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Abstract

Electronic Control Units (ECU) nowadays found in a modern vehicles are sub-
ject of huge interests. Development process of these units is time consuming
and prone to failures. Research of this master thesis focuses on construction
of multipurpose ECU which could be used for rapid prototyping, testing
and verification in automotive industry. This unit also supports model based
software design with MATLAB Simulink which should increase platform
flexibility. Model based approach decrease time to build prototype system,
make it versatile to changes and allow engineers to focus more on solution of
problem rather than tools to solve it. The study covers design, implementation
and verification of the unit.



Zusammenfassung

Elektronische Steuergerite (ECUs), die heutzutage in modernen Fahrzeugen
zu finden sind, sind von grofflem Interesse. Der Entwicklungsprozess dieser
Einheiten ist zeitaufwandig und fehleranfillig. Die Forschung dieser Master-
arbeit befasst sich mit dem Entwurf eines Mehrzweck-Steuergerits, das fiir
schnelles Prototyping, Testen und Verifizierung in der Automobilindustrie
verwendet werden konnte. Dieses Gerdt unterstiitzt auch modellbasiertes
Softwaredesign mit MATLAB Simulink, wodurch die Zeit fiir den Aufbau
eines Prototyp-Systems reduziert wird. Die Studie umfasst den Entwurf, die
Implementierung und die Verifikation des Mehrzweck-Steuergerits.
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1. Introduction

Nowadays Electronic Control Units (ECUs) in automotive industry are subject
of huge interests which aims to replace a mechanical control systems. Typical
ECU consists of electronic sensors, actuators and communication buses (Figure
1.2). An example of such system would be combustion engine control unit,
where a combustion engine represents technical process. Feedback of a system
would be a lambda sensors and fuel injectors and air intake control would
be actuators (Figure 1.1). The goal of the ECU is to find optimal parameters
given by set point, in this case ideal relation between fuel and air mixture. Of
course this example represent simplified model of a engine control unit.

engine B
control unit |

‘downstream |
lambda sensm\ lambda sensur\
fuel mixing e three-way
b S R e

Figure 1.1.: Simplified model of engine control unit [39]

These units are under constant improvement and modifications either by hard-
ware or software means. Secondly, constant demand of vehicle functionality
requires development of new ECUs or completely reorganizing existing.

This reorganization requires also development of completely new ECUs as
not only software but hardware changes are required. Development of a new
ECU is usually expensive and time consuming process, which involves many
development phases and it is prone to failures which may not be detected
immediately and may appear in later phases of design cycles. Potential prob-
lems should be detected and resolved at early stage of development, usually
at "Requirement” or “Design” phase of development cycle (Figure 1.4).

Having ability to build a prototype hardware at early design phase would
have many benefits and some of them would be:
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Sensor/Error = SP - M Actuator

(

Set Point/SP C " Process/Plant Output

Signal Conditioning Ff —{ Sensor Interface/Sensor

Communication (CAN, LIN, Ethernet, XCP)

Figure 1.2.: ECU as a part of a control loop

* proof of concept

address possible hidden design issues

grouping and assignment of functional groups to ECUs

early planning of bus topology and communication management

The research of this thesis focuses mainly on design and implementation
of a universal ECU unit which could be used in prototyping of automotive
ECUs. Beside ECU prototyping, the system proposed in this master thesis
could be useful in testing phase of a newly developed ECU for example in
a testing phase known as a Hardware-in-the-Loop (HIL). In this phase of a
development cycle, newly constructed ECU is tested against its requirements
and specifications. Usually test engineers prepare a series of automated test
targeting specific requirements/specifications and evaluate them. Figure 1.3
shows typical HIL configuration where Device-Under-Test (DUT) is stimulated
and the response of the system is either evaluated directly on a simulator
system or sent to a PC for further processing and eventual visualisation.
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HIL

Device Under Test
1 (DUT)

Reaction

Stimuli

Simulator

CAN/Ethernet
XCP

Data Visualisation
PC/Tablet

Figure 1.3.: HIL test

Of course this research will not be able to cover all requirements automotive
industry could have, but main aspects will be a development of versatile unit
which could cover basic requirements of a simple control systems.

Concept of CESKALICH
Operations Verit;i[clation Maintenance
Project Validation SoE
rojec Requirements stem
Definition S and Verification
Architecture and Validation
Integration, .
Detailed Bst, and Project
Design Verification Bst and

Integration
lmplementation
é

Time

Figure 1.4.: V-Model development process [1]

1.1. Purpose

Most of prototyping and testing equipment of today require continues PC
interaction for its functioning. One example of the system that works either
as standalone unit or can be PC controlled is a CANextender from “Vector
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Informatik”. The main features of this system is that it has analog and digital
inputs and outputs which are accessible over CAN interface [41]. What this
system lacks is its own processing power, meaning that third party system
is required to evaluate the measured parameters and to decide if potential
interaction on actuators is needed. CAN-Extender is shown in Figure 1.5. An-
other example would be equipment from “Nation Instruments” which works
with LabView and which has many derivatives targeting different problem
domains. At the time of writing this master thesis NI equipment is mostly
used in a Hardware-in-the-Loop and End-of-Line-Tests. Third example would
so called “Beo Box” from AKKA Technologies. This system focuses mainly
on automotive buses where it is used as gateway for connecting different
automotive segment together. It lacks features for analog measurement, has
very limited number of digital I/Os etc.

CAN.-
Extander_HH

Figure 1.5.: CANextender [41]

Some of the basic requirements that unit developed in this research should
fulfil are:

¢ flexibility: can easily fit different requirements
* connectivity:

- common automotive real time bus systems: CAN, CAN FD, LIN
— PC communication interfaces: USB, Ethernet for data monitoring,
visualisation and ECU calibration

¢ model based software/firmware development for easy programming
¢ extensibility:
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- external digital IOs: for sensors and actuators

- external ADC inputs: for analog sensor measurements (sensor in-
terface should be part of sensor add-on board)

— internal extension: Serial Peripheral Interface (SPI) and I2C for
add-on boards

¢ Electro Magnetic Compatibility (EMC):

— the Elector Magnetic Interference (EMI) of developed system must
satisfy at least industrial standards
— basic ESD test qualification requirements

1.2. Scope

The scope of this thesis focuses mainly on design and fulfilment of proposed
requirements in the Section 1.1 which includes design,implementation and
evaluation of a unit. There are many different approaches for system re-
alization. Some of them would be either Microcontroller-Unit based MCU
approach, Field Programmable Gate Array (FPGA) based or combination of
both the so called System on Chip (SOC). Each of these has its advantages and
disadvantages. This study focuses mainly on MCU approach. The main reason
for that are availability, complexity and cost of the device. At the time of writ-
ing this thesis there are many different MCUs, addressing different problems
domains. In this thesis used MCU is a one which has been developed specially
for automotive applications. The electronics of a modern vehicle is complex
and different units have different requirements. Human-Machine-Interface
(HMI) units are less critical compared to for example Body-Units. Missing
some deadline in a HMI device is not a big issue but missing a deadlines
in an Airbag-Unit could have catastrophic consequences. It is obvious that
construction of a single system that would cover all these different domains
would be hard if not even impossible.



2. Technical Background

This chapter covers technical background required for understanding the
system design, implementation and evaluation. Examples presented in this
chapter are mostly parts of a system design. Knowledge presented in this
chapter is a mix of the hardware and software concepts which are used in
implementation of the system.

