinusoidal shape as the motor rotates.

4.5 Protection procedure

To protect against overvoltage a function were created which locks the PWM output to set all
the bottom transistors on and all the top transistors off, which stops the motor from charging
the capacitor bank.

void HAL_PWMé6channel_OvervoltageProtection (PWM_state_t state)
{

if (state = enable)

overvoltageProtection_f = enable;

TIM1—CCR1 = (period * 0)/100;

TIM1—>CCR2 = (period * 0)/100;

TIM1—>CCR3 = (period % 0)/100;
}else if(state = disable)

{
}

overvoltageProtection_f = disable;
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If a over current or over temperature is detected all of the transistors is locked in a off state:

void HAL_PWM6channel_disableOutput (void)

{
TIM_CtrlPWMOutputs (TIM1, DISABLE);

TIM_ITConfig (TIM1, TIM_IT_CC4, DISABLE);

4.6 Foreground task psuedo code

void TIM1_CC_IRQHandler ()

{
if (TIM_GetITStatus(TIM1, TIM.IT.CC4) != RESET)

{

TIM_ClearITPendingBit (TIM1, TIM_IT_CC4);

/+* Start Conversion of readings (currents,
voltage , temperatures) x/

/+x Read Angle x/

/x Wait for current conversion complete */

/x Park Clarke transformation x/

/% PI-calculationsx/

/+* Inverse transformation x/

/+* Scale output x/

/x Update PWM registersx/

/%
if current > max current —>
disable output, turn on led.
if voltage > maz voltage —>
overvoltage protection enabled.
if any temperature > mar temperature —>
disable output.
v/

The rest of the code is added in the appendix.
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Chapter 5

Results

5.1 Hardware

All of the hardware were finished designed and produced. The driver card still needs to be
soldered and tested before the system as a whole can be tested.

Busbar

Figure shows the assembled bus-bars without the isolating Kapton tape. And figure
shows the bus bar with the added Kapton tape.

Figure 5.1: Busbar without added Kapton tape
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Figure 5.2: Busbar with added Kapton tape

Water block
The machined water block are shown in figures [5.3 and [5.4}

Figure 5.3: Water block IGBT mounting side
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Figure 5.4: Water block channels

Auxiliary PCB
Figure [5.5] shows the top side of the auxiliary PCB and figure [5.6] shows the bottom side.

Figure 5.5: Auxiliary PCB top
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Figure 5.6: Auxiliary PCB bottom

Gate Driver PCB
Figure shows the top side of the driver card PCB and figure shows the bottom side.

Figure 5.7: Gate driver PCB top
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Figure 5.8: Gate Driver PCB bottom

Logic card PCB
Figure [5.9 shows the top side of the logic card PCB and figure ?? shows the bottom side.

Figure 5.9: Logic PCB top
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Figure 5.10: Logic PCB bottom

Two errors were found on the logic card when soldering it. Figure [5.11] shows the first error
where the enable signal to the 3.3V supply had not been added, this were fixed by adding a
jumoper wire as shown. Figure [5.12] shows the second error where the pins of the -15V supply
for the current sensor had been mixed up. This were fixed by using some jumper wires.

Figure 5.11: Logic PCB error
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Figure 5.12: Logic PCB error

Electronics assembly

Figure 5.13: Top view of the electronics assembly
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.
AN M

Figure 5.14: Side view of the electronics assembly

5.2 Software

Some minor code have to be written to start testing the system, but there are still a lot of
software that needs to be written before the motor controller can be used in the car.
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Chapter 6

Discussion and further work

The sheer amount of work needed to design a motor controller and get grasp of all the theory
were not anticipated. The work have not gotten as far as were planned. There are still more
work left before a complete working system is finished, mainly what is missing is more testing
of the system. Undoubtedly there are more minor errors that needs to fixed. Some errors have
been found and fixed.

6.1 The cooling system

The cooling system of the car were meant to be done by a another member of the team, but
he left the team with little work done. The Author had little choice but to try and do some
rough estimations for the cooling system. The calculations done were based upon a thesis on the
cooling system for 2016 car. A more thorough analysis of the cooling should be done.

6.1.1 The cooling block

The weight of the motor controller is a essential specifications since it is to be used in a race
car. The cooling block can be improved upon by making it smaller and lighter. It were decided
that the cooling block should be mounted on the outside of the enclosure, as to let excess heath
out instead of trapping it inside the enclosure. Since the cooling block were to be mounted on
the outside, the minimum dimensions of it were set because of the mounting arrangement. If
the cooling block could be mounted inside the enclosure, the cooling block could also be made
smaller. Problems with heath build-up in the enclosure could be fixed by using some venting
holes or a fan.

6.1.2 Assembly

The dimensions of the enclosure were decided early on since the motor controller should be
compatible with the Bamocar. If this were not the case a more compact solution could be made.

6.1.3 Electronics

Many of the solutions for electronics were chosen on the basis of it being simpler/quicker to
implement. The electronics could have been made cheaper by using more economical solutions.
A lot of time were spent on the power electronics, in hindsight this were not as fruitful as one
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would have wished. The focus should have been on designing the hardware as simple as possible,
and spend more time on the software and testing of the system.

When the car is done and have been thoroughly tested there will be more data on the system,
which could be used for optimization of the hardware (escpecially the power electronics). Future
work for ION-Racing could be to downscale the system for a 4-wheel drive system. That would
also open up work to be done on torque-vectoring control methods and design of light-weight
efficient PMSM motors.

6.1.4 Software

When the system is up and running the most interesting part for further work would be on the
software, Especially on the control-system. More advanced control techniques can be tested and
compared with the designed hardware. For example: Direct torque control [I], sensor-less control
[10], dynamic switching-frequency control [7].
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Appendix A

Full schematics for driver card
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Appendix B

Bill of materials driver card
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Comment Description Designator MPN Quantity
C1_S8, C1_S11, C1_S14, C2_S8, C2_S11, C2_S14,
C4_S8, C4_S11, C4_S14, C5, C7, C13_S6, C13_S7,
C13_S9, C13_510, C13_S12, C13_S13, C14_S6,
C14_S7,C14_S9, C14_S10, C14_S12, C14_S13,
KEMET 100nF Multilayer Ceramic Capacitor C25_56, C25_S7, C25_S9, C25_S10, C25_S12,
MLCC 50 V 10% X7R Dielectric 0603 Max. Op. C25_513, C26_S6, C26_S7, C26_S9, C26_510,
100nF Temp. +125C C26_S12, C26_S13, C31, C37,C38 C0603C104K5RACTU 38
Murata 10nF Multilayer Ceramic Capacitor
10nF MLCC 25 V dc +10% B*1 C6, C32, C33,C34 GRM188R71E104KA01D 4
C10_S6, C10_S7, C10_S9, C10_S10, C10_S12, C10_513,
KEMET 100pF Multilayer Ceramic Capacitor C11_S6, C11_S7, C11_S9, C11_S10, C11_S12, C11_513,
MLCC 50 V dc 5% COG Dielectric 0603 Max. C18_S6, C18_S7, C18_59, C18_S10, C18_512, C18_513,
100pF/COG Op. Temp. +125C C23_56, C23_S7, C23_59, C23_510, C23_512, C23_S13 C0603C101J5GACTU 24
C12_S6, C12_S7, C12_S9, C12_S10, C12_S12, C12_S13,
C15_S6, C15_S7, C15_S9, C15_S10, C15_S12, C15_S13,
C16_S6, C16_S7, C16_S9, C16_S10, C16_S12, C16_S13,
C17_S6,C17_S7, C17_S9, C17_S10, C17_S12, C17_S13,
C19_S6, C19_S7, C19_S9, C19_S10, C19_S12, C19_S13,
KEMET 4.7F Multilayer Ceramic Capacitor C20_S6, C20_S7, C20_S9, C20_S10, C20_S12, C20_S13,
MLCC 25 V dc 10% X7R Dielectric 1206 Max. C21_S6,C21_S7, C21_S9, C21_S10, C21_S12, C21_S13,
4u7 Op. Temp. +125C C22_S6, C22_S7, C22_S9, C22_510, C22_S12,C22_S13 C1206C475K3RACTU 48
Multilayer Ceramic Capacitors MLCC - SMD/SMT
1uF 0603 1uF 50volts X5R 10% GRM188R61H105KAALD 6
Vishay 22nF Multilayer Ceramic Capacitor
MLCC 50 V 10% X7R Dielectric 0603 Max.
22nF Op. Temp. +105C C39_S6, C39_57, C39_S9, C39_510, C39_S12, C39_S13 VJ0603Y223KNAAO 6
ON Semi MURA160T3G SMT Switching Diode, D1_S6, D1_S7, D1_S9, D1_S10, D1_S12, D1_S13,
MURA160T3G 600V 2A, 75ns, 2-Pin DO-214AC D2_S6, D2_S7, D2_S9, D2_S10, D2_S12, D2_S13 MURA160T3G 12
LTST-C190CKT Lite-On LTST-C190CKT Red LED, 638 nm 1608 (0603), R¢ D3, D4, D5 LTST-C190CKT 3
SSW-110-01-F-T Board board connector - sample from samtec J1 1
RS Pro Nylon Hex Standoff Female/Female,
M3_Mounting 20mm, M3 x M3 M1, M2, M3, M4, M5, M7, M8 325-700 7
Diodes Inc ZXTN2010ZTA NPN Transistor,
ZXTN2010Z 5A, 60V, 3-Pin SOT-89 Q1 S6,Q1 _S7,Q1_S9,Q1_S10,Q1_S12, Q1 _S13 ZXTN2010ZTA 6
Diodes Inc ZXTP2012ZTA PNP Transistor, 4.3 A,
ZXTP2012Z 60V, 3-Pin SOT-89 Q2_S6, Q2_S7,Q2_S9, Q2_S10, Q2_S12, Q2_S13 ZXTP20127ZTA 6
Fairchild MMBT3906T PNP Transistor, 0.2 A, 40V,
mmbt3906 3-Pin SOT-523F Q3, 04, Q5 MMBT3906T 3
5k76 R1_S8, R1_S11, R1_S14 3
39 R2_S8, R2_S11, R2_S14, R7 4
510k R3, R4, R5, R6 4
10K R8 1
R17_S6, R17_S7, R17_S9, R17_S10,
1k R17_S12, R17_S13, R44, R45, R46 9
R18_S6, R18_S7, R18_S9, R18_510, R18_S12, R18_S13,
4k7 R19_S6, R19_S7, R19_S9, R19_510, R19_S12, R19_S13 12
R20_S6, R20_S7, R20_S9, R20_510, R20_S12, R20_S13,
R21_S6, R21_S7, R21_S9, R21_510, R21_S12, R21_S13,
R23_S6, R23_S7, R23_S9, R23_510, R23_S12, R23_S13,
R26_S6, R26_5S7, R26_S9, R26_510, R26_S12, R26_513,
R28_S6, R28_S7, R28_S9, R28_510, R28_S12, R28_S13,
3.9 R29_S6, R29_S7, R29_S9, R29_510, R29_S12, R29_S13 36
R22_S6, R22_S7, R22_S9, R22_510, R22_S12, R22_S13,
23 R25_S6, R25_57, R25_S9, R25_510, R25_S12, R25_513 12
R24_S6, R24_S7, R24_S9, R24_510, R24_S12, R24_S13,
100 R30_S6, R30_S7, R30_S9, R30_510, R30_S12, R30_513 12
R27_S6, R27_S7, R27_S9, R27_510, R27_S12, R27_S13,
15k R31_S6, R31_S7, R31_S9, R31_510, R31_S12, R31_S13 12
20k R38, R39, R40, R47, R48, R49 6
220 R41, R42, R43 3
10k R50_S6, R50_S7, R50_S9, R50_S10, R50_S12, R50_S13 6
Infineon 1ED020112-B2 Half Bridge MOSFET
1ED020I112-B2 Power Driver 2.4A, 4.5 ? 5.5V, 16-Pin DSO-16-15 Ul S6,U1_S7,U1_S9,U1_S10, U1_S12, U1l_S13 1ED020112-B2 6
Murata Power Solutions Through Hole Isolated
DC-DC Converter, Vin 13.5 ? 16.5 V dc,
MGJ2D151509SC 1/0 isolation 5200V dc U2_S6, U2_S7, U2_S9, U2_S10, U2_S12, U2_S13 MGJ2D151509SC 6
ACPL-C87AT/BT Broadcom ACPL-C87AT-000E, Isolation Amplifier, 3 ? 5./U3_S8, U3_S11, U3_S14, U1l ACPL-C87AT-000E 4
SN74LVC1G11DBVR Texas Instruments SN74LVC1G11DBVR, 3-Input AND Lo|U4 SN74LVC1G11DBVR 1
Recom Through Hole 1W Isolated
RK-1505S/H6 DC-DC Converter, 1/0 isolation 4kV, Vout 5V dc U5 RK-1505S/H6 1
REF2033 u7 REF2033AIDDCT 1
Infineon FF450R12ME4_B11, ECONOD
Series IGBT Module, 675 A max, 1200 V,
FFA50R12ME4 PCB Mount U8, U9, U10 FFA50R12ME4_B11 3
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MECHANICAL
ENGINEERS

Electrical System Form FS2017

Electrical System Form FS2017
University of Stavanger
ION Racing

Car number: E39
Team ESF contact: Helge Vassbakk, h.vassbakk@ionracing.no
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1 System Overview

The concept is an electric formula student vehicle with a carbon-fibore monocoque. A high
performance electric motor connected to the rear wheels through a parallel gearbox and a
differential. The electric motor is regulated with a custom designed inverter which are
compatible with the Bamocar D3-400-200/400. This system is driven by a 7.46 KWh lithium
based accumulator which are located behind the driver to power the engine.

TSAL 7‘.\
\

/ Dashboard
Brake and throttle sensors

Figure 1.1 System overview
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Maximum Tractive-system voltage: 403,2VvDC

Nominal Tractive-system voltage: 355,2vDC

Control-system voltage: 12vDC

Accumulator configuration: 96s3p

Total Accumulator capacity: 21Ah

Motor type: Permanent Magnet Synchronous Motor
Number of motors: One, on rear wheels

Maximum combined motor power in kW 100

Table 1.1 General parameters

14
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2 Electrical Systems

2.1 Shutdown Circuit

2.1.1 Description/concept

The shutdown circuit is a separated circuit consisting of relays and switches that control the
Accumulator Isolation Relay (AIR) in the accumulator enclosure. AIRs are relays that
normally are open, but will remain closed as long there is 12V presented at the inputs. In the
accumulator there are two AIRs. One relay for each of the mains of the accumulator.

In the shutdown circuit, there are two master switches: Grounded Low Voltage Master switch
(GLVMS) and Tractive System Master Switch (TSMS). The function of these are to enable
the 12V battery, its applications and system, and the tractive system, respectively.

Connected in series with the shutdown buttons, there is a Brake Over Travel Switch (BOTS)
which is an emergency switch in a normally closed position. The BOTS is positioned at the
brake pedal’'s maximum travel position. The brake pedal will only reach its maximum travel
position in the event if the brake system is being faulty, i.e. if the brake fluid pressure has
dropped because of a leakage. The BOTS must be manually reset for the shutdown circuit to
be closed again.

Every shutdown button, relay and interlock, and the inertia switch are connected in series
with the shutdown circuit. This is so that in the event of any of them are to be tripped or
deenergized, the AIRs will be opened.

Powering the shutdown circuit and all the low voltage applications is a secondary 12V
accumulator. In the event of the voltage levels dropping below the relay threshold, they will
open the circuit, causing the AIRs to open in the accumulator enclosure, resulting in the high
voltage being isolated from the tractive system.

A custom relay circuit connected to the Battery Management System (BMS), Insulation
Monitoring Device (IMD) and Brake System Plausibility Device (BSPD) outputs, require a
manual reset. To reset the system, the GLVMS must be turned off an on again. In the event
of a fault, a Light Emitter Diode (LED) will light up on the dashboard, indicating whether it is
related to IMD, BMS or BSPD. These LEDs are all clearly marked.

15
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Discharge

Figure 2.1 Shutdown circuit switches - Schematic

Part

Function

Main Switch (for control and tractive-system;
CSMS, TSMS)

Normally open

Brake over travel switch (BOTS)

Normally closed

Shutdown buttons (SDB)

Normally closed

Insulation Monitoring Device (IMD)

Normally open

Battery Management System (BMS)

Normally open

Inertia Switch

Normally closed

Interlocks

Closed when circuits are connected

Brake System Plausibility Device

Normally open

Table 2.1 List of switches in the shutdown circuit

2.1.2 Wiring / additional circuitry

All the switches and relays in the Shutdown Circuit are connected in series with a single core
wire. Any triggering of a relay or switch will break the connection and open the Shutdown

Circuit and with it the AIRSs.

16
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Total Number of AIRs:

Current per AIR:

0.23A (3.9A Inrush)

Additional parts consumption within the 0.3A
shutdown circuit:

Total current: 0.759A
Cross sectional area of the wiring used: 0.32 mm?2

Table 2.2 Wiring — Shutdown circuit

2.1.3 Positionin car

Figure 2.2 Shutdown circuit buttons outside groupl - Position
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Shutdown button

Figure 2.3 Shutdown circuit buttons outside group2 - Position
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|
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Battery Interlock IMD, AMS, Precharge

~ BSPD
Discharge ‘
Left Button . Right Button
HVD Interlock 3 TSMS

GLVMS

f
—

(4 » . f -
e wtj’.‘ : : —

B, - — 1

Battery

Figure 2.4 Shutdown circuit buttons overview - Position

2.2 IMD

2.2.1 Description (type, operation parameters)

The IMD used is a Bender IR155-3204. A failure mode output on the IMD is connected to a
dedicated circuit on the BMS master. The OKHS signal is a logic high when there is no fault,
this will give a fault if the IMD loses it's power The circuit Inverts the OKHS signal from the
IMD which activates the latching stage if the IMD detects an insulation fault. This will activate
a circuit which light up the IMD LED in the dashboard. The fault or an Ground Low Voltage
(GLV) de-energized state will open up the shutdown circuit.
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Supply voltage range: 10..36VDC

Supply voltage 12vDC

Environmental temperature range: -40..105°C

Selftest interval: Always at startup, then every 5 minutes
High voltage range: DC 0..1000V

Set response value: 202kQ (500Q/Volt)

Max. operation current: 150mA

Approximate time to shut down at 50% of the | 20s

response value:

Table 2.3 Parameters of the IMD

2.2.2 Wiring/cables/connectors/

Connectors are used according to recommendation from datasheet for the IMD. Cables
chosen is TE Connectivity M22759 22AWG for the IMD and rated for 600V and temperatures
up to 150°C. For High Voltage (HV)+ and HV- the cables are chosen to be orange to
separate HV and GLV. The IMD is connected to the terminals of the AIR’s on the battery
side.

20
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Figure 2.5 Schematic latching circuit for IMD and BMS

2.2.3 Position in car

IMD

Figure 2.6 IMD - Position
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2.3 Inertia Switch

2.3.1 Description (type, operation parameters)

The inertia switch used in the vehicle is a sensata resettable crash sensor. It is mounted in
the driver compartment to allow the operator to reset it while remaining in the vehicle, in case
of a mistrigger

Inertia Switch type: Sensata 505
Supply voltage range: 10..36VDC
Supply voltage: 12vDC
Environmental temperature range: -40..105°C
Max. operation current: 20A DC for max. 30s
10A DC continious
Trigger characteristics: 6g for 60ms / 12g for 60ms

Table 2.4 Parameters of the Inertia Switch

2.3.2 Wiring/cables/connectors/

The Inertia Switch has a Normal Close (NC) and a Normal Open (NO) option. We are using
the NC option which is directly connected in series with the shutdown circuit. Forces above
6g will trigger the switch and opening the circuit. The connector used are a 3 way Econoseal
[ll from TE Connectivity.

Shutdown circuit in Shutdown circuit out

. Inertia
N Switch ¢

Pin2

Figure 2.7 Inertia switch- Schematic
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2.3.3 Position in car

-

Figure 2.8 Inertia switch - Position

2.4 Brake System Plausibility Device

2.4.1 Description/additional circuitry

The BSPD, is an non-programmable circuit connected via three stages. The circuit located
inside the accumulator monitors whether or not the operator is braking hard. Inside the
accumulator enclosure a open loop hall effect current transducer measures current drawn
from the accumulator. Both the brake sensor circuit and the output from the current sensor is
fed into a third stage, which checks for if the operator brakes hard while a positive current of
more than 5kW is delivered of the motors for more than 0.5 seconds. When such an
implausibility occurs, the latching circuit will keep the onboard relay open, which keeps the
AIRs and the LED labeled BSPD in the dashboard illuminated. The latching circuit keeps the
AIRs open until the GLVMS is manually reset.

212% sV 12V
5
|00k
[=d
LEM &l BEFD Cut
HALIGP o LT Compueaies
ol 3
|
@D GND GRIF

Figure 2.9 BSPD schematic - current measurement
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Figure 2.11 BSPD schematic - fault test
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Brake sensor used:

TE Connectivity M3031-000005-100PG

Torque encoder used:

potentiometer

DC Current measurement used:

LEM HAL 200-P

Supply voltages: +15V
Maximum supply currents: 80mA
Operating temperature: -20..180 °C

Output used to control AlIRs:

Open a relay

Table 2.5 Parameters of the BSPD

2.4.2 Wiring

Both the brake sensor circuit output and a LEM open loop current transducer is wired into the
BSPD input stage. The current transducer gives out a 28mV when 5kW is drawn from the

accumulator at nominal voltage.

2.4.3 Position in car/mechanical fastening/mechanical connection

Figure 2.12 Brakes - Position
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2.4.4 Wiring/cables/connectors/
Describe wiring, show schematics, describe connectors and cables used and show useful
data regarding the wiring.

2.4.5 Positionin car

Figure 2.13 BSPD - Position

2.4.6 Testing Method

A self-constructed test circuit will simulate the current delivered from the closed loop Hall
effect sensor when 5kW or more is being drawn from the accumulator. The test circuit will be
mounted in a standalone enclosure, which will be connected to the BSPD input stage and
controlled by a multimeter. At the scrutineering the test circuit will deliver a 28mV signal,
which simulates when 5kW is drawn from the accumulator while operator press the brake
pedal hard for lessthan half a second demonstrating that the device works properly.

2.5 Reset/Latching for IMD and BMS

2.5.1 Description/circuitry

Any fault detected by the IMD and BMS or a de-energized state on the GLV system will
cause a relay to open the shutdown circuitry. To reset the latch the GLV system needs to be
de-energized and re-energized again. This will start a delayed circuit which resets the BMS
and IMD latch until the IMD is ready.

2.5.2 Wiring/cables/connectors
Wires for the circuit are Printed Circuit Board (PCB) traces, The only wires connected to the
board are powersupply for the circuit, IMD, BMS and shutdown wires.
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2.5.3 Position in car

BMS Master

Reset latch IMD, BMS

Figure 2.14 Reset latch - Position

2.6 Shutdown System Interlocks

2.6.1 Description/circuitry

There are two interlocks installed on the vehicle. One on the connector to the battery, and
one on the High Voltage Disconnect (HVD). The interlocks are both connected in series with
the shutdown circuit. In the event of one of the interlocks disconnecting, the shutdown circuit
will open, as well as the AIRs. There are two control cables on each connector, used as
interlocks.

2.6.2 Wiring/cables/connectors
The shutdown system interlocks uses the same wire as the rest of the shutdown circuit.
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HVD Interlock

Figure 2.15 Interlock - HVD

2.6.3 Position in car

Shutdown circuit
interlocks

Figure 2.16 Interlock - Accumulator
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2.7 Tractive system active light

2.7.1 Description/circuitry

The Tractive System Active Light (TSAL) will be mounted on the underside of the roll hoop,
the control electronics will be inside the accumulator. The TSAL circuit receives a logical high
when high voltage is present. When only GLV is present the TSAL will flash green to comply
with Formula Student Germany (FSG) rules

Supply voltage: 12vDC

Max. operational current: 600mA

Lamp type LED

Power consumption: 3.6W

Brightness 200 Lumen

Frequency: 3.14Hz

Size (length x height x width): 27mm x 16mm x 27mm

Table 2.6 Parameters of the TSAL

2.7.2 Wiring/cables/connectors

The wires used to the TSAL are of the type TE Connectivity M22759 rated for 600V and
made for harsh environments. The wires are soldered onto the TSAL PCB and are sealed off
with potting material.
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Connector Accumulator

Deutsch group DTS24W15-35PN

Continuous current rating connector | 5A
Continuous current rating cable 7A
Cross-sectional area 0.32mm?2

Temperature rating cable

-65°C...150°C

Temperature rating connector

-65°C...200°C

Table 2.7 Parameters of the TSAL wire
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Figure 2.17 TSAL - Schematic
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2.7.3 Position in car

Figure 2.18 TSAL - Position

2.8 Measurement points

2.8.1 Description

Four shrouded 4mm banana jacks are located behind the master switches on the right side
of the car. They are marked with Tractive System Measuring Points (TSMP)+, TSMP-, GLV+
and GLV-. The positive sockets are red, the negative GLV is black and the TSMP- is blue.
When not in use the holes are plugged by plastic inserts for waterproofing, easily removed
without tools when measuring is required. The cable connections to the banana jacks are
securely inside glued heat shrink tubing and mounted deep in the frame of the car sealed by
non-conductive potting material. Touching any live component with bare hands is impossible
from outside or inside of the car.

2.8.2 Wiring, connectors, cables

From the back of the banana plugs the TSMP wires leads to the motor-controller box, where
they are lead through a cable gland. On the inside of the box two current limiting 15kOhm
resistors are mounted and secured to the positive and negative terminal of the capacitor
bank. The GLV+ is connected directly to the positive terminal of the low voltage battery, and
the GLV- to nearby ground.
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2.8.3 Position in car

Figure 2.19 Measurement points - Position

Cable gland to TSMP
TSMP Resistor 1
TSMP Resistor 2

Figure 2.20 TSMP - Position
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2.9 Pre-Charge circuitry

2.9.1 Description

The pre-charge circuit is allowed to charge the intermediate circuit to at least 90% of the
current accumulator voltage before closing the second AIR. The circuitry controls a single
relay bypassing one of the AIRs with a resistor limiting the maximum current possible drawn
from the accumulator container. The circuitry is connected to the shutdown circuit, and can
only be activated by enabling the shutdown circuit, i.e an open shutdown circuit will always
result in the pre-charge and the AIRs to be disconnected.

2.9.2 Wiring, cables, current calculations, connectors

The pre-charge relay and pre-charge resistors are connected in series and just bypass one
of the AIRs for 3,6 seconds. The intermediate circuit are pre-charged to 90% of the current
accumulator voltage in 1,8 seconds.

The pre-charge circuit are powered in parallel with AIR. The pre-charge relay are PCB
mounted. Connectors will be PCB mounted. HV cable to pre-charge will be soldered to the
PCB. The pre-charge resistor used are WELWYN WH2100-1K0JI.

C-input = 800uF
Vmax = 403.2V

The formula used to plot “Percentage of maximum voltage vs time” are standard voltage in
capacitor formula:

Ve = (1-e®e ) % 100

Figure 2.21 Pre-Charge — Formula for presentage of maximum voltage vs time
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Figure 2.22 Pre-Charge — Graph for Presentage of maximum voltage vs time
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The formula used to plot “Current vs time” are based on ohm’s law

_ Vmazxz—Ve
I = R

Figure 2.23 Pre-Charge — Formula for Current vs time
_— Current in precharge as a function of time with Vmax=403.2V
04!
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Figure 2.24 Pre-Charge — graph for Current vs time

Resistor Type: WELWYN WH100-1K0JI
Resistance: 1kQ

Continuous power rating: 100W

Overload power rating: 200W for 30 sec

Voltage rating: 1900V

Cross-sectional area of the wire used: 0,52 mm?

Table 2.8 General data of the pre-charge resistor
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Voltage rating

Relay Type: Cynergy 3 D200 Series
Contact arrangment: SPNO
Continuous DC current: 3A

2500VDC

Cross-sectional area of the wire used:

PCB Mounted

Table 2.9 General data of the pre-charge relay
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Figure 2.25 Pre-charge relay - Schematic

2.9.3 Position in car

BMS Master

Precharge Relay

Precharge Resistor

Figure 2.26 Precharge - Position

35



University of Stavanger, E39 2 Electrical Systems

2.10 Discharge circuitry

2.10.1 Description

The discharge consists of a NC-relay connected in series with a fireproof-fusible resistor
which discharges the capacitor bank in the inverter. The discharge circuitry is placed inside
the inverter casing. The NC-relay is controlled by the shutdown circuit (connected in parallel
with the precharge) so that the car discharges the capacitor bank if the shutdown-circuit is
opened.

The resistor must handle the peak current for 15 seconds which results in a instantaneous
power of 53.79W. For pulsed operation Vishay recommends to derate the power with a factor
of equal to the square root of the duty ratio. Given that the discharging does not happen
more often than every fifth minute and a discharge time of 15 seconds the derating factor, k,
is equal to sqrt(0.25/5) = 0.2236. Which results in a needed power rating of 12W. A
wirewound resistor is chosen to be able to handle the peak energy of the discharge. Further
a fireproof-fusible resistor is chosen so that in a faulty case of permanent discharging it will
open instead of short circuiting the battery. A 20W resistor were chosen to give some
overhead.

