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Wireless data transfer system bachelor thesis from permanent magnet synchronous
machine to measurement system

ERIK BENJAMINSSON
FILIP KAISER
Electrical engineering, Chalmers University of Technology

Abstract
Volvo Cars is developing electric machines for cars, these machines should be durable,
efficient and produce high power. When new machines are developed the verification
process is crucial to determine the best design to meet the right specifications. In a
Permanent Magnet Synchronous Machine (PMSM) the magnets are located inside
the rotor which causes problems when trying to analyse permanent magnets temper-
ature one element which is of high importance. Connecting the measurement system
to the rotor is hard and demands high accuracy to read the right temperatures. Dur-
ing this project a wirelesses transmitter circuit used for reading temperature status
were constructed. Using a microcontroller (PIC16F1827) as a temperature decoder.
IR-diode to send and a phototransistor to receive the data wirelessly and reading
and translating the data using a computer. To power the circuit a wireless power
supply where planned to be built but could not be designed due to lack of time and
experience.

Keywords: electric motor, wireless, circuit, A/D, temperature, magnet, Arduino,
microcontroller, PIC16f1827, RS-232
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1
Introduction

This chapter the topic for this thesis about wireless transmission in a electrical
machine will presents. The background, purpose and scope, as well as the set
limitations of this project.

1.1 Background

Volvo Cars is developing a new electric machine in the pursuit of fabricate and
designing the next generation of electric cars. The machines has to be durable,
e�cient and produce a high torque. When new electric machines are developed the
veri�cation process is crucial to determine the best possible machine design which
reaches the set speci�cations and requirements. In this report the scope is the
veri�cation of the permanent magnets temperature inside the Permanent Magnet
Synchronous Machine (PMSM). This is because if the magnets get to hot they will
lose its magnetizing characteristic which will break the machine since the magnets
is a vital part of its construction. Volvo cars is now using a third party machine to
transfer the magnets temperature and now they wants to build a in-house product
that can replace the third party wireless data transfer system for their test rigs. The
goal is to make the measurement more custom �tted to their own test rigs and a
in-house product will be more cost and service e�cient.

1.2 Purpose

The purpose of the project is to design a wireless transfer system for Volvo cars
electrical machine test rigs, because Volvo Cars is now using a third-party machine
to do this which is expensive to buy and is to advanced for what it is supposed to
do. The project is needed when testing temperature requirements in new electric
machines.

1.2.1 Scope

The scope is divided into packages, this is done to get one working module at the
time, mostly for Volvo to easily �nish the project if there is not enough time to
�nish it during the bachelor thesis. So depending on the time every chapter takes
the scope will be extended as following.
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1. Introduction

ˆ Analog to Digital converter
ˆ Transmitter
ˆ Receiver
ˆ Stable transmission
ˆ Induction power
ˆ Assembly and testing

1.3 Limitations

The limitations of the project are only focus on measuring and transferring data for
the temperature. Another limitation of the circuit that it is just needed to transfer
in a very slow frequency (at least 1Hz), and to just �nish as many packages/modules
that is possible in the time-frame.

1.3.1 Requirements

ˆ The data needs to be transferred wirelessly, at least 1Hz transfer frequency.
This is because a wired connection can not handle a rotation speed. The cable
would most certainly tare and break after extensive use.

ˆ The components used should be able to handle and operate fully when spinning
in 20 000 rpm.

ˆ The components and circuit should also withstand any vibrations and tem-
peratures up to 130‰.

ˆ The machine could have some frequencies where the transmitter and receiver
could be disrupted. This should not be a problem for the designed transfer
system.

ˆ The transmitter circuit should be small enough to �t on the axis, around 40mm
in diameter.

ˆ The circuit should be able to read from 8 channels in parallel and output the
8 analog inputs in series converted to a bit pattern.

ˆ The transmission should be able to travel at least 4-10mm.
ˆ The system should have a minimal of 1 HZ transfer speed for each channel, so

for the 8 channels it has to faster then 8 Hz per cycle.
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2
Theory

The theory for this project is knowledge of induction, wireless transferring, electronic
construction and microcontroller programming. Following this introduction there is
some theory that is needed to understand the project and a word list to see some
of the abbreviation used in the text. The necessary software's and technique, what
will be needed for it and how it was used in testing and experiments.