2.1. Microcontroller

A Microcontroller Unit (MCU) is single integrated circuit which contains at
least Central Processing Unit (CPU), Random Access Memory (RAM), Read
Only Memory (ROM) and Input/Output ports (IOs). Depending on domain
of application, MCUs can have different integrated peripherals like Analog
Digital Converters (ADC), interfaces like Ethernet, CAN, LIN, I2C, SPI etc.
Watchdog timers, Direct Memory Access units (DMAs) etc. An example of a
such a system is Renesas RH850 shown in Figure 2.1 [32].
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Interrupts DMA triggers
Interrupt | DMAC On<chip | g »(5) Debugger
controller | controller debugger 99
i A
CPU
MPU
h
Instruction bus
y A Databus A
A A A 4
Extemnal
T S W et memory PBUS I/F
controller
A A A
Primary
local RAM | Code flash [€——» Data flash
h 4
PBUS
Secondary
local RAM €71 modules
Retention g o
RAM External memory

Figure 2.1.: Renesas RH850-F1L 100 [33]

Renesas RH850 F1L is a MCU designed for automotive applications. It features
single 32 bit CPU, 768 Kbytes of code flash memory for executable code and
96 Kbytes of Random Access Memory (RAM). There is also so called retention
RAM of 32 Kbytes, whose values are even preserved when the MCU enters
sleep mode. Further MCU features 12C and SPI for peripheral extendability,
OS Timer which can be used as a clock of Operating System (OS), Timer
Array Units for precise and CPU independent signal generation like Pulse
Width Modulation (PWM), DMAs for CPU independent copy operation, like
copying ADC sampled data to buffer, CAN/LIN controllers, Joint Test Action
Group (JTAG) for debugging and MCU flashing, Interrupt Controller for
interrupt management, internal data flash for storing user data etc. The CPU
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of RH850 has a Harvard architecture (separate data and instruction memory )
and Reduced Instruction Set Computer (RISC) [13, 33].

2.1.1. Memory Organisation

Theoretical address space of this MCU is 4 GB. Table 2.1 shows a memory
organisation and mapping of different peripherals into address space of the
MCU.

Memory Address Description Size
0x00000000 — OxO00BFFFF Code Flash 768 KB
0xFF200000 — OxFF207FFF Data Flash Area 32 KB
O0xFEDF0000 — OxFEDFFFFF | Primary Local RAM Area 64 KB
0xFEEO0000 — OxFEEO7FFF Retention RAM Area 32 KB
OxFFFFAFFF — 0xFFFF8000 | DMA / INTC 12 KB
OxFFFF7FFF — OxFF400000 Internal Peripheral I/O Area | 11.97 MB

Table 2.1.: Renesas RyF7010243AFP memory map [13]

2.1.2. Supply Voltage

Renesas R7F7010243AFP has two different power domains, Always-On area
(AWO) and the Isolated area (ISO). As the name suggests AWO area is always
supplied with the voltage, where ISO area can be turned off to reduce overall
power consumption [13]. For proper operation of the device following voltages
are required:

¢ REGVCC: on-chip voltage regulators
e EVCC: for I/0O port
* AoVREEF: for A/D converters and the dedicated I/O ports

Tables 2.2 shows absolute voltage ratings of a each domain. Maximal current
ratings of 1/Os are +/- 10 mA in both directions (output and input direc-
tion) [13].
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Symbol Maximum Voltage [V]
REGVCC 6.5
EVCC 6.5
AoVREF 6.5
1/0 6.5
AWOVSS, ISOVSS, EVSS, AoVSS | 0.5

Table 2.2.: System supply voltage (REG), port supply voltage (EVCC) and A/D-converter supply
voltage (AoVREF) [33]

2.1.3. Clock

External resonator can be either crystal or ceramic with frequency range
between 8 and 24 MHz [13]. It is connected to the MainOSC which generates
so called clock X. High Speed Internal Oscillator (HS IntOSC) generates a
clock RH with frequency of 8 MHz and Low Speed Internal Oscillator (LS
IntOSC) generates a clock RL with frequency of 240 kHz. PLL circuit uses
MainOSC as clock reference and generates CPLLCLK and PPLLCLK. Divided
clocks are CPLLCLK2, PPLLCLK2, PPLLCLK4 [13, 33].

2.1.4. Debugger

Renesas RH850 FiL supports “Low Pin Debug Interface” called LPD (4-
Pin) [13, 33]. Debugging and flash programming is performed with Renesas E1
on-chip emulator [11]. For supporting both flash programming and debugging,
adequate wiring between MCU and E1 must be selected. Figure 2.2 shows
required wiring for both debugging and programming support [12].
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Figure 2.2.: Debugging (1-Pin or 4-Pin LPD) and programming (1-wire or 2-wire UART) [12]

Operating mode after reset is selected with pins FLMDO0 and FLMD1 (P10g).
Possible operating modes are normal, serial programming and boundary
scan. For normal operating mode FLMDO0 must be pulled low. For serial
programming mode FLMDO0 must be high and FLMD1 low. In boundary
scan mode both FLMD0 and FLMD1 must be pulled high [13].

2.2. Power Supply

Every electronic device need a power supply that provides one or more volt-
ages. Generally DC voltage is required. Different strategies exist for generation
of such voltages depending on application requirements. Some of important
characteristics are output voltage and its tolerance, ripple voltage, temperature
variations, maximum load current and power efficiency (Equation 2.1) [40].

Output
Input

Efficiency = -100(%) (2.1)

10
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2.2.1. Linear Voltage Regulator

Figure 2.3 shows an example of linear voltage regulator. A PNP transistor is
connected directly to the input voltage (Vjy) and error amplifier regulates the
VpE with respect to V.

IN lour
R1

aVour

gcour

r2-L Cayp
A _ BaRngfga < g(opt\onal)
EN

Current Limit
Thermal Shutdow

MIC5219BM5/MM/YMT
GND

Figure 2.3.: Linear voltage regulator [27]

Analysis of voltage regulator shown in the figure 2.3 gives following Equa-
tions:

Vour = Vr1 + Vr2 = VR1 + VBandgapRef.

R
Ver = ™y
R1 Rl RZ our

Ry
Vour = VBandgapRef. + m Vo

Ry

VO:(Ril

+ 1) : VBundgupRef. (2.2)

Equation (2.2) shows that output voltage depends mainly on feedback resistors
and reference voltage source. Let assume reference voltage is Vs = 1.242V

and output voltage should be fixed at 3.3V that gives that a gain factor % +1

11
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must be 2.657. Fixed voltage regulators have built in R /R resistors and there-
fore predefined output voltage, where adjustable regulators require external
resistor which are dimensioned according output voltage requirements. Power
lost during conversion is calculated by Pj,g; = (Vi — V,) - Luax [W] which
means linear voltage regulator should be used in applications where regulated
voltage (output voltage) does not differ much from the input voltage [40].
Above analysis shows that linear voltage regulator are power inefficient if
used in battery powered applications where application voltage differs much
from supply voltage.

2.2.2. Step-Down Converter

Vinupto 40V

w I
T VIN
EN BOOT
RT/SYNC
Ry %
-

ss

Figure 2.4.: TI LMR14020-Q1 Step-Down Converter [21]

Switched mode power supply (SMPS) are more power efficient, over 9o%

of power efficiency is possible [40]. Step-Down or buck DC-DC converter is

used to convert high DC voltage to low DC voltage. For understanding how

Step-Down converter works, the circuit shown in Figure 2.4 must be analysed.
_ 1.5

During switch off (SW) time (t,¢f) voltage across L is (—Vour) Forr and

the diode D is forward biased. Contrary during t,, time voltage across L is
Vin—Vour =L % and the diode D is reversed biased. In steady state both
currents in t,, and t, ¢ states are the same resulting that the output voltage
is:

toin Vl — tOTn . VI (23)

12
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Pin Description

Boot Bootstrap capacitor (0.1 puF)

Vin Input voltage (up to 40V)

EN Enable pin,connect to voltage divider for under-voltage lockout
RT/SYNC | Switching frequency, connected to a resistor

FB Output feedback, connect to the feedback divider to set Vour
SS Soft-start, connected to a capacitor to set soft-start time

SW Internal MOSFET

Table 2.3.: LMR14020-Q1 specification [21]

Output voltage depends mainly on factor t”T" which is called duty cycle.
TI LMR14020-Q1 is configurable step down converter which accepts input
voltages up to 40V and can deliver up to 2A output current. Output voltage is
given by simple feedback resistor network. Further features of this regulator
are integrated High-Side MOSFET, adjustable switching frequency, frequency
synchronization, spread spectrum option for EMI reduction, soft-start, over-
and shortvoltage protection [21]. Table 2.3 describes pins functionality of the
regulator.