2.10.2 Wiring, cables, current calculations, connectors
The discharge-relay/resistor is connected via a PCB and is further connected to the capacitor
bank through orange colored 600V rated wires

140 T

120 T

100 [~

80~ \ T

Ic [mA]
o

80 - AY b

a0 N R

Figure 2.27 Discharge — Current over time

36



University of Stavanger, E39 2 Electrical Systems

t
‘/C = V e R0 ,
450 T T
400 |- -
\\
‘\
\
350 | ‘.,\ -
A
a0\ A
\
\
)
kY

L \ _

250 \
=) \
200 - \-\ _
\\
\
150 [~ A\ =
\\
\
\\
100 [~ N b
~
\\"\-...
50 [ . N
0 | —
0 5 10 15
Time [s]

Figure 2.28 Discharge - Voltage over time

Resistor Type: Vishay CP00253K000KE14-ND
Resistance: 3kQ

Continuous power rating: 25W

Overload power rating: 125W for 5 sec

Voltage rating: 1000V

Maximum expected current: 133.4mA

Average current: 21.5084 mA (15 seconds)
Cross-sectional area of the wire used: 0.32 mm?

Table 2.10 General data of the discharge circuit
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2.10.3 Position in car

Discharge resistor
Discharge relay

Figure 2.29 Discharge system — Position in Inverter
2.11 HV Disconnect (HVD)

2.11.1 Description

The High Voltage Disconnect is a Deutsch Autosport ASHD high current connector with
interlock. The connector is clearly marked with instructions to disconnect so any untrained
person can operate it quickly. The connector and internal circuitry is protected by a black
POM casing glued permanently in place, to prevent any shocking hazard.

2.11.2 Wiring, cables, current calculations, connectors

The HVD is connected in series with the negative cable coming from the energy meter in the
accumulator container. It continues to the motor controller where it is led through a gland and
terminated with a cable shoe on the negative side of the capacitor bank. The female side is
connected by cable crimps and the male side is terminated by a bus bar with screws.
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Figure 2.30 HVD connection - Schematic

2.11.3 Position in car
The HVD is located behind the left shoulder of the driver within the frame of the main hoop.

Figure 2.31 HVD - Position

2.12 Ready-To-Drive-Sound (RTDS)

2.12.1 Description

The Ready To Drive Sound (RTDS) is produced by a piezo buzzer (AE20M-12). Once the
required start-up routine has been performed, the Engine Control Unit (ECU) will set a GPIO-
pin high for two consecutive seconds. This enables the MOSFET driving the piezo buzzer.
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The sound level is measured to be above 80 dBA, fast weighting in a radius of 2 meters at a
2.9kHz frequency.

2.12.2 Wiring, cables, current calculations, connectors

The piezo buzzer is connected to the RTDS control unit on the ECU by two wires. The wires
are connected to the piezo buzzer by screw termination lugs at its terminals and fed through
a common backplate connector for ease of removal during maintenance or inspection. At the
ECU end, the wires are connected by crimp termination. Heat shrink tubing is used to
prevent water intrusion. Wire used are TE Connectivity M22759.

+12V
RTDS+
Piezo Buzzer
DI
1N4007 AE20M-12FA
RTDS-
R2
———— R =] o
y LLooael ) M F MGSFINOSLTIG
E1 =]
100KO
GND GND

Figure 2.32 RTDS - Schematic

2.12.3 Position in car
The RTDS piezo buzzer is mounted on the back plate at the rear end of the vehicle. Its
position is highlighted by a red arrow in the Computer Aided Design (CAD) render below.
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Figure 2.33 RTDS - Position
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3 Accumulator

3.1 Accumulator pack 1

3.1.1 Overview/description/parameters

The accumulator pack are mainly build to be the energy source for the electric motors. The
accumulators energy source consist of 288 lithium cobalt oxide battery cells, which gives the
accumulator high capacity according to size.

The accumulator is divided into two main segments. The relay- and monitor- systems for the
accumulator is located in the front and the cells and the coupling are located in the back. The
cells are divided into 8 new segments to reduce the amount of energy and voltage below
120VDC and 6MJ from rule EV3.3.3. Each segment has a 12s3p configuration 44.4VDC
nominal, 21Ah and 5.2Kg. The accumulator container is cooled by 4 fans controlled by the
BMS.

The accumulator is fastened to the vehicle's floor with 6 M8 bolts in the front, and two
brackets at the rear of the battery casing. The fasteners will be accessible from drivers

location.

Maximum Voltage: 403.2vDC
Nominal Voltage: 355vDC
Minimum Voltage: 288vDC
Maximum output current: 420A for 2s
Maximum nominal current: 315A
Maximum charging current: 14A

Total numbers of cells: 288

Cell configuration: 96s3p
Total Capacity: 30.48 MJ
Number of cell stacks < 120VDC 8

Table 3.1 Main accumulator parameters

3.1.2 Cell description

The cells used in the accumulator are Melasta SLPB7858150 pouch cells.
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Cell Manufacturer and Type Melasta
Cell nominal capacity: 7 Ah
Maximum Voltage: 42V
Nominal Voltage: 3.7V
Minimum Voltage: 3.0V
Maximum output current: 20C for 2s
Maximum nominal output current: 15C
Maximum charging current: 2C
Maximum Cell Temperature (discharging) 60°C
Maximum Cell Temperature (charging) 45°C
Cell chemistry: LiCoO2

Table 3.2 Main cell specification

3.1.3 Cell configuration

Cell configuration The battery pack consist of 36 cells connected as 12S3P with a maximum

Voltage at 4.2V * 12 =50.4 V.

4.2V « TAR = 36¢cells

Energy pr. segment =

* 3.6 =3.81MJ

1000Wh

Figure 3.1 Battery segment — Formula for energy per segment

The celltab are guided through an PCB sheet, then they are bent over and connected with
Aluminium bar on top of the celltab, and a PCB trace on the bottom. They are fastened

together with screws.
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Figure 3.2 Battery cell — Visual configuration

3.1.4 Cell temperature monitoring

The BMS slave board monitors the cell temperature on each negative terminal through 12
Negative Temperature Coefficient (NTC) thermistors. The thermistor is placed on the
aluminium bar 5.5mm from the celltab. The BMS slave board reads the thermistors and
transfers the information to the BMS master.

3.1.5 Accumulator insulation relays

We use two normally open AIRs of the type GIGAVAC GV200BAB-1, one on each pole.
They are capable of switching 500 + amps at a maximum of 800VDC. As according to
EV3.5.4 in the FSAE-Rules, both of the AIRs are NO type.
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Relay Type: GIGAVAC GV200BAB-1
Contact arragment: SPST-NO

Continous DC current rating: 350A

Overload DC current rating: 2000A for 25sec

Maximum operation voltage: 800vVDC

Nominal coil voltage: 12VvDC.

Normal Load switching: Make and break up to 350A
Maximum Load switching 2 times at 1860A

Table 3.3 Basic AIR data

3.1.6 Fusing
The fuse used is the EV25 from EATON Bussman. This fuse will be mounted behind the AIR
on the negative pole as shown on the figure below.

T l‘

Figure 3.3 Fuse - Position
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Fuse type: EATON Bussmann EV25-125
Continous current rating: 125A

Maximum operating voltage 500vDC

Type of fuse: Electric Vehicle

12t rating: 3620A2s at 500VDC

Interrupt Current (maximum current at which | 20 000A

the fuse can interrupt the current)

Table 3.4 Basic fuse data

Location Wire Wire Fuse type Fuse

Size Ampacity rating

Cells to AIRs 3/0 AWG | 200A @ 75C | EATON Bussman 125A
EV25

AIR to Motor 4 AWG 274A EATON Bussman 125A
controller EV25

Table 3.5 Fused HV wires - Spesification

3.1.7 Battery management system

We use Linear Technology’s LTC6804-2 multicell battery monitor Intergrated Circuit (IC).
Each battery segment is fitted with one BMS slave board, providing over-/ under voltage
protection, cell balancing and temperature sensing at every parallel cell coupling. The BMS
slave boards connected to a BMS master located in the front of the accumulator. The BMS
master monitors the system and interfaces with the vehicle control unit via CAN-bus.

Each PCB trace used for voltage sensing is protected by a fuse from Schurter (USF 0603
0.75A).

If any cell voltage reaches 4.1V the BMS will enable cell voltage balancing to get all the cell
voltages to the same set value. If a cell voltage below 3.2V is detected the BMS will open the
shutdown circuit to avoid permanent cell damage.

If the cell temperature on one cell exceed 50°C the BMS master will give a fault. A failure
mode output on the BMS is connected to a dedicated circuit, if a failure is detected by the
BMS a relay will open and break the shutdown circuit. In case of a trigger, the relay will need
to be manually reset, by turn off and on the GLVMS
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BMS Slave IC LTC6804-2
Support number of voltage measurements 12

Supply voltage 75V
Maximum current drain 13,3mA
Maximum Measuring error 1,2mV
Communication iSOSPI

Table 3.6 BMS Slave - Spesification

BMS master IC STM32F407VGT
Maximum input voltage 6-36V
Maximum operating temperature 90°C

Table 3.7 BMS Master - Spesification

A BMS board senses each parallel cells in one pack, resulting in 12 measuring points for
each board. Each PCB track used for sensing is protected by a fuse. Communication wires
between each BMS board between the BMS master is galvanically isolated by a 1:1
transformer.

The BMS will send out a logic high as long as the system is ok. If a fault is detected or the
GLV power to the BMS is lost, it will give a logic low. The dedicated circuit will open the
shutdown circuit which opens the AIR’s.

The galvanic isolation for the BMS is located on each slave board. This galvanic isolation is
located just before the connector for the communication lines between each slaves and to
the master.

3.1.8 Accumulator indicator

The accumulator indicator is put together by a resistor in series with a LED. This is
connected outside the AIRs on the main output. The resistor value is chosen to limit the
current to 20mA when the battery is fully charged. The power dissipation over the resistor is
8W, the resistor is of the type wire wound 20W.

403.2V

= —— =~ 20kOhm
20mA

Figure 3.4 Formula - Accumulator indicator dropdown resistor

If any voltage above the LEDs forward voltage is present at the main output, the LED will
light up. The LED is placed in front of the container and is the first thing you see when
removing the firewall. The accumulator still work when the Accumulator is removed from the
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car. All high voltage PCB traces have more than 4mm spacing to comply EV4.1.7.

Figure 3.5 Accumulator indicator - High voltage PCB spacing

3.1.9 Wiring, cables, current calculations, connectors

Cells are connected 96s3p as shown (refferer til celle konfirurasjon bilde). Each cell pack will
be connencted togheter with maintenece plugs. The accumulator lid works as a locking
mechanism keeping the maintenance plugs in place. The lid is fastened on every side of the
casing, keeping the maintenance plugs securely in place. The top of the maintenance plugs
are made of a nonconductive material, the conductive part is of aluminium.

Figure 3.6 Maintainance plugs
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Absolute DC pack current will be:

S80EW

Figure 3.7 Formula - Peak current

The max continuous current the battery is rated for is 315A. Nominal current drain is about
50-60A.

At low speed the AC-output voltage will be low so the maximum peak current (340A) that the
motor is rated for will be reached. The output power will not excceed 80kW at any time.

Wire type Coroplast High voltage cable

Continuous current rating: 216 A

Cross-sectional area 25 mm?2

Maximum operating voltage: 600VDC

Temperature rating: 180 °C

Wire connects the following Accumulator, Energy meter, HVD and Motor
components: controller

Table 3.8 Wire data of Coroplast, 25 mm?2

B 1 £ 1 £

Figure 3.8 Battery cell — Schematic configuration
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3.1.10 Charging / Chargers

The charger is a Brusa NLG513, which is placed in our battery charger hand cart. The
charger communicates with the BMS over CAN-Bus, and will stop the charging process and
open AlRs if any failure is detected. An emergency stop button (S1) will be mounted outside
our hand cart to disable charging immediately. IMD is connected inside the accumulator
container and open the AIRs through the shutdown circuit if any fault is detected. The
charger will be connected to the accumulator with a connector from Deutsch Autosport

Charger Type: Brusa NLG513
Maximum charging power: 3.7kW
Maximum charging voltage: 520V
Maximum charging current: 12.5A
Interface with accumulator CAN-Bus.
Input voltage: 230 VAC

Input current: 16A

Table 3.9 General charger data

3.1.11 Mechanical Configuration/materials

The container is made of 4mm aluminium in bottom and 2.5mm aluminium on the sides and
top. All cells are mounted with the tabs pointing up in eight separate banks.
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Figure 3.9 Accumulator - Casing

3.1.12 Position in car

Accumulator

Figure 3.10 Accumulator - Position
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4 Energy meter mounting

4.1 Description
The energy meter is mounted inside of the accumulator case between the main power
connector of the battery and to one of the AIR’s.

4.2 Wiring, cables, current calculations, connectors

The main power from the negative potential AIR is connected to the HV- #1 terminal of the
Energy meter and the HV- #2 terminal connects to the main power output terminal of the
battery. The HV+ connection is connected to the positive potential AIR and the 12V supply is
directly connected to the GLVMS through the low-voltage connector of the battery.

4.3 Position in car

Energy meter

Figure 4.1 Energy meter - Position
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5 Motor controller

5.1 Motor controller 1

5.1.1 Description, type, operation parameters

The motor-controller is a Bamocar D3 400-400 that inverts the DC current from the battery
and simulates 3-phase AC on the output. The motor is controlled with a torque input from the
pedal through the ECU that controls a current regulator in the motor-controller

Motor controller type: UniTek BAMOCAR D3-400-400
Maximum continous power: 80kwW

Maximum peak power: 140kW for 10s

Maximum Input voltage: 400vVDC

Output voltage: 3x260VAC

Maximum continuous output current: 200A

Maximum peak current: 400A for 5s

Control method: CAN-bus

Cooling method: Water

Auxiliary supply voltage: 12vDC

Table 5.1 General motor controller data

5.1.2 Wiring, cables, current calculations, connectors

From the accumulator container, the positive wire connects with a cable shoe on the positive
terminal of the capacitor bank in the motor-control box, through a cable gland in the wall. The
negative wire connects to the HVD in series before going through a cable gland and fastened
with a cable shoe to the negative terminal of the capacitor bank in the motor-controller box.
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Wire type: Coroplast High Voltage, 25mm?
Current rating: 274A

Maximum operating voltage: 600V

Temperature rating: 180 °C

Table 5.2 HV wire - Spesification

5.1.3 Position in car

Figure 5.1 Inverter — Position in car
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6 Motors

6.1 Motor 1

6.1.1 Description, type, operating parameters
The motor is manufactured by Enstroj, type EMRAX 228 Medium voltage with liquid cooling.
It is mounted inside an aluminum casing on a gear and differential that powers both rear

wheels

Motor Manufacturer and Type:

Enstroj EMRAX 228

Motor principle

Permanent Magnet Synchronous Motor

Maximum continuous power:

28-42kW (depends on motor RPM)

Peak power: 100kwW
Input voltage: 250VAC
Nominal current: 160A
Peak current: 340A
Maximum torque: 240Nm
Nominal torque: 125Nm
Cooling method: Water

Table 6.1 General motor data

55




University of Stavanger, E39 6 Motors

120,00

EMRAX 228 High Voltage LC
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60,00 /

/ / Continuous power
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........... e
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Power (red /green solidline) [kW]
Torque ( red /green dashedline) [Nm]

0,00 0
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Motor speed [rpm]

Note 1: for determening peak or continuous power (kW) you should choose motor speed and than read power from chosen power curve
(in the left graph side)

Note 2: for determening peak or continuous torque (Nm) you should choose motor speed and than read torque from chosen torque curve
(inthe right graph side)

Figure 6.1 Inverter - Power and Torque graph

6.1.2 Wiring, cables, current calculations, connectors

Describe the wiring, show schematics, provide calculations for currents and voltages and
show data regarding the cables and connectors used.
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6.1.3 Position in car

Figure 6.2 Motor — Position in car
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7 Torque encoder

7.1 Description/additional circuitry

Two separate linear potentiometers are used as torque encoders. They are mounted with a
slight offset relative to each so that they will have their own positively sloped transfer
functions. They also be mounted in a manner such that the linear travel is never fully
extended or retracted. This is done both to ensure the sensors are not damaged by
mechanical distress, but also to ensure that the sensors only can return ground voltage or
overvoltage when a sensor fault is present.

Torque encoder manufacturer and type: Active Sensors MLS1322-050 V1
Torque encoder principle: Potentiometer

Supply voltage: 5V

Maximum supply current: 2.5mA

Operating temperature: -30to +125 °C

Used output: 0-5v

Table 7.1 Torque encoder data

7.2 Torque Encoder Plausibility Check

The ECU buffers the sensor outputs before the signal is digitized by the internal 12-bit ADC’s
in a STM32F407 microcontroller. In software the ECU calibrates the pedal position based on
the accelerator pedals fully retracted and extracted position. Since the torque encoders are
mounted in a position which prevents them from output O or 5 volts, the out of range signals
will be interpreted as sensor faults. The software also checks the torque encoders position
relative to each other. If the deviation is greater than 10% the ECU will disable the motor
controller until the deviation is less than 10%. This way the driver is unable to provide torque
to the motor while the implausibility occurs regardless of throttle position.

7.3 Wiring

The torque encoders are wired directly to the ECU with separate 3-pin Deutsch DTM-series
connectors at the sensor end (MPN: DTM063S-E007, MPN: DTM043P-E003). This way it is
easy to unplug any of the sensors at the scrutineering to demonstrate that torque encoder
plausibility check works. The wire used is an isolated 3 core 24AWG Alpha Wire (MPN:
B953033).

7.4 Position in car/mechanical fastening/mechanical connection

The torque encoders are mounted in parallel with the accelerator pedal return springs. They
are bolted to the pedal and base via the sensors rod ends as illustrated by the CAD-renders
below.
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W

CAD render of the torque encoders position on the accelerator pedal.

Figure 7.1 Torque encoder - Position on pedal

Figure 7.2 Torque encoder - Position in car
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8 Additional LV-parts interfering with the tractive system

8.1 Engine control unit (ECU)

8.1.1 Description

The ECU is a self designed control module consisting of multiple STM32F407
microcontrollers. The module collects and processes signals from several sensors
throughout the vehicle. It communicates with the other modules in the vehicle via CAN-bus.
The main task of the ECU is send torque requests to the motor controller, while ensuring
safe operation. This includes different modes of operation, sensor failure checks, a start-up
routine, plausibility checks etc.

The ECU includes two features for extra redundancy in the safety systems. A NO relay is
connected in series with the shutdown circuit, which will isolate the tractive system if certain
safety parameters or critical fail checks are exceeded. It also has the possibility to disable the
run signal to the motor controller, which makes the user unable to provide torgue to the
motor regardless of the throttle position

ECU functions include:

- Provide signal for the RTDS piezo buzzer.
- Provide the brake light signal

- Regulating backplate fans.

- Regulating the radiator fan.

- Regulating torque request.

- Torque encoder plausibility check

- Brake pedal plausibility check

- Able to open the shutdown circuit

- Able to disable the motor controller

- lluminate fault LED in the dashboard.

8.1.2 Wiring, cables,

The ECU use three different types of wires to connect with the different parts in the car. The
CAN-bus line is connected to the Motor controller, the Dashboard module, the BMS module
and the Logger circuit with a 1 pair Raychem spec 44 twisted cable (MPN: 44A1121-22-2/6-
9). The sensors are wired with a 3 core cable described in the Torque encoder wiring
chapter. The Shutdown Circuit, backplate, buttons and the LEDs are connected to the ECU
with a stranded single core 22AWG Raychem spec 55 wire (MPN: M22759/32-22-9).

60



University of Stavanger, E39 8 Additional LV-parts interfering with the
tractive system

APPSl APPSZ BPS1 BPS2 BPPS Start btn Stop btn

@
Sensors :: -
Fault :
LEDS CANH  CANL Run Signal Brake light

| |

CANH CANL CANH CAN L CANH CANL  Enable

Dashboard BMS

Fault relay

CANH CAN L

‘ Logger circuit

[ 1

‘ Misc.
sensors

Motor controller

‘ ‘ Telemetry ‘

Figure 8.1 ECU - Connection overview
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8.1.3 Position in car

Figure 8.2 ECU — Position in car
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8 Additional LV-parts interfering with the

8.2 GLV 12V battery

8.2.1 Overview

Figure 8.3 GLV battery - Casing

Accumulator pack 2 are mainly used to supply power to all low voltage devices on the car.
The accumulator pack is made up by eight Polymer Li-ion battery-cells in 4S2P configuration.
The pack are divided in two parts: the battery-cells and the BMS.

Max Voltage 16.8vDC
Nominal Voltage 14vDC
Minimum Voltage 12vDC
Maximum nominal discharge current 112A

Peak discharge current 154A @ 2sec
Maximum charging current 14A

Peak charge current 56A @ lsec
Total number of cells 8

Total capacity 14Ah

Table 8.1 GLV battery - Spesification

8.2.2 Cell Description

The cells we are using are Melasta LPB042126. The chemistry is made of Lithium-Polymer

(LIP).
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Cell manufacturer and type Melasta LPB042126
Nominal cell capacity 7Ah

Maximum voltage 4.2V (+/- 0.03V)
Nominal voltage 3.7V

Minimum voltage 3.0V

Peak output current 77A for 2 seconds
Nominal output current 56A

Nominal charge current 14A

Maximum cell temperature charge 45°C

Maximum cell temperature discharge 60°C

Cell chemistry LiPo

Table 8.2 GLV battery - Cells

8.2.3 Cell configuration

The accumulator pack consists of eight cells in the 4S2P configuration, with a maximum
voltage of 3.7vV*4 = 14.8V
4,2V = 7aAh = 8celler

1000Wh

Energy per segment = *3,6 =~ 0.847M]

The celltabs are bent and soldered on a PCB, which are connected to the BMS.
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Figure 8.4 GLV battery - Cell configuration

8.2.4 Cell temperature monitoring

We monitor the temperature using thermistors of type AVX 10kQ 1206 Control Protection
NTC Thermistor. They will be placed next to the negative terminal of each parallel-
connection.

8.2.5 Battery protection circuit

The charge/discharge of the battery is controlled by two relays of the type Willow Durakool
DG20-series and diodes of the type Vishay VBT3045BP-E3/4W. A HV logic signal is sent
from the Central Processing Unit (CPU) to the relay to switch it. If the battery gets heavily
discharged, the charge- and discharge-relays are disabled and a precharge-MOSFET is
enabled. The mosfet is a Single P-channel MOSFET of type BSS84L. The BMS CPU detects
when the cells are charged to a level to which it won’t take damage by the surge currents.
Then the battery charges as normal.

Relay type Willow Durakool DG20-7021-35-1012
Contact configuration SPNO

Maximum continuous current 30A

Maximum switching voltage 16VvDC

Maximum switching current 30A

Coil power 0.55W

Coll resistance 254 ohm

Table 8.3 GLV battery — Air Relay
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MOSFET type BSS84L Power MOSFET Single P-Channel
Drain-source-voltage 50vVDC

Gate-source-voltage +/- 20vDC

Continuous Drain current 130mA

Total power dissipation 225mw

Operating temperature range -40..150°C

Table 8.4 GLV battery - AIR mosfet

8.2.6 Fuse
The fuse-type is Schurter 0090.0025
Fuse type Schurter 0090.0025
Current rating 25A
Fuse speed Fast
Breaking capacity at max voltage 20kA
Operating temperature range -40..85°C
Voltage rating 1000vDC

Table 8.5 GLV battery - Fuse

8.2.7 Battery Management System

We make the BMS ourself, and for the CPU we use an ATmega406 AVR. This CPU is made
especially for battery purposes, and have a built-in voltage regulator. It can monitor up to four

battery-cells from 4-25V.

From the CPU we can gather information and state of the battery pack via SMBus to a
STM32 microcontroller which is used to send the information via CAN-bus to our own
analysis-software. Through this, we can monitor temperature, State Of Charge (SOC),

current etc. in real time.

The ATmega406 has an internal cell-balancing Field Effect Transistor (FET) for each of the

four cells in the battery pack.
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BMS CPU ATmeqgad406 AVR
Operating voltage range 4..25VDC
Maximum supply current (active) 1.2mA

Maximum output current 5mA

Regulated output voltage range 3.25..3.35VDC
Cell balancing current 2mA (typical)

Table 8.6 GLV battery - Battery management system

8.2.8 Position in car

The 12V battery is placed in the rear right of the car, relative to the driver, in close proximity
to the GLVMS. It is mounted on the inside wall of the monocoque, highlighted in red in the
picture below.

Table 8.7 GLV battery — Position in car
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9 Overall Grounding Concept

9.1 Description of the Grounding Concept

All electrically conductive parts will be connected to GLV system ground with a resistance
below 300 mOhm. The carbon fibre monocoque will have built in copper mesh around the
places where tractive system or GLV components are mounted to reduce the resistance to
system ground below 5 Ohm.

9.2 Grounding Measurements

Grounding Measurements To measure the connection to GLV system ground we will use a
Megger DLRO10X Digital low Ohm meter with adjustable measurement current from 0-10
Amp. We will check the area around the component within 200mm to make sure the
resistance around is able to comply with EV4.3
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10 Firewall(s)

10.1 Firewall 1

10.1.1 Description/materials

Firewall 1 consist of a 0.5-0.7 mm aluminium plate, facing the tractive system, and several
layers of kapton tape, facing the driver. The layer consisting of kapton tape is approximately
0.4 mm, a thickness sufficient enough to prevent penetration with a 4mm wide screwdriver
and 250 N of force, and acts as the electrical insulation and heat resistant layer.

Firewall 1 is attached to the monocoque by sliding the top of the firewall in between the
monocoque shoulder flange and firewall 2. The firewall is then attached to each side of the
flange (firewall 2) and the monocoque floor using quarter-turn screws and blind nuts. The
firewall is sealed with gaskets at the edges around the firewall. Three grommets are used to
seal the pass-through for wiring, cables, etc.

To ensure that the firewall is grounded, it is attached to the copper mesh that covers the roof
inside the monocoque

10.1.2 Position in car

Firewall 1,
marked in yellow

Table 10.1 Firewall — Position in car

10.2 Firewall 2

Firewall 2 consist of a 2 mm thick aluminium flange covered with several layers of Kapton
tape, the Kapton tape act as the electrically insulating and heat resistant layer. The flange is
a permanent installation that is mounted to the monocoque with pop-rivets, and sealed with
gaskets located between the monocoque and the flange edge. The flange edge is covered
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with Tech7 to ensure a proper seal. The flange is attached to a copper mesh covering the
inside of the roof of the monocoque, this is to ensure that the flange is grounded.
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11.2.1 - Bender IR155-3204 IMD ratings
Referred from 2.2

Technical data

Il_midill coordination acc. to [EC 60664-1

Protective separation [reinforced insulation) 5
between (L+/1-) - (KL 31, KL 15, £, KE, M, Mis, Oi)

\i]"ml]ﬂ!sl AL 1500 ¥/1 min
Supply/T system being monitored
Supply valtage U D036V
Max_ aperating current ig 150 mA
Max. current fy, 148
6 A2 ms inrush current
HV valtage range (L+/1-) U, ACD.. 1000V (peak valuwe)
0. &0V ems. (10 Hz...1 kHe)
DCO... 1000V
Power corsumption <1W
Responze values
Response walse hysterssss [DCP) 5%
Respornise valoe 8y, 100KLD...T MDD
Undervaltage detection 0...500v
Measuring range
Measuring range 0. WML
Undervoltage detection 0...500 ¥ default setting: OV (inactive)
Relative uncertainty
ST (=24) good = 7* Ry bad < 05* Ry,
Relative uncertainty DCP 0. .85k} » +W0k0
{default setting 100 kLY T00kE_._10OMO » +15%

Relative uncertainty output M (fundamental frequencyl +5 B at each frequency

{10 Hz; 20 Hz: 30 Hr; 40 Hz; 50 Hz)

Relative uncertainty
undervoltage detection Uy 2 100V » £10%; at U, =300V ¢ +3%
Relative uncertainty [55) *hood condition” = 7* By,
“Bad condition” < 0.5* Ry,
m_hml it 5__._
e T ¢
g e e 10

Relative uncertainty DEP 00 kCE._TOMO +15 %

TOOKEY. .12 M b +15% 0 +T %

12M0 » +7T%
12 10MO b 7%t +15%
WM » £15%
= 15%
Erid
]
T
5%
100kD 130 1000

Complete datasheet located at:

Time

Response time L (DKhs; S5T)

Response time tyn (DKys; DCP)
{when changing over from Ry = 10 MY to Ran/2; 8t (e = 1 pF; U = DC 1000V}

Fan = 2005 (3t Faee = 10%)

Lo = 175508t Fae =9)

b= 1755 (at Fae =8}

lan = 155 (at Fae =7)

i = 1255 (at Faye = 8]

L= 125508t Fae = 5)

Pan = 105 (2t Fpp = 4]

I =755 (at Fue =3

Iy =75slat Fuem]

Im=5slat Fye=1)

dusrinug the self test £, + 105

e = 25 (typ < s atlly = 100V]

Switch-off time (s ((Rjs; DCF)
{when changing over from Ry = 10 MO} to Raaf2; at (o = 1 pF; p = DC 1000V
b= 405 (at Fype = 10)
b= 405 (at Faye = 9]
fan = 335 at Fye = §)
T = s ol Fue=T]
fan = 335 fat Fe = 6]
I = 265 fat Fe = 5)
fan = 265 (at Fye = 4]
fap = 265 (ot Fp=3)
fan = 205 at Fye = 7)
fap = M5 {at Fp=1]
during a self test £,y 4+ 10%

[Duration of the self test 10s
[every five mirutes; should be added 1o fy./t,4)

Measuring cireuit
System beakage capacitance G, = 1pf
Smaller measurement range and intreased measuing time at £, > 1k
[e.g max. range 1 MO @ 3 pof,
I = 68 5 when changing over from & 1 MO ta B,,/7)
Measuring voltage Uy a0V
Measuring current fy at B =0 1A
Impedance 7, at S0Hz = 12M0
Internal D resistance # = 12M0

* Fave = 10 is recommended for electric and hybrid vehicles

http://www.bender-es.com/fileadmin/products/doc/IR155-32xx-V004 D00115 D XXEN.pdf
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11.2.2 - Inertia Switch Senasta 505.
Referred 2.3:

6. Operational Specification

All parameters apply at 15°C - 28°C ambient unless otherwise stated.