2.1 Word list

ˆ A/D-converter : Analog to digital conversion.
ˆ I/O : Input and output channels.
ˆ PMSM : Permanent magnet synchronous machine.
ˆ RTD : Resistance temperature detector.
ˆ Rotor : The part of the PMSM that rotates.
ˆ Circuit : The electrical layout of the components.
ˆ Arduino : A microcomputer that is programmable.
ˆ MSB : Most signi�cant bit.
ˆ LSB : Least signi�cant bit.
ˆ PWM : Pulse width modulation.
ˆ Potentiometer : A resistor that can change resistance analogously.
ˆ Protocol : A way to send data in a speci�ed standard.
ˆ 4-wire method : A method used for more precise resistance measurement.
ˆ EMS : Electro magnetic Susceptibility, which stands for how good the circuits

are at withstanding the EMI (electromagnetic interference).
ˆ VDD : The label to an input with positive voltage (3.3 to 5.5 V).
ˆ VSS: The label to an input with negative voltage (ground).
ˆ VPP : Programming voltage.
ˆ Fosc: Frequency of Oscillator.
ˆ Tx : Transmission.
ˆ Rx : Receiver/ Receive/ Reception.
ˆ TTL : Transistor-Transistor logic, explain what level the voltage need to be

for a logic 1 or 0.
ˆ bsp: Bits per second.
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2. Theory

2.2 The Electric Machine

The electric machine that this system is supposed to be for is of type permanent
magnet synchronous machine (PMSM). This means that the magnets is embedded
inside the steel frame, also called the rotor, that has a permanent magnetic �eld [1].
The machine also has a stator which has a �uctuating magnetic �eld. The magnetic
�eld is rotating around the stator which makes the rotor rotate [3]. Because of the
constant magnetic �eld inside the rotor this machine can not use induction windings
to start, instead it has to use a voltage which varies in frequency [2]. Inside this
machine there are temperature sensors, RTDs (PT-100), that are measuring the
temperature of the magnets inside the machine. This is because if the magnets gets
to hot they will lose their magnetic capabilities which will render the machine useless
since the magnets are a vital part for it to work. The PT-100 cables are then drawn
out to the axis of the machine where they are connected to the transfer system, the
connection to the transfer system are by the 4-wire method which will make it more
precise.

2.3 PT-100

The temperature receivers inside of the electrical machine is a type of RTDs, as men-
tioned in section "The Electric Machine", which stands for resistance thermometer
detector, could also be called thermoelement. The RTDs is changing its resistance
depending on the temperature of its surroundings [4]. If the temperature rises the re-
sistance will rise and if the temperature decreases the resistance will also decrease.
The PT-100 is built of platina and has a temperature alpha(� ) of 3:85 � 10� 3

and a base resistance of 100W. The formula for calculating the temperature is:
temp = (( Rmeas=100)� 1)=� . In this project there will be 8 di�erent PT-100 that
the measurements will come from and each, because of all EMS that is in the ma-
chine, will be wired by the 4-wire method [5].

2.4 Transmitter and Receiver

The transmitter will be designed with the microcontroller which sends data wireless
trough an IR-diode. There are other ways to design a transmitter, for example using
Bluetooth or WI-FI. IR was chosen because it is the least sensitive to disturbances
from the magnetic �elds and frequencies from the machine. The transmitter will
operate after a protocol in 9600 bps and follow RS-232 standard which is a serial
protocol for transmitting data.

The receiver will use a photo-transistor to pick up the IR waves and a computer,
alternatively Arduino that can processes the data from the receiver. It is needed for
the receiver to be close to the transmitter for the best transfer signal. Arduino was
mainly chosen because it has a complete CANN-protocol which can be connected
directly to Volvo Cars industry. The photo-transistor receiver works like a "pull
down resistor".

4



2. Theory

The chosen transmitter is a IR-LED diode from Kjell & Company (1,5-1,6 V, 60 mA
(120 mA max @ 10 % duty cycle), this will maybe be changed to another IR-led for
the �nal product [6]. The chosen receiver is a photo-transistor receiver with dark
lens (1,2 - 1,3 V, 940 nm) from Kjell & Company, bought in the same kit as the
IR-LED diode [6]. Se �gure 2.1 to make out the two di�erent diodes.