Setting Vot is done by feedback resistor (Figure 2.5). LMR14020 has a precise
internal voltage reference of 0.75V and feedback network is calculated with
Equation 2.4 [21]. Let assume V7t should be 5V and Rppp 17.8k() which
gives:

Vi —0.75V
Rppr = % -Rppp (2.4)
V —-0.75V
Repr = % -17.8kQ) = 100kQ

Under-voltage lockout, is the voltage under which a regulator is turned off.
This has a benefit in battery power application, where the device is turned off
when certain voltage threshold is reached for preventing further discharging
of a battery. Lockout is calculated by following Equations (Figure 2.6):

13
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Vout

RFBT
FB[L

RreB

Figure 2.5.: TI LMR14020-Q1 feedback network [21]

IEN_HYS IEn

Figure 2.6.: TT LMR14020-Q1 Adjustable Under-voltage Lockout [21]

Vsrarr—VEN + Ien

REnT

V. — V.
Rent = STARITHYS STOP (2.5)
V
Reng = LN (2.6)

Let assume Vst = 5.4V and Vsiop = 5V are desired values of start and
stop voltages. Ijys current is inserted when Vg terminal is above 1.2V [21].
Plugging these parameters into Equation 2.5 gives value for Rpyt = 110kQ).
At Veny = 1.2V is a current Igy = 1pA [21]. Plugging all known parameters
into Equation 2.6 gives Rpnp = 30kQ2

14
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Soft-start is a feature which prevents inrush currents when power is first
applied. It generates a ramp from OV to Vgrgr [21]. Desired time is calculated
by Equation 2.7 where Iss is a current which charges a capacitor and has
a value of 3pA. Let assume soft-start is approximately 1ms then calculated
capacitance must be Cgs = 4.7nF.

Css(nF) - VRer(V)

tsg(ms) = 2.
o tgg(ms) - Iss(A) _ 1ms-3pA -
Cgs = Veer (V) = —omv - 4nF ~ 4.7nF

Switching frequency is calculated by Equation 2.8 [21]. For 1M Hz switching
frequency (W) Rt is 23.36€) which implies standard value resistor of

23.2kQ).

Ry (kQ)) = 42904 - fou (kHZ) 1088 (2.8)

Minimum inductance (L) is calculated by Equation 2.9 where K;np (AiL/ImaxouT)
is a coefficient that represents relation between maximal output current and
inductor ripple current. The value for Kynp should be between 20% and 40%.
Inductor ripple current (Air) is calculated by Equation 2.10 [21]. Let assume
Kinp = 0.4 then minimum inductance required is 5.5pnH which results in
ripple current of Aip = 0.79A. If inductance of 33pH is selected ripple current

is Ai; = 0.13A. Ferrite with capabilities of 2A + Ai; = 2.1A RMA current
and saturation current of 3.1A. Suitable part would be shielded high power
conductor from BOURNS SRR1208-330YL, which has inductance of 33uH,
RMS 2.8A and saturation current 3.80A [6].

Vinmax —Vour — Vour
Iour - Kinp  Vinmax - fsw

Ly = (2.9)

Aip = Vour - (Vinmax — Vour) (2.10)
Vinmax - L- fsw

15
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Input voltage 5.5V to 40V
Output voltage 5V
Maximum output current 2A
Transient Response 0.1 Ato2 A | 5%

Output Voltage Ripple s5omV
Input Voltage Ripple 1omV
Switching Frequency fsw 1MHz
Soft-start time 1ms

Table 2.4.: LMR14020-Q1 design parameters

Cgoor | 0.1uF;16V; ceramicX7RorX5R

L 33uH; Iforgwgrd = 2.1A; Vireakdown = 40V
D SS34 or similar

RrpT 100kQ)

Rrpp 17.8kC2

COUT 68}11:,' 16V
Cin 22uF; 50V
Rt 233k
CSS 4.7nF

Table 2.5.: LMR14020-Q1 calculated parameters

40V -5V 5V
2A-04 40V -1MHz

Lymin = = 5.5uH
Output capacitance selection is important since it affects loop stability, output
voltage ripple and over/undershoot voltage during load current transients.

The diode (D) (Figure 2.4) should be a Schottky diode with breakdown voltage
25% higher than the maximum input voltage. Current rating should be equal
to the maximal current (2A) [21]. Example diode would be Vishay 5534 diode
which has forward current rating of 3A and break down voltage of 40V [43].

Tables 2.4 2.5 show design and calculated /recommended parameters for the
LMR1420 regulator.

16
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2.2.3. Power Supply Switch

As it has been discussed in Section 2.2.2, LMR1420 has enable pin which
is used to enable or disable voltage regulator. Since this pin is used to set
so-called “lockout voltage” it must be connected directly to the input voltage.
Let suppose microcontroller or some other digital sources must be able to
control enable pin, either to turn power supply on or off. For fulfilling this
requirement, electrical switch must be constructed.

Let suppose electrical switch has following requirements:

¢ Input voltage up to 40V

¢ Maximal input current up to 4.6nA

* Switch controllable from CMOS 5V output
¢ Switch controllable from sources up to 40V

BCE07-40
Qs

viN - V_ENABLE

i

R1

V_CONTROL

100k

RZ
100k

Figure 2.7.: Power Supply Switch
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Parameter Value | Unit
DC Current Gain 420
Collector-Emitter Saturation Voltage | 250 mV
Base-Emitter Saturation Voltage 700 mV

Table 2.6.: NPN BC847 [9]

Switch is implemented with two bipolar junction transistors, one PNP and one
NPN. For the PNP BC807C transistor to be on, it must have approximately
voltage drop Vg of —0.7V otherwise the transistor is off [8]. The BC847 NPN
transistor is operated in saturation mode and its purpose is to control Vzg
voltage of PNP transistor. Resistor Rj, Ry and Rj3 are selected to have 100k(2.
NPN is in saturation region when Vcg sar = 0.2V and Vgg = 0.7V (Table 2.6).
Resistors R; and R; set base current I of NPN, which is direct proportional
to Ic = hrg - Ip.

Current through R, is given by Equation 2.11. Base current Iz of NPN transis-
tor for VcontroL = 40V and VconTrOL = 5V is given by Equations 2.12 2.13
respectively. From Equation 2.11, 2.12 and 2.13 follows that NPN transistor
could potentially deliver up to 162.12mA for both cases VconTrOL = 40V
and VconTror = 5V respectively (Equations 2.12 2.13). Resistor Rx makes
sure that NPN transistor is in saturation region and limits the I¢ current. Let
assume maximal I¢ current through the switch should be 1mA and from that
follows that Rx must be 39k() (Equation 2.16). For a input voltage Viy of 40V
power lost on resistor is 39.1mW.

_ VBenen _ 07V

I p— p— .
R2 R, 00k P4 (2.11)
Vri _ ViN— Vgnpn 40V —0.7V
I = —— = 4 — — .
R1 R R 100Kk 393pA (2.12)
Vr1 _ ViN—Vggnpn 5V —0.7V
I = — = 4 — — A .
RI= R, R 00k~ O® (2.13)
IC = hFE . IB = hFE . (IRl — IRZ) =420 386].1A = 162.12mA (2.14)

18
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IC = I’lPE . IB = hPE . (IRl — IR2) =420 43]1A = 18.06mA (2.15)

_ Vin— 07V —02V

R
X ImA

= 39k0) (2.16)

2.2.4. Reference Voltage-Bandgap

Main properties of reference voltage sources are precision and stability versus
environmental conditions like temperature, pressure and ageing. There are
many applications (voltage regulators, analog-digital converters) where stable
reference voltages are required and where results of these circuits depends
mainly on stability of reference voltage. Basic idea of a bandgap is to use
bandgap voltage, which is a voltage that electron must overcome to go from
valence to conduction band. This voltage is temperature independent [40].