6.1 Horizontal Impact performance (response to shock)
When subjected to a ¥z sine shaped pulse the switch will perform as foll

6.4

6.5

6.6

Low Range: Sensata partnumber 500FC501-01 (20769/12)
6.1.3 Operate above 12 'g’ peak, 60ms duration.
6.1.4 Not operate below 6 'g' peak, 60ms duration.

Maximum load current

641 NC. crcuitt 20A DC for max. duration 30s (resistive loac
10A DC continuous (resistive load).

642 N.O.circuit: 16A DC for max. duration 10s (resistive load
0.7A DC continuous (resistive load).

Minimum load current
651 NO._crcuit: 0.01A DC (resistive load).
652 NC arcut 01A

Initial Contact resistance
6.6.1 N.C. arcuit: 16 mOhm max. (reset condition).
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11.2.3 - TE Connectivity M3031-000005-100PG

Referred from 2.4

PERFORMANCE SPECIFICATIONS (ANALOG)

Supply Voltage: 50V, Ambient Temperatura: 25°C (unless otherwise specified)
MIN TYP

PARAMETERS

Pressure Accuracy (RSS combined Non Linearity,
Hysteresic & Repeatability)

Pressure Cycles
Proof Pressure
Bursi Pressure

lzolation, Body to Any Lead
Long Term Stability (1 year)

Zero Thermal Error
Span Thermal Error
Zero Offset (mV Output)
Zero Offset (V' Ouiput)
Span Tolerance

Compensated Temperature

Operating Temperature
Storage Temperalure

Load Resistance (R, mV Output)
Load Resistance (R, W Output)

Response Time
Bandwidth
Shock

Vibration

Wetted Material (except elastomer seal)
For custom configurations, consult factory.

Complete datasheet can be located at:

=]

1.00E+6

5X

-0.25
-20

1
DC to 1KHz (typical)

MAaX

0.25
20
20
30
20
20

55
+B5
+B5

UNITS

%Span

0~F.S. Cycles
Rated
Rated
M0
%Span
%Span
%Span
Y%Span
%Span
%Span

“C
c
c
MO
K0
ms

NOTES
BFSL @ 25°C

@ 250Vde

Over comp. temp
Over comp. lemp
@ 25°C
@ 25°C
@ 25°C

50g. 11 msec Half Sine Shock per MIL-STD-202G, Method 2138, Condition A
+20g, MIL-STD-810C, Procedura 514.2-2, Curve L
17-4PH or 316L Stainless Steel

http://www.te.com/commerce/DocumentDelivery/DDEController? Action=srchrtrv&DocNm=M

SP300&DocType=Data+Sheet&DocLang=English
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11.2.4 - TE-Connectivity M22759
Referred from 2.7

Conductor Diameter of Stranded Finished Wire

Part Number : i Stranding Conduector (inch)

Max. Resistance at Diameter Max. Weight

(No. xAWE) 20°C (2/1000 ) (inch) Ib=/1000 ft)
MZ2T758/32-30- a0 Tx38 0.011 108.4 024 2 002 0.66
M22758/92-28- 28 7 x 36 0014 836 027 + 002 0.81
M22758/32-26- 28 1Mx38 0.018 41.3 032 + 002 1.40
M22756/32-24-° 24 19 x 36 0023 252 037 + 002 2.00
M227580/32-22. 2 19 x4 0.020 16.2 043 + 002 2.80
M22758/32-20- 20 19x32 0.037 988 050 & 002 4.30
M22758/32-18-° 18 19 x 30 0.046 B.23 JDE0 + 002 .50
M22789/32-16-" 18 19 %29 0.052 4.81 {068 + 002 B.30
M22759/32-14-" 14 1 x27 0.065 3.06 0B85 + .06 13.00
MZ2T84/32-12-" 12 AT x28 0.084 202 103 + 006 19.70

Mote: Thies wira was for

neluding those for pr

Complete datasheet located at:

http://docs-europe.electrocomponents.com/webdocs/14dd/0900766b814ddd7a.pdf
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11.2.5- WELWYN WH100-1K0JI
Referred from 2.9

Terminations
WH5-100 WH25T & 50T 6.35mm (%) spade terminal .
Material Pb-free solder dipped, copper clad steel Aluminium Housed Electronics
Strength The terminations meet the requirements WH200 & 300 . d Resi ’

of EC 68221 Material M6 threaded steel terminal with a Wirewound Resistors ke Psciok
Solderability The terminations meet the requirements set of four nuts and washers .

of IEC 1151, clause 4.17.3.2 Strength Termination robustness 50N max WH Series

Tightening torgue 5N
Performance Data grteningorgue Sm max

WHS, 1 WHTOO, 200 & 300
CECC 40203006 | ] . . . . !
Requirements Mazmum The standard aluminium heatsinks are definedin the table below. If smaller heatsinks are used then derating should
Load al commercial rating 1000Ns at25°C  OR% | 1 | 1 2 be applied as indicated in the graph below. If no heatsink is employed, use the ratings for 1cm”
Luad af CECC raling. 10000 & 25°C AR% | A
EE{;%“;{.?,E”Z“E Cal 00e LR% 2 Reference heatsink dimensions Derating for reduced heatsink dimensions
Short-term overload OR% | Type (CECC) [Thickness (mm)| Area (cm’)
Climaic sequence LR% | ) WHS (AA) 1 410 1000
Erln‘rlmga:lefnﬁwa;gr‘njg heat AR% | - WAID (B4) ! mn
Temperalure rapid change LR% 025 I 025 WH2S (CA) 1 54
Resistance {0 solder heat 1R% 025 025 005 WHI0D: 05 WHS0 (DA) 1 544
Vidration and bump BR% 125 0% | 005 WHs0 @ 50W 1.5 930 LT
Noise (in decade of Trequency) WV | Not specified 1 [} [ WH100 1 1000 I =
Insulation resistance ohms 16 min B B 10Gmin . WH200 3 3800 =T =1 LU f
Pulse and overload performance Not specified See graphs WH300 3 5800 g 100 == ] H
Hote: A 0.05 ohm addition is to be added to the performance of all resistors = 10 ohms o i - iz W!ﬂa W"C‘ E
0 . 2 Eﬂ il i
10000 Derating for ambient temperature 2 = i irEzEe
Pulse and Overload Performance £ = T iy i
2 o L =t [4 70
For short durations of <01 the energy graph should 1000 - 120 ﬂi L= 5" |4t m?‘% E
be used. Forlonger duraions the overload graph W RS = 2 L | dl .wluf\g,-c 1l
applies - _r-___\‘—"‘* Laal £ 100 E /:___ -1l :: .
@ \_'V\r 1
im amatus N SO - £ g N i ~
0 E = 200 % = H
i S v e, [ Labem & 6 AN =
5 B i i W"\% I g \ [ e
£ o1 Ve W PRI £ L =
it H i VD B ol g A0 AN o
; ‘ VA il e s sl el ¢ \ 7]
E 1 W, MMA"‘ Lz e 20 N
l;: e WHIDG30D /M“Wv\v i 0 1
LI Y i 0 100 m 1 0 100 1000 o0
. : . )
o1 1 n 100 1000 T | 0100 1000 40000 100000 Ambient Temperature (°C) Heatsink Surfzce Ares o)
Overload Durafion (s)
Value (ohms)

Complete datasheet located at:

http://www.farnell.com/datasheets/1851673.pdf? ga=1.107758594.1848611837.1479745318
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11.2.6 - Cynergy 3 D200 Series

Referred from 2.9

D200 Series

High Power 200W reed relay with 7kV isolation

The D200 series combines a high power
200W switching capacity with isolation of
TV across the contacts.

This switching performance is achieved
through the use of high vacuum reed
switches with Tungsten contacts and make
these relays suitable for high reliability
applications, such as test equipment and
high voltage power supplies.

These are PCE Mount relays, though
custom options may be available on
request.

200W switching power

Low Contact Resistance
= PCB Mount

= Excellent AC characteristics

7kV Isolation across conmtacis

ol TAV

Switch Action SPND
Contact Material Tunpsten
Islation across contacts WV DO or AC peak T
Switching Power Max. W resistive o
Swilching VoltageMar. V DO or AC peak 2500
Switching Curront Mae. & DC or AC peak 3
Carmy Current Max A D or AG peak 5
Capacitance across — pF - cail Lo screen 08 by
contacls grounded
Lifetime  opesations  dry switching 1w

500 switching 1w
Contact Resistance me) max itypical) 600
Insulation Resistance  Cmin ] (107
Must Oporate Voltage VDG KN |
Must Releasa Voltage V. DC 05 125 4
Operate Time ms dinde filled B0 6O 6O
Reloase Time ms  dinde fitted 1 10
Resistance Q 28 150 780

Isodation contactitoll KW

Insulation resistance contact

to all terminals Camin {typical)
Environmental

Operating Temp range  'C

DAT200-05
DATZ00-12
DAT200-24

5
12
m

1
107 (10%
20 ta+70

Please refer to this document for circuit design notes:-
hittp://www.cynergy3 com/blog/application-notes-reed-relays-0

Complete datasheet located at:

http://www.cynergy3.com/sites/default/files/D200%20series%202016.pdf
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11.2.7-Vishay CP00253K000KE14-ND
Referred from 2.10

Semttntia
STANDARD ELECTRICAL SPECIFICATIONS
aLoBAL MopEL | O o RATING | pegisTANGE RANGE G RESISTANCE RANGEQ | TOLERANGE ﬁﬂ'{
"&'c WIREWOUND 11 METAL OXIDE 1) =% g
CPOD02 2 0.1 to 1K 00 to 20| 5. 10 2.0
GPO00Z..3 2 0.1 to 1K 00 to 30| 5 10 2.3
CPOG03 3 0.1 to 2K 50 to 33| 5 10 3.4
CPO003..3 3 0.1 to 3K 50 to 33| 5,10 3.6
CPO00S 5 0.1 to 2 AR 50 to 501 5. 10 EX:]
CPOD0S...3 5 0.1 to 24K 150 to 50K 5,10 5.0
GPOOOF ¥ 0.1to FK 5 10 6.
CPOOO7..3 7 0.1 to 7K - 5 10 il
CPO010 10 0.1to 11K - 5,10 9.
CPO0T0..3 10 07 to 77K - 5. 10 B
CPO015 15 0.1to 11K - 5,10 16.8
GPO015..3 15 01to 11K - 5 10 174
CPOO20 20 0.1 to 16K - 5 10 228
CPO020..3 20 0.1 to 16K - 5,10 236
CPoz2 7 01 to 16K - 5. 10 245
CPO023..3 22 0.1 to 16K - 5. 10 253
CPOO25 25 0.1 to 16K - 5,10 aro
Mote
N To specifically Dn:le-r a Wirewound suh—aasamb Tor ras.lstance values that overlap between the Wirewouwnd and Meatal Oxida technologi
the model will be a CPxxxx...25 for and CPhooo...01 for with s1an|:l—0ffs. To Sﬁmﬁua] order 8 Matal Oxide
suh—assamb for resistance va]uers1ha't erla bameen the Wirewound and Metal Oxide technologies, the modsl will be a CPooo 1
for a standard body and GPxoooc_ 101 for hc\cly with stand-offs. If no dash type is specifisd, either technology may be supplied.
TECHNICAL SPECIFICATIONS
PARAMETER UNIT WIREWOUND CHARACTERISTICS METAL OXIDE CHARACTERISTICS
Temperature Cosfficient ppmC [+ 300 1 O and above: = 600 below 1 0 = 300 (CPOD02 to GPO0DS)
Short Time Owverdoad - 5 x rated power for 5 5 5 x rated power for 5 5
Terminal Strength o] 10 minimum 10 minimum
Operating Temperatura Range °C -65 to +275 -65 to +225
Diclectric Withstanding Voltags War 1000 1000
Maximum Working Voltage W (P x A2 (P x A=
Mote
- Wirewound GP resistors can reliably function as a fuse and as a resistor. Such components involve compromiss hemaanfus ing and resistive
acF 1ICII'IE L fnne Eac,}'lé‘:ileap% ulgage lallnr\e-d tnthe application to ensure optimum performance. Contact factory by using the e-mail
os ign assistan
GLOBAL PART NUMBER INFORMATION
Global Part Numbering example: CPOD0S15R00JE143
[el[P][o][e][e][s][s][s][r][o][e] EIERI NN
T T T r =
GLOEAL MODEL VALUE TOLERANCE PAEMGING SPECIAL
(See Standard Elactrical R = Decimal J =+ 5.0 % E14 'ﬁe’ gu (Dash Numbser)
Specifications Global K = Thousand K=+ 10.0% E31 = LHHd {PEb)- four Iayar Ik pack (up to 3 digits)
Model column for R1500 = 0.15 4} B14 = Bulk pack From 1 to 9949
options) 1K500 = 1500 2 B31 = Four layer bulk pack as applicabla
Histerical Part Mumbering le: CP-5-3 150 5% B14
[ CP-5-3 ] I 150 | [ 5 9% ] [ Bi4 ]
[ HISTORICAL MODEL | | RESISTANGE VALUE | | TOLERANGE CODE | [ PACKAGING |

Complete datasheet located:

https://www.vishay.com/docs/30213/cp.pdf
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11.2.8 - RTDS-AE20M-12
Referred from 2.12

Acoustic Signals Piezo Buzzers >

AE20M Series

The AE20M piezo miniature buzzer
range is a compact, low cost audible
signalling solufion for local indication
where very low cument consumpfion
may be a requirement. A threaded

locking ring allows for easy installation
for all panel mount installations.

The unit offers a single stage alam,
either a fast pulsed or continuous
tone selectable by a three pin
connection combination.

AEZ0M Series > ordering Information

Code No: Voltage: Frequency: Current: dB:
AEZOM-12 10-20vDe— 2900 Hz 25 mA 0]
AE20M-24 10-28w De — 2900 Hz 25 mA BS
AE20M-45 648y De — 2900 Hz 35 mA 82
AEXM-115 60-120v Ac~ 2900 Hz 25 mA a0
AE20M-230 130-240v Ae - 2900 Hz 25 mA 50

Froquancy  +-500 o8 at prime voliage +- 3dB

Complete datasheet located at:

http://docs-europe.electrocomponents.com/webdocs/0f08/0900766b80f08d21.pdf
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11.3.1 - MELASTA SLPB7858150 7000mAh 15C 3.7V

2. ¥ MODEL
SLPE7858150 7000mAh 15C 3.7V

3. FR#K SPECIFICATION

EPh R Specifications of single cell

Distance between 2 tabs

[

m Tab width
1
|

2y

® ©

641 —

—

® biERcit Typical Capacity(T) 7.0Ah
7 ERHUE Nominal Voltage ki
+ FAEN T K R
Charge Condition Max. Continuous 14A
charge Current
B{ A
Peak charge current 2p<tsen)
W1 Voltage 4.2v+0.03V
Max Continuous
2 Discharge Current 1084
* AR Peak Discharge
Discharge C 140A
i urrent
Condition
Cut-off Voltage 3.0V
#7Cifi4 H AC Impedance(mOHM) <20
*{EERA iy [H:1.0C Jid:15C]
Cycle Life [CHA1.0C.DCH:A5C] 200
& (T o
Opersting Termp. f.Hi Charge 0T~45T
it Diseharge 200~60T
JE1E Thickness(T) 7.5+0.3mm
HE Width(W) 5840.5mm
* R o
Cell Dimensions 1M LengthiL) 15240.5mm
R Tl
Distance between 2 24+1mm
tabs
HEHE
ol Tab Width 1omm
R WEH
Dimensions of Tab Thickness 0.2mm
Cell tabs R
ol -
Tab Length Mex Smm
it Weight(g) 149+3.0

B

D3

Fiit: 0.5CmA4.2V-3.0V@23C£21C

Typical Capacity:0. 5CmA 4. 2V=3.0V@23 C42°C
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11.3.2- BMS- Master and Slave.

Referred from 3.1.5

u Measures Up fo 12 Battery Cells in Series

= Stackahle Architecture Supports 100 of Cells

= Built-In isoSP™ Interface:
1Mbps Isolated Serial Communications
Uses a Single Twisted Pair, Up to 100 Meters
Low EMI Susceptibility and Emissions

= 1.2mV Maximum Total Measurement Error

= 290ps to Measure All Cells in a System

® Synchronized Voltage and Current Measurement

u 16-Bit Delta-Sigma ADC with Frequency Program-

mable 3rd Order Noise Filter

® Engingered for 15026262 Compliant Systems

® Passive Cell Balancing with Programmable Timer

u 5 General Purpose Digital /0 or Analog Inputs:
Temperature or other Sensor Inputs
Configurable as an 12C or SPI Master

= 4yA Sleep Mode Supply Current

= 48-Lead SSOP Package

APPLICATIONS

u Flectric and Hybrid Electric Vehicles
u Backup Battery Systems

u (irid Energy Storage

= High Power Portable Equipment

The LTC®6804 is a 3rd generation multicell battery stack
monitor that measures up to 12 series connected battery
cells witha total measurementerror of less than 1.2mV. The
cell measurement range of OV to 5V makes the LTC6804
suitable for most battery chemistries. All 12 cell voltages
can be capturedin 290ps, and lower data acquisition rates
can be selected for high noise reduction.

Multiple LTC6804 devices can be connected in series,
permitting simultaneous cell monitoring of long, high volt-
age battery strings. Each LTC6804 has an isoSPlinterface
for high speed, RF-immune, local area communications.
Using the LTC6804-1, multiple devices are connected in
a daisy-chain with one host processor connection for all
devices. Using the LTC6804-2, multiple devices are con-
nected in parallel to the host processor, with each device
individually addressed.

Additional features include passive balancing foreach cell,
anonboard 5V regulator, and 5 general purpose 1/0 lines.
In sleep mode, current consumption is reduced to 4pA.
The LTC6804 can be powered directly from the battery,
or from an isolated supply.

A7, LTLTE, LTW, Linzar Technalogy and the Linear logo are registered 2nd isoSP ks a

rademask of inear Technolgy Corporzson, AN other trademashs ar he propery o ther
s, 52428, T

TYPICAL APPLICATION

[

et
waf
AL
af

=]
|

)
L]
‘TEMPERATURE ()
ot
ol El
v i
i HMH e
s M
j [

Total Measurement Error
vs Temperature of 5 Typical Units

]
CELLVOLTAGE » 23V
15 STRCALUNTS

e |
! n;’;g#ﬁ

N

- [ae

Complete datasheet located at:

Features

Core: ARM® 32-bit Cortex®-M4 CPU with FPU,
Adaptive real-time accelerator (ART
Accelerator™) allowing 0-wait state execution
from Flash memory, frequency up fo 168 MHz,
memory protection unit, 210 DMIPS/

1.25 DMIPS/MHz (Dhrystone 2.1), and DSP
instructions

Memories

Up to 1 Mbyte of Flash memary

Up to 192+4 Kbytes of SRAM including 64-
Kbyte of CCM (core coupled memory) data
RAM

Flexible static memory controller supporting
Compact Flash, SRAM, PSRAM, NOR and
NAND memories

LCD parallel interface, 8080/6800 modes

Clock, reset and supply management

- 1.8 Vto 3.6 V application supply and |/Os

- POR, PDR, PVD and BOR

— 4-to-26 MHz crystal oscillator

- Internal 16 MHz factory-timmed RC (1%
accuracy)

— 32 kHz oscillator for RTC with calibration

— Internal 32 kHz RC with calibration

Low-power operation

— Sleep, Stop and Standby modes

— Vppy supply for RTC, 20%32 bit backup
registers + optional 4 KB backup SRAM

3x12-bit, 2.4 MSPS A/D converters: up to 24

channels and 7.2 MSPS in friple interleaved

mode

2x12-bit D/A converters

General-purpose DMA: 16-stream DMA

controller with FIFOs and burst suppart

Slave: http://cds.linear.com/docs/en/datasheet/680412fc.pdf

Master :

Datasheet - production data

® ==

LOFPSA {10 x 10 mm)
LGFP100 (14 x 14 mm)
LOFP144 (20 % 20 mm)
LOFP176 (24 x 24 mm}

WLESPSO
4.2233.968 mm)

UFBGAITE
(10 % 10 mm)

Up to 17 timers: up to twelve 16-bit and two 32-

bit timers up to 168 MHz, each with up to 4

IC/OC/PWM or pulse counter and quadrature

(incremental) encoder input

Debug mode

— Serial wire debug (SWD) & JTAG
interfaces

— Cortex-M4 Embedded Trace Macrocell™

Up to 140 1/O ports with interrupt capability

— Up to 136 fast I/0s up to 84 MHz

— Upto 138 5 V-tolerant /Os

Up to 15 communication interfaces

— Upto 3 x I2C interfaces (SMBus/PMBus)

— Upto4 USARTs/2 UARTs (10.5 Mbit's, ISO
7816 interface, LIN, IrDA. modem control)

— Up to 3 SPIs (42 Mbits/s), 2 with muxed
full-duplex 125 to achieve audio class
accuracy via internal audio PLL or external
clock

— 2 x CAN interfaces (2.0B Active)

— SDIO interface

Advanced connectivity

— USB 2.0 full-speed device/host'OTG
controller with en-chip PHY

— USB 2.0 high-speed/full-speed
device/ost/OTG controller with dedicated
DMA, on-chip full-speed PHY and ULPI

— 10/100 Ethernet MAC with dedicated DMA:
supports IEEE 1588v2 hardware, MIIRMII

http://www.st.com/content/ccc/resource/technical/document/datasheet/ef/92/76/6d/bb/c2/4f/f7

/DMO00037051.pdf/files/IDM00037051.pdf/jcr:content/translations/en.DM00037051.pdf
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11.3.3 - Coroplast EV 25mm~2

Referred from 3.1.7

Silicone-insulated single-core high voltage automotive cables

Application: Connection of HV batteries

and electric motors

Hich vl catie, coew,
whindcled HV-0CCRG, 70 e

2

Cable o uction according to LV 216-2, 1SO 6722 and ISO 14572

1 of HV wir s for hybrid and electric vehich:

Single-core, shielded automotive cables for high voltage cable sets

ANer several years of developmant work, it was possibie to develop insula-
tion materials which on the one hand can withstand high voltage loads and
on the other hand o the high in terms
of flaxibility and EMC shielding. Oparational voltages of up to 600 volts
are possibla with the Coroplast sficona high voltage cabikas.

Prot for testing the of 1000 vois am auailabie
This normaties racogrition of this voltage chass & proactivaly supported by
our company. The vary goad fisxiilty of Coropiast high voltags cables ks
obtained through tha simutaneously fine wired and compact cabla con-
structions. Doubla shiekdings with brakied wirs and metal folss an usad
bacausa of tha high EMG mquirements. The curment standards and speck
cations of the OEM (inter alla LV 216) ars the basks for this design

Furtharmare, customer-specific detals such as extruded vertical stripes.
can be installed. A detaled overview of the construction data of Coroplast
HV cables can be found on the internet at: www.coroplast.de.

Complete Datasheet located at:

Optimised dimensioning of the cable cross sections

Coroplast HV cables are able to permanently withstand temperatures of
up to 180°C. This enables an optimisation of the conductor croes saction
in contrast to other inferior insulation material.

The increased conductor heating through & permanent current load can
be malised through siicona matenals. Coroplast ts capabie of calculating
the conductor a on the tompara-
turas and the cument oads for an optimised dimansianing of the nomnal
conductor cross sactions. $0-callad Darating-Simudations ars used for
seiaction of the optimal Gross section. This results in the sawng of costs,
weight and constnuction room.

By means of the current heating tablka shown balow as an example, the.
maximum curnent load can be identified dapending on the ambient tem-
peratune and the cable cross secticn, Further graphics for devisting ambient
temparatures can be derived from our website st: www.coroplast de.

Maximum current l0ad per cross section according to the ambient temperature

amblent temperature *20°C 88 1 C "nz°C
nom. cross section max. current foad up to condustor temperature of +180 C
10 men® 1S4A 1214 108A 2A
16 mm* 206 A 1624 1824 1234
20 et 232A 122A 1634 138 A
25 mm* 20aA 2164 182A WA
30 mem® 300 A 28 A 2104 180 A
35 mm® 343A 2704 2814 206 A
40 mm? 378A 2984 256 A 227A
50 mem® A=A M0A 30: A 260A
70 mm* SIEA 4ZA 0 A 32BA

http://www.coroplast.de/fileadmin/user upload/images/kabel-

leitungen/coroplast kabel und leitungen en.pdf

—_— e @oplast e —— " Coplast— -ty
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11.3.4 GIGAVAC GV200
Referred from 3.1.8

"PRODUCT SPECIFICATIONS

Specifications Units Data
Contact Arrangement (main) Form X SPST-NO
Contact Arrangement (Auxilary) 1/ Form A SPST-NO
Form C SPST-NC
M Life cycles 1,000,000
Contact Resistance
Max @ rated carry current mohms | .4
Typical @ rated carry current mohms | 15103
Operate time, 25°C
Close (includes bounce) Max ms 20
Close (includes baunce) Typical ms 13
Bounce on close, Max ms T
ms 12

Release time
i arc time at max. break current)

Mohms 1002/

Dielectric at sea level (leakage < ImA) | VRMS | 2,200

Shock, 11msec, 1/2 sine 11msec | G's peak | 25
Vibration, Sinusoidal (10-2000 Hz peak) | G's 25

ambient Temp Range C -55to +85 3/
Storage ambient Temp Range C -70to +150

Weight, typical without nuts and washers | Kg (Lb) 0.38(0.84)

POWER SWITCHING

DC POWER SWITCHING CYCLES
1,000,000
100,000
R LCABEEEEEEEEEEEEE) =
w |HN| 1 |EEEEEEEEEEEN] |0
i N
o 10000
2
Q
1,000 = -211
100

50 100 150 200 250 300 350
CURRENT (A)

e 2AY e 300V e GOV e 500V e SO0V

COIL RATINGS at 25°C

Complete datasheet located at

http://www.qgigavac.com/sites/default/files/catalog/spec sheet/gv200.pdf

Coil P/N Designation B C F M N
Coil Voltage, Nominal 12VDC 24 VDC 4B\VDC 12/24VDC 48YDC
Coil Type Dual Dual Dual PWM PWM
Coil Voltage, Max 5/ 16VDC 32VDC 64 VDC 36 VDC 95 VDC
Pick-Up Voltage, Max 5,8/ 9, 8VDC 16VDC | 40VDC 85\VDC 32VDC
Drop-Out Voltage 9/ 0.5VDC 2VDC 4VDC 6.5 VDC 20VDC
Pick-Up Current, Max (75 ms) 6/ 7/ 39A 16A 0.97 A 36A 09A
Coil Current 7/ 0.23A 0.097A | 0.042A |0.13A@12VDC | 0.04 A@48VDC
0.07 A @24 VDC

Coil Power 7/ 17w 1.9W
Internal Coil Suppression

N/A
Coil Back EMF v oV
Transients, Max (13 ms) +60V +100V
Reverse Polarity lo0v 100V
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11.3.5 EATON EV Fuse
Referred from 3.1.9

Technical Data 10563 Electric vehicle power fuses
Effective February 2017

Catalog numbers:
Average @ 20 kA/500 Vdc*

Catalog no. Amp Melting Ft Clearing Ft Power loss (W) @ 50%**
20 mm diameter case

EV20-50 50 368 M 118
EV20-60 ] 629 107 143
EV20-70 70 720 1462 167
EV20-80 80 910 2200 190
EV20-100 100 1470 2983 2.38
EV20-125 125 1384 4114 3.12
EV20-150 150 1893 5924 a.78
25 mm diameter case

EV25-100 100 1043 317 3.00
EV25125 125 1630 3620 375
EV25-150 150 1618 5499 450
EV25-175 175 2202 7485 5.25
EV25-200 200 3398 10,220 B.00
EV25-225 225 4300 12,934 6.97
EV25-250 280 5309 15,068 176
30 mm diameter case

EV30-200 200 3211 B665 6.7
EV30-226 226 4084 10,867 788
EV30-250 250 5m7 13,539 842
EV30-300 300 7224 19,496 10.11
EV30-350 350 9833 26,536 11.79
EV30-400 400 12,843 24,660 13.47

* For system parameters below 500 Ve and 20 kA, see clearing Ft correction factors on page 9.
** 50 percent of fuse label amp rating tested at 23°C = 2°C.