Figure 2.1: IR transmitter (IR LED) and receiver (Phototransistor

2.4.1 Microcontroller

A microcontroller is a small chip used to preform tasks programmed by the user. The
chip consist of one or more CPU along with a small memory and programmable pin
peripherals. These peripherals can be con�gured with MPLAB, described in section
2.5.1 MPLAB® X IDE . For this project the chip PIC16F1827 [7] i used. It is
a microcontroller with a military grade standard, which means that the chip can
operate in temperatures from -55‰ to 125 ‰. Military grade chips are the highest
grade and with the preset requirements by Volvo Cars, this chip is the only one
that comes close to operate in 130‰. The chip was provided and recommended
by Göran Hult at Chalmers Lindholmen. The speci�ed data-sheet and protocol is
called "PIC16(L)F1826/27" [8] and this data-sheet describes how step by step set
up the PIC16F1827. From the data-sheet common information about the device
can also be read. PIC16F1826 (See �gure 2.2) contains a mid-range 8-bit CPU with
18 pins I/O where 15 pins are programmable. Pin 4 (VPP), pin 5 (VSS) and pin
14 (VDD) are for driving and powering the chip. This chip will be used as the
transmitter decoder since it is a small microcontroller, it can do the set tasks for the
project analog to digital conversion, serial output and its durable. It is also small
and light which makes it suitable for space and weight limitations.

Figure 2.2: PIC16F1827
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2. Theory

2.5 Software

To get better understanding in the project process and how it was performed. Cer-
tain programs and steps have to be explained in order to fully grasp how the research
and experiments was done.

2.5.1 MPLAB ® X IDE and Dataman

MPLAB ® X IDE is a software used to program the microcontroller [9]. It runs on
PC and uses the programming language C, C++ or assemble. It supports project
management, script editing, ,�le structure, debugging and programming. It can
compile and program either for 8-bit, 16-bit and 32-bit PIC microcontrollers. For
this project the compiler "MPLAB XC8-C compiler for 8-bit PIC and AVR devices"
is used and it is compatible with PIC16F1827. An additional driver was installed
to MPLAB ® X IDE. A plugin called "MPLAB ® Code Con�gurator" or MCC for
short. MCC is a supplementary to the MPLAB® X IDE program that simpli�es
the microcontroller programming with menus and graphic tutorials. The MCC
automatically generates code using a Graphical User Interface (GUI). The GUI
provides easy settings to con�gure the peripherals on the microcontroller and directly
sets the necessary bits. For MCC menu layout see appendix 1 �gure A.1. To
syntheses and print the code to the microcontroller hardware and software from
Dataman is used. Dataman is a universal syntheses tool for microprocessors up to
48 pins [10].

2.5.2 KiCAD

KiCad is an open source software for Electronic Design Automation (EDA) [11].
The programs handle Schematic Capture, and PCB (Printed Circuit Board) Layout.
KiCad runs on any PC. In this project KiCad is used to illustrate the circuits, both
the Transmitter and Receive circuits (See electrical schematics in Appendix B).

2.5.3 Arduino

Arduino is an open-source computer chip, in this project it is used to read the
data from the transmitter. It is fully programmable for any need which makes it
suitable for this project since it can use preprogrammed CANN-protocol or other
protocols. With the Arduino IDE (Integrated Development Environment) the users
can program the chip with a standard computer connected trough USB. The IDE
is easy to use, with instructions and a single button press to upload the code to the
physical Arduino board [12].

6



2. Theory

2.6 Datasheet and protocol

2.6.1 Enhanced Universal Synchronous Asynchronous Re-
ceiver Transmitter

To activate necessary registers associated with the chips speci�cations for data
transmissions a methods called "Enhanced universal synchronous asynchronous re-
ceiver transmitter" (EUSART) and "Baud Rate Generator" (BRG), page 285-305 in
datasheet [7] which describes in detail how to initiate registers and PORTS for the
transmitter part. The EUSART module is for serial data transmission via I/O com-
munication from the microcontrollers. The data can be transmitted between two
devices in serial communication, either as synchronous which has a separate clock,
crystal and data line in the microcontroller or asynchronous transmission which uses
an internal clock signal in the microcontroller. Therefor only one pin needs to be
used for transmission and since this project uses one IR-diode transmission serial
asynchronous data communication is the best choice. This is set up in the con-
�g settings as "FOSC = INTOSC". Because with asynchronous the data can run
through single cable from the microcontroller to the IR diode and then transmitted
bit- by- bit in a serial pattern (See Figure 2.3). It also requires less circuitry which
reduces overall weight. Compared to parallel data communication and synchronous
operation which would need multiple wires and multiple components to transfer the
data.