Figure 2.8 shows bandgap reference with two bipolar junction transistors

(BJT). Change of Vpg over temperature is d}{% = *21'<"V, this means that

Vig is Complementary To Absolute Temperature (CTAT) [40]. Combining
Proportional To Absolute Temperature (PTAT) and CTAT voltage results in a
constant and temperature independent voltage.

Vier = VBE2 + VR1

Following analysis of the circuit shown in Figure 2.8 should clarify possible

realisation of voltage reference. Current of BJT is given by I = B - Ipg -
Vi

YBE
(e "1 —1) [40]. Note that Ic; should be n times larger than I¢, current. AVpg
is calculated by quotient %:

VBE1
It _Ic1=B-Igs- (e’ —1)
T~ T

Which gives:

I
VBe1 — VBE2 = l”(%) -V =In(
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where
v kT
q
This voltage drop (Vpr1 — VpEp) is forced across R; and has positive tem-
perature coefficient. Base-emitter voltage of Q2 has a negative temperature
coefficient which is added to the amplified voltage (Vpr1 — VpE2) resulting in

output voltage which is independent of temperature.

= =z

O VBAN DGAP

+ + R

Vbe; Vbe,

Q% N Q,

Figure 2.8.: Bandgap reference [20]

2.3. Controller Area Network - CAN/CAN FD Bus

Controller Are Network (CAN) is a serial bus system developed by Bosch in
late 80’s. Initially meant only for automotive communication between two or
more ECU (Figure 2.9). CAN specifications has passed many revisions and the
most remarkable are CAN 2.0A and 2.0B specifications which are the basis for
all CAN variations until today [44]. Nowadays all automotive microcontrollers
have integrated CAN controller. CAN-Controller is connected to CAN-Bus
through CAN-Transceiver.

2.3.1. Physical Layer

Since different CAN specifications exist, this thesis focuses on so called High-
Speed CAN which has data rate from > 250 kbit/s up to 1Mbit/s and is

20
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Figure 2.9.: CAN Bus [44]

defined by ISO-11898-2. Physical layer uses differential voltage which is be-
tween o and 2V. For collision avoidance “Carrier-Sense Multiple Access with
Collision Avoidance (CSMA/CA)” is used [44].

TXD logic level:

Spannungaut

den
Buslsitungen

Difterentieller
Buspegel

50V

20V =

L

Bev
03
ov

rezessiv dominant
CAN, Low

=U,

Abtastzeitpunkt

CAN, High i

i ) 18ZESSIV

4+ Bitzeit (2us bel 500kBIUs —» 1

U,

o= Ycans.

>08V :dominant |

N

<08V :rezessiv

Figure 2.10.: CAN Signals [44]

The Figure 2.10 shows logical and physical representation of CAN signals.
Logical low also known as dominant bit creates differential voltage which
must be at least (Vyirr = Veann — Veanr) > 0.9V. Contrarily logical high
known as a recessive bit creates oV or at most Vy;¢r < 0.5V.

Twisted differential cables are terminated at both ends with characteristic
impedance of 120 Q) (Figure 2.9). Termination resistors prevent reflections in
the cable which may increase error rate [44].

21



2. Technical Background

Figure 2.11.: Block diagram of NXP TJA1043 CAN-Transceiver [7]

Physical translation is realised with CAN transceiver. Simplified model con-
sists of driver which controls two transistor (Figure 2.11). Transistors are
operated as a open-drain outputs. In the dominant state both transistors are
closed and in recessive state both are open. Schmitt trigger converts differen-
tial voltage to logical level, which is used to read bus but also as a feedback
mechanism during writing and accessing bus for collision avoidance.

Start Bit  11bit Message ldentifier
+

11\0o0fwf11y0oo1 ECU1
\l f'l 1 l‘n 0[1(1} Umschatten auf Empfang ~ ECU 2
Signaka
1T1\copfof1 11 auf dem
Bus

Kollzion

Figure 2.12.: CAN bus collision avoidance [44]

Following examples demonstrates collision avoidance. When a device writes
a bit on the bus, at the same time bit is read back. If two or more devices
are sending at the same time collision is detected when one of devices puts
recessive bit (Vy;¢¢ = 0V) and reads dominant bit from the bus. At that moment
the device stops immediately sending. Entering into listen mode and the device
who put dominant bit continues sending without event noticing that collision
occurred [44]. This is the reason why a logical o is called dominant bit and
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why in CAN arbitration phase frame with lower ID has higher priority. More
about bus arbitration will be discussed in Section 2.3.2.

2.3.2. Data Link Layer

Data link layer is defined by ISO 11898-1. CAN is broadcast system meaning a
message does not have source or destination address. Each frame is identified
by unique ID. Logical frame consists of a start bit, header,control bits, payload,
CRC, acknowledge bit and “End of Frame” part. Header contains either of 11
bits (standard ID) or 29 (extended ID). Bus arbitration is ID based, meaning
that node with lower ID (more dominant bits) wins the arbitration. Control
bits are set depending on frame configuration. 4 bit DLC represent payload
size in bytes and can be between o and 8 bytes. 15 bit CRC is calculated on
payload after which CRC delimiter (always recessive) follows. Acknowledge
bit (dominant) must be issued by at least one node otherwise frame is resent.
At the end of frame at least 7 recessive bits are sent. Receivers synchronize nor-
mally by ”start bit” but sometimes frames bit are composed of long sequences
of either o or 1. For overcoming a problem of lost synchronisation stuffing
bits are added. After five consecutive bits with same value, one inverted bit is
inserted. Stuffing is done on header, control bits, payload and CRC only.

Stan Control Bits Bus
Bit (inkl. 4bit DLC) Ide

[i1+7 oder 25+3 bit 15 bit | Acknowledge
Massage |dentifier CRC_|& End of Frame

ELlil| Data 0... 8Byle

I

Header 19 or 39 bit Payload 0 ... 64 bit Traier 25 bit 23 bit

Figure 2.13.: Standard CAN frame [44]

2.3.3. CAN FD

CAN FD (Flexible Data-Rate) is further extension of CAN protocol. One of
the main features that CAN-FD provide are increased data rate and the size
of payload. Payload goes up to 64 bytes and bound rate overcomes 1Mbit/s
limit. Note that is also reverse compatible with standard CAN specification,
meaning that CAN-FD and CAN can coexist on the same network without
interference [44].
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2.4. LIN Bus

€ =» CAN-Bus

0
Y

| CANALIN'}
| Gateway |

Master )
Funktion Steuergerate

am LIN-Bus

Slave
Funktion

Slave
Funktion

Slave
Funktion

> @ @ LIN-Bus ¢ ~
T Ea

Figure 2.14.: LIN bus structure [44]

Local Interconnect Network (LIN) was developed at the late 9o’s by Motorola
and many different motor vehicle manufacturers. The motivation for LIN was
cheaper alternative for CAN-Bus and standardization protocol for connection
of sensors and actuators to ECUs. LIN-Bus has single master and multiple
slave bus topology where master node acts usually as CAN-LIN gateway

(Figure 2.14) [44].