Dimensions” — mm:

_-Gl—_ |-—C—-ﬁ i ' .lf
r [ [}

D2 4—-|
D1

%3
&

Complete datasheet located at:
http://www.cooperindustries.com/content/dam/public/lbussmann/Electrical/Resources/product-
datasheets-b/bus-ele-ds-10563-ev-power.pdf
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11.3.7 - Brusa NLG513
Referred from 3.1.10

Specifications NLG513

AC Input NLG513 air MNLG513 water

Min. input voltage: 100 100 v
Max. input voltage 264 264 v
Min. input frequency 48 48 Hz
Max. input frequency &2 62 Hz
Max. input current= 16 & A
Max. input power (by input current*® = 16A) T'e80 T680 w
Powerfactor >D99 *099

DC OQutput NLG513 air NLG513 water

Max. charging power 300 3300 W
‘Voltage range 200-520 200-520 v
Charging voltage accuracy S5 8 +1 %
Max. charging current 125 125 A
Charging current accuracy +2 +2 %
Max. charging current -ripple (100 %, fr = 2fn (100,/120 Hz) 125 125 A
Efficiency (P = Palme) a3 93 %
Mechanical data and cooling system NLG513 air NLG513 water

Weight {without coolant) 63 62 kg
Coolant guantity in device = -03 I
Coolant flow rate - 4-8 1/ min
Pressure drop @ S/min, Teae = 25°C - 50 mibar
Ambient temperature range (storage) -40 1o+ &5 -40to+85 *C
Ambient temperature range (operation) -25t0+70 -25t0+70 -
Cocdant temperature range for full power -20to+40 -20to+60 *C
IP- protection P54 1PS

Safety - and protection features NLG513 air NLG513 water

Insulation testing (AC input / DC output) 2 2 kv
Mains input overvoltage protection 264 264 v
Insulation resistance (initial} min, 2 2 >G

Complete datasheet located at:
http://www.brusa.biz/ files/drive/05 Sales/Datasheets/BRUSA DB EN NLG513.pdf
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11.5.1- UniTek BAMOCAR D3-400 400
Referred from 5.1

For three-phase current motors

Augxiliary voltage connection 12V=to 700V=
Augxiliary voltage connection 12V=or 24V=+10% /4A(24)
v g residual ripple <10%, regenerating fuse
Data BAMOCAR D3-400-(700) Dim. 125/250 200/400 125/250 200/400
Supply voltage, rated value V= 24 up to max. 400 24 up to max. 700
Max. output voltage, rated value veff up to 3x260 up to 3x450
Continuous current Aoy 125 200 125 200
Max. peak current Ay, 250 400 250 400
Max. power loss kW 2 3 26 4
Pulse frequency kHz 8-24 8-16
Over-voltage _
switching threshold V= L2y 800
Input fuse A 160 250 160 250
Weight kg 85
Dimensions hx wx d mm 403x250x145
Size 2
Control signals v A Function Connector
Analogue inputs +10 0.005 Differential input X1
L ON 10-30 0.010 .
Digital inputs OFF 6 o Logic 10 X1
Digital outputs +24 1 Transitor output X1
open emitter
Resolver / TTL / SINCOS Differential input X7
CAN interface Logic 10 X9
R5232 interface Logic 10 X10

Complete datasheet located at:

http://www.unitek-online.de/pdf/download/Antriebe-Drive/ BAMOCAR/E-BAMOCAR-D3.pdf
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11.6.1 - Enstroj EMRAX228

Referred from 6.1

EMRAX 2Z8 Technical Data Table

Technical data
Air cooling = AC
Liquid cooling = L€

Ingress protection

‘Cooling medium specification [Air Flow = AF;
‘Water Flow = WF - if inlet water temperature
and/or ambient temperature are lower, then

‘continuous power is higher)

Weight [kg]
Diameter g / width [mm]

Battery voltage range [Vidc]

Peak motor power (few min at cold start / few

seconds at hot start) (kW]

Cantinuous mator power (depends on the

motor RPM 3000 - 5000) [kW]
Maximal rotation speed [RPM]

Maximal motor current (for 2 min if cooled as
described in Manual for EMRAX) [Arms]
‘Continuous motor current [Arms]

Maximal motor torque (for a few seconds) [Nm]

‘Continuous motor torque [Nm]

Torgue / motor current [Nm/1Aph rms]

Maximal temperature of the copper windings in
the stator and alse max. temp. of the magnets

(s
Motor efficiency [%]

Internal phase resistance at 25 *C [m0)]
Input phase wire cross-section [mm?]

Induction in Ld/Lq [uH]
Controller / motor signal

Specific idle speed (no load RPM) [RPM/1Vdc]
Specific load speed (depends on the controller

settings) [RPM/1Vdc]

Magnetic field weakening [for higher RPM at

low torque [%]
Magnetic flux - axial [Vs]

Temperature sensor in the motor

Number of pole pairs

Rotor inertia (mass dias175mm, ma5,Skg)

[ke*cm?]
Bearings SKF_ FAG
*Far a few seconds

P21 IPBS P21
AF inlet WF  inlet WF
4 Blfmin- &lmin-

25mfs; A e
ZS'C;' ambient ambient
air25°C air25°C

120 12,3 123

50- 600 (*700 — to get 6500
RPMp)

28-42 28-42 35-55

240

115

18
10,2
175/180

93

2-9,8

00542

P21 IPeS P21
inlet WF  inlet WF

S“Fd &lfmin 8 Kmin-
Bwe. SO0 | @O
el ' ambient ambient
air25°C  air 25°C
12,0 123 123
228 /86
50 =450 {*540 = to get 6500
RPMp)
100

28-42 38-42 35-55
5500 (*6500 RPM peak]
240
160
240

125
075

120

93-98
2,0
15,2
75/80
sine wave

14

11-14

up to 100

0,0355

kty 81/210
10

az21

s EMRAX 228 EMRAX 228 EMRAKX 228
High Voltage Medium Voltage Low Voltage
At L€ ce AC Le €c At Le e

‘Combined cooling = Air + Liquid cooling = CC

P21 P85 P21

> inlet WF  inlet WF

8Vmin- 8 /min-
2’;’:1 a0°c; 40°C;
il ambient ambient
@ir2s’C  air25°C
12,0 123 123

24150 (*180—to get 6500
RPMp)

2B-42 28 -42 35-55

450

027

1,12
EL]
10,6/11,2

34-40

0,0131

RfR 6206/6206 or R/AR 6206/7206 or ARJAR 7206/7206 [vOu ariertation)

Miaximal battery voltage is 700 Vi [EMAAX 228 High Volage]. Mavimal AFM must not be enceeded.
it iz possible to weaken the magnetic field | ta 100%] to get higher APM at existing battery vohtage. Maximal REM must not be exceeded.
These data are walid for the motars, which were sold after January 2014,

EMRAX motors that had been mads before May 1012 have 30% lower pawerftorque and REM than new generation of EMRAY mators.

Complete datasheet located at:
http://www.enstroj.si/images/stories/emrax 228 tech data table dec

2014.pdf
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11.7.1 -Active Sensors MLS1322-050 V1
Referred from 7.1

MLS1322 - rod end mounting

et
reg i rm

Rafmcted mounsing distance TF 2 1mm aqusimant) - sas tabls Mechanical mngs

Pretact g o

e it g MLS1322-%

Spherasl oy

mounng ot

@5 -+ 050,00}
both erds

[
Fange i

For mounling eccessones, see page 58 6

Bady langth 'G' - ses tatls 170500 Mechanicsl range

MEDO7-6G
x G LG
i}

Prosuct uderiag ode

MLS 132630

»155mm g

007456

2 off sistoal M4 nuls
s shakeprool weehr Fargainme

fmmrsirmment rangs

For mountng acoessones, soe page 5 4 6

Doc. Ref: WS-MLS-4 Page 3/6

activesensors.com Europe: +44 (0) 1202 480620 North America: +1 317 713 2973

Electrical & mechanical information for MLS1320 range

[Measmment e ta0 Smm 5 50 s 00

(EEE B w5 | 950 =] [
[Fetraces meunting dstance 107 23 a8 7= 768 223 EE 273 23 398 3 A1 [
[Bosy g iG] A5 130 35 60 i85 210 235 285 310 E] 410 -—-—-
By lerngm (C) a1 06 | war | 156 | 1B | 06 | @1 261 | 506 | 3 =05 e
Roimanca (Typioal) ) = a ) 5 3 a o = [ )
Morlrearty —azs —=on =
Applied voliage =22 | =aa =88 | -8 | =1m0 | =130 Vohs
Wipar load =500 | =600 | =700 | =800 | =600 | =1000 | =1200 ] =1a00 wohrre

ical rargn eanuneren rangn T4 )
Shan va ity =13 vz
Frulaton resi s (o Somy ey =100 pr—
[Opersting teme. ranas 30" in +125° =
[Seslig [
[Sha operatng foros F00 (il rame
hnlgnlumsm-.] s [ &= | 73 [ 75 | &= o0 | @ | oz | o8 | 198 | iz | 1= crmme
imnorials Case - Aluminkm 6053 - Sulphune acd ancdised

hal - Stainkeas steel - 303 sares
Fioxd v besring - Alurniisrm BIE2 housing & BS870 230MOT, skectminss nickel plate

Complete datasheet located at: http://www.activesensors.com/datasheet/mls.pdf
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11.7.2 DTM-Connector-Data and AlphaWire3Wire

Referred from 7.3

DT Series Boot Adaptors

Wise Scateng Kage
Pt Now. - Flugs Part Non. - Receptacles
] Gy [Omp|  Sed | Gem | [Fed] B | G Tk

Wi | PN | Sol Thmwol] Welpe | 92 Thimwad| Wede | [Wop | PN [sud Thm ol s Thimwat [ "4
2 |orusas |eoos.cone|was [£ru ceisfwrs rouf | 2

3 |oresss [sons.cond|was |£pi ceisfwns ro| | 3 forosse  feees -cend
4 ‘

' '

DTueds  |-E00s .CE04 | Was. [-EP11 -CEL3 fwas oL [oTossr  |poos -Cons | epo -CE03 wep
[DTus-45A |-£00¢ .CE04 | was. |-£p11 CEL2 fwas o2 [oTosara fesos -cens | epa -cEosfwir
2 CE | wias |-£P11 CE 2 CEDs |-EE91 -CEW|W12P|

TWAY

o &

TWAY

il

A Csametens imm)
1) Coerponant 1 31X 1COND
%) Contuctor 24 (172) ANG TC a8
B) rion 8.35 W, Nows. UL, Serrd 112
) con e Vi Coer G £
=T =T=
== o=t == -
2) Cotde Axserrtly 3 Campenunts
Ttatxc 34T,
) Cors Whap Chuar Wyir Tapa, 25% Ovasip, Wi
1C BRAD
a) Dok s 24 (1) MNG TC
4 Juceet 0.1 Wall, Nom VT 487 (453 Ma)
3 s 2 830 v e
by 1
3 ALPHA WIRE-" P
OITUNG (4AWE) (L) TYPE CM 105C OR AV 2484
Wikt CE ROHS  (SEQ METERS)
* = Fintory Cosu
e
B
%) Comparant 1 AVANSTYLE 10002 105°C 4300 Viass
B Cverat APANSTYLE 2484 S0C 300 Ve
o 08°C
1
2 € EN 03321 Flasse Bebuicr
3 ce LVD TAZYEEC Amendart SYBAEEC
Compliance
) EU Drecth 2002 RAECHReHSE
Orectve
for comphance Oate of Masuduchre.
2) REACH Regulston (EC 15070008
200, -
o. & Machanical Proparties
1) Terpente 301 105°C
Burd Reachn 10K Cathe Crurraetar
3} Pl Yermicn AT Lia, Micdeorn
) Suskght Yeu
[ (5
1) Votags Ratrg 200 Vs
3 Coauen

10495 50 @1 bz, Nominad Condudier o Conductor
19024 pln @1 bz, Nerrinat
04232 b, Nerrinal

R s Vi Gy A P oty ki S S e Pt Sy 8 T A, Fr 3 e
e R S A s N R VS ais S S s aes

o ity
e vacen 2o

08 i Mok S Mk o By S (RS SO, FiSeRc, Al i, O S ) b e o, s § ASTS B
e Bduan of 2o, o 0 Caagen, e B 1 A Lo S, o ey S e, Ml o GO i B
o ity S . T o Lo coacited e

711 Lidgerwoos Ave Dicabeth, WJ 073003711
Tl Free 1-800-53 ALPWA » T: 13082258000 - : 608325541 1 + St evo shrmion. com
o skphre on
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11.8.1- ECU Cables
Referred from 8.1.2

SPECIFICATION CONTROL DRAWING | 8540111
i FA1IZE

WNE AACUR I CRER D NV PED, ETFE HELATED. = =
"TH-COATEDCOFPEN, LIBTWEIGHT Ll

T spescbirion, oot s 3 ot 31 5 e e o1 P et 51
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T3 CORGATTCR GABLE CWELDEL, JCRETED,
Tttt s ot o T o W
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GONDUCTOR TN CONTED COPPER SEULATON - PACATIONGROSELIGED.
NOOEED BT GHELD - COSRER, GOATING SAVE A9 N OONDUCTOR  JACHET - RACIAT % CROESLIMCES)
EAGEFT TIH-COATED SHELD ¥ATH SLven. NODERD
COATED Hatls STREMGTH ALY EOMEUCTOR

COMPOHEKT WRE - 44kin 8

TR AT
owweTEnce
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11.8.2-Melasta LPB042126
Referred from 8.2.2

2. $E MODEL
LPB042126 7000mAh &C 3.7V
3. P #% SPECIFICATION

S i #EE Specifications of single cell

Distance between 2 tabs ® R F R Typical Capacity(T 7.0Ah
1 T vt i E LI Nominal Valtage 37V
J LT Max.
i — Continuous charge 14.0A
] | S REEEN Current
# . Charge Condition WEE TR -
o @ S ;-‘7 Peak Charge current 28 <1 5e0)
1 [k Voltage 4.2V=0.03V
Max Continuous
P discharge Current S6A
Discharge Pes En'f:‘ma rge TTA(=2 secs)
Condition L
= Cut-off Voltage 3oV
# - B AC Impedance(mOHM) <2.0
A [FEH:1.0C ) $:8C]
Cycle Life [CHA:1.0C.DCH:8C] ]
& {7 i - .
Operating Temp. #t.H# Charge 0C~45T
i e Discharge -20'C~60'C
L T Thickness(T) 10.740.3mm
4 - 21 Width(W) 42.0:0.5mm
* BERT 1
Coll Ciransions: 2T Length{L) 127.5+0.5mm
Al B-fn] 9
Distance between 2 21ximm
HLEE
Tab Width 1amm
* EHRT T
grbn;ensmns of Cell Tab Thickness 0.2mm
HEEH 30mm
Tab Length
SER Weight(g) 135.5¢2.5

(WrBr gl : 0.5CmA 4. 2V~3.0V@23'C+2'C
Typical Capacity:0.5CmA.4.2v~3.0V@23C+2T
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11.8.3- AVX 10kQ 1206 Control Protection NTC Thermistor.
Referred from 8.2.4

TABLE OF VALUES

NB 12 NB 20
IEC SIZE : 0805 IEC SIZE : 1206
Rn at 25°C Msterial B(K) o at 25°C Rn at 25°C Material B (K} oat 25°C
Types Types.
@ code | (smmfzz)| wmrel © code |[semifgz)| werc)
NB 12 KC 0 180 18 NE 20 MC 0 221 220 MC 301023% | =44
NB 12 KC 0220 2 NB 20 MC 0 102 1,000 MC 3910:3% | -44
et a NE 20000472 4,700
NB 12 KE 0300 2 Ko | smo=sm | -a0 Nos0u e om0 J 803 | -39
NB 12 KC 0 470 47 i
NB 12 KC 0 560 ] NB 20 J § 0822 8200 5 M80:3% | -39
NB 12 KC 0 680 88
gaeis | 2 e e I e
HB 12 K8 0 T 10 NB 20 L 0 0153 15000
NB12 MGG 121 120 NE20LOOIER | 18000 L 0% | -42
NB 12 MG 0 151 150 NB20L0G223 | 22000
NB 12 MC 0 181 180 L
NB 12 MC 0 221 220 NB20MOG2TE | 27,000
NE 12 MC 0 271 270 NB20MOO33 | 33,000 M 3050:3% | =44
NE 12 MC 0 331 230 NB20M003E | 39000
NB 12 MC 0 391 300 NB20MOGMTE | 47,000
NB 12 MC 0 471 470 NBZONOOSES | 56000
NB 12 MC 0 561 560 MC 2010+3% | -44 NE20NOOES3 | 8000 N LE0:3% | -46
N8 12 MC 0 681 680 NE 20 N 0 0823 82,000 )
NB 12 MC 0 821 820 -
NBiZMCO 102 | 1,000 NB20NE 0104 | 100,000 NS 416023% | -47
NB1ZMCO122 [ 1200 NB20P0Q124 | 120000
NB12MCO162 | 1500 NB20P0QIS4 | 150,000
NB1ZMCO182 | 1,800 NBZOPOMIS | 180000 P 4220:3% | -47
NBiZNCOZ22 | 2200 NB20P00224 | 220000
B I2nCoss | Tam0 NB20Q00274 | 270,000
NB20Q00X4 | 330000
NB 12 J 00332 3300 NB20Q0034 | 390,000 a 4300:3% | =47
NEB 12 J 0 0392 3900 J 3480 = 3% -39 NB 20 Q 0 0474 470,000
NB 12 J 0 0472 4700 NB20Q00554 | 560,000
NB 12 J0 0562 5600 oD || fan
NE 12 K 0 0682 6,800 NB20ROCE24 | 820,000 R 4400:3% | -48
NB 12 K0 0822 8200 K 3630 + 3% -40 NE20R 00105 | 1,000,000
NB12K00108 | 10,000
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11.8.4- Willow Durakool DG20-series, - Single P-channel MOSFET Type BSS84L, -

Vishay VBT3045BP
Referred from 8.2.5

« High resistance to infush current

* 30A maximum continuous current for pcb mounting
+ Applications include DC motor drives

*RoHS Compliant

SPSTAO (1N}, SPOT (1 CO)

ot e QNS AeSrOND,
Max continuus cument SPSTNG: A/ ADC.
SPOT 304 (NO) 1 254 INC) 1 12VDC
‘Max. nush ot SPST-NO: 1004
SOOI
Rated ot SPST-NO: 30A SPOT. 304 (NOJ. 25A (NC)
Mz dresung caacty. SPST-NO: 1004
i b expacity [
e g e 100A 2/0C contt moee e
<tomas0wIBC
Coll
Rt otage 61028200
st messe votage 20128
Operateg range of susghy lzge See Tatke 1
et powes consngion. 055
Insulation
Desecae seogh
ool - contact S00vms / 1min
_ Generaldata
Operawg e (o) s
_ Releaw Tme. <t Smsec (Typest)
ezl e
Tessive >2100" (20AG135VDC 0n SPST-NO contacts § cpaiminte
Mechancl e >10"
Dmecslors (LxWH) 128x12199m8
gt g g
dnert gt
g 18T
sparing @105t
Compueoocaegny PT
resstnce 30g,ams
Version resstaes. g 10502
- VBT3045BP
o Vishay General Semiconductor
Trench MOS Barrier Schottky Rectifier
for PV Solar Cell Bypass Protection
UtraLow Ve =0.30Vatk=5A
FEATURES
Tugs® » Trech MOS Sk ctrcogy
ToBUE + Low foward votage rop, ow poer s @
i * High eficincy operation
+ NestsMSLiws 1, o STH2D L i ROHS
A PRk 265°C o
S 7,200 maw i sclr ypass apleation
L5 + Mot cateqoraion: For defifons of complence
‘please see wuw s 2
o
G TYPICAL APPLICATIONS
For use in solar odl janction box s 2 dypess diode for
protction, tsing OC forwand cunt wittot meerse s,
PRIMARY CHARACTERISTCS MECHANICAL DATA
oy N4 Casec TO-26343
™ ] Mokdngconpound et UL 94V amabity ratng
- F) Base PIVES - RS compler, comer grade
Yak=0A [E1] Teminas: Matte 0 plated leass, soleratle per
T fore W SSTHRad ED 23102
Ty PCtrvatomed O £3sff et S0 201 cass h ikt

Polary: s naed
Wouting Terue: 0 s mrium

Complete datasheet located at:

BSS84L, BVSS84L
Power MOSFET U
Single P-Channel SOT-23
=50V, 100
ON Semiconductor®
& SOT=13 Surface Moani Package Saves Baard Spave
& BV Prefi for Auiomative snd (ther Applicaiions Requinme Ussque v onsie com
inmcw&w]mmmlﬁ-olﬂlouumm
AR e [ o [ Resoyuat |
# These Devices are Pir-Free and are RoHS Complint.
MAXIMUM RATINGS (1, = 25°C niess oherwise nows)
Rating ‘Symbul | Valus | Unt 3
Deanr-io-Saurce Vokiage Voss | B | v
‘Galz~t-Source Votage - Continuous N
‘Deain Carent mh
Continuns @ Ty = 25°C b m 1
Pulsed Drain Curerd (£ 10159 ("
“Toisl Powes Despation § Ty, = 25°C PN ESECS
Opesaing and Stirage Temperaire. P EDR 2
Rarge 5
Thermal Resstance - Juncion-to-Ambient|  Rggn oo 1 o
Manmum Lesd TerpermminSaemg | T [ @0 | € CASEIN
Ppnses, for 10secands h EMER
the device: ¥ any of hese imis ar exceeded. devce twchonally shoutd ot
beassumed, damag PIN ASSIGNMENT
i
=]
o O
1 2
Gae Source

Willow: http://docs-europe.electrocomponents.com/webdocs/14ac/0900766b814ac371.pdf

MOSFET: https://www.onsemi.com/pub/Collateral/BSS84LT1-D.PDF

Vishay: http://docs-europe.electrocomponents.com/webdocs/112b/0900766b8112bbd2.pdf
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11.8.4- Schurter 0090.0025
Referred from 8.2.6

Variants

RatedCur-  Mounting RatedVol- Breaking PowerDiss-  Melting P20 Order Number
et [£] wge[VDC] Capacky  pason10l, KAty [N @

e ] =

1 Standard 1000 1 602 055 e - 00800007

2 Standard 1000 1 1586 4755 @ L 0000.0002

3 Standard 1000 1 1504 TREZ ® . 00080.0003

4 Standard 1000 1 144 2103 @ - 0080.0004

5 Standard 1000 1 1465 26 @ . 0000.0005

] Standard 1000 1 1348 B2 e - 00080.0006

&  Standard 1000 1 1610 1% e - 0080.0008

10 Standard 1000 n 1760 am e L 0020.0010

12 Standard 1000 U] 1965 [ -3 ] L[] 0080.0012

15 Standard 1000 n 1914 505 @ - 0080.0015

20 Standard 1000 1 =0 1313 e L] 0090.0020

25  Stendard 1000 1 2681 2an e - 0080.0025

30 Standard 1000 n 13 2670 - 0000.0030

1 PCB 1000 1 602 0554 = - 0080.1007

2 PCB 1000 1 1586 4755 e - 0080.1002

3 FCB 1000 1 1504 7EE2 @ - 0090.1003

4 PCB 1000 1 1401 2303 L] 0000.1004

5 PCB 1000 1 1465 26 = - 0080.1005

] FCB 1000 1 1348 2025 @ - 0000.1006

& PCB 1000 1 1610 19 e - 0080.1008

10 PCE 1000 1 1760 o e - 00901010

1z PCB 1000 1 1965 B2 @ L] 00001012

15 PCB 1000 1 1914 55 e L[] 00801015

20 PCB 1000 1 20 1212 » - 0080.1020

-] PCE 1000 n 2081 znn e - 0000.1025

30 PCB 1000 1 3623 2679 - 0080.1030

1) 20 kA @ 1000 VDT, LR < 2ms

Complete datasheet located at:

https://www.elfadistrelec.no/Web/Downloads/ t/ds/ASO eng tds.pdf?mime=application%2F

pdf
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11.8.5- ATmega406 AVR
Referred from 8.2.7

Features
= High Performance, Low Power AVR™ 8-bit Microcontroller
= Advanced RISC Architecture
— 124 Powerful Instructions - Most Single Clock Cycle Execution
— 32 x 8 General Purpose Working Registers
- Fully Static Operation
— Upto 1 MIPS Throughput at 1 MHz
- Nonvolatile Program and Data Memories
— 40K Bytes of In-System Self-| Flash, 10,000

Cycles
- Optional Beot Code Section with Independent Lock Bits
In-System Programming by On-chip Boot Program
True Read-While-Write Operation
— 512 bytes EEPROM. Endurance: 100,000 Write/Erase Cycles
— 2K Bytes Internal SRAM
~ Programming Lock for Software Security
- On-chip Debugging
— Extensive On-chip Debug Support
— Awvailable through JTAG interface
- Battery Management Features
— Two, Three. or Four Cells in Series
- Deesp Under-voltage Protection
— Over-current Protection (Charge and Discharge]
— Short-gircuit Protection (Discharge)
— Integrated Cell Balancing FETs
— High Voltage Outputs to Drive ChargelPrecharge/Discharge FETs
- Peripheral Features
— One 8-bit Timer/Counter with Separate Prescaler, Compare Mode, and PWM
— One 16-bit Timer/Counter with Separate Prescaler and Compare Mode
— 12-bit Voltage ADC, Eight External and Two Internal ADC Inputs
- High Resolution Coulomb Counter ADC for Current Measurements
— TWI Serial Interfaca for SM-Bus
- Programmable Wake-up Timer
- Programmable Watchdog Timer
= Special Microcontroller Features
- Power-on Reset
— On-chip Voltage Regulator
— External and Internal Interrupt Sources
— Four Sleep Modes: |dle. Power-save. Power-down, and Power-off
« Packages
— A8-pin LGFP
- Oparating Voltage: 4.0 - 25V
- Maximum Withstand Voltage [High-voltage pins): 28V
- Temperature Range: -30°C to 85°C
- Speed Grade: 1 MHz

Complete datasheet located at:

http://www.atmel.com/Images/Atmel-2548-8-bit-AVR-Microcontroller-Battery-Management-

30. Electrical Characteristics

30.1 Absolute Maximum Ratings™

Operating Temperature. ... -30C to +85C “NOTICE:

Storags Temperaturs ... .. BEC ta +150°C

Voltags on PAD - PAT, PBO - PET, FDO - PD1
WCC, PI, PPI, NI, MNI, XTAL1, and XTALZ

with respect to Ground 0.5 10 Vi, +0.5

Voltage on SCL. SDA. NV, PV and RESET
with respect to Ground .