Figure 2.3: 8-bit data message with , start and stop-bit

One of the most common use of the EUSART in asynchronous mode is to commu-
nicate with the standard RS-232 protocol, more information can be found [13], [14].
The EUSART can be con�gured to transmit 8-bits by con�guring bit TX9 in the
TXSTA register. Once data has been read from the ADC input and converted to
a 8-bit string message it will then move into the transmit shift register TXREG.
From there they are clocked out to the TX pin on the microcontroller with a start
bit and followed after the message a stop bit. Start and stop-bit sequence is used
to indicate the right start and �nish of the data transmission. The start-bit/start
sequence is placed before the actual data. It has a set time period and set voltage
arrangement with a high (logic "1") and low (logic "0") bit sequence. Same with the
stop-bit but its placed after the data has been transmitted (see example on �gure
2.3). In IDLE state the signal is high and goes low when the transmission start-bits
is activated and when transmission is over it ends with a high stop-bit before IDLE
again. One thing to remember is that the data is sent with least signi�cant bit

7



2. Theory

�rst, so the pattern looks mirrored in comparison to when it is written as a binary
number.

As mentioned there are a handful of registers that is used to control the EUSART.
The PIR1 and PIE1 registers contain interrupt �ag bits. These will allow the EU-
SART to generate interrupts signal when the data is moved into the transmission
shift register, so for example it is used before new data is written to TXREG.
TXREG and RCREG is used for transmitting and receiving data on TX or RX pins
and TXSTA and RCSTA registers are used to control transmission and reception.
So the interesting register are TXREG and TXSTA for transmitting data. INT-
CON register contains bits for global interrupts and peripheral interrupt enable bits
and must be used in order for the receive or transmit interrupts to occur correct.
BAUDCON is used when generating the desired Baud Rate and choosing how the
data should be sent on TXREG, for example if the data should be inverted or not.
For more information read datasheet for PIC16F1827 [8] on pages 285-313.

Figure 2.4: Summary of registers associated with asynchronous transmission and
baud rate. Page 293 in PIC16(L)F1826/27 data-sheet

The SPBRG register is used to set the Baud Rate. Baud Rate is a standard com-
munication and describes how many bits per second that are be transmitted or
received. Some standard Baud Rates are 300, 1200, 2400, 4800, 9600 and 19200
bps. To calculate the right value for the register this formula is used (See example
in Figure 2.5).

Formulas for Baud Rate:

BaudRate = Fosc=(16 � (SPBRG + 1)) if BRGH = 1

BaudRate = Fosc=(64 � (SPBRG + 1)) if BRGH = 0

Formulas for SPBRG:

SPBRG = ( Fosc=(16 � Baudrate)) � 1 if BRGH = 1

SPBRG = ( Fosc=(64 � Baudrate)) � 1 if BRGH = 0

8



2. Theory

BRGH is a bit in the TXSTA register that determines in asynchronous mode and it
is used to get an accurate number from the formula. This i used to get the sum as
close as possible to an integer.

Figure 2.5: Calculating Baud Rate and the miscalculation from datasheet. Page
297 in PIC16(L)F1826/27 data-sheet

2.6.2 Analog-To-Digital Converter

Analog-To-Digital converters is used to convert an analog input signal to a digital
typically 8-bit, 10-bit or 12-bit resolution which is either 255, 1023 or 4095 bits
respectively, the EUSART can only transfer maximum of 8-bits with TXREG. With
an 8-bit resolution and the 0-5 volt interval means that the bit sequences will change
every 20mV (5V � 0V)=255 = 0; 0196� 20mV .

2.7 Wireless induction

When talking about electrical induction, by de�nition there mid-range is when the
distance between the coils is larger than the coil dimensions, and near-range is
de�ned as a system with a distance between coils smaller than the coil dimensions.

9



2. Theory

The basics of a wireless power transfer/supply is that some materials is needed for
it to work. First you need two coils suitable for the circuit/task, a circuit that works
like a oscillator (e.g a Hartley oscillator or a full bridge inverter) mostly to get a
circulating magnetic �eld [15] which will magnetize the primary coil and transfer
to the secondary and in the secondary coil the magnetic �eld will create a current
which can be recti�ed to a DC power source.

2.7.1 Diode-recti�er

This project will use a single phase full-bridge diode recti�er. The recti�er will take
the alternating current (A/C) and convert it to a positive current. This is work-
ing because the diode will just pass the positive current and neglect the negative,
this forces the output to be a positive current. The capacitance at the end of the
recti�er will limit the ripple of the output voltage and make it more stable for the
microprocessor to operate with [16].