2.4.1. Physical Layer

Dser int Vellage drop over
the diades in pul up path

Figure 2.15.: LIN physical [42]

Commonly based on asynchronous serial communication and can be im-
plemented with any controller that has universal asynchronous receiver-
transmitter (UART). LIN-Transceiver is need to connect UART on physical bus
(Figure 2.15). Bus voltage levels are derived from Vj,;/Clamp30 and ground
(GND/Clamp31) where V;,; represents recessive and GND dominate state

(Figure 2.16) [44, 42].
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driver node A receiver node
Vgypt+—— \Z
60%
— 40%
dominant dominant

Figure 2.16.: LIN voltage levels [42]

Baud rates go from 1 kbit/s up to 20 kbits/s. LIN-Bus can have up to 16 nodes,
and maximal cable length up to 4om. Bus is terminated with a pull-up resistor,
1k() master and 30k() slave node [42].

2.4.2. Data Link Layer

Data are encapsulated in LIN frame (Figure 2.17). Structure of a LIN frame
contains:

Break filed: indicates new incoming frame

Sync field: allows the slave to synchronize to master clock

Protected identifier: allows the slave to correctly interpret a message
Data field: contains incoming data (maximal 8 bytes)

Checksum: insures correct reception

Frame contains two parts header and response. The header is always generated
by master where response can be either from master or slave. Master has al
least one schedule table which defines the sequences of messages transmitted
to the LIN-Bus Scheduling table also defines time intervals by which messages
are transmitted.

Frame

Header Response
j Response space
ANAAA — Th ~
ST T
Break Sync Protected Data 1 || Data 2 || Data N ||Checksum
field field identifier
field == =
Inter-byte space Inter-byte spaces

Figure 2.17.: LIN frame structure [42]
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2.5. Analog-Digital Converter (ADC) - Successive
Approximation (SAR)

EXTERNAL PART PART OF ECU

SENSOR HSENSOR INTERFACE}»*){ £5D PROTECTION H ANTIALIASING FILTER H CHARGE BUCKET FILTER H SARADC } DIGITAL-HC

Figure 2.18.: Signal Chain

Signal chain is shown in the Figure 2.18 which is composed of two parts, exter-
nal and internal part. External part represents sensor and its interface. External
sensor can be any sensor of interest as long as it fits to ADC specifications
and capabilities. Sensor interface is part of signal conditioning chain and must
be constructed according to the ADC specifications. Internal part of a signal
chain represents ECU integrated components. ESD protection circuit should
protect internal components when the external interface is disconnected. An-
tialiasing and charge bucket filter is a part of a internal signal conditioning.
Quantisation is done by Analog to Digital Converter (SAR) and digitalized
values are further processed by microcontroller.

Figure 2.19 shows a structure of a typical SAR ADC. It consists of Digital to
Analog Converter (DAC), comparator, N-bit register and control logic. SAR
operation is broken into two phases, acquisition and conversion phase. During
acquisition phase, Sample&Hold (SH) circuit is connected and the goal is
to charge internal SH capacitor to the input voltage. Time taken during this
phase is called acquisition time (f4cq). In the conversion phase, SH circuit is
disconnected from the input and stored voltage is quantised. Depending on
the resolution (N bit) of the ADC, conversion time can take up to N cycles.

. . . Vie .
Voltages levels in each cycle are given by YN | bit, - —Z where bit represents

bit of current conversion cycle and can be either 1 or o. At the start of each
conversion, firstly most significant bit (MSB) is set, where this bit creates
Vier /2 voltage. This is compared with in the SH circuit stored voltage. If the
stored voltage is less than V,, /2, the MSB is 1 otherwise o.
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ADC Register

ANO
AN1
AN2
AN3
AN4
ANS
AN6
AN7

Sample and
Hold Circuit

Input Anale
Mux

Figure 2.19.: Successive-approximation ADC [31]
A the end of conversion phase, N-bit register contains converted value of
stored voltage. ADC can be either integrated directly into microcontroller

or stand-alone IC which is controlled through interfaces like SPI, I2C, LVDS
etc.
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Figure 2.20.: ADCAo of RH850 F1L Block Diagram [13]

2.5.1. Charge Bucket Filter for SAR

Usually microcontrollers have several analog input pins where single SH
circuit with ADC is multiplexed using the analog multiplexer. An example
is SAR-ADC integrated into RH850-F1L microcontroller which has 16 analog
inputs called channels (Figure 2.20).

Figure 2.21.: Amplifier, charge bucket filter and ADC [19]

Voltage on capacitor Csy of SH circuit during acquisition time, has to settle
correctly (input voltage Vi £ % - LSB). When input of single ADC is multi-
plexed and switching fast between two or more different analog inputs, which
differ too much in sampled voltages and sources of these voltages have high
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Name | Value | Unit

faco | 3 ps
Csy |50 pF

Table 2.7.: RH850 F1L ADC parameters

output impedances (RC time is elongated), the voltage across SH capacitor
may not settle correctly within acquisition time. Wrong settled input voltage
leads to incorrect sampled value. Solution to this problem is to add external
capacitor Cjy/pxr that server as a charge reservoir. Added external capacitor
with impedance of the input source could further extend needed RC charge
time. Adding buffer amplifier fixes the impedance problem of the voltage
source that needs to be sampled, but since buffer amplifier has capacitive load
on its output, it could become unstable. Stability could be fixed by adding
external resistor Ry, px7 and selecting operational amplifier with sufficient
Unity-Gain bandwidth (GBW). This circuit is known as charge bucket or fron-
tend filter and its purpose is to make sure that the voltage across capacitor Csy
has settled correctly in a given t4cg time (Figure 2.21). Bandwidth (usually
few hundreds kHz or less) of the antialiasing filter dominates compared to
charge bucket filter (tens of MHz). Potential source of error is that a buffer
amplifier with a low pass circuit on its output could cause voltage overshoot
which may not stabilize to correct value during acquisition time. Crucial part
of the charge bucket filter is to dimension the external resistor Ry, the capac-
itor Cjy correctly as well select suitable operational amplifier with sufficient
GBW. For the filter design important ADC parameters are:

* Acquisition time t4cg
* Value of Sample&Hold capacitor Csy

Note that Ry value shown in the table 2.7 is assumed value for internal SH
circuit found in RH850 microcontroller.

Following equation can be used to dimension charge bucket filter [19]:

Cin =20-Csy (2.17)
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Using Equation 2.17 and value for Csy taken from Table 2.7 gives that Cyy is
equal to InF.

Certain accuracy in settling for 12 bit ADC could be achieve by multiplying
time constant with factor g [19].

taco =9 TrILTER (2.18)

Given that Trr7Er = Rin - Csp, using Equation 2.18 and knowing that t 4cq =
3ps gives that Ryy equals 333.333Q) (Equation 2.19) [33].

t ACQ 3ps
R = = = .3330) .
INmax = g~ Cin 9 1nF 333.333 (2.19)

GBW of the operation amplifier should be at least (optimal 4 times) [19]:

1
GBW>2.—— — (2.20)
2 - 7T - TFILTER

Using Equation 2.20 for calculated filter elements give that selected amplifier
must have at least 1.9MHz Equation 2.21.

1
=4 ————  =19MH .
GBW 3 7 Riv-Cin 9MHz (2.21)

Since selected operational amplifier (TI-TLV34xx) has more GBW than needed.
Using Equation 2.22 and BMW = 2.3MHz of selected amplifier gives that
minimal value for Ry is 83.76Q2 [22]. Rjy must be in range of 83.76Q) <
Ry <333.333Q2.

1 1

— = .7Q .
3 7 GBWopp Cin 2 70 23MHz 1nF ~ 02760 (2:22)

RiNmin =
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Name Value | Unit
Conversion clock 40 MHz
Resolution 12 bit
Conversion time 5.75 s
Sampling/Acquisition time | 3 ps
Analog input voltage VREF | V
Operation current 3.0 mA
Integral nonlinearity +4 LSB
Differential nonlinearity +3 LSB
Zero scale error +75 | LSB
Full scale error +75 | LSB
Overall error +8.0 | LSB

Table 2.8.: RH850-F1L A/D Converter Characteristics per channel [33]

2.5.2. Anti-Aliasing Filter

Acquisition time tyco = 3us and conversion time of tcony = 5.75us give
maximal sample rate of 114kHz per channel (Table 2.8).