L5V to + 6.0V

Valtage on PAT and WVFET

with respect to Ground ... 0B o+ 35V

Voltage on PCO, OPC, OC and BATT

with respect to Ground ..... 0.5Vt VFET + 0.5V

Voliage on OO, PV2 - PV4

with respect to Ground ..... ~0.54 1o PVT + 0.5W

Maximum Operating Voltags ... -5

30.2 DC Characteristics

DC Characteristics, Ta=-30-C to 85.C, Vi = 3.3V

Stresses beyond those listed under “Absalute
Maimum Ratings” may cause permanent dam-
age to the device. This is a stress rating enly and
functional operation of the davics at these or
ather conditions bayond those indicated in the
operational sections of this spacification is nat
implied. Exposurs to absolute maximum rating

conditions for extended pariods may affect
devica raliability

Parameter Condition Min Typ Max Unit
Mitive 1.2 ma
Hle 270 wh
ADC Moize Reduction 220 A
Supply Current Power Supply Current
Power-save 35 i
Power-down 20 wA
Pawer-off 1.5 i
Regulated Output Viohage!?! 3.5 31 335 v
3 +15 m\
Valtage Stabiliy™
Regulator' " +20 70 my
Load Regulation CAmA <y, <GmA +20 +80 iy
Line Regulation A2V, 2B 1, =1 mA +3 £10 v

ATmega406 Datasheet-Summary.pdf
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Matlab code

E.1 DC link ripple

pf =linspace (0,1,500);

Irms = 240;

m = linspace(0,1,500); %(8/sqrt(3)/(9«pi))x(1 + 1/(4xcos(phi)."2));

[PF, M] = meshgrid(pf ,m);

phi = acos(PF);

Tecrms = 1 .x sqrt( (2.«sM.x ( (sqrt(3)./(4.xpi)) + cos(phi)." " 2.x%(
(sart (3)./pi) — (9./16).4M ) ) ) )]

mesh(PF, M, Icrms);

xlabel ( ’Power._factor ’)

ylabel (’Modulation._index.m’)

zlabel (’Normalized .capacitor .RMS-current ’)

\section{Power loss IGBT}

clc, clear, close

syms wt
% Variables

Vm = 0:0.01:1; % modulation index

% 1st order approzimation of Vce

% calculated from datasheet graphs of Vece and Vd vs current.
Rc = 1.65/300; % Transistor resistance

Rd = 0.65/300; % Diode resistance

veceo = 0.75; % Zero state woltage transistor

vdeo = 0.75; % Zero state wvoltage diode

io = 166; % Peak output current

cosPhi = 0.9; % Current lag

fsw = 15; % Switching speed of inverter [kHz]

% Compute conduction losses
% Losses computed for one leg of the inverter.
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E.1. DC LINK RIPPLE APPENDIX E. MATLAB CODE

Phi = acos(cosPhi);

ir = ioxsin(wt — Phi);
dr = 0.5 + 0.5%Vmssin (wt);
vce = vceo + ir x Rc;

vd = vdeo + ir *x Rd;

% Transistor conduction loss

Ptcond = (1/pi) * int ((drsvcexir),wt,Phi, pi+Phi);

% Diode conduction loss

Pdcond = (1/pi) * int(((1—dr)*xvd*ir),wt,Phi, pi+Phi);

% Compute Switching losses
% First order approximation for Fon and FEoff

Vbat = 400; % used for scaling the Fon/Eoff

Vnom = 600; % Used in the datasheet for Eon/Eoff wvariables.
Eon = (3 + 7xir /150)*fsw % (Vbat/Vnom);

Eoff = (4 + 16xir /300)+fsw * (Vbat/Vnom);

Ptsw = (1/pi) % int(Eon + Eoff ,wt,Phi, pi+Phi);

% Switching loss for diode

% Switch off power is neglected

% Switch on power is equal to FondxFsw

Erec = (1.5 + 2x%ir /125) % (Vbat/Vnom) * fsw;

Pdsw = (1/pi) = int(Erec,wt,Phi,pi+Phi);

% Display power losses
totalLoss = Ptcond 4+ Pdcond;
disp ('IGBT_losses:.")
disp ([ 'Conduction_Transistor: .’ ,+num2str(double (Ptcond(end))/2)]);
disp ([ ’Conduction_diode: .’ ,+num2str(double (Pdcond(end))/2)]);
disp ([ ’Switching_Transistor:.’,+num2str(double (Ptsw(end)))]);
disp ([ ’Switching.Diode: .’ , + num2str(double (Pdsw(end)))]);
disp ([ 'Total_loss:.’, + num2str( double(Ptcond(end))/2 +
double (Pdcond(end))/2 + double(Ptsw(end)) + double(Pdsw(end)) )]);
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Appendix F

C code

#include ”"hal_pgad4ll.h”
/x Macros

/x Typedefs
typedef union ordMapping

{

struct

{
uintl6_t ordO:
uintl6_t ordl:
uintl6_t ord2:
uintl6_t ord3:
uintl6_t ord4:
uintl6_t ord5:
uintl6_t ord6:
uintl6_t ordT7:
uintl6_t ord8:
uintl6_-t ord9:1;
uintl6_t ord10:1;
uintl6_t ordll:1;

}bit;

== = e e e e e

struct
{
uintl6_t ord;

tval;
tord_t;

ord_t ordStruct;

/x Public functions
uint16_t hal_pga411ReadORD (void)
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APPENDIX F. C CODE

{
ordStruct.bit.ord0 = IO_READ_BIT(PGA411_pxx[ord0]);
ordStruct.bit.ordl = IOREAD_BIT(PGA411 pxx[ordl]);
ordStruct.bit.ord2 = IO_READ_BIT(PGA411 pxx[ord2]);
ordStruct. bit.ord3 = IO_READBIT(PGA411 pxx[ord3]);
ordStruct.bit.ordd = IO_READ_BIT(PGA411_pxx[ord4]);
ordStruct.bit.ord5 = IO_READ_BIT(PGA411_pxx[ord5]);
ordStruct.bit.ord6 = IO_READ_BIT(PGA411 pxx[ord6]);
ordStruct . bit.ord7 = IO_READBIT(PGA411 pxx[ordT7]);
ordStruct . bit.ord8 = IO_READBIT(PGA411 pxx[ord8]);
ordStruct.bit.ord9 = IO_READ_BIT(PGA411_pxx[ord9]);
ordStruct . bit.ord10 = IO.READ_BIT(PGA411_pxx[ord10]);
ordStruct. bit.ord1ll = IO.READ_BIT(PGA411_pxx[ordll]);
return ordStruct.val.ord;

}

void hal_pga411initGPIO (void)

{
const uintl6_t nbrOflnputs = 15;
const uintl6_t nbrOfOutputsOD = 6;

portPin_t inputs[nbrOflnputs] =
{
PGA411 _pxx[ord0]
PGA411_pxx[ordl]
PGA411_pxx[ord2]
PGA411_pxx[ord3]
PGA411 pxx[ord4],
PGA411 pxx[ord5]
PGA411 pxx[ord6]
PGA411_pxx[ord7]
PGA411_pxx[ord8]
PGA411_pxx[ord9],
PGA411 pxx[ord10],
PGA411 pxx[ordll],
PGA411_pxx[ordCLK] ,
PGA411_pxx[prd],
}s
/+*TODO : should any of the ouputs be configured as push pull ? x/
portPin_t outputsOD [nbrOfOutputsOD] =
{
PGA411_pxx[va0],
PGA411_pxx[val],
PGA411_pxx[amode] ,
PGA411_pxx[inhb],
PGA411 pxx[faultres],
PGA411 _pxx[nRes],
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/x Configure inputs */
for (int k = 0; k<nbrOfInputs; k++)

{
HAL_gpioEnableClock (inputs [k]. port);
GPIO_InitTypeDef GPIO_initStruct;
GPIO_initStruct . GPIO_.Mode = GPIO_Mode_IN;
GPIO_initStruct .GPIO_PuPd = GPIOPuPd NOPULL; /xhizx/
GPIO_initStruct . GPIO_OType = GPIO_OType OD;
GPIO_initStruct . GPIO_Speed = GPIO_Speed_-100MHz;
GPIO_initStruct . GPIO_Pin = inputs[k]. pin;
GPIO_Init (inputs [k].port, &GPIO_initStruct );

}

/+ Configure ouputs x/
for (int k = 0; k<nbrOfOutputsOD; k++)

{
HAL_gpioEnableClock (outputsOD [k]. port );
GPIO_InitTypeDef GPIO_initStruct;
GPIO_initStruct .GPIO Mode = GPIO_Mode OUT;
GPIO_.initStruct .GPIO_PuPd = GPIO_PuPdNOPULL; /+ should there be a pull—up,
GPIO_initStruct . GPIO_OType = GPIO_OType_OD;
GPIO_initStruct . GPIO_Speed = GPIO_Speed_100MHz;
GPIO_initStruct . GPIO_Pin = outputsOD [k]. pin;
GPIO _Init (outputsOD [k]. port , &GPIO_initStruct);
}

}

/x TODO: finish the PGA init function — see code for BMS x/
void hal PGAspilnit (void)

{
}

/x TODO: write the code :) */

uint16_t hal PGAspiXmit4B(uintl6_t frame)
{

}

/%
x Module containing all the hardware specific code for the PGA411.
* note — hardware dependent.

*/

#ifndef HAL_PGA411_H
#define HAL_PGA411_H

SPI_InitTypeDef SPI_initStruct;

/+x Dependencies %/
#include ”"hal_gpio.h” /x GPIO functions */
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#include ”stdint .h”
#include 7"stm32fdxx_spi.h”
#include "hardware.h” /« Pin and port mapping, common for all GPIOsx/

/x Macros
#define HAL VAOLOW IOLOW(PGA411_pxx[va0])
#define HAL-VAOHIGH TIO_HIGH(PGA411 pxx|[va0])

#define HAL.VAILOW IOLOW (PGA411_pxx[val])
#define HAL.VA1HIGH IO_HIGH (PGA411_pxx[val])

#define HALINHBLOW IOLOW (PGA411_pxx[inhb])
#define HALINHB_HIGH I0_HIGH(PGA411_pxx|[inhb])

#define HAL PGA FAULTRESLOW IO LOW(PGA411 pxx[faultres])
#define HAL PGA FAULTRES HIGZ IO_HIGH (PGA411 pxx[faultres])

#define HAL PGA RESET N.LOW IOLOW(PGA411_pxx|[nRes])
#define HAL PGA RESET N HIGH IO_HIGH (PGA411_pxx[nRes])

#define HALIS.ORDCLK HIGH (IO_READ_BIT(PGA411_pxx[ordCLK]))

/x Public functions

/x GPIO functions x/

/%%

x @brief Reads the paralell interface of the PGAjII1.

x Q@input none.

x Qoutput wintl6_t — returns the paralell interface data. 12 bits.
*/

uintl6_t hal_pgadl1ReadORD (void );

VT

x Q@Qbrief Initializes all the hardware pins for the PGA4I11.
x @note hardware.h contains structures with the pin and
* port mappings used by this function.

x @input none.

x Qoutput none.

*/

void hal_pga411initGPIO (void);

/% SPI functions x/

/%

* Q@Qbrief Initializes the SPI module with the settings wused for

* the PGAJ11.

x @note Hardware.h contains the pin and port mapping structure for
* the SPI.
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*/

void hal PGAspilnit(void);

/%%
x Q@Qbrief
x @input

x Qoutput

*/

uint16_t hal PGAspiXmit4dB(uintl6_t frame);

#endif

For transmitting a frame consisting of 4 bytes.

frame :
uintl6_t

#include 7stdint .h”
/x Paralell interfacex/

typedef union

{

tord_t;

uint16_t hal_pgaReadGPIO (uintl6_t data[l13])

{

struct

{

b

struct

{
b

uintl6_t
uintl6_t
uintl6_t
uintl6_t
uintl6_t
uintl6_t
uintl6_t
uintl6_t
uintl6_t
uintl6_t
uintl1l6_t
uintl6_t

uintl6_t

ord_t wval;

val.
val.
val.
val.
val.
val.
val.

ord0
ordl
ord2
ord3
ord4
ordb
ord6

ord0:
ordl :
ord2:
ord3:
ord4 :
ordb:
ord6 :
ord7:
ord8:
ord9:1;

ord10:1;
ordl1:1;

el el e e e

ord:12;

the frame to be sent.
Return frame from the SPI.
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val.ord7 =
val .ord8 =
val.ord9 =
val.ord10 =
val.ordll =
return val.ord;
}
/%
Or this solution could be used :) A bit harder to understand, but does just the same.
*/

#define SET_BIT_N.TO_X(number,n,x) number "= (—x °~ number) & (1 << n)
uint16_t hal pgaReadGPIO (uintl16_t data[13])

{
ord_t val;
for (int k = 0; k<12; k++)
{
SET BIT_N_.TO.X(val.ord, k, data[k]);
¥
return val.ord;
¥

#include "hal_gpio.h”

void HAL_gpioEnableClock (GPIO_TypeDefx GPIOx)

{
if (GPIOx = GPIOA)

{
RCC_AHBI1PeriphClockCmd (RCC_AHB1Periph GPIOA, ENABLE);
telse if (GPIOx =— GPIOB)

{
RCC_AHBI1PeriphClockCmd (RCC_AHB1Periph_GPIOB, ENABLE);
telse if (GPIOx = GPIOC)

{
RCC_AHB1PeriphClockCmd (RCC_AHB1Periph.GPIOC, ENABLE);
lelse if (GPIOx = GPIOD)

RCC_AHB1PeriphClockCmd (RCC_AHB1Periph_GPIOD, ENABLE);
telse if (GPIOx — GPIOE)

{
RCC_AHBI1PeriphClockCmd (RCC_AHB1Periph_GPIOE, ENABLE);
telse if (GPIOx =— GPIOF)

{
}

RCC_AHBI1PeriphClockCmd (RCC_AHB1Periph_GPIOF, ENABLE);

}

uint16_t gpio_pins[16] = {1,2,4,8,16,32,64, 128, 256,512,1024,2048,4096,8192,16384 3"
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uint8_t HAL_gpioPin2pinSource(uintl6_t gpioPin)

{
for (uint8_t k = 0; k<16; k++)
{
if (gpio_pins [k] = gpioPin)
return k;
¥
}
return 16; /«+ GPIO_pins does not go as higher than 15. x/
}
/x

x Just some extra functions for simplifying usage of the
x stm32fjxx_gpio.h abstraction layer from the STM
x standard peripheral library.

*/

#ifndef HAL GPIO_H
#define HAL_GPIO_H

/*x Dependencies
#include "stm32fdxx_gpio.h”

/x Typedefs

/' Used for mapping ports and pins together.
Not currently used by any functions in this module
since SPL does not map them together, but added here since
it’s still wuseful for modules dependent on this module.
*/
typedef struct
{
GPIO_TypeDefx port ;
uintl6_t pin;
}portPin_t;

/* Macros

#define IO_HIGH(portPin)(portPin.port—BSRRL = portPin.pin)
#define IOLOW(portPin)(portPin.port—>BSRRH = portPin. pin)
#define IO READ BIT (portPin) (portPin.port—IDR & portPin.pin)

/* Functions
/x

x @brief: FEnables the clock for a specific PORT.
x tnput : GPIO_TypeDefx, Port.

* output : mone.

*/

void HAL _gpioEnableClock (GPIO_TypeDefx GPIOx);
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/x

x Q@Qbrief : Translates the gpio pin number to the pinsource number
* used by STM’s Standard Peripheral library.

*/

uint8_t HAL_gpioPin2pinSource (uintl6_-t gpioPin);

#Hendif

/* TODO: calculate period time values

* Calculate dead time values

* Write Owvervoltage shutdown function

*/

#include "HALPWM.h”
/x Private typedefs

/x Private constants

#define deadtime O0x0A

const uint32_t periodList [5] =

{
5000, /+x  bkHz,x/
5000, Ve 8kHz x/
5000,  /x  10kHz */
5000,  / 15Khz */
5000,  /+ 20kHz %/
};

/x Private wvariables

uint8_t isPwm6ChannelConfigured = 0;

uint32_t period;

PWDM_state_t irqState_f = disable;

PWDM _state_.t overvoltageProtection_f = disable;

uintl6_t maxDr = 90; /+* Mazimum duty ratio in percentage x/
uintl6_t minDr = 10; /+ Minimum duty ratio in percentage x/

void HAL_pwm6channellnitTiml (const portPin_t portPin[6], const PWM _state_t irqState ,

{
/x PAM Init x/

GPIO_InitTypeDef GPIO_initStruct;
TIM_TimeBaselnitTypeDef TIM_baselnitStruct;
TIM_OCInitTypeDef TIM_ocInitStruct;
TIM_BDTRInitTypeDef TIM_bdtrInitStruct;

/+*Enable clocksx/
RCC_APB2PeriphClockCmd (RCC_APB2Periph TIM1, ENABLE);
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/x Configure GPIO x/
/x Alternate function mapping */
for (int k = 0; k<6; k++)

{
/* Enable GPIO Clock x/
HAL_gpioEnableClock (portPin [k]. port);
/x Configure Alternate function for the gpio x/
GPIO_PinAFConfig(portPin [k]. port, HAL_gpioPin2pinSource(portPin [k]. pi
/+x Configure GPIO’s as alternate function pins x/
GPIO_initStruct . GPIO_Mode = GPIO_Mode_AF;
GPIO_initStruct . GPIO_OType = GPIO_OType_PP;
GPIO_initStruct . GPIO_Pin = portPin [k]. pin;
GPIO_initStruct . GPIO_PuPd = GPIO_PuPd NOPULL;
GPIO_initStruct . GPIO_Speed = GPIO_Speed_100MHz;
GPIO_Init (portPin [k]. port, &GPIO_initStruct);

¥

/x Calculate the period for given frequency x/
period = periodList [freq];
/+x Timer 1 configuration for PWM x/

TIM _baselnitStruct. TIM_Period = period;
TIM_baselnitStruct . TIM_Prescaler = 0;
TIM _baselnitStruct . TIM_CounterMode = TIM_CounterMode_CenterAlignedl;

TIM_baselnitStruct. TIM_ClockDivision = TIM_CKD_DIV1;
TIM_TimeBaselnit (TIM1, &TIM _baselnitStruct);
TIM_Cmd (TIM1, ENABLE);

/x PWM Config x/

TIM_ocInitStruct . TIM_.OCMode = TIM_OCMode PWM1 ;
TIM _oclInitStruct. TIM_OCPolarity = TIM_OCPolarity_High ;
TIM _ocInitStruct . TIM_OutputNState = TIM_OutputNState_Enable;
TIM_ocInitStruct. TIM_OutputState = TIM_OutputState_Enable;
TIM _ocInitStruct . TIM_OCNPolarity = TIM_OCNPolarity_High;

TIM _ocInitStruct . TIM_Pulse = 0;

TIM_OC1Init (TIM1, &TIM_ocInitStruct);

TIM_OC2Init (TIM1, &TIM _ocInitStruct);
TIM_OC3Init (TIM1, &TIM _ocInitStruct);
TIM_OC1PreloadConfig (TIM1, TIM_OCPreload_Enable);
TIM_OC2PreloadConfig (TIM1, TIM_OCPreload_Enable);
TIM_OC3PreloadConfig (TIM1, TIM_OCPreload_Enable);

/+x Configure the break functionality x/

TIM_bdtrInitStruct . TIM_OSSRState = TIM_OSSRState_Disable;
TIM_bdtrInitStruct . TIM_OSSIState = TIM_OSSIState_Enable;
TIM_bdtrInitStruct . TIM_LOCKLevel = TIM_LOCKLevel OFF;
TIM_bdtrInitStruct . TIM_DeadTime = deadtime;
TIM_bdtrInitStruct . TIM_Break = TIM_Break_Enable;

TIM_bdtrInitStruct. TIM_BreakPolarity
TIM_bdtrInitStruct . TIM_AutomaticOutput
TIM_BDTRConfig (TIM1, &TIM_bdtrInitStruct);

TIM_BreakPolarity_High ;
TIM_AutomaticOutput_Disable;
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TIM_SelectOCxM (TIM1, TIM_Channel_ 1, TIM_OCMode PWM1 );
TIM_SelectOCxM (TIM1, TIM_Channel 2, TIM_ OCMode PWM1 );
TIM_SelectOCxM (TIM1, TIM_Channel 3, TIM_ OCMode PWM1);

/x Enable the three PWM outputsk/

TIM_CCxCmd (TIM1, TIM_Channel_-1, TIM_CCx_Enable);
TIM_ CCxCmd (TIM1, TIM_Channel 2, TIM_CCx_Enable);
TIM CCxCmd (TIM1, TIM_Channel 3, TIM_CCx_Enable);
/+ Enable the three complementary PWM outputsx/
TIM_CCxNCmd (TIM1, TIM_Channel_-1, TIM_CCxN_Enable);
TIM_CCxNCmd (TIM1, TIM_Channel_ 2, TIM_CCxN_Enable);
TIM_CCxNCmd (TIM1, TIM_Channel 3, TIM_CCxN_Enable);

TIM_SetCompare4 (TIM1, (uint32_t)(TIMI—ARR));
/+x Configure interrupt on channel 4 x/
NVIC_InitTypeDef nvicStructure;

nvicStructure . NVIC_.IRQChannel = TIM1_CC_IRQn;
nvicStructure . NVIC_IRQChannelPreemptionPriority = 0;
nvicStructure . NVIC_IRQChannelSubPriority = 1;
nvicStructure . NVIC_IRQChannelCmd = ENABLE;
NVIC_Init(&nvicStructure );

/% Enable the interrupt event x/

/x Set the configuration done flag */
isPwm6ChannelConfigured = 1;

}
void HAL_PWM6channel_enableOutput (void)
{
TIM_CtrlPWMOutputs (TIM1, ENABLE);
TIM_ITConfig (TIM1, TIM.IT.CC4, ENABLE);
}
void HAL_PWM6channel_disableOutput (void)
{
TIM_CtrlPWMOutputs (TIM1, DISABLE);
TIM_ITConfig (TIM1, TIM_.IT.CC4, DISABLE);
}

void HAL_PWMé6channel_OvervoltageProtection (PWM_state_t state)

{

if (state = enable)

overvoltageProtection_f = enable;
TIM1—CCR1 = (period * 0)/100;
TIM1—>CCR2 = (period * 0)/100;
TIM1—CCR3 = (period % 0)/100;
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lelse if(state =— disable)
{
overvoltageProtection_f = disable;
}
}
void PWM_updateRefChl (uint8_t dr)
{
if(overvoltageProtection_f = disable)
if (dr > period){dr = maxDr;}
else if(dr < 0){period = 0;}
TIM1—>CCR1 = (dr);
}
}
void PWM_updateRefCh2(uint8_t dr)
{
if(overvoltageProtection_f = disable)
if (dr > period){dr = maxDr;}
else if(dr < 0){period = 0;}
TIM1—CCR2 = (dr);
}
}
void PWM_updateRefCh3(uint8_t dr)
{
if(overvoltageProtection_f = disable)
if (dr > period){dr = maxDr;}
else if(dr < 0){period = 0;}
TIM1—CCR3 = (dr);
}
}

/x Private functions

#ifndef HALPWMH
#define HALPWMH

/+x Dependencies
#include "HAL_GPIO.h”
#include 7"stm32fdxx_rcc.h”

/x Macros

/x Typedefs
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typedef enum

{

typedef enum

{

typedef enum

{

}PWM _freq_t;

def ,
alt
}PWDM _pinSet_t;

enable
disable ,
}PWDM_state_t ;

freqbkHz ,
freq8kHz ,
freq10kHz ,
freql5kHz ,
freq20kHz ,

#define ISPWMFREQ.T(freq) (freq = freqbkHz || freq = freq8kHz || freq = freqlOkH

/x Structure containing the configuration for the six channel PWM x/

typedef struct

{

portPin_t portPin [6]; /* Pins used for PWM x/

uint16_t maxDutyRatio; /* Maz Duty ratio, number between 0—>100%/
uint16_t minDutyRatio; /* Min duty Ration number between 0—>100%/
PWDM _state_t irqState; /« Wether to configure a IRQ on chj or notx/
PWM_freq.t freq; /x The PWM frequencyx/

uintl6_t deadtime; /+* Deadtime insertion value, number of ticks x/
}pwm6ChannelConfig_t;

/x Public functions */
/%%

*
*
*
*
*
*
*
*
*
*
*
*

*/

@brief :

@note:
@note :

Q@input :

@input :

Q@input :

initializes three PWM outputs and their complementary output for TIM.
the PWM module is hardware controlled. Use macros PWM.UPDATI
to change the PWM reference.

Uses center aligned PWM.

The APB2 TIM1 clock should have a frequency of — for the frequency
to be correct.

pins — struct array containing the pins and ports used. Refer to the
STM32f407 datasheet for compatible gpio to be used with TIMI.
alternative pinSet : A=, nA =, B=, nB=, C=, nC =

irqState : on — enables the a IRQ for the midpoint of the timer.
off — disables the IRQ.
freq — Sets the PWM frequency.

void hal_pwm6channellnitTiml (const portPin_t portPin[6], const PWM _state_t irqState ,
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/%

x Q@brief: Enables the PWM output (and IRQ if configured).

* HAL_pwmé6channellnitTim1 must be called before this function.
*/

void hal_pwm6channel_enableOutput (void);

/%%

x Q@brief: Disables the PWM output (and IRQ if configured).

* HAL_pwmé6channellnitTim1 must be called before this function.
*/

void hal_pwm6channel_disableOutput (void);
VT
*

@brief Called if overvoltage is detected. Turns all top

PWM_updateRefChx function are ignored. QOwvervoltage
protection needs to be disabled to continue operation.

* transistor off and all bottom transistors. This

* prevents wvoltage build up in the capacitor bank.

x @note Implements deadtime to not get shot through in phase legs.
x @input state : enable if overvoltage is detected.

* disable if overvoltage is not detected.
x @note if owvervoltage protection have been enabled

*

*

*/
void hal_pwm6channel _OvervoltageProtection (PWM _state_t state);

/%%

x Q@Qbrief: Updates the reference signal for channel 1.

x @input: dr — duty ratio, number between 0—>100. Min and Max
* values are programmed by init function.

*/

void hal pwmUpdateRefChl(uint8_t dr);

/%%

x @brief: Updates the referemce signal for channel 2.

x Q@Qinput: dr — duty ratio, number between 0—>100. Min and Max
* values are programmed by init function.

*/

void hal_ pwmUpdateRefCh2(uint8_t dr);

VT

x @brief: Updates the referemce signal for channel 3.

* @input: dr — duty ratio, number between 0—>100. Min and Max
* values are programmed by init function.

*/

void hal_pwmUpdateRefCh3 (uint8_t dr);
#endif
Ve

x Hardware mapping files. Contains pin/port functions and configuration settings.
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x Uses SPL librarys from STM for definitions.
*/

#ifndef HARDWAREH
#define HARDWAREH

#if defined COMPILING_FORDEVBOARD
#warning ”compiling.for._development._board!”
#include ”hardware_discovery.h”
#elif defined COMPILINGFOR_V1
#include ”hardwareV1.h”
#else
#error ”"please.specify._which.board.you.are_.compiling.for.”

#endif
#endif

#ifndef HARDWARE DISCOVERY H
#define HARDWARE DISCOVERY H

#endif

#include ”hardware.h”

const portPin_t led[]=

= {GPIOE, GPIO_Pin_14},

]

] = {GPIOC, GPIO_Pin6},
led3] = {GPIOC, GPIO_Pin_7},

]

= {GPIOE, GPIO_Pin_12},
const portPin_t PGA411l pxx|[] =
{
ord0] = {GPIOD, GPIO_Pin.5},
ord1] = {GPIOD, GPIO_Pin 6},
ord?2 {GPIOD, GPIO_Pin_7},
ord3] = {GPIOB, GPIO_Pin_5},
ord4] = {GPIOB, GPIO_Pin_8},

]
]
]
|
ord5] = {GPIOE, GPIO_Pin.0},
]
]
]
]

[

[

[

[

[

[

[ord6] = {GPIOE, GPIO_Pin_1},
[ord7] = {GPIOC, GPIO_Pin_13},
[ord8] = {GPIOC, GPIO_Pin_14},
[ord9] = {GPIOC, GPIO_Pin_3},
[ord10] = {GPIOC, GPIO_Pin_2},
[ord11] = {GPIOC, GPIO_Pin_1},
[ord12] = {GPIOC, GPIO_Pin 0},
[prd] = {GPIOD, GPIO_Pin_4},
[va0] = {GPIOC, GPIO_Pin_8},
[val] = {GPIOA, GPIO_Pin_12},
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[amode] = {GPIOD, GPIO_Pin_1},
[inhb] = {GPIOD, GPIO_Pin_3},
[faultres] = {GPIOB, GPIO_Pin_12},
[nRes] = {GPIOD, GPIO_Pin 2},
[pgaCs] = {GPIOD, GPIO_Pin_15},
[pgaSclk] = {GPIOC, GPIO_Pin_10},
[pgaSdi] = {GPIOC, GPIO_Pin_12},
[pgaSdo] = {GPIOC, GPIO_Pin_11},

b

#ifndef HARDWAREV1H
#define HARDWAREV1H

#include ”"hal_gpio.h”

/* LEDs x/
enum
{
led1,
led2 ,
led3 ,
led4 ,
}s
extern const portPin_t led []; /+«Pin and port mappingx/

/x PGAj/11 CHIP x/
enum
{
ord0, /x ORD 0—> 11 parallel interface x/
ordl ,
ord2 ,
ord3,
ord4 ,
ordb ,
ord6 ,
ord7
ord8
ord9 ,
ord10 ,
ordll,
ord1l2, /x wunused */
ordCLK, /* parallel interface clock x/
prd, /x Parallel interface parity check bit x/
va0, /x Configuration bit x/
val, /x Configuration bit x/
/xVa0 = 0 & Val = 1 —> angle output
Va0 = 1 & val = 0 —> wvelocity output x/
amode, /+x Accleration mode on/off [1/0]x/
inhb, /x 1 —> new update, 0—> keep last output x/
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faultres , /« HIGH —> LOW —> HIGH —> reset faults in PGA %/
nRes, /x To set the whole chip in reset x/
pgaCs, /x SPI chip select x/
pgaSclk , /x SPI clock =/
pgaSdi, /x SPI, slave data in x/
pgaSdo, /x SPI, Slave data out */
}s

extern const portPin_t PGA411 pxx|[];

/+ CAN BUS %/
#define PIN.CAN.TX GPIO Pin.9

#define PORT_CAN.TX GPIOB

#define PIN.CANRX GPIO_Pin_0

#define PORT_CANRX GPIOD

/x Analog x/
/% Current measurement %/

#define PIN_.ADC_I1 GPIO_Pin_6

#define PORT_ADC_I1 GPIOA

#define CH_ADC_I1 ADC1

#define PIN_ADC_I2 GPIO_Pin_5

#define PORT_ADC_I2 GPIOA

#define CH_ADC_I2 ADC2

/x Voltage x/

#define PIN.ADC_VDC GPIO_Pin_0
#define PORT_ADC_VDC GPIOB
#define CHADC_.VDC ADC3

/x IGBT temperature %/

#define PIN_.ADCIGBT_TEMP1 GPIO_Pin_5
#define PORT_ADCIGBT_TEMP1 GPIOC
#define CH.ADCIGBT_TEMP1 ADC3
#define PIN_.ADCIGBT_TEMP2 GPIO_Pin_4
#define PORT_ADCIGBT.TEMP2 GPIOC
#define CH_ADCIGBT_TEMP2 ADC3
#define PIN_ADCIGBT_TEMP3 GPIO_Pin_7
#define PORT_ADCIGBT.TEMP3 GPIOA
#define CH_ADCIGBT_TEMP3 ADC3

/x Motor temperature x/

#define PINADCMOTOR.TEMP GPIO_Pin_4
#define PORT ADCMOTOR.TEMP GPIOA
#define CHADCMOTOR.TEMP ADC3

/x Ambient temperature x/
#define PINADC AMB.TEMP GPIO_Pin_3
#define PORT_ADC_AMB.TEMP GPIOA
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#define CHADCAMB ADC3

/x Inputs x/
/x Supply status x/

#define PIN.SV_ERROR GPIO_Pin_1

#define PORT5V_ERROR GPIOA

#define PIN_.3V3A_ERROR GPIO_Pin_13

#define PORT_3V3A_ERROR GPIOE

#define PIN_.3V3_ERROR GPIO_Pin_0

#define PORT_3V3_ERROR GPIOA

/x Current overload detected x/
#define PIN.OC GPIO_Pin_1
#define PORT-OC GPIOB

/x Pilotline present x/
#define PIN_.PL_PR GPIO_Pin_11
#define PORT_PL_PR GPIOA

/% Run signal from ECU x/
#define PINRUN GPIO_Pin_2
#define PORTRUN GPIOA

/x outputs x/
/x Pilotline enable/disable x/

#define PIN_.PL.CTRL GPIO_Pin_9

#define PORT PL.CTRL GPIOC

/x Driver */
#define PIN.NTRIP GPIO_Pin_11
#define PORTNTRIP GPIOD

/x PWM x/

#define CHPWM TIM1

#define PINPWM.U GPIO_Pin_8
#define PORTPWMU GPIOA
#define PINNPWM.U GPIO_Pin_13
#define PORTNPWMU GPIOB

#define PINPWMYV GPIO_Pin_9
#define PORTPWMV GPIOA
#define PINNPWM.V GPIO_Pin_14
#define PORTNPWMYV GPIOB

#define PINPWMW GPIO_Pin_10

#define PORTPWMW GPIOA
#define PINNPWMW GPIO_Pin_15
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#define PORTNPWMW GPIOB

/* EEPROM x/
#define PIN.EEP WP GPIO_Pin_15

#define PORT_EEP.-WP GPIOE

#define PIN.EEP_SCL GPIO_Pin_10

#define PORT_EEP_SCL GPIOB

#define PIN.EEP SDA GPIO_Pin_11

#define PORT_EEP SDA GPIOB

#endif
#include ”parkClarke.h”

/x Constants

const float sqrt3Inv = 0.577350269189626; /x (1/sqrt(8))*/
const float sqrt3 = 1.732050807568877;

void inline parkClarke_forward (
uintl6_t theta
float ia,
float ib,
floatx iq,
float+ id

/x Clarke transformation x/

float ibeta;

/x dalpha = ia; x/

ibeta = sqrt3Inv x (ia + 2xibeta);

/% Park transformation x/
xid = ia s LUT_COSINE(theta) + ibeta s LUT_SINE(theta );
xiq = ibeta x LUT.COSINE(theta) — ia % LUT_SINE(theta);

}

void inline parkClarke_inverse (
uintl6_t theta,
float vq,
float vd,
float* va,
float* vb,
floatx vc

float vAlpha, vBeta;

/x Inverse Park transformation */
vAlpha = vd % LUT_-COSINE(theta) — vq+*LUT_SINE(theta);

229



APPENDIX F. C CODE

}

vBeta = vq * LUT_COSINE(theta) 4+ vd+«LUT_SINE(theta);

/x Inverse clarke transformation */
*va vAlpha;

xvb = (—vAlpha + sqrt3 = vBeta )/2;
xve = (—vAlpha — sqrt3 = vBeta) /2;

#ifndef PARKCLARKEH
#define PARKCLARKEH

/*x Dependencies */
#include 7stdint .h”

#include 7sinLUT.h”

/x public functions */

/%%

x @Qbrief Performs the forward park and clarke transformations.