2.7.2 Oscillator/Inverter

The oscillator/inverter is needed to make an AC from a DC source [16]. This
oscillator is usually designed with one or more transistors, usually MOS-transistors
or PNP/NPN-transistors since they are easy to work with. The main di�erence
between the oscillator and the inverter is the number of transistors that its consisting
of and in which power ranges it is used in the inverts is used in high power circuits
while the oscillator is used in low power circuits [17].

2.7.3 Coils

The coils will be wired by a wire called litz wire, which is like a woven copper
thread wire. This type of wire is often use for the purpose of constructing inductors
since copper has great characteristics for just this purpose. The coils will then be
winded like soloids since they will face each other in the �nal construction. A solid
is like a circle with a speci�ed number of windings to either increase or decrease the
current/voltage [16].

10



3
Method, Studies and Thought

Process

This chapter will cover the necessary steps and how they were approached in this
project. This section will also describe how the steps where executed, describe the
tests that were executed and the design of the circuit.

3.1 Pilot study

To get a better understanding, certain theories described in chapter Theory had
to be reached deeper in a consecutive order. This to understand and grasp the
methodology of the components and experiments that were executed during the
project.

Reading and understanding the tools and data-sheet was the �rst step in the pilot
studies. This gave the fundamental understanding on how every component worked
and should be used. Finding useful information and data relied heavily on other
literature studies, microcontroller data-sheets and internet research such as forums
and other tutorials. Reading through others thesis papers was also a great factor in
the pilot study since it is unnecessary to invent the wheel once more.

3.1.1 Transmitter and receiver

The transmitter circuit will be designed with IR-diode and a photo diode transistor
as described in Theory. The IR is connected to the output pin from the microcon-
troller and the photo diode is the receiver. To get the same output as input positive
+5 volt is connect to the collector of the transistor and a voltage divider circuit is
connected to the emitter. This will make the diodes pull down it is characteristic as
a way to turn on and o� the transistor in a bit sequence. So depending on the on
and o� sequence from the IR-diode this will show the output bit pattern from the
emitter pin. The bit pattern and the frequency can be read from an oscilloscope at
the emitter and to check if the IR-diode output is working use a cellphone camera
and point it towards the diode, if it emits a purplish light the diode is active and
transmitting, make sure to have the camera facing directly in the middle of the
IR-diode since it has quite a narrow emitting angle.
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3. Method, Studies and Thought Process

3.1.2 Powering circuit

This part of the project is prioritized last since this whole part is extremely complex
and wirelesses power transfer such a new technology. Therefore the other parts will
be in main focus and this part would be something that is done if the other parts
is fully completed. But two di�erent methods are reached and tested as an possible
power source.

3.1.2.1 Induction

The inductor circuit would consisting of one oscillator which will make DC to AC
since that is the only way a inductor could work. Firstly build the full-bridge diode
recti�er which will be on the receiving inductor coil to rectify the AC voltage to a
DC voltage. After the diode recti�er is designed a simple oscillator got designed
mostly to get knowledge of how the wireless transferring worked. Later it will be
improved and optimized to be able to supply the transmitter with power. Inductors
consist of a winding of electrically conductive wire, usually isolated copper wire.
Winding revelations can be controlled depending on the inductor. Note that the
inductor usually has increasing inductance with increasing temperature, it wants
say it has a positive temperature coe�cient. But since time is limited this was as
far as the studies on this part came.

3.1.2.2 Battery powered circuit

Using batteries to power the transmitter circuit was reached. But when designing
and planning the circuit all criteria and requirements set by Volvo Cars (See table
1.3.1 Requirements) where carefully followed. Rotation of 20 000 rpm, a tempera-
tures rise up to 130‰and that an engine test could last for over 24 hours. Resulted
in that it would be hard to use battery, because the battery would have to be quite
large to power the entire circuit during long periods of time and had to be robust
to withstand all external forces and temperatures. It would also add weight, that
is not needed, to the circuit. These concerns lead to that a battery powered circuit
was excluded from the list of possible power sources completely.

3.2 Working process

3.2.1 Test 1: A/D Conversions shown with 8 LED's

The �rst test circuit were built to understand and control the 8-bit ADC convention
from an single analog input. A potentiometer that is serially connected to a power
supply of 5 volts and resistor of 1kWthis will act as a PT-100 as analog input. To
display that the 8-bit ADC conversions and to see that it was correct converted 8
individual LED ´ s where connected to 8 output pins (See bottom left corner in �gure
3.1). If the 8-bit sequence had a binary "1" the LED turned on and if a binary "0"
kept the LED o�. This design showed the 255 di�erent bit combination.
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