From the Nyquist theorem fsionar < 2 fsamprr follows that maximal signal
frequency allowed is fsi¢narmax = %kHZ = 57kHz [2]. For better results
sample rate should be divided at least by 4, 8 or even more.

For preventing aliasing effect, antialiasing filter (low pass filter) should be
constructed to match bandwidth of the ADC or to match signal requirements.
Since in this thesis, ADC should have as much bandwidth as possible, the
goal will be to have full bandwidth ADC can provide. Antialiasing filters can
be either passive or active. Single pole passive low pass filter has attenuation
of —20dB pro decade. More bandwidth (narrow transition band) could be
achieved by implementing higher order filter. Since in this system design
only operational amplifier with single supply (+5V) are used, Sallen-Key
(Butterworth) filter would be a good option (Figure 2.24) [34].

First step in filter design to fulfil te requirements (Table 2.9) is to calculate
required filter order. Amplitude response of a Butterworth is given by equa-
tion 2.23.

31



2. Technical Background

Gain [dB] Frequency [rads/s]
Gpussband,dB = —3dB w=2-tx1-kHz
Gstopbund,dB =—40dB | w=2-m*11.4-kHz

Table 2.9.: Butterworth Filter Design Parameters

G(w) = v (2.23)

1_~_(%)2n

From Equation 2.23 follows that filter order is calculated by Equation 2.24.
This gives filter order of 2.

7Gsr0p,dB
10 10 -1
log( _Gpass,dB )
10 10 -1
n= - (2.24)
2. log(M)

Wpass

40
1010 —1

1001 _ 189327 ~ 2 (2.25)

n= ———
2 log (M)

log(

|

Filter requirements can be checked by Equations 2.27 and 2.27.

Wpass

Weutoff = ~Copass,dB ) (2.26)
(10— —1)2x
Wst
Weutof f = *Gstapsdl:p ] (2.27)
10 — 1)za
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From Equation 2.27 follows that weyff for Ggpopap = —40dB at wsiep gives

Wpass = %;“ds/s = 1.14kHz (Equation 2.28). It can be seen that filter
bandwidth is slightly off required bandwidth of 1kHz. Decision must be made
to either match exactly passband or stopband requirements.

2-t*x11.4-kHz
(101 —1)23

Weutoff = = 7163.01 rads/s (2.28)

From Equation 2.26 follows that to match exact passband requirements weyof
must be 6290.65 rads /s (Equation 2.29).

2rxlKHZ 600,65 rads /s (2.29)

w. =
cutof f (101% _1)ﬂ

Since filter has only order of 2, single stage will be sufficient. Note that filters
higher order are cascaded in more stages, where single stage has either order
of 1 or 2. Poles of the filter are calculated by Equation 2.30 which gives two

poles (at s10 = —% +j \%). Normalized (weytoff = 1) transfer function is

shown in Equation 2.31 [40].

S(k) = exp%(ZH"*l) (2.30)

1 B 1
) s+ 141421541

H(s) = (231

s+ 7 +ip)6+7 iy

Normalized filter function must be scaled to cut-off (wWeysoff) frequency. This

is done by replacing s variable in Equation 2.31 by wmstoff.

1
(——)2+141421(—=—) +1

Weutof f Weutof f

H(s) =

(232)

33



2. Technical Background

Final scaled system function is calculated by Equation 2.32 where for cut-off
value calculated in Equationz2.29 is used. This gives following scaled system
function:

1
H —
() = 252702 10552 7 0.000225 s 1 1

(2.33)

Figure 2.22.: MATLAB Bode Plot of normalized filter transfer functions

For implementation of Butterworth filter Sallen-Key circuit (Figure 2.23) is
used (Figure 2.23) [40]. Transfer function of the circuit for special case where
« = 1is given by Equation 2.34.

1
N C1CoR iRy - 52 + CQ(R1 + Rz) -s+1

H(s) (2:34)

By comparing coefficients of Equations 2.33 and 2.34 follows:

C1CoR Ry = 2.52702-1078
Co(Rq + Ry) = 0.000225
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Figure 2.23.: Sallen-Key filter [40]

Element | Value Unit
C1,1 10 nF
C] 2 20.5 nF
Riq 9.53 kO
Rip 13 kQ
OPAMP | TI-OPAx836

Table 2.10.: Selected Butterworth filter elements.

Q-factor for Sallen-Key filter is defined by Equation 2.35. This quantity defines
amplitude magnitude of the filter at w s frequency. For Q < 0.5 the filter
is said to be “overdamped” and is unusable, but also filter with large Q-factor

tends to be unstable [40].

VRiRC1Co

Q

- Gi(Ry +Ro)

(2.35)

Figure 2.24 shows Butterworth-Filter constructed with single Sallen-Key. The

used operational amplifier is Texas Instruments OPAS836.
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Q-factor

First

0.707349

2. Technical Background

Table 2.11.: Calculated Q-factors for filter stages

e}
ra
N}

Cbreak

2050 v

9.63k 13k

1Vac 2.5Vde

S——
-
TR

Figure 2.24.: Pspice simulation of Butterworth-Filter (green box) and ADC Front End Filter (black
box) constructed with single TI-OPA836

Note that Frond End and Butterworth Filter can be constructed with single
operational amplifier.

Simulation of the constructed filter using PSpice can be seen in the fig-
ure 2.25
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Figure 2.25.: Bode plot of constructed circuit (Figure 2.24)

2.6. SMART Switch - VN7016AJ

VN7016A] is high-side driver for automotive applications. It is capable of
driving resistive, inductive and capacitive loads. Operating voltage range is
between 4V - 28V and can deliver up to 77A of current. Chip also supports
so-called multi sense diagnostic feature where multiplexed analog feedback
can be used to measure precisely load current, supply voltage and chip
temperature. Analog feedback is controlled by 3V and 5V compatible CMOS
inputs. High-side driver supports also various protection mechanisms like
undervoltage shutdown, load current limitation, overtemperature protection,
overpower protection etc [37].
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2.6.1. Diagnostic over Multisense

5V

-

MCU

Rprot

Vcc‘l'

A

L
£y Did

QUTPUT
r

Multisense
—L

D

L J [

GND

Rano

¥ Dano

—-—
GND

Figure 2.26.: Simplified internal structure of VN7016A] [37]

Pins SEn, SELO and SEL1 control the Multisense output. SEn enables or
disables diagnostic output where pins SELO and SEL1 are used to select
measurement of interests. This multiplexed analog output gives current pro-
portional to selected diagnostic which can be either load current, supply
voltage or chip temperature [37].
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Chip Temperature Vsense = Vsense,c

SEn | SELO | SEL1 | Function

L X X High Impedance

H L L In normal mode (Load Current): Ispnsg = % -Tour
H L H In normal mode (Load Current): Ispnsg = % -Tour
H H L

H H H

Supply Voltage Vsense = Vsense,cc

Table 2.12.: Multisense output selection [37]

2.6.2. Load Current

Load current diagnostic in selected according Table 2.12 and is given by
Equation 2.36 where factor K depends on output current and varies between
2500 - 5500 [371].