* Takes the three phase currents (ia, ib) and the current
* angle theta and calculates the rotating frame wvalues
* (iq and id).

* @note Assumes a balanced three phase load (ia + ib + ic = 0).

x @input theta — The current angle. A value between 0—>4095

* corresponding to 0—>360 degrees.

x @note Uses a 12— bit look up table for the sin and cosine

* functions.

x @input ia — the current in phase A.

x @input ib — the current in phase B.

x Q@Qoutput iq — pointer to the output for the calculated g—azxis current.
x Qoutput id — pointer to the output for the calculated d—axis current.
*

/

void inline parkClarke_forward (

@input
@note

Q@input
Q@input

¥Rk K XK X K X X X X

uintl6_t theta,
float ia,
float ib,
floatx iq,
floatx id

performs the inverse clarke and park transforms.
Takes the rotating frame wvalues (vq, vd and the
angle theta) and calculates the three phase output
(va, vb and vc).

theta — The current angle. A value between 0—>4095
corresponding to 0—>360 degrees.

Uses a 12— bit look up table for the sin and cosine
functions.

vq — the q—axis wvoltage.

vd — the d—axis voltage.
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x Q@Qoutput va — pointer to
x Qoutput vb — pointer to
x Qoutput ve — pointer to the
*/

void inline parkClarke_inverse (

uintl6_t theta
float vq,
float vd,
floatx va,
float* vb,
float* vc

);
Hendif
Ve

x For communication with the PGA/11 chip.

)

the output variable va.
the output variable vb.

output wvariable wvc.

*x Based upon http://www. ti.com/lit/an/slaa708/slaa708. pdf

x TODO: Write HAL code
*/
#include ”"pgad4ll.h”

/x Private constants
/x Register constants

#define RESANGLE 4096 /+ 2°12 +/

#define RES_VEL 33554432 /x 2°25 x/

/+x SPI Dummy constant for reading data x/

#define SPIDUMMY 0x10

*/
*/
/x Constants used for calculating the anglex/
/x Constants used for calculating velocity x/
#define FCLK 20000000 /*x Clock frequency typ 20Mhz x/
*/

/* Private enums

enum pga4ll_states{DIAG, NORM}; /x Selects pga4ll state x/

enum {READ, WRITE}; /+ Selects SPI operation x/

/* REGISTER LOCATIONS

x See PGA411 datasheet
*/

enum reglocation

{

DEV.OVUV1, /x
DEV.OVUV2, /x
DEV.OVUV3, /«
DEV.OVUV4, /x
DEV.OVUVS, /x
DEV_.OVUV6, /x

DEV_.TLOOP_CFG, /* Diag state only x/
DEV_AFECFG, /x Diag state only */

for

Diag
Diag
Diag
Diag
Diag
Diag

register field descriptions.

state
state
state
state
state
state

only
only
only
only
only
only
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b

/x Structures

DEV PHASE. CFG, /* Diag state only */
DEV_CONFIG1, /x Diag state only */

/+ Diag state only x/
/+* Diag state only x/
/x All states x/

DEV_CONTROLI,
DEV_CONTROL2,
DEV_CONTROLS,
DEV_STAT1, /«
DEV_STAT2, /«
DEV.STAT3, /«
DEV_STAT4, /x
DEV_STAT5, /x
DEV_STAT6, /x
DEV.STAT7, /«
DEV_.CLCRC, /x

CRCCALC, /+ Read only x/

Read
Read
Read
Read
Read
Read
Read
Diag

only
only
only
only
only
only
only

*/
*/
*/
*/
*/
*/
*/

state only */
DEV.CRC, /+ Diag state only x/

DEV_EE.CTRL1, /+« Diag state only x/
DEV_.CRC.CTRL1, /* Diag state only */
DEV_EE.CTRIL4, /+ Diag state only x/
DEV.UNLK CTRL1, /* Diag state only */

/x SPI frame struct.
x for both outgoing and incoming frames.

*/

*/

Union trick allows the same struct to be used for

typedef union spiFrame

{

/x Outgoing data frame x/
struct
{
uint32_t
uint32_t
uint32_t
uint32_t
toutMsg;
/+ Incoming messages x/
struct
{
uint32_t scrc:6; /x
uint32_t stat:2; /x
uint32_t datain:16;
uint32_-t ecbk:8; /x
}inMsg;
/% The whole frame x/
struct
{
uint32_t frame;
}wholeFrame;

232

mcerc:6; /x Master’s CRC for data, bits 0..5%/
reserved :2; /x Reserved,
dataout:16; /+ data, MSB first, bits 8..23%/
addr:8; /+ Register adress,

bits 24..81%/

Slave ’s CRC for data, bits 0..5%/
status of SPI communication, bits
/+ data, MSB first, bits 8..28 x/

register adress,

bits 24..31 x/

always 0, bits 6..7x/
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tpgadll_spi_frame_t;

/x Structure for spir write adress, read adress and default value.
x Use the regLocation enum for accessing the structure.
*/
typedef struct
{

const uintl6_t read_add;

const uintl6_t write_add;

const uintl6_t def_val;

uintl6_t real_val; /+« Realtime register contentx/
}PGA411 reg_t;

/x Register structure init x/
#define N_REGISTERS 27
PGA411_reg-t PGA411_regs [NREGISTERS]| =

{
{0x53, 0x87, 0x8B40, 0}, /+x DEV.OVUVI %/
{0x68, 0x26, OxO0ED, 0}, /« DEV.OVUV2 %/
{0x65, 0x17, OxFCFF, 0}, /«+ DEV.OVUV3 x/
{0xEC, 0x39, 0x07E2, 0}, /+« DEV.OVUV} x/
{0x52, 0x75, 0x1C00, 0}, /x DEV.OVUV5 x/
{0xE9, 0x83, 0x038F, 0}, /x DEV.OVUVE x*/
{0xA6, 0x42, 0x0514, 0}, /+x DEV_.TLOOP.CFG x/
{0xC2, 0x91, 0x0005, 0}, /«DEV_AFE CFGx/
{0x57, 0x85, 0x1400, 0}, /«DEV_PHASE CFGx/
{0xBE,0xEB,0x0002, 0}, /«DEV_.CONFIG1x/
{0x90,0x0D,0x0000, 0}, /«DEV.CONTROLIx*/
{0x63,0x38,0x0000, 0}, /«DEV.CONTROL2x/
{0xDD,0xAE,0x0000, 0}, /«DEV.CONTROLS3x/
{0x81,0,0x0000, 0}, /«DEV.STATix/
{0x4D,0,0x0000, 0}, /«DEV.STAT2x/
{0x84,0,0x0000, 0}, /«DEV.STATSx/
{0x1F,0,0x0000, 0}, /«DEV_.STAT4x/
{0x41,0,0x0000, 0}, /«DEV.STAT5«/
{0x64,0,0x0000, 0}, /«DEV.STAT6x/
{0xE1,0,0x0000, 0}, /«DEV.STAT7«/
{0x4F ,0xFC,0x00CE, 0}, /«DEV_.CLCRCx/
{0x0F ,0xE7,0x0000, 0}, /*«DEV_.CRC%/
{0xD9,0,0x00FF, 0}, /«CRCCALCx/
{0xE3,0x6E,0x0000, 0}, /«DEV_EE CTRLI1x/
{0x7A,0xB6,0x0000, 0}, /«DEV_.CRC.CTRLIx/
{0xBA,0x56 ,0x0000, 0}, /«DEV_EE_.CTRLj}x/
{0x64,0x95,0x0000, 0}, /«DEV_.UNLK_CTRLIx*/

}s

/x Private function prototypes %/

void pga4dll_reset(void);
void pgadll_state(enum pgadll_states states);
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void pga4ll_deviceUnclock(void);

/x TODO: Write the function and the return frame definition x/
pgadll_spi_frame_t pgad4ll XmitSPI(uintl6_t dir, uintl6_t reg, uintl6_t wdata);
void pgadll_writeReg(uintl6_t reg, uintl6_t data);

uintl6_-t pgadll_readReg(uintl6_t reg);

uintl6_t pgadll_crc2 (uint32_t datain);

/x Public functions %/
void pga4ll_init(void)
{

//gpio_pgaflilnit();

J/spiinit ();

pgadll_reset ();

}
void pga4ll_defaultConfig(void)
{
int i;
pga4ll_state (DIAG);
pgadll_deviceUnclock ();
for(i = 0; 1 < 12; i++4)
{
pgadll XmitSPI(WRITE, i, PGA411 regs[i].def_val);
¥
pgadll_state (NORM);
¥
float pga4ll_getAngle(void)
{
float angle;
uint16_t ORDx;
ORDx = pgad4ll_getAngleRaw ();
angle = 360 * ORDx / RESANGLE;
return angle;
}

/*TODO : CRC CHECK x/
uintl6_t pgadll_getAngleRaw (void)
{
uint16_t ORDx;
/*x ORD[11:0] should be set to hiz x/
/x Set VA0 low x/
HAL VA0 LOW;,
/x Set VAL high x/
HAL_VA1_HIGH;
/+ Set inhb high, PGA will then start to update the anglex/
HAL_INHB_HIGH;
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/x Wait for ORDCLK to go high */
while (! HALIS.ORDCLK_HIGH)

/*x Read ORD[11:0] x/
ORDx = hal_pga411ReadORD ();
/* Disable output again */

HAL INHB_LOW;

/x Return raw angle x/

return ORDx;
}
void pgadll_faultReset ()
{
// HAL PGA_FAULTRES.LOW; /+ assert FAULTRES low — open collector x/
// HAL_DELAY.US(1000); /+ Hold the state for Ims x/
// HAL PGA_FAULTRES HIGZ; /x Return to high impedance state x/
}
/x Private functions * /

void pga4ll_reset (void)

{

HAL PGA RESET N.LOW; /« RESET_N low x/
// HAL_DELAY_.US(500); /+ hold it for 500us x/

HAL PGA RESET N HIGH; /+« Release from reset x/
// HAL_DELAY.US(10000); /+«+ Wait for atleast 10 ms x/
}

/x Change the state of the of pga4ll diagnostic/normalx/
void pga4ll_state(enum pgadll_states state)

{
uintl6_t temp;
if (state = DIAG) /x FEnter diagnostic state x/
{
temp = pga4ll_readReg (DEV.CONTROL3);
temp |= 0x0004; /x Set bit SPIDIAG x/
pgadll_writeReg (DEV.CONTROL3, temp);
else /+ Return to mormal state x/
{
temp = pga4ll_readReg (DEV.CONTROLL);
temp |= 0x0001; /«xSet bit diagexzit x/
pgadll_writeReg (DEV.CONTROLL, temp);
}
}
Ve

x @brief : Unclocks the pgaf1l. Must be in diagnostic state
* to unlcok it.
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o/
void pga4ll_deviceUnclock (void)
{
pgadll_writeReg (DEV_.UNLK CTRL1, 0x000F );
pgadll_writeReg (DEV_.UNLK_CTRL1, 0x0055);
pga4ll_writeReg (DEV_.UNLK_CTRL1, 0x00AA);
pga4ll_writeReg (DEV_.UNLK_CTRL1, 0x00FO0);
}
Ve
x brief: spi write wrapper for writing data to pgafll registers.
«/
void pga4ll_writeReg(uintl6_t reg, uintl6_t data)
{
pgadll XmitSPI(WRITE, reg, data);
}
/x
x brief: spi read wrapper for reading data from pga4ll registers.
o/
uintl6_t pgadll_readReg(uintl6_t reg)
{
/x First read returns garbage */
pgadll _ XmitSPI(READ, reg, SPIDUMMY );
/x Second read returns requested data x/
return (pga4ll XmitSPI(READ, reg, SPIDUMMY).inMsg.datain);
¥
/x
x SPI transmit/recieve function.
*/

pgadll_spi_frame_t pgadll XmitSPI(uintl6_t dir, uintl6_.t reg, uintl6_t wdata)
{

pgad4ll_spi_frame_t out, in;

/x Read data? x/

if (dir = READ) out.outMsg.addr = PGA411 regs[reg].read_add;

/+ if not the write data */

else out.outMsg.addr = PGA411_regs|[reg]|. write_add;

/x Compose the rest of the frame x/

out .outMsg.dataout = wdata;

out.outMsg.reserved = 0x00; /x Always zero x/

out.outMsg.mcrc = pgadll_crc2(out.wholeFrame.frame); /+« Calculate Tz crcx/
// in.frame = hal_spiXmit4B (out.frame);

/x Check RX CRC x/

if (pgad4ll_crc2(in.wholeFrame.frame) != in.inMsg.scrc)

{
// hal_assert (); /x if error —> terminate x/

}

return(in);

236



APPENDIX F. C CODE

}
/xCRC6 calculation x/
/«TODO:
define CRC_INITSEED, CRCBYTECOUNT.
*/
uintl6_t pgad4ll_crc2 (uint32_-t datain)
{
// wintl16_t byte_idz, bit_idr, crc = (CRCINITSEED << 2);
// /+* Byte for byte starting from MSB (3—2—1) x/
// for(byte_idz = CRCBYTECOUNT; byte_ide >= 1; byte_idz——)
// {
// /+ XOR-in new byte from left to right x/
// cre "= ((datain << (byte_idx<<3)) & 0x000000FF );
// /+ bit by bit each byte x/
// for(bit_idz = 0; bit_ide < 8; bit_idx++)
// {
// cre = cre << 1~ ( crc & 0z80 ? (CRCPOLYNOM << 2)
// }
// }
// return (crec >> 2 €& CRC.INITSEED); /x Restore two bit offset */
return 0;
}

#ifndef PGA_411_H

#define PGA 411 _H

/*x Dependencies */
#include ”stdint.h”

/x Must be initialized before using the module x/
#include ”hal_delay .h”

#include ”hal_pga4ll.h”

/% Public variables/constants */

/%
x @Qbrief : Initializes the pgafll to be ready for configuration.
*/

void pga4ll_init(void);

/%
x @Qbrief configures the pga4ll to operate in normal condition :
x parallel interface, acceleration mode.

*/

void pgad4ll_defaultConfig(void);

/%%

x Q@Qbrief Polls the angle from the chip.

* PGA411 writes a new angle every 100ns. The function starts a
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* new conversion and busy waits for the data. Ezpect > 100ns delay
* from this function.

x @output float : angle in degrees. A number between 0—>360.

*/

float pga4ll_getAngle(void);

VT
x @brief Polls the angle from the chip.

* PGA411 writes a new angle every 100ns. The function starts a

* new conversion and busy waits for the data. FEzpect > 100ns delay
* from this function.

x Q@Qoutput wintl6_-t : raw angle, a value between 0 —> 4095 corresponding to
* a angle of 0—>360 degrees.

*/

uintl6_t pgadll_getAngleRaw (void);

Ve
x @brief : To continue operation if a fault has been detected
* it needs to be cleared. Use this function to clear the faults.

*/

void pgad4ll_faultReset(void);
#endif

/%
x Series connected PI regulator with limited output and dynamic integrator
* anti—windup implementation .

*/

#include 7 pi.h”

/* Macros %/
#define MAX(vall ,val2) (vall > val2 ? vall : val2)
#define MIN(vall, val2) (vall < val2 ? vall : val2)

/x Public functions x/
void Pl_update(PlIregulator_t =xPI)

{

float iMax, iMin; /x min and maz values for integrator anti—windup x/

PIl—>error = PIl-—>setPoint — PI-—>plantValue;
PI-—>proportionalTerm = Pl-—>error x PI-—>Ka;
PI—integralSum += PI-—>Kb x PI-—>proportionalTerm ;

/x Integral Anti windup */

iMax = MAX(PI-—>outputMax — PI—>proportionalTerm, 0);

iMin = MIN(PI—outputMin — PI—>proportionalTerm , 0);

if (PI—>integralSum > iMax){ PI—integralSum = iMax;}

else if(PI—integralSum < iMin){ PI—integralSum = iMin;}
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/x Calculate and limit output */

PI—>output = Pl-—>proportionalTerm + PI—>integralSum ;

if (PI—>output > PI-—>outputMax){PI-—>output = PI—>outputMax;}

else if (PI—>output < PI-—>outputMin){PI-—>output = PI-—>outputMin;}

}

#ifndef PI_H
#define PI_H
/x Series connected PI regulator using floating point operation x/

/x Dependencies */
#include 7stdint .h”

/x Typedefs %/
typedef struct
{
float setPoint; /x Desired set point */
float plantValue; /x The current value */
float error; /x Error term x/
float integralSum; /+* Proportional term *x Kb x/
float proportionalTerm; /x Error x proportional gain */
float Ka; /x Proportional gain */
float Kb; /x Integral gain x/
float outputMax; /+x Maz output of the regulator x/
float outputMin; /x Minimum outpul of the regulator x/
float output; /« The output of the regulator x/
}PIregulator_t;

/x Public functions x/

/%%

x Q@Qbrief Updates the Pl-regulator wvariables.

x @note Series connected PI regulator.

x @note Uses dynamic integral anti windup method.

* H = maz(H-P,0) and L = min(L-P, 0). If the output is satured
* the integrator cannot do anything, so it is limited based upc
* how large the proportional output is (P).

*/

void PI_update(PlIregulator_t *PI);

#endif

#include ”7sinLUT .h”

/x 12— bit sinus look—up table x/
const float LUT_sin[nbrOfPoints] =
{
0.00000000000000000000,
0.00153435478432692495, 0.00306870595640525200, 0.00460304990399488731, 0.0
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OO OO D ODDODODODODODODODODOODODODODODODODODODODODODODODOODODODOODODOOOOOOCOOCOODOOCOOOOC OO

.00920600227773685220,
.01687710794384936208,
.02454722029304650527,
.03221588789417286630,
.03988265940110490709,
.04754708357931542589,
.05520870933243125778,
.06286708572878300927,
.07052176202794499527,
.07817228770726399045,
.08581821248837512295,
.09345908636370339750,
.10109445962294930088,
.10872388287955686570,
.11634690709716269397,
.12396308361602445536,
.13157196417942715327,
.13917310096006543785,
.14676604658640124423,
.15435035416899398064,
.16192557732680251670,
.16949127021345775090,
.17704698754350270407,
.18459228461860080484,
.19212671735370837056,
.19964984230321208836,
.20716121668702827674,
.21466039841666287313,
.22214694612123137007,
.22962041917343556374,
.23708037771549750339,
.24452638268504744978,
.25195799584096545409,
.25937477978917417021,
.26677629800838220664
.27416211487577624162,
.28153179569265929238,
.28888490671003613786,
.29622101515414117623,
.30353968925191043837,
.31084049825639342712,
.31812301247210533761,
.32538680328031699407,
.33263144316428194802,
.33985650573439807332,
.34706156575330293634,
.35424619916090194227,
.36140998309932614863,
.36855249593782096751,

0.01074028120543850558,
0.01841122432584920907,
0.02608108383758618240,
0.03374940832437495902,
0.04141574646028634704,
0.04907964703629951603,
0.05674065898685839299,
0.06439833141641947145,
0.07205221362598962509,
0.07970185513965247215,
0.08734680573108150048,
0.09498661545003850293,
0.10262083464885579653,
0.11024901400890062264,
0.11787070456702028465,
0.12548545774196609437,
0.13309282536079514170,
0.14069235968524784752,
0.14828361343810003703,
0.15586613982948782642,
0.16343949258320375484,
0.17100322596296280153,
0.17855689479863665059,
0.18610005451245445474,
0.19363226114516893239,
0.20115307138218602168,
0.20866204257965631497,
0.21615873279052752465,
0.22364270079055548202,
0.23111350610427289221,
0.23857070903091387448,
0.24601387067029273359,
0.25344255294863626826,
0.26085631864436653604
0.26825473141383404663,
0.27563735581699916333,
0.28300375734306054687,
0.29035350243602819909,
0.29768615852024116197,
0.30500129402582704108,
0.31229847841410207643,
0.31957728220291170551,
0.32683727699190701088,
0.33407803548775977243,
0.34129913152930996256,
0.34850014011264890401,
0.35568063741613276108,
0.36284020082532669749,
0.36997840895787881266,
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.01227453484787620341,
.01994529736329802086 ,
.02761488598083881515,
.03528284930016786086 ,
.04294873601661275409,
.05061209494772138384,
.05827247505981664188,
.06592942549454242074 ,
.07358249559539925544,
.08123123493426812058,
.08887519333792077980,
.09651392091451510558,
.10414696808007385675,
11177388558494531778,
.11939422454024434250,
.12700753644427201228,
.13461337320891272884,
.14221128718600664631 ,
.14980083119369655420,
.15738155854274710199,
.16495302306283499139,
.17251477912880888721,
.18006638168691704860,
.18760738628100107062,
.19513734907865526447,
.20265582689734826238,
.21016237723050737451,
.21765655827356228391,
.22513792894994810734,
.23260604893706535168,
.24006047869219518387,
.24750077947836962577,
.25492651339019328782,
.26233724337961683570,
.26973253328166008069,
.27711194784008252867,
.28447505273300099926,
.29182141459845156728,
.29915060105989621508,
.30646218075167019901,
.31375572334437035193,
.32103079957018304524 ,
.32828698124814847947,
.33552384130936219186,
.34274095382211011707,
.34993789401693758956 ,
.35711423831164934573,
.36426956433623947085,
.37140345095775101347,
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.37567331729756037184,
.38277202807638943671,
.38984821047349077494,
.39690144801397464480,
.40393132557339084254,
.41093742940216093640,
.41791934714993078659,
.42487666788983841082,
.43180898214270069246
.43871588190111304728,
.44559696065346304783,
.45245181340785617374,
.45928003671595168944,
.46608122869670853827,
.47285498906003781139,
.47960091913036229094,
.48631862187008112475,
.49300770190293757844,
.49966776553728908805,
.50629842078927889126,
.51289927740590612881,
.51946994688799441597,
.52601004251305794046
.53251917935806125648,
.53899697432207571701,
.54544304614882599402,
.55185701544912946215,
.55823850472322622540,
.56458713838299634524,
.57090254277406582428,
.57718434619779834804,
.58343217893317167455,
.58964567325853822766,
.59582446347326734060,
.60196818591926937181,
.60807647900239847338,
.61414898321373512236,
.62018534115074464008,
.62618519753831358710,
.63214819924965870435,
.63807399532711028822,
.64396223700276977731,
.64981257771903488951,
.65562467314899752768,
.66139818121670979068,
.66713276211731586951,
.67282807833705293721,
.67848379467311492608,
.68409957825338163495,

0.37709484168832041462,
0.38418908017279335132,
0.39126070687370073653,
0.39830930558428245813,
0.40533446145311075037,
0.41233576100850632962,
0.41931279218287459409,
0.42626514433695744666
0.43319240828400207288,
0.44009417631384384340,
0.44697004221690306291,
0.45381960130809156917,
0.46064245045063229034,
0.46743818807978498864,
0.47420641422648146523,
0.48094673054086589659,
0.48765874031573946956,
0.49434204850991020352,
0.50099626177144218619,
0.50762098846080727643,
0.51421583867393527711,
0.52078042426516213403,
0.52731435887007460650,
0.53381725792824963328,
0.54028873870588867145,
0.54672842031834345544,
0.55313592375253317623,
0.55951087188925185956,
0.56585288952536416662,
0.57216160339588784112,
0.57843664219596291343,
0.58467763660270499759,
0.59088421929694245893,
0.59705602498483456575,
0.60319269041937217946,
0.60929385442175587606,
0.61535915790265449665,
0.62138824388333879778,
0.62738075751669242219,
0.63333634610809630416,
0.63925465913618673142,
0.64513534827348617551,
0.65097806740690367100,
0.65678247265810640876,
0.66254822240375799147,
0.66827497729562579387,
0.67396240028055343085,
0.67961015662029844453,
0.68521791391123287873,
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.37851547830506171444,
.38560522779359585055,
.39267228214996063862,
.39971622543650497938,
.40673664307580015276,
.41373312187503991089,
.42070525005035902533,
.42765261725106984425,
.43457481458381341799,
.44147143463662502638,
.44834207150291355282,
.45518632080535059714,
.46200377971967121482,
.46879404699838167492,
.47555672299437612427,
.48229140968445766147,
.48899771069276409818,
.49567523131409757520,
.50232357853715503548,
.50894236106765922134,
.501553118935138841916,
.52208967559710461881,
.02861743379937664589,
.53511407976129921060,
.54157923111710515318,
.54801250735466999764 ,
.55441352983790670450,
.66078192182905117757,
.06711730851083608229,
.57341931700854953391,
.07968757641198231934,
.58592171779725721326,
.59212137424854294210,
.59828618087964924310,
.60441577485550246340,
.61050979541349992274,
.61656788388474415008,
.62258968371515166496 ,
.62857484048643874619,
.63452300193698096820,
.64043381798254550574,
.64630694073689598511,
.65214202453226788325,
.65793872593971258755,
.66369670378931033827,
.66941561919025027727,
.67509513555077604874,
.68073491859799628578,
.68633463639755820651 ,
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.68967509855600994673,
.69521002742888726722,
.70070403910894463184,
.70615681024133059029,
.71156801989844209455,
.71693734959881250113,
.72226448332585702072,
.72754910754647172944,
.73279091122948636361
.73798958586397123138,
.74314482547739424412,
.74825632665362928897,
.75332378855081438829,
.75834691291905742538,
.76332540411799054691,
.76825896913416980016,
.77314731759832122648,
.77799016180242996921,
.78278721671667472748,
.78753820000620222697,
.79224283204774537115,
.79690083594607985518,
.80151193755032168475,
.80607586547006215838,
.81059235109134086805,
.81506112859245538615,
.81948193495960663935,
.82385451000237786001,
.82817859636904944676
.83245393956174484895,
.83668028795140991782,
.84085739279262217138,
.84498500823823086137,
.84906289135382739808,
.85309080213204246945,
.85706850350667229677,
.86099576136663158454,
.86487234456973183239,
.86869802495628578587,
.87247257736253613913,
.87619577963390715691,
.87986741263808021518,
.88348726027789081794,
.88705510950404753423,
.89057075032767063494,
.89403397583265176163,
.89744458218783162984,
.90080236865899698806,
.90410713762069505606,