VSENSE Vabpc
I —K. —K. A .
out(VsensE) Repnsr KO [A] (2.36)

2.6.3. Supply Voltage

Supply voltage diagnostic is selected according Table 2.12 and is equal to
Vsense = %. But Vspnsg voltage contains also voltage drop on protection
circuit (Figure 2.26, voltage drop across parallel Dgyp and Rgyp ) which
must be subtracted from measured Vseuse voltage [37]. This voltage drop
is approximately 0.247V on development board used in this master thesis.
Supply voltage si calculated by Equation 2.37

1% -V 1% — 247mV
Vsuppry (Vape) = ~22€ 1 FROT _ ~ADC 1 [V] (237)
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2.6.4. Chip Temperature

Chip Temperature diagnostic is selected according Table 2.12 and is given

by Equation 2.38 where ‘WsdEijNSE is typically —5mV for temperature range
between —40°C to 150°C. For normal room temperature (25°C) Tj is equal
to 2.07V according chip specifications [37]. If these values are plugged in
Equation 2.38 temperature as function of measured voltage can be calculated
by Equation 2.39. Note that from measured voltage, voltage drop across
protection diode must be subtracted [37].

dV.
Vsense(T) = Vsense(To) + % (T - To) (2.38)
o o 2.07V \% —247mV
Teuip(Vape) = (25°C 4 273.15°C)K + B ( ADCSmV ) K]

(2.39)

2.7. Temperature Measurement with TC1047A

TC1047A is linear voltage sensor, whose output voltage is directly proportional
to measured temperature. Sensor has temperature range of —40°C to +125°C.
At —40°C sensor has output voltage 100mV, at 0°C 500mV, at 25°C 750mV
and at 125°C 1.75V (Figure 2.27) [29].

Using linear equation y = m - x + b temperature function is derived. Coefficient
m represent slop which is calculated by m = % and gives 100.
Coefficient b is calculated by setting 0 = 100 - 500mV + b which gives -50.

Temperature is calculated by Equation 2.40.

40



2. Technical Background
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Figure 2.27.: TC1047A temperatur as a function of voltage

| T(Vapc) =100+ Vapc — 50 [°C]] (2.40)

2.8. Serial Peripheral Interface - SPI

Serial peripheral interface (SPI) is a module that allows a full duplex syn-
chronous, serial communication over short distance. Primarily used in embed-
ded systems for on PCB intercommunication. SPI was developed by Motorola
in the mid 1980s and was accepted by various IC integrators. Its master-slave
bus topology allows single master and multiple slave devices, where master
originates the frame and multiple slaves are selected trough individual slave
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select lines. SPI uses four lines for data transmission: MOSI (Master Out Slave
In), MISO (Master In Slave Out), SCK (Slave Clock) generated by master and
SS (Slave Select) which during communication is pulled low. Because SPI lacks
standard different vendors took different implementation approach [30].

2.9. 12C

Inter-Integrated Circuit (I2C) is a multi-master, multi-slave serial bus for
interconnecting devices over short distance. Data transmission requires only
two lines SDA and SCK' [24].

2.10. Electromagnetic Compatibility - EMC

Electromagnetic compatibility is ability of a electronic device to function in
electromagnetic environment within specified EMC directives. Main goal of
EMC test is to make sure electronic system do not interfere with other elec-
tronic systems in terms of Electromagnetic Interference (EMI) such that other
systems are unable to operate correctly. Test falls into two major categories:
Electromagnetic Compatibility (EMC) and Electromagnetic Immunity. Elec-
tromagnetic Immunity is opposite of EMC, where newly developed product
should stay fully operational despite Electromagnetic Interference coming
from its environment. Levels of emission and immunity are defined by differ-
ent directives [15].

2.10.1. EMI Coupling Mechanisms

There are different number of source from where EMI can arise. Some of
potential sources are naturally occurring EMI (lightning and cosmic noise),
Impulse noise EMI (Electrostatic Discharge (ESD), Switching Systems - AC
inductive loads etc.). EMI sources can be classified by their bandwidth where
they can have narrow band or broadband.

Electromagnetic interference from the source to the receiver is either radiated,
conducted or coupled. Radiated coupling occurs when the source and the
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receiver are far from each other and they interfere in terms of electromagnetic
waves. Conducted coupling is categorized into common mode (monopole
type) and differential mode (Figure 2.28). Coupled interference occur either
by capacitive, inductive or common impedance coupling.

In electronic device, most of electromagnetic emission is radiated by Printed
Board Circuit (PCB) and to it attached cables. Emission noise can be reduced
by proper layout techniques and shielding. Solution for preventing emissions
is to understand the source of emission, the coupling mechanism but also
susceptibility of the victim, the level of interference it can take. EN 61000 is
an example of EMC directive which specifies emission standards, testing and
measurement techniques for different area of appliance [15, 5].

Radiated Emission

PCB

GND Plane or Grid /I >
i‘””” GND
+— GND Wire
Common mode radiation Differential mode radiation
(monopole type) (loop type)

Figure 2.28.: PCB radiation types [5]

Emission preventing mechanism should be considered in early stage of device
development. Following aspects are to be considered when designing new
system [5]:

1. PCB Layer: having more layer can significantly decrease potential emis-
sion problems

2. Placement of Connectors: example I/O and power connectors should be
on the same side of PCB

3. PCB Floor-planning: All components of particular group should be in
the same zone (analog, digital zone ...)
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4. Noisy parts and sensitive parts should be fare from each other

5. Big loops in power supply should be avoided (PCB without ground
plane), could be prevented by routing power and ground plane simulta-
neously and as close as possible

6. Slots in power and ground plane should be avoided (example slots
created by vias)

7. High speed signals should stay on the same layer (vias could be source
of radiation)

Interference prevention elements are resistors, capacitors (bypassing capaci-
tor, decoupling capacitors), inductors, Transient Voltage Suppressor diodes
(TVS), varistor (voltage-dependent resistor), common mode chokes etc. Real
capacitors are series resonant circuits and special care should be taken when
selecting them. Depending on noise frequency, inductive part of them could
become dominant or even start to oscillate. The same appliance for inductors.
EMC immunity of metal film resistors should also be considered since under
electro static discharges, these resistors could get highly resisted. TVS-diodes
should be avoided in high speed signals because of high parasitic capacity
that they have [15, 5].

Concerning automotive domain, here are all 12V-Power-Network characteristic
impulses according DIN/ISO 40 839 are [10]:

¢ E1: occurs when parallel inductive loads is shut down

* E2: occurs when serial inductive loads is shut down

* E3: occurs due to parasitic capacitance and inductance in cables when
switching occurs

e Ej4: voltage drop when engine is started

* Es5: known as “Load Dump”, occurs when the battery is disconnected
from the alternator

2.11. Real Time Operating Systems - RTOS

Real time operating systems (RTOS) compared to conventional OS are special
OS where real time is requirement. Given that system has n tasks with its
deadlines, RTOS must be able to execute all task before deadline of each has
been reached. Real time also means that if system is event trigger, it must react
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in a given time otherwise some catastrophic consequences could happen. Such
system have special scheduling algorithms like Earliest Deadline First (EDF),
First Come First Serve (FCFS), Priority Based Scheduling etc. Beside different
scheduling policies, RTOS provide Synchronisation-Management (Semaphore,
Mutex, Events ...), Intertask Communication-Management( Messages Queues,
Mailboxes, Pipes ...) etc. An example of RTOS is so-called Free RTOS and some
of basic features that Free RTOS provides are [4]:

Priority Based Scheduling: A task with a higher priority (higher decimal number)
has precedence over the task with a lower priority (lower decimal number).

Task Management: Ability to create static and dynamic tasks. Usually only static
tasks are used in hard real time systems, because creation of dynamic task
could lead to infeasible scheduling and break down of a system.

Task Synchronisation Mechanism: Mutex and Semaphore for resources protection
(variables, thread unsafe code, SPI, 12C etc.) and task synchronisation. Beside
primitive synchronisation mechanisms Free RTOS supports queues for inter-
task communication and data transfer.

2.12. Model Based Software Development with
SIMULINK

Model based software development in this master thesis is based on so-called
Gigatronik Blockset. It is set of MATLAB scripts and custom Simulink blocks
that allow generation of C code by using SIMULINK models. Some of original
Blockset features are listed below [14]:

Creation of Tasks

Task management (priority, cycle time, stack size)
CAN configuration (speed, interface)

Creation of CAN signals from DBC file

LIN configuration

Creation of LIN signals from LDF file

Creation of LIN scheduling table

Build configuration
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Original Blockset is tightly coupled to “Green Hills MULTI” compiler, but
since compiler used in this master thesis is "IAR RH850”, parts of original
Blockset specially those for build configuration were completely overwritten.
Beside build incompatibility issue, original Blockset was mostly based on
communication buses and did not have features for ADC, Display support
etc. New Blockset was not only extended to support new features but also
changed behaviour of most existing features like IO management, Debug-LED
etc. Please note that model based software development here generates only
parts of C-code. These parts are mostly C configuration files that influence
overall system behaviour, device driver initialization, hardware control code
like for example I2C OLED display etc. User application C-code is generated
completely from MATLAB Simulink model. Following examples shows re-
quired steps to implement custom MATLAB Simulink block. Custom block in
SIMULINK can be created by S-Function Builder. In the graphical tool number
of input and output parameters can be specified as well the name of S-function.
Let suppose custom block for OLED display control is required. Assuming
that it is already implemented in a system and can be directly controlled by
C code. Let suppose text from custom block is given in the same format as
C-printf-function uses (”Signal %d”, 23). Code Listing 2.1 shows C operation
required for writing some text to the defined display line. It involves text
formatting, clearing selected display line (display memory) in case it already
contains some text and finally writing new formatted text.

/*format stringx*/

sprintf (simulnik_model_display_temp_buff,
"SOME_TEXT",

DISPLAY_LINE);

/*clear display*/
Display_clrLine (DISPLAY_LINE);

/*write formated buffer to the displayx*/
Display_setStringXY (0x00u,

DISPLAY_LINE,
simulnik_model_display_temp_buff);

Listing 2.1: C code for display control
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The goal is to have custom MATLAB Simulink block which when used in
Simulink model produces exactly C code shown above which is customized
in terms of parameters: TEXT and DISPLAY-LINE. Beside parameters, the
generated C-code for display control must be placed in correct place (C file)
in overall generated C code. Figure 2.29 shows display block.

Block Parameters: Display X
S-Function (mask)

Display Parameters

s|Linevalue DisplayLine |Linet
DisplayText

- Cancel Help Apply
Display

Figure 2.29.: SIMULINK custom block for display control

Listening 2.2 shows corresponding S-Function for the custom block. The
most crucial part of it is mdIRTW method which pulls input parameters
(DisplayText and DisplayLine) from custom block and stores them in Simulink
Coder formerly known as Real-Time Workshop (RTW).

/ *
file: sfc_Display.c
*/

#define S_FUNCTION_NAME sfc_Display
#define S_FUNCTION_LEVEL 2

#define NPARAMS ssGetSFcnParamsCount (S)
#define SAMPLE_TIME_O INHERITED _SAMPLE_TIME
#include "simstruc.h"

* S-function methods *
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static void mdlInitializeSizes (SimStruct *8S)

{

}

static void mdlInitializeSampleTimes (SimStruct *S)

{
ssSetSampleTime (S, 0, SAMPLE_TIME_O);

}

static void mdlOutputs(SimStruct *S, int_T tid)
{

}

static void mdlTerminate (SimStruct *S)

{

}

/ *

*

* writes s-function parameters

to rtw file to access them later through tlc
*/

static void mdlRTW(SimStruct *S)

{

int_T displayLine,buflen;

const char_T *displayText;

/*GET DISPLAY LINEx/
displaylLine=mxGetPr (ssGetSFcnParam(S, 0))[0];
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/*GET DISPLAY TEXT=x/

displayText = mxMalloc (50);
mxGetString ((ssGetSFcnParam (S, 1)),
displayText ,50);

/% K ok oK ok K oK ok K oK ok K oK ok K oK ok K ok ok oK oK K oK oK K K ok K Kk Kk /
/*writing parameters into *.rtwx*/

if (

!'ssWriteRTWParamSettings (

S,

2,

SSWRITE_VALUE_DTYPE_NUM,"

displayLine" ,&displayLine ,DTINFO(SS_INT8, 0),

SSWRITE_VALUE_QSTR ,"displayText",displayText
))
{

mxFree (displayText);
return;

}

mxFree (displayText);
return;

}

#endif /* MDL_RTW x/
#ifdef MATLAB_MEX_FILE
#include "simulink.c"
#else

#include "cg_sfun.h"
#endif

Listing 2.2: S-Function for custom display block
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S-Function code must be compiled inside MATLAB before it can be used.
Compiling is done by MATLAB-supported compiler. Syntax for compiling this
example would be “mex sfc_Display.c”. In order to generate code for compiled
S-function, Target Language Compiler (TLC) file must be written which is
shown in Listening 2.12. Method Outputs fills in predefined C template with
previously stored values in RTW.

%implements "sfc_Display" "C"

/*GENERATE C CODE=*/

%function Outputs(block, system) Output

%assign displayText=SFcnParamSettings.displayText
%assign displaylLine=SFcnParamSettings.displayLine
%assign u=LibBlockInputSignal (0, "", "", 0)
sprintf (simulnik_model_display_temp_buff,
"%<displayText>",

h<u>)

Display_clrLine (0x0J%<displayLine>u - 1);
Display_setStringXY (0x00u,

0x0%<displayLine>u - 1,

simulnik_model_display_temp_buff);

%endfunction

2.13. Ethernet

Ethernet is communication standard used for connecting local computer
and other devices in so-called local area networks (LAN). Typical Ethernet
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interface is composed of Medium Access Control (MAC) and Physical Layer
(PHY). Both are standardised into the standard IEEE 802.3. Physical layer
of modern Ethernet interface uses two pairs of twisted wires. This allows
data to travel in both direction simultaneously knows as full-duplex mode.
MAC layer is usually integrated into MCU where PHY is stand-alone chip.
MAC and PHY are connected through standardized interface know as Media
Independent Interface (MII) [44]. MCU which does not have integrated MAC
controller and need Ethernet interface can use stand-alone Ethernet controller
like for example Mircohip ENC424J600. Microchip ENC424J600 is IEEE 802.3
compliant Fast Ethernet Controller with integrated MAC and PHY. Connection
to MCU is done either over SPI or parallel interface [17].

Transmission User 1SO/OSI-Modell
Control Protocol Datagram Protocol Schicht 4
TCP (RFC 793) UDP (RFC 768) Transport Layer

Alternative
Internet Protocol Protokolle
IP v4 (RFC 791) :
ARP odler ICMP Netsuggiih!f; er
(RFC 826)] |p v6 (RFC 2460) |(RFC 792) Y
Schicht 2
Ethernet MAC (IEEE 802.3 und 802.1) Data Link Layer
Ethernet PHY (IEEE 802.3) Schicht 1

Physical Layer

Figure 2.30.: Open Systems Interconnection - OSI

Figure 2.30 shows Open Systems Interconnection (OSI) model in which PHY
and MAC are the first two layers. In embedded systems widely used open-
source TCP/IP stack (OSI Network layer and up) is LightWeight IP (LwIP)
stack. LwlP supports Transmission Control Protocol (TCP), User Datagram
Protocol (UDP), Internet Protocol v4 and v6 (IPv4 and IPv6) etc. Three different
APIs are available:

e Raw API
¢ Netconn API
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e BSD Socket API

Raw API is native LWIP API where applications (XCP on IP, http, ftp ..) are
implemented by using callbacks. Netconn API provides socket support but
requires real-time operating system (RTOS). BSD Socket API is build on top
of Netconn API and provides Berkeley-like sockets [35].

2.14. XCP

XCP stands for measurement and calibration protocol. It is based on CCP
(CAN Calibration Protocol) which was developed in 1990s. Because CCP was
limited to CAN bus systems, XCP was introduced which is more generalized
version of CCP where protocol was independent from physical layer and
could be used in different bus systems like XCP on Ethernet (TCP/IP and
UDP/IP), XCP on SPI, XCP on I2C, XCP on CAN, XCP on