0.69078534210390785120,
0.69631211352247890378,
0.70179790288399135356,
0.70724238731752553377,
0.71264524638319870498,
0.71800616209102630094,
0.72332481891963607001,
0.72860090383483921972,
0.73383410630805423480,
0.73902411833458270252,
0.74417063445173792235,
0.74927335175682296953,
0.75433196992495799016,
0.75934619122675661718,
0.76431572054584828724,
0.76924026539624867915,
0.77411953593957338882,
0.77895324500209672802,
0.78374110809165364877,
0.78848284341438434897,
0.79317817189131845090,
0.79782681717480119499,
0.80242850566475809604,
0.80698296652479739599,
0.81148993169815086812,
0.81594913592345030828,
0.82036031675034004618,
0.82472321455492292319,
0.82903757255504162416,
0.83330313682539136622,
0.83751965631246472199,
0.84168688284932779986,
0.84580457117022644908,
0.84987247892502115754,
0.85389036669345141917,
0.85785799799922668463,
0.86177513932394389506,
0.86564156012083237624,
0.86945703282832220715,
0.87322133288343761759,
0.87693423873501419319,
0.88059553185673800080,
0.88420499676000741118,
0.88776242100661595380,
0.89126759522125520441,
0.89472031310383814962,
0.89812037144164069691,
0.90146757012126266240,
0.90476171214040479462,
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.69189395937318431962,
.69741256032606957493,
.70289011445413940304,
.70832629937116597940,
.71372079512574193583,
.71907328422011229652,
.72438345162886086381,
.72965098481745083170,
.73487557376062018211,
.74005691096062720113,
.74519469146534966786 ,
.75028861288623283077,
.75533837541608639388,
.76034368184673006841,
.76530423758648602472,
.77021975067751757837,
.77508993181301244491,
.77991449435421011938,
.78469315434727193725,
.78942563053999426081,
.79411164439836112727,
.79875092012293769095,
.80334318466510301615,
.80788816774311988933,
.81238560185804342684,
.81683522230946403742,
.82123676721108751497,
.82558997750614748767,
.82989459698265344301,
.83415037228846977690,
.83835705294622719919,
.84251439136806494101,
.84662214287020198800,
.85068006568733955941,
.85468792098688894932,
.85864547288302939254,
.86255248845059040441,
.86640873773876148078,
.87021399378462571672,
.87396803262651800992,
.87767063331720640562,
.88132157793689624992,
.88492065160605626328,
.88846764249806475799,
.89196234185167777575,
.89540454398331525976 ,
.89879404629916703762,
.90213064930711639455,
.90541415662848190316,
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APPENDIX F. C CODE
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.90735869456786488740,
.91055684812728465705,
.91370141006883631718,
.91679219531658240339,
.91982902195966020908,
.92281171126298766616,
.92574008767778304119,
.92861397885189700396,
.93143321563995684631,
.93419763211332118580,
.93690706556984615361,
.93956135654346140118,
.94216034881355559261
.94470388941417049455,
.94719182864300466296
.94962402007022372885,
.95200032054707894869,
.95432059021433190971,
.95658469251048683368,
.95879249417982737036,
.96094386528025954597,
.96303867919096008965,
.96507681261982825038,
.96705814561074243674,
.96898256155062056916
.97084994717628336769,
.97266019258112013102,
.97441319122155800603,
.97610883992333219439,
97774703888755876147,
.97932769169660827124,
.98085070531978002517,
.98231599011877845928,
.98372345985298803583,
.98507303168454929398,
.98636462618323450524,
.98759816733112237852,
.98877358252707214792,
.98989080259099693215,
.99094976176793481137,
.99195039773191928667,
.99289265158964767899,
.99377646788394691235,
.99460179459703779159,
.99536858315359622029,
.99607678842361291327,
.99672636872504838390,
.99731728582628742519,
.99784950494838819957,

0.90800260361946394383,
0.91119005381294426726,
0.91432387512068313828,
0.91740388309889253637,
0.92042989647101547401,
0.92340173713839446279,
0.92631923019075346204,
0.92918220391649319900,
0.93199048981279675186,
0.93474392259554706097,
0.93744234020905492510,
0.94008558383559726046
0.94267349790476362426,
0.94520593010261322320,
0.94768273138063929828,
0.95010375596454121894,
0.95246886136280450863,
0.95477790837508713651,
0.95703076110041229718,
0.95922728694516690151,
0.96136735663090566728,
0.96345084420195958863,
0.96547762703284978336,
0.96744758583550405362,
0.96936060466627804733,
0.97121657093277913297,
0.97301537540049320985,
0.97475691219921345443,
0.97644107882927211328,
0.97806777616757234473,
0.97963690847342288492,
0.98114838339417265178,
0.98260211197064617483,
0.98399800864237951803,
0.98533599125265614038,
0.98661598105334169517,
0.98783790270951976620,
0.98900168430392487728,
0.99010725734117577268,
0.99115455675180652584,
0.99214352089609658680,
0.99307409156769810288,
0.99394621399706217790,
0.99475983685466229378,
0.99551491225401511631,
0.99621139575449912940,
0.99684924636397009845,
0.99742842654117391810,
0.99794890219795584496,
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.90864437500957484506 ,
.91182111433307366788,
.91494418762921347898,
.91801341108678979896,
.92102860406397812909,
.92398958909896455882,
.92689619192039096607 ,
.92974824145761203464 ,
.93254556985076353381,
.93528801246064163788,
.93797540787839361887,
.94060759793501724779,
.94318442771066945962,
.94570574554378539212,
.94817140304000391282,
.95058125508090129951,
.95293515983253285206,
.95523297875378043731,
.95747457660450630001 ,
.95965982145351280685,
.96178858468630756828,
.96386074101267282810,
.96587616847403978682,
.96783474845066652659 ,
.96973636566861942665,
.97158090820655762521,
.97336826750232063876,
.97509833835931736257,
.97677101895271778442,
.97838621083544607959,
.97994381894397430965,
.98144375160391827961,
.98288592053543222260,
.98427024085840519874,
.98559663109745687670,
.98686501318673203187,
.98807531247449609246 ,
.98922745772752829208,
.99032138113531453794,
.99135701831403777451,
.99233430831036839592,
.99325319360505082145,
.99411362011628912061,
.99491553720293013363,
.99565889766744397615,
.99634365775870192827,
.99696977717455115275,
.99753721906418713061,
.99804595003032237077,
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.99832299476712993425,
.99873772741485611348,
.99909367848211494412,
.99939082701909576212,
.99962915553686193526,
.99980865000838081702,
.99992929986934853126,
.99999109801881214121,
.99999404081958787049,
.99993812809847437695,
.99982336314626385487,
.99964975271754752395,
.99941730703031872451,
.99912603976537128769,
.99877596806549429065,
.99836711253446297487,
.99789949723582638264,
.99737314969149115651
.99678810088010105783,
.99614438523521464663,
.99544204064327779236,
.99468110844139445703,
.99386163341489319745,
.99298366379469193976,
.99204725125445880618,
.99105245090757088100,
.98999932130387069407,
.98888792442622019951,
.98771832568685224985,
.98649059392352145270,
.98520480139545196785,
.98386102377908513095,
.98245934016362512775,
.98099983304638416204
.97948258832792745032,
.97790769530701660006
.97627524667535492409,
.97458533851213102750,
.97283807027836444181,
.97103354481105197404,
.96917186831711443773,
.96725315036714643036,
.96527750388896738087,
.96324504516097464446 ,
.96115589380530030983,
.95901017278077027584,
.95680800837566803985,
.95454953020030131050,
.95223487117937377633,

0.99841064270126678171,
0.99881362087496650126,
0.99915781300142303412,
0.99944319882290844070,
0.99966976154279107991,
0.99983748782652437370,
0.99994636780243162377,
0.99999639506228676922,
0.99998756666169186236,
0.99991988312024993046,
0.99979334842153499974,
0.99960797001285717212,
0.99936375880482442025,
0.99906072917070065653,
0.99869889894555918808,
0.99827828942523377798,
0.99779892536506475942,
0.99726083497844220105,
0.99666404993514534638,
0.99600860535947866037,
0.99529453982820470515,
0.99452189536827328986,
0.99369071745434855991,
0.99280105500613169411,
0.99185296038548242947,
0.99084648939333719309,
0.98978170126642428528,
0.98865865867377822340,
0.98747742771305080378,
0.98623807790662088024,
0.98494068219750274817,
0.98358531694505313414,
0.98217206192047668001,
0.98070100030213103182,
0.97917221867063153340,
0.97758580700375485861,
0.97594185867114435773,
0.97424047042881356528,
0.97248174241345208824,
0.97066577813653198703,
0.96879268447821553778,
0.96686257168106437554,
0.96487555334355146197,
0.96283174641337510025,
0.96073127118057533025,
0.95857425127045514657,
0.95636081363630365271,
0.95409108855192426013,
0.95176520960396726601
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.99849594013115172686,
.99888716288211532035,
.99921959525745673858,
.99949321769157828399,
.99970801408019294154,
.99986397178127184304,
.99996108161578844964 ,
.99999933786825856430,
.99997873828707706245,
.99989928408465045262,
.99976097993732504499,
.99956383398511206018,
.99930785783120867904 ,
.99899306654131470040,
.99861947864274613895,
.99818711612334498628,
.99769600443018435776 ,
.99714617246807168982,
.99653765259784676811,
.99587048063447769497,
.99514469584495246490,
.99436034094596825739,
.99351746210141711479,
.99261610891966889358,
.99165633445065171081,
.99063819518272933085,
.98956175103937693560,
.98842706537565383496 ,
.98723420497447511579,
.98598324004268034226,
.98467424420690230491,
.98330729450923315405,
.98188247140269024893,
.98039985874648072350,
.97885954380106643402,
.97726161722302729018,
.97560617305972674451,
.97389330874377544323,
.97212312508729747940,
.97029572627599647294 ,
.96841121986302425295,
.96646971676265014395,
.96447133124373340962,
.96241618092299752174,
.96030438675810791960,
.95813607304055314895,
.95591136738832893638,
.95363040073842808564,
.95129330733913286533,

O OO OO DD OO OO DD OO OO0 DD DO DD DD OO OO oo ocoococooo
DO L L L L L L D DL L D DL D D LD LD D DL D D D DL D O D D D D O D D DD DLH OO OO OO O OO OO O OO OO O OOW



APPENDIX F. C CODE

OO OO D ODDODODODODODODODODOODODODODODODODODODODODODODODOODODODOODODOOOOOOCOOCOODOOCOOOOC OO

.94986416754416203023,
.94743755882449720573,
.94495518784055299033,
.94241720069443979391,
.93982374676160596039,
.93717497868204557854
.93447105235131555645,
.93171212691135951722,
.92889836474114162446,
.92602993144708989348,
.92310699585334887729,
.92012972999184361456,
.91709830909215428463,
.91401291157120323483,
.91087371902275393598,
.90768091620672330944,
.90443469103830709255,
.90113523457692035201
.89778274101495225690,
.89437740766633688771,
.89091943495493997052,
.88740902640276297930,
.88384638861796449572,
.88023173128270015830,
.87656526714078164542,
.87284721198515569096,
.86907778464520279993,
.86525720697385821722,
.86138570383455492774,
.85746350308798835460,
.85349083557870608630,
.84946793512152107830,
.84539503848775010564,
.84127238539127879857,
.83710021847445259535,
.83287878329379616549,
.82860832830556063744,
.82428910485110107320,
.81992136714208263548,
.81550637224551977733,
.81104138006864556765,
.80652965334361492733,
.80197045761204133196,
.79736406120936798025,
.79271073524907487151,
.78801075360672201420,
.78326439290383009784,
.77847193249160018258,
.77363365443447185132,

.94938331368406803090,
.94694554098078909110,
.94445203497137042437,
.94190294241328398339,
.93929841333559660477,
.93663860103014007219,
.93392366204248866701,
.93115375616274542736,
.92832904641613811503,
.92544969905342366889,
.92251588354110380941,
.91952777255145068391,
.91648554195234388509,
.91338937079692006371,
.91023944131303458072,
.90703593889253575355,
.90377905208035391738,
.90046897256340452387,
.89710589515930605486 ,
.89369001780491374998,
.89022154154467003639,
.88670067051877188291,
.88312761195115596635,
.87950257613730209449,
.87582577643185655081,
.87209742923607436182,
.86831775398508315167,
.86448697313496813965,
.86060531214967905811,
.85667299948776032270,
.85269026658890501036,
.84865734786033353299,
.84457448066299667389,
.84044190529760631758,
.83625986499049154155,
.83202860587928428870,
.82774837699843162309,
.82341943026453923160,
.81904202046154483963,
.81461640522572231760,
.81014284503051803288,
.80562160317122100128,
.80105294574946639408,
.79643714165757328871,
.79177446256271954983,
.78706518289095195318,
.78230957981103499410,
L77750793321813782555,
.77266052571736065779,

S OO DD DD DD ODDODODODDODODODODODODODODDODDODODODODODODODDODDDODODODODOODOOOOOODOOCOOCDOOCDOOCOC OO

245

OO DD DO OO DO OO DD DO DD DODIOD DD DD DD DO OO0 0o o0coococooo

.94890022474211488390,
.94645129379433867722,
.94394665862977200632,
.94138646666090319837,
.93877086857006453169,
.93610001830056432937,
.93337407304762554094 ,
.93059319324913503113,
.92775754257619980070,
.92486728792351469153,
.92192259939953946635,
.91892365031648670648,
.91587061718012163780,
.91276367967937366288,
.90960302067576070950,
.90638882619262639562,
.90312128540419167599,
.89980059062442119266,
.89642693729570377403,
.89300052397735008025,
.88952155233390584055,
.88599022712328312501,
.88240675618470842956 ,
.87877135042649112684,
.87508422381360939646 ,
.87134559335511752032,
.86755567909137343285,
.86371470408108830252,
.85982289438819814453,
.85588047906855857505,
.85188769015646337301,
.84784476265098795977,
.84375193450215901780,
.83960944659694858316 ,
.83541754274509705258,
.83117646966476366188,
.82688647696800532394,
.82254781714608582455,
.81816074555461493212,
.81372552039851953065,
.80924240271684633186,
.80471165636739849791,
.80013354801120628590,
.79550834709683182489,
.79083632584451102332,
.78611775923013149647,
.78135292496904884540,
.77654210349974162053,
.7T7168557796730530285,
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.76874984349352215585,
.76382078710970569002,
.75884677538693723342,
.75382810107501696528,
.74876505955240113543,
.74365794880881652684,
.73850706942772215147,
.73331272456861951170,
.72807521994920776365,
.72279486382739144279,
L71747196698313797647,
.71210684270018598241,
.70669980674760690675,
.70125117736121989065,
.69576127522486219679,
.69023042345151452981,
.68465894756428458123,
.67904717547724735560,
.67339543747614594160,
.66770406619895239508,
.66197339661628940011,
.65620376601171614972,
.65039551396187644805,
.64454898231651325258,
.63866451517834776919,
.63274245888282920625,
.62678316197774830432,
.62078697520272441146,
.61475425146856266245
.60868534583648270520,
.60258061549722152783,
.59644041975001005351,
.59026511998142727755,
.58405507964412983757,
.57781066423546056932,
.57153224127593760251,
.56522018028762266439,
.5b5887485277237347603,
.55249663218997790981,
.54608589393617423813,
.53964301532055636290,
.53316837554436757873,
.52666235567818120433,
.52012533863947474355,
.51355770917008991550,
.50695985381359021105,
.50033216089251009162,
.49367502048549977145,
.48698882440436719321,

.76776764260710184118,
.76282957186226663104,
.75784660411731763485,
.75281903264916982810,
.74774715335992902876 ,
.74263126475947649485,
.73747166794790042221,
.73226866659777334334,
.72702256693628009021,
.72173367772719398960,
.71640231025270462162,
.71102877829509703034,
.70561339811828360791,
.70015648844919020632,
.69465837045899725410,
.68911936774423687702,
.68353980630774735516 ,
.67792001453948558254,
.67226032319720041563,
.66656106538696424657,
.66082257654356912902,
.65504519441078323805,
.64922925902147354815,
.64337511267759239786,
.63748309993003116070,
.63155356755834213267,
.62558686455032708196,
.61958334208149790090,
.61354335349440869418,
.60746725427785830398,
.60135540204596815705,
.569520815651713454564,
.58902587949285756252,
.58280893483644613529,
.07655768845160315639,
.507027250826088937696 ,
.56395376418406961694 ,
.55760182811634051436,
.565121707390644192337,
.54479987733465473632,
.53835061609068246558,
.53186966975142380143,
.52535741975863037290,
.51881424939645903738,
.51224054376891081652,
.50563668977716669239,
.49900307609681626708,
.49234009315498106218,
.48564813310733651042,
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.76678363420678785634 ,
.76183656072636707357,
.75684464869036938151,
.75180819190213399317,
.74672748678671985179,
.74160283237345980822,
.73643453027836180969,
.73122288468635543435,
.72596820233338987816,
.72067079248838006311,
.71533096693500530794 ,
.70994903995335811864,
.70452532830144742881,
.69906015119655540158,
.69355383029644945836,
.68800668968045108898,
.68241905583036199801,
.67679125761124814264,
.67112362625208477063,
.66541649532626112595,
.65967020073194804208,
.65388508067232831156,
.64806147563569105330,
.64219972837539240906 ,
.63630018388968301313,
.63036318940140123601,
.62438909433753864153,
.61837825030867310527,
.61233101108827536763,
.60624773259188646790,
.60012877285617094447,
.59397449201784346950,
.b8778525229247313710,
.08156141795316484977,
.57530335530911969055,
.56901143268407550213,
.56268602039462889408,
.b5632749072843978855,
.54993621792232028067,
.54351257814020870196,
.53705694945102955273,
.53056971180644296737,
.52405124701848082580,
.01750193873707717174,
.561092217242748561024 ,
.50431233534759400960,
.49767281652513156720,
.49100400673477245794 ,
.48430629847513589903,
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.48027396617101714149,
.47353084099429054721,
.46675984574670387195,
.45996137894109090372,
.45313584070714801877,
.44628363276788401981,
.43940515841597660440,
.43250082249003612977,
.42557103135077828382,
.41861619285710766070,
.41163671634211274064,
.40463301258897393931,
.39760549380678800180,
.39055457360630480013,
.38348066697558563787,
.37638419025557789954,
.36926556111561154028,
.36212519852881658311,
.35496352274746384436,
.34778095527823088551,
.34057791885739374660,
.33335483742594645973,
.32611213610464978574,
.31885024116901006241,
.31156958002419066212,
.30427058117985650298,
.29695367422495377863,
.28961928980242634957,
.28226785958386940711,
.27489981624412312966,
.26751559343580860739,
.26011562576380253820,
.25270034875965952104,
.24527019885597839410,
.23782561336071542102,
.23036703043144632352,
.22289488904957782678,
.21540962899451140955,
.20791169081775931482,
.20040151581701587391,
.19287954601018431067,
.18534622410936132941,
.17780199349478129078,
.17024729818872014198,
.16268258282936262638,
.15510829264463230071,
.14752487342598746833,
.13993277150218372262,
.13233243371300432156,

0.47892758981503064097,
0.47217885882150356647,
0.46540233732920704979,
0.45859842417622664890,
0.45176751981280832693,
0.44491002627778925005,
0.43802634717493532657,
0.43111688764918704164,
0.42418205436281419818,
0.41722225547148122926,
0.41023790060022524706,
0.40322940081934638412,
0.39619716862021597814,
0.38914161789099604993,
0.38206316389228178743,
0.37496222323265987475,
0.36783921384418938327,
0.36069455495780344823,
0.35352866707863561668,
0.34634197196127003426,
0.33913489258491902323,
0.33190785312852849609,
0.32466127894581192637,
0.31739559654021654023,
0.31011123353982034123,
0.30280861867216435357,
0.29548818173901908457,
0.28815035359108798207,
0.28079556610264999605,
0.27342425214614024531,
0.26603684556667489547,
0.25863378115651414202,
0.25121549462947395659,
0.24378242259528118407,
0.23633500253387670909,
0.22887367276966702478,
0.22139887244572625802,
0.21391104149795017730,
0.20641062062916334940,
0.19889805128318094329,
0.19137377561882745747,
0.18383823648391300898,
0.17629187738916898831,
0.16873514248214510625,
0.16116847652106847111,
0.15359232484866702784,
0.14600713336595860792,
0.13841334850600639506,
0.13081141720764585812,
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.47758008594568640559 ,
.47082576502353179482,
.46404373324012382351,
.45723438975786129257,
.45039813534659683958,
.44353537236004925148,
.43664650471212274052,
.42973193785313412718,
.42279207874594970651 ,
.41582733584203301902,
.40883811905740530257,
.40182483974851895825,
.39478791068804852671,
.38772774604059395687,
.38064476133830643656,
.37353937345643151158,
.36641200058877304579,
.35926306222308085347,
.35209297911636067147,
.34490217327011057913,
.33769106790548353292,
.33046008743837818056,
.32320965745446006423,
.31594020468411254665,
.30865215697732212297,
.30134594327849612005,
.29402199360121733518,
.28668073900293522538,
.27932261155959509091,
.27194804434020819484,
.26455747138136431751,
.25715132766168369294 ,
.24973004907621756954 ,
.24229407241079320423,
.23484383531630600994 ,
.22737977628296135446 ,
.21990233461446706542,
.21241195040217739076 ,
.20490906449919149557,
.19739411849440635649,
.18986755468652682932,
.18232981605803366687,
.17478134624911134676,
.16722258953153756877,
.15965399078253475484 ,
.15207599545858693779,
.14448904956922153930,
.13689359965075892367,
.12929009274003303021,
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0.12472430738296302888, 0.12320178688917667043,
0.11710884029497360681, 0.11558490542203152251,
0.10948648066399685463, 0.10796122110441584707,
0.10185767711066033570, 0.10033118263492277200,
0.09422287863485422077, 0.09269523908612450902,
0.08658253458930510738, 0.08505383987814192637,
0.07893709465312892526, 0.07740743475219349912,
0.07128700880536470441, 0.06975647374412530244,
0.06363272729849064890, 0.06210140715792386579,
0.05597470063192410555, 0.05444268553921310233,
0.04831337952550714132, 0.04678075964873704834,
0.04064921489297888130, 0.03911608043582995298,
0.03298265781543670977, 0.03144909901187526585,
0.02531415951478741336, 0.02378026662375505584,
0.01764417132719018483, 0.01611003462729152999,
0.00997314467649280598, 0.00843885446068204370,
0.00230153104766270787, 0.00076717761792934481,

0.12167897634807757490,
0.11406069843378939532,
0.10643570737756302691,
0.09880445195490081267,
0.09116738130999989254,
0.08352494492931730741,
0.07587759261511521636,
0.06822577445898730941,
0.06056994081536831720,
0.05291054227502798440,
0.04524802963855115157,
0.03758285388980552727,
0.02991546616939859751,
0.02224631774812537224,
0.01457586000040846097,
0.00690454437773201004,
—0.00076717761792934481,

D NN

0
0
0
0
0
0
0
0
0.
0
0
0
0
0
0
0

—0.00537021803978606285, —0.00690454437773201004, —0.00843885446068204370,
—0.01304165105836543707, —0.01457586000040846097, —0.01611003462729152999,
—0.02071231649919133902, —-0.02224631774812537224, —-0.02378026662375505584,
—0.02838176289855565831, —0.02991546616939859751, —0.03144909901187526585,
—0.03604953886449804162, —0.03758285388980552727, —0.03911608043582995298,
—0.04371519310337293462, —0.04524802963855115157, —0.04678075964873704834,
—0.05137827444641089591, —0.05291054227502798440, —0.05444268553921310233,
—0.05903833187627251233, —0.06056994081536831720, —-0.06210140715792386579,
—0.06669491455359338739, —0.06822577445898730941, —0.06975647374412530244,
—0.07434757184351879766, —0.07587759261511521636, —0.07740743475219349912,
—0.08199585334222601885, —0.08352494492931730741, —0.08505383987814192637,
—0.08963930890343341229, —0.09116738130999989254, —0.09269523908612450902,
—0.09727748866489410728, —0.09880445195490081267, —0.10033118263492277200,
—0.10490994307487290504, —0.10643570737756302691, —0.10796122110441584707,
—0.11253622291860534976, —0.11406069843378939532, —0.11558490542203152251,
—0.12015587934473634379, —0.12167897634807757490, —0.12320178688917667043,
—0.12776846389173787677, —0.12929009274003303021, —0.13081141720764585812,
—0.13537352851430348166, —0.13689359965075892367, —0.13841334850600639506,
—0.14297062560971895984, —0.14448904956922153930, —0.14600713336595860792,
—0.15055930804420439295, —0.15207599545858693779, —0.15359232484866702784,
—0.15813912917923353407, —0.15965399078253475484, —0.16116847652106847111,
—0.16570964289781917045, —0.16722258953153756877, —0.16873514248214510625,
—0.17327040363077020335, —0.17478134624911134676, —0.17629187738916898831,
—0.18082096638291597634, —0.18232981605803366687, —0.18383823648391300898,
—0.18836088675929699154, —0.18986755468652682932, —0.19137377561882745747,
—0.19588972099131990445, —0.19739411849440635649, —0.19889805128318094329,
—0.20340702596287627002, —0.20490906449919149557, —0.20641062062916334940,
—0.21091235923642215333, —0.21241195040217739076, —0.21391104149795017730,
—0.21840527907901841065, —0.21990233461446706542, —0.22139887244572625802,
—0.22588534448832928159, —0.22737977628296135446, —0.22887367276966702478,
—0.23335211521857773809, —0.23484383531630600994, —0.23633500253387670909,
—0.24080515180645692408, —0.24229407241079320423, —0.24378242259528118407,
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.24824401559699466047, —0.
.25566826876937120971, —0.
.26307747436268774655, —0.
.27047119630168342530, —0.
.27784899942240215420, —0.
.28521044949780222089, —0.
.29255511326331634647, —0.
.29988255844234928960, —0.
.30719235377172104950, —0.
.31448406902704878485, —0.
.32175727504806822532, —0.
.32901154376389235567, —0.
.33624644821820554030, —0.
.34346156259439286629, —0.
.35065646224060159630, —0.
.35783072369473462038, —0.
.36498392470937374155, —0.
.37211564427663107457, —0.
.37922546265292828016, —0.
.38631296138370058157, —0.
.39337772332802550812, —0.
.40041933268317403405, —0.
.40743737500908316918, —0.
.41443143725274694811, —0.
.42140110777252925978, —0.
.42834597636238980201, —0.
.43526563427602749101, —0.
.44215967425093755105, —0.
.44902769053238134056, —0.
.45586927889726741592, —0.
.46268403667794250067, —0.
.46947156278589080580, —0.
.47623145773534009129, —0.
.48296332366677435788, —0.
.48966676437034983849, —0.
.49634138530921445565, —0.
.50298679364272824710, —0.
.50960259824958498154, —0.
.51618840975083135625, —0.
.52274384053278444284, —0.
.52926850476984532712, —0.
.53576201844720705569, —0.
.54222399938345511305, —0.
.54865406725306287150, —0.
.55505184360877501959, —0.
.56141695190388107850, —0.
.56774901751437800712, —0.
.57404766776101900927, —0.
.58031253193124743284, —0.

249

24973004907621756954 ,
25715132766168369294 ,
26455747138136431751,
27194804434020819484,
27932261155959509091,
28668073900293522538,
29402199360121733518,
30134594327849612005,
30865215697732212297,
31594020468411254665,
32320965745446006423,
33046008743837818056,
33769106790548353292,
34490217327011057913,
35209297911636067147,
35926306222308085347,
36641200058877304579,
37353937345643151158,
38064476133830643656,
38772774604059395687,
39478791068804852671,
40182483974851895825,
40883811905740530257,
41582733584203301902,
42279207874594970651,
42973193785313412718,
43664650471212274052,
44353537236004925148,
45039813534659683958,
45723438975786129257,
46404373324012382351,
47082576502353179482,
47758008594568640559,
48430629847513589903,
49100400673477245794,
49767281652513156720,
50431233534759400960,
51092217242748561024 ,
51750193873707717174,
52405124701848082580,
53056971180644296737,
53705694945102955273,
54351257814020870196,
54993621792232028067,
55632749072843978855,
56268602039462889408,
56901143268407550213,
57530335530911969055,
58156141795316484977,

.25121549462947395659,
.25863378115651414202,
.26603684556667489547,
.27342425214614024531,
.28079556610264999605,
.28815035359108798207,
.29548818173901908457,
.30280861867216435357,
.31011123353982034123,
.31739559654021654023,
.32466127894581192637,
.33190785312852849609,
.33913489258491902323,
.34634197196127003426,
.35352866707863561668,
.36069455495780344823,
.36783921384418938327,
.37496222323265987475,
.38206316389228178743,
.38914161789099604993,
.39619716862021597814,
.40322940081934638412,
.41023790060022524706,
.41722225547148122926,
.42418205436281419818,
.43111688764918704164,
.43802634717493532657,
.44491002627778925005,
.45176751981280832693,
.45859842417622664890,
.46540233732920704979,
.47217885882150356647,
.47892758981503064097,
.48564813310733651042,
.49234009315498106218,
.49900307609681626708,
.50563668977716669239,
.51224054376891081652,
.51881424939645903738,
.52535741975863037290,
.53186966975142380143,
.53835061609068246558,
.54479987733465473632,
.55121707390644192337,
.55760182811634051436,
.56395376418406961694,
.57027250826088937696,
.57655768845160315639,
.58280893483644613529,
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.58654324130101564982, —0.
.59273942915648647478, —0.
.59890073081561689960, —0.
.60502678364962136914, —0.
.61111722710431470862, —0.
.61717170272133237141, —0.
.62318985415922878435, —0.
.62917132721444957166, —0.
.63511576984217854580, —0.
.64102283217705757767, —0.
.64689216655377856924, —0.
.65272342752754441975, —0.
.65851627189440231636, —0.
.66427035871144235468, —0.
.66998534931686348770, —0.
.67566090734990658095, —0.
.68129669877065124339, —0.
.68689239187967521261, —0.
.69244765733757784876, —0.
.69796216818436285223, —0.
.70343559985868242546, —0.
.70886763021693899312, —0.
.71425793955224570198, —0.
.71960621061324292480, —0.
.72491212862277043527, —0.
.73017538129639358857, —0.
.73539565886078361867, —0.
.74057265407194905471, —0.
.74570606223331936668, —0.
.75079558121367728774, —0.
.75584091146494225555, —0.
.76084175603979953273, —0.
.76579782060917789277, —0.
.77070881347957242991, —0.
.77557444561021227081, —0.
.78039443063007252199, —0.
.78516848485472867658, —0.
.78989632730305359143, —0.
.79457767971375437011, —0.
.79921226656174948477, —0.
.80379981507438602595, —0.
.80834005524749319438, —0.
.81283271986127347830, —0.
.81727754449603073894, —0.
.82167426754773231767, —0.
.82602263024340649711, —0.
.83032237665637254054, —0.
.83457325372130275465, —O0.
.83877501124911835184, —0.

250

58778525229247313710,
59397449201784346950,
60012877285617094447,
60624773259188646790,
61233101108827536763,
61837825030867310527,
62438909433753864153,
63036318940140123601,
63630018388968301313,
64219972837539240906,
64806147563569105330,
65388508067232831156,
65967020073194804208,
66541649532626112595,
67112362625208477063,
67679125761124814264,
68241905583036199801,
68800668968045108898,
69355383029644945836,
69906015119655540158,
70452532830144742881,
70994903995335811864 ,
71533096693500530794 ,
72067079248838006311,
72596820233338987816,
73122288468635543435,
73643453027836180969,
74160283237345980822,
74672748678671985179,
75180819190213399317,
75684464869036938151,
76183656072636707357,
76678363420678785634 ,
77168557796730530285,
77654210349974162053,
78135292496904884540,
78611775923013149647,
79083632584451102332,
79550834709683182489,
80013354801120628590,
80471165636739849791,
80924240271684622083,
81372552039851941963,
8§1816074555461482110,
8§2254781714608571352,
82688647696800510190,
83117646966476377290,
83541754274509716360,
83960944659694869419,

.58902587949285756252,
.59520815651713454564,
.60135540204596815705,
.60746725427785830398,
.61354335349440869418,
.61958334208149790090,
.62558686455032708196,
.63155356755834213267,
.63748309993003116070,
.64337511267759239786,
.64922925902147354815,
.65504519441078323805,
.66082257654356912902,
.66656106538696424657,
.67226032319720041563,
.67792001453948558254,
.68353980630774735516,
.68911936774423687702,
.69465837045899725410,
.70015648844919020632,
.70561339811828360791,
.71102877829509703034,
.71640231025270462162,
.72173367772719398960,
.72702256693628009021,
.73226866659777334334,
.73747166794790042221,
.74263126475947649485,
.74774715335992902876,
.75281903264916982810,
.75784660411731763485,
.76282957186226663104,
.76776764260710184118,
.77266052571736065779,
.77750793321813782555,
.78230957981103499410,
.78706518289095195318,
.79177446256271954983,
.79643714165757328871,
.80105294574946639408,
.80562160317122100128,
.81014284503051792186,
.81461640522572209555,
.81904202046154472860,
.82341943026453912058,
.82774837699843140104,
.83202860587928451075,
.83625986499049176359,
.84044190529760642860,
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.84292740194171333901, —0.
.84703018140651020751, —0.
.85108310817084331656, —0.
.85508594369617130226, —0.
.85903845239211629181, —0.
.86294040163033003399, —0.
.86679156175818516950, —0.
.87059170611229164116, —0.
.87434061103183757790, —0.
.87803805587175254299, —0.
.88168382301569381276, —0.
.88527769788885501967, —0.
.88881946897059416202, —0.
.89230892780688386701, —0.
.89574586902257902210, —0.
.89913009033350577148, —0.
.90246139255836510529, —0.
.90573957963045781394, —0.
.90896445860922325810, —0.
.91213583969159484077, —0.
.91525353622317184854, —0.
.91831736470920410920, —0.
.92132714482539257439, —0.
.92428269942850205254, —0.
.92718385456678742429, —0.
.93003043949023134207, —0.
.93282228666059407995, —0.
.93555923176127431251, —0.
.93824111370697982348, —0.
.94086777465320836633, —0.
.94343906000553778846, —0.
.94595481842872519707, —0.
.94841490185561294624, —0.
.95081916549584444276, —0.
.95316746784438521889, —0.
.95545967068985104831, —0.
.95769563912264343841, —0.
.95987524154288905720, —0.
.96199834966818553728, —0.
.96406483854115154752, —0.
.96607458653678102145, —0.
.96802747536960220831, —0.
.96992339010063843840, —0.
.97176221914417393322, —0.
.97354385427432088562, —0.
.97526819063138858734, —0.
.97693512672805649100, —0.
.97854456445534565567, —0.
.98009640908839468221, —0.

251

84375193450215912883,
84784476265098818182,
85188769015646337301,
85588047906855857505,
85982289438819814453,
86371470408108830252,
86755567909137343285,
87134559335511752032,
87508422381360939646,
87877135042649112684,
88240675618470842956,
88599022712328301399,
88952155233390584055,
89300052397734996923,
89642693729570366301 ,
89980059062442130369,
90312128540419178702,
90638882619262639562,
90960302067576082052,
91276367967937377390,
91587061718012163780,
91892365031648670648,
92192259939953946635,
92486728792351469153,
92775754257619980070,
93059319324913503113,
93337407304762554094 ,
93610001830056432937,
93877086857006453169,
94138646666090308734,
94394665862977189530,
94645129379433856620,
94890022474211488390,
95129330733913297635,
95363040073842808564 ,
95591136738832904740,
95813607304055314895,
96030438675810803062,
96241618092299752174,
96447133124373340962,
96646971676265014395,
96841121986302425295,
97029572627599647294,
97212312508729747940,
97389330874377544323,
97560617305972685553,
97726161722302729018,
97885954380106643402,
98039985874648072350,

.84457448066299678491,
.84865734786033353299,
.85269026658890501036,
.85667299948776032270,
.86060531214967905811,
.86448697313496813965,
.86831775398508315167,
.87209742923607436182,
.87582577643185655081,
.87950257613730209449,
.88312761195115585533,
.88670067051877177189,
.89022154154466992537,
.89369001780491363895,
.89710589515930594384,
.90046897256340474591,
.90377905208035402840,
.90703593889253586457,
.91023944131303469174,
.91338937079692017473,
.91648554195234388509,
.91952777255145068391
.92251588354110380941,
.92544969905342366889,
.92832904641613811503,
.93115375616274542736,
.93392366204248866701,
.93663860103014007219,
.93929841333559660477,
.94190294241328387237,
.94445203497137031334,
.94694554098078909110,
.94938331368406791988,
.95176520960396737703,
.95409108855192426013,
.95636081363630376373,
.95857425127045525759,
.96073127118057544127,
.96283174641337510025,
.96487555334355146197,
.96686257168106437554,
.96879268447821553778,
.97066577813653209805,
.97248174241345208824,
.97424047042881367631,
.97594185867114435773,
.97758580700375496964
.97917221867063142238,
.98070100030213114284,
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.98159056929203292174, —0.
.98302695712615828505, —0.
.98440548805091099283, —0.
.98572608093165092757, —0.
.98698865804373125954, —0.
.98819314507707467499, —0.
.98933947114054543448, —0.
.99042756876612314532, —0.
.99145737391287225293, —0.
.99242882597071235828, —0.
.99334186776398480934, —0.
.99419644555481812009, —0.
.99499250904629088499, —0.
.99573001138539130039, —0.
.99640890916577595782, —0.
.99702916243032335686, —0.
.99759073467348657882, —0.
.99809359284344090213, —0.
.99853770734403024534, —0.
.99892305203650788581, —0.
.99924960424107589496, —0.
.99951734473821929328, —0.
.99972625776983725654, —0.
.99987633104017126229, —0.
.99996755571652795602, —0.
.99999992642979929069, —0.
.99997344127477882925, —0.
.99988810181027343305, —0.
.99974391305901166849, —0.
.99954088350734848767, —0.
.99927902510476529496, —0.
.99895835326316662073, —0.
.99857888685597395728, —0.
.99814064821701342645, —0.
.99764366313920282980, —0.
.99708796087303230848, —0.
.99647357412484394157, —0.
.99580053905490584221, —0.
.99506889527528430417, —0.
.99427868584751233350, —0.
.99342995728005567546, —0.
.99252275952557433847, —0.
.99155714597798427778, —0.
.99053317346931302190, —0.
.98945090226635645791, —0.
.98831039606713033674, —0.
L98711172199712260422, —0.
.98585495060534122924, —0.
.98454015586016341288, —0.

252

98188247140269024893,
98330729450923315405,
98467424420690230491,
98598324004268023124,
98723420497447511579,
98842706537565383496,
98956175103937693560,
99063819518272933085,
99165633445065171081,
99261610891966889358,
99351746210141711479,
99436034094596825739,
99514469584495246490,
99587048063447769497,
99653765259784676811,
99714617246807168982,
99769600443018435776,
99818711612334498628,
99861947864274613895,
99899306654131470040,
99930785783120867904,
99956383398511206018,
99976097993732504499,
99989928408465045262,
99997873828707706245,
99999933786825856430,
99996108161578844964,
99986397178127184304,
99970801408019294154,
99949321769157828399,
99921959525745662756,
99888716288211532035,
99849594013115172686,
99804595003032237077,
99753721906418713061,
99696977717455115275,
99634365775870192827,
99565889766744397615,
99491553720293013363,
99411362011628912061,
99325319360505082145,
99233430831036850694 ,
99135701831403777451,
99032138113531453794,
98922745772752829208,
98807531247449620349,
98686501318673203187,
98559663109745698772,
98427024085840519874,

.98217206192047668001
.98358531694505324516,
.98494068219750274817,
.98623807790662088024
.98747742771305069276,
.98865865867377833442,
.98978170126642428528,
.99084648939333719309,
.99185296038548242947,
.99280105500613169411,
.99369071745434844889,
.99452189536827328986,
.99529453982820470515,
.99600860535947866037,
.99666404993514534638,
.99726083497844220105,
.99779892536506475942,
.99827828942523366695,
.99869889894555918808,
.99906072917070054551,
.99936375880482442025,
.99960797001285717212,
.99979334842153499974,
.99991988312024993046,
.99998756666169186236,
.99999639506228676922,
.99994636780243162377,
.99983748782652448472,
.99966976154279107991,
.99944319882290844070,
.99915781300142303412,
.99881362087496650126,
.99841064270126678171,
.99794890219795573394,
.99742842654117391810,
.99684924636397009845,
.99621139575449912940,
.99551491225401511631,
.99475983685466229378,
.99394621399706217790,
.99307409156769810288,
.99214352089609647578,
.99115455675180652584,
.99010725734117577268,
.98900168430392487728,
.98783790270951976620,
.98661598105334180620,
.98533599125265614038,
.98399800864237951803,
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.98316741514498129373, —0.
.98173680925364725791, —0.
.98024842238571974207, —0.
.97870234214150642060, —0.
.97709865951690932917, —0.
.97543746889806848266, —0.
.97371886805580787350, —0.
.97194295813987918731, —0.
.97010984367301067444, —0.
.96821963254475351679, —0.
.96627243600513346156, —0.
.96426836865810172661, —0.
.96220754845479106176, —0.
.96009009668657252501, —0.
.95791613797791819174, —0.
.95568580027906424590, —0.
.95339921485848277971, —0.
.95105651629515353118, —0.
.94865784247064510737, —0.
.94620333456099869895, —0.
.94369313702841861602, —0.
.94112739761277175443, —0.
.93850626732288977561, —0.
.93582990042768376959, —0.
.93309845444706196460, —0.
.93031209014266202928, —0.
.92747097150838564428, —0.
.92457526576074999802, —0.
.92162514332904299508, —0.
.91862077784529561075, —0.
.91556234613405906853, —0.
.91245002820200138416, —O0.
.90928400722730973182, —0.
.90606446954891195489, —0.
.90279160465550678527, —0.
.89946560517441431770, —0.
.89608666686023552561, —0.
.89265498858333380827, —0.
.88917077231812924332, —0.
.88563422313120954144, —0.
.88204554916926403152, —0.
.87840496164682957403, —0.
.87471267483386239139, —0.
.87096890604312393602, —0.
.86717387561739434076, —0.
.86332780691649979588, —0.
.85943092630417106115, —0.
.85548346313471590463, —O0.
.85148564973952489687, —0.

253

98288592053543211158,
98144375160391827961,
97994381894397419863,
97838621083544607959,
97677101895271778442,
97509833835931747359,
97336826750232063876,
97158090820655773623,
96973636566861931563,
96783474845066652659,
96587616847403967579,
96386074101267293912,
96178858468630756828,
95965982145351291788,
95747457660450630001 ,
95523297875378065935,
95293515983253285206,
95058125508090107747,
94817140304000391282,
94570574554378528109,
94318442771066945962,
94060759793501702575,
93797540787839372989,
93528801246064152686,
93254556985076353381,
92974824145761203464 ,
92689619192039107709,
92398958909896444780,
92102860406397824011,
91801341108678968794,
91494418762921347898,
91182111433307366788,
90864437500957506710,
90541415662848190316,
90213064930711661660,
89879404629916703762,
89540454398331503771,
89196234185167777575,
88846764249806464697,
88492065160605626328,
88132157793689613889,
87767063331720651664 ,
87396803262651778788,
8§7021399378462582774,
8§6640873773876136976,
86255248845059051543,
85864547288302928152,
85468792098688917136,
85068006568733944839,

.98260211197064617483,
.98114838339417254076,
.97963690847342288492,
.97806777616757223370,
.97644107882927211328,
.97475691219921345443,
.97301537540049320985,
.97121657093277913297,
.96936060466627815835,
.96744758583550405362,
.96547762703284989438,
.96345084420195958863,
.96136735663090577830,
.95922728694516690151
.95703076110041240820,
.95477790837508713651,
.95246886136280473067,
.95010375596454121894,
.94768273138063907624,
.94520593010261322320,
.94267349790476340221,
.94008558383559726046
.93744234020905492510,
.93474392259554717199,
.93199048981279664083,
.92918220391649331003,
.92631923019075346204,
.92340173713839446279,
.92042989647101536299,
.91740388309889264740,
.91432387512068291624,
.91119005381294448931,
.90800260361946394383,
.90476171214040501667,
.90146757012126266240,
.89812037144164047486,
.89472031310383814962,
.89126759522125498236,
.88776242100661595380,
.88420499676000730016,
.88059553185673811182,
.87693423873501408217,
.87322133288343772861,
.86945703282832209613,
.86564156012083248726,
.86177513932394378404,
.85785799799922679565,
.85389036669345130814,
.84987247892502137958,
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.84743772141339290815, —0.
.84333991640067496043, —0.
.83919247588125978066, —0.
.83499564395637959624, —0.
.83074966763423818694, —0.
.82645479681547795447, —0.
.82211128427846902333, —0.
.81771938566443114205, —0.
.81327935946239071630, —0.
.80879146699396298192, —0.
.80425597239797697036, —0.
.79967314261492350447, —0.
.79504324737124976163, —0.
.79036655916347919870, —0.
.78564335324217848822, —0.
.78087390759575259214, —0.
.77605850293408806806, —0.
.77119742267202706643, —0.
.76629095291269155865, —0.
.76133938243063958851, —0.
.75634300265487386383, —0.
.75130210765168481402, —0.
.74621699410734776414, —0.
.74108796131065668433, —0.
.73591531113531316599, —0.
.73069934802215752434, —0.
.72544037896124924369, —0.
.72013871347380264964, —0.
.71479466359396504060, —0.
.70940854385045692965, —0.
.70398067124805419059, —0.
.69851136524893719937, —0.
.69300094775388132451, —0.
.68744974308331829871, —0.
.68185807795824160404, —0.
.67622628148098318235, —0.
.67055468511583771196, —O0.
.66484362266955976395, —0.
.65909343027171174434, —0.
.65330444635488649219, —0.
.64747701163478244002, —0.
.64161146909015609463, —0.
.63570816394263296445, —0.
.62976744363638736957, —0.
.62378965781769835086, —0.
.61777515831436535798, —0.
.61172429911500647570, —0.
.60563743634821820550, —O0.
.59951492826162200434, —0.

254

84662214287020221004,
84251439136806482999,
83835705294622753225,
83415037228846977690,
82989459698265366505,
82558997750614748767,
8§2123676721108718191,
81683522230946414844,
81238560185804309377,
80788816774312000035,
80334318466510279411,
79875092012293791299,
79411164439836090523,
78942563053999448286,
78469315434727171521,
77991449435421023040,
77508993181301233388,
77021975067751780042,
76530423758648591370,
76034368184673029045,
75533837541608639388,
75028861288623316383,
74519469146534966786,
74005691096062675705,
73487557376062018211,
72965098481745060965,
72438345162886086381,
71907328422011207447,
71372079512574204685,
70832629937116575736,
70289011445413973611,
69741256032606946391,
69189395937318443064 ,
68633463639755798447,
68073491859799639681,
67509513555077593772,
66941561919025072136,
66369670378931022725,
65793872593971292062,
65214202453226788325,
64630694073689642920,
64043381798254550574,
63452300193698063513,
62857484048643885721,
62258968371515144291,
61656788388474415008,
61050979541349958968,
60441577485550246340,
59828618087964913208,

.84580457117022633806,
.84168688284932802190,
.83751965631246472199,
.83330313682539169928,
.82903757255504162416,
.82472321455492259012,
.82036031675034004618,
.81594913592345008624,
.81148993169815086812,
.80698296652479717395,
.80242850566475820706,
.79782681717480108397,
.79317817189131856193,
.78848284341438412692,
.78374110809165387082,
.77895324500209650598,
.77411953593957361086,
.76924026539624867915,
.76431572054584850928,
.75934619122675650615,
.75433196992495832323,
.74927335175682296953,
.74417063445173825542,
.73902411833458270252,
.73383410630805390173,
.72860090383483933074,
.72332481891963573695,
.71800616209102630094,
.71264524638319848293,
.70724238731752564480,
.70179790288399113152,
.69631211352247901480,
.69078534210390762915,
.68521791391123310078,
.67961015662029844453,
.67396240028055387494,
.66827497729562568285,
.66254822240375810249,
.65678247265810629774,
.65097806740690400407,
.64513534827348617551,
.63925465913618639835,
.63333634610809630416,
.62738075751669220015,
.62138824388333890880,
.61535915790265416359,
.60929385442175587606,
.60319269041937184639,
.59705602498483478779,
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.59335713520077248972, —0.
.58716441958795506650, —0.
.58093714590084932770, —0.
.57467568065108409758, —0.
.56838039236265858190, —0.
.56205165155026026724, —0.
.55568983069745059300, —0.
.54929530423474903778, —0.
.54286844851758875308, —0.
.53640964180417283202, —0.
.52991926423320490080, —0.
.52339769780152145540, —0.
.51684532634160640363, —0.
.51026253549899813766, —0.
.50364971270959768557, —0.
.49700724717685917931, —0.
.49033552984888945092, —0.
.48363495339543199902, —0.
.47690591218476302560, —0.
.47014880226047295331, —0.
.46336402131816462058, —0.
.45655196868203912208, —0.
.44971304528140043644, —0.
.44284765362705141856, —0.
.43595619778761057761, —0.
.42903908336572305071, —0.
.42209671747419602594, —0.
.41512950871203035952, —0.
.40813786714037919579, —0.
.40112220425840666715, —0.
.39408293297907442954, —0.
.38702046760483721499, —0.
.37993522380325578380, —0.
.37282761858253837817, —0.
.36569807026699091557, —0.
.35854699847240273369, —0.
.35137482408134235179, —0.
.34418196921839444569, —0.
.33696885722530650620, —0.
.32973591263608109658, —0.
.32248356115198167915, —0.
.31521222961648548422, —0.
.30792234599015322338, —0.
.30061433932544884273, —0.
.29328863974147983962, —0.
.28594567839868972881, —0.
.27858588747347401426, —O0.
.27120970013275091937, —0.
.26381755050846394939, —0.

255

59212137424854316414 ,
58592171779725699121,
57968757641198254138,
57341931700854942289,
56711730851083641536,
56078192182905117757,
55441352983790692655,
54801250735466988662,
54157923111710559727,
53511407976129921060,
52861743379937620180,
52208967559710461881,
51553118935138808610,
50894236106765922134,
50232357853715470242,
49567523131409779724,
48899771069276382063,
48229140968445777249,
47555672299437595774,
46879404699838195247,
46200377971967093726,
45518632080535093021,
44834207150291338628,
44147143463662530394,
43457481458381325146,
42765261725107028834,
42070525005035902533,
41373312187504029946,
40673664307580015276,
39971622543650453530,
39267228214996063862,
38560522779359540646,
37851547830506182546,
37140345095775073592,
36426956433623963738,
35711423831164906817,
34993789401693792263,
34274095382210989502,
33552384130936241391,
32828698124814831294,
32103079957018337831,
31375572334437024091,
30646218075167058759,
29915060105989615957,
29182141459845201137,
28447505273300094375,
27711194784008302827,
26973253328166013620,
26233724337961644713,

.59088421929694223689,
.58467763660270533066,
.57843664219596269138,
.57216160339588817418,
.56585288952536416662,
.55951087188925230365,
.55313592375253306521,
.54672842031834378851,
.54028873870588867145,
.53381725792825007737,
.52731435887007460650),
.52078042426516191199,
.51421583867393538814,
.50762098846080694337,
.50099626177144229722,
.49434204850990981495,
.48765874031573963610,
.48094673054086561903,
.47420641422648168728,
.46743818807978482210,
.46064245045063256789,
.45381960130809140264,
.44697004221690334047,
.44009417631384378788,
.43319240828400240595,
.42626514433695739115,
.41931279218287503818,
.41233576100850632962,
.40533446145311025077,
.39830930558428251365,
.39126070687370034795,
.38418908017279335132,
.37709484168832008155,
.36997840895787897919,
.36284020082532641993,
.35568063741613292761,
.34850014011264868197,
.34129913152931018461,
.33407803548775949487,
.32683727699190734395,
.31957728220291153898,
.31229847841410246501,
.30500129402582687455,
.29768615852024160606,
.29035350243602814357,
.28300375734306099096,
.27563735581699916333,
.26825473141383354703,
.26085631864436659155,
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—0.25640987367202788816, —0.25492651339019328782, —0.25344255294863593519,
—0.24898710560872897024, —0.24750077947836920944, —0.24601387067029290012,
—0.24154968319205691318, —0.24006047869219532265, —0.23857070903091348590,
—0.23409804415799997934, —-0.23260604893706499086, —0.23111350610427305874,
—0.22663262707927409045, —0.22513792894994830163, —0.22364270079055517670,
—0.21915387133951783061, —0.21765655827356200636, —0.21615873279052771894,
—0.21166221710742441631, —0.21016237723050762431, —0.20866204257965606517,
—0.20415810531084305213, —0.20265582689734809585, —0.20115307138218629923,
—0.19664197761081980698, —0.19513734907865556978, —0.19363226114516879361,
—0.18911427637561117887, —0.18760738628100087633, —0.18610005451245478780,
—0.18157544465464023342, —0.18006638168691732615, —0.17855689479863648406,
—0.17402592615242840068, —0.17251477912880874843, —0.17100322596296319011,
—0.16646616520247306537, —0.16495302306283537996, —0.16343949258320364382,
—0.15889660674110370198, —0.15738155854274701873, —0.15586613982948824275,
—0.15131769628128693972, —0.14980083119369702604, —0.14828361343810003703,
—0.14372987988641339197, —0.14221128718600664631, —0.14069235968524834712,
—0.13613360414403630205, —0.13461337320891225700, —0.13309282536079514170,
—0.12852931613959414636, —0.12700753644427206779, —0.12548545774196562252,
—0.12091746343009411591, —-0.11939422454024389841, —-0.11787070456702036791,
—0.11329849401776767581, —0.11177388558494540105, —0.11024901400890026182,
—0.10567285632371006820, —0.10414696808007348205, —0.10262083464885592143,
—0.09804099916148008298, —0.09651392091451525823, —0.09498661545003816986,
—0.09040337171069272315, —0.08887519333792048837, —0.08734680573108169477,
—0.08276042349057440017, —0.08123123493426832875, —0.07970185513965219459,
—0.07511260433351395205, —0.07358249559539899176, —0.07205221362598986101,
—0.06746036435857956370, —0.06592942549454268442, —-0.06439833141641922165,
—0.05980415394503445226, —0.05827247505981643372, —0.05674065898685868442,
—0.05214442370582150071, —0.05061209494772170303, —0.04907964703629933562,
—0.04448162446104997336, —0.04294873601661260143, —0.04141574646028669399,
—0.03681620721145415637, —0.03528284930016822862, —0.03374940832437484106,
—0.02914862311185727542, —0.02761488598083872148, —0.02608108383758658486,
—0.02147932344461042295, —0.01994529736329844760, —0.01841122432584914315,
—0.01380875959303990742, —0.01227453484787615831, —0.01074028120543896354,
—0.00613738301487272257, —0.00460304990399536696, —0.00306870595640524072,

};
#ifndef __SINLUT_H
#define __SINLUT_H
/% Dependencies */
#include <stdint .h>
/% Constants */
#define nbrOfPoints 4096
#define nintyDeg 1024 /x (90/360) % 4096 x/
/x Macros */
#define LUT SINE(angle) (LUT_sin| WRAPANGLE(angle) |)
#define LUT_.COSINE(angle) (LUT._sin| ( WRAPANGLE(angle + nintyDeg) ) ])
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/x If the angle is larger than 4095 (360 degrees) it wraps to around.

x It skips zero when wrapping around (360 = 0).

x 4097 —> 1, 4098 —>2.. 4096 + 1024 = 1024.

*/

#define WRAP ANGLE(angle) (angle > nbrOfPoints ? angle—nbrOfPoints : angle)

Jx SINUS LUT %/
extern const float LUT_sin[nbrOfPoints];

#endif

/x
x Controller code for the VSI.
* Interrupt driven at 15kHz.

*/

#ifndef CONTROLLER H
#define CONTROLLER H

/+x Dependencies

#include ”stdint .h”
#include "HALPWM.h”
#include " parkClarke.h”
#include ”"hal_gpio.h”

/x Typedefs

typedef struct
{
uintl6_t freq; /x Interrupt frequency in kHz x/
uintl16_t motorTempThr;
uintl6_t igbtTempThr;
uint16_t maxRPM;
uint16_t maxCurrent; /« Maz min current on the output x/
uint16_t maxVoltage;
uintl6_t minVoltage;
}etrlConfig_t;

/% Function declerations

/%

x Q@Qbrief: initializes the controller. Call controller enable to start
* the PWM and interrupt function.

* input: confic : struct containing the controller configuration.

x output: wint8_t : 1 — succesfull, 0 — failure.

*/

uint8_t controller_init (ctrlConfig_t config);

/x
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x @brief: Enables the PWM output and interrupt function of the controller.

*/

void controller_enable (void);
x Q@Qbrief: Disables the PWM output of the controller.
void controller_disable (void);

uint16_t getMaxCurrent (void);

#endif

#include " controller .h”

/x Private function declerations

/x Private Typedefs
typedef union
{
float iq;
float id;
float tempMotor;
float templgbtA;
float templgbtB; /x x/
float dcLinkVoltage; /x DC LINK VOLTAGE x/
}controllerVar_t;

/x Private variables
ctrlConfig_t configVar; /+ Configurations wvariables, min/mazr values x/
controllerVar_t ctrlVar; /x Variables used for the controller x/

/x Public functions
uint8_t controller_init (ctrlConfig_t config)

{
}

return 1;

/x Private Functions

/x Background task x/
void TIM1_CC_.IRQHandler ()

{

static volatile int k = 10;
if (TIM_GetITStatus(TIM1, TIM_IT_CC4) != RESET)

{
TIM _ClearITPendingBit (TIM1, TIM_IT_CC4);

/x TODO : Start Conversion of readings (currents,
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/x
Ve
Ve
Ve
/%
/*
/x

if
if
if
*/

TODO : Read Angle x/

TODO : Wait for current conversion complete x/
Park Clarke transformation x/

TODO: Pl—-calculationsx/

Inverse transformation x/

TODO: Scale output x/

Update PWM registersx/

current > maz current —> disable output, turn on led.
voltage > mazxr voltage —> overvoltage protection enabled.
any temperature > mazr temperature —> disable output.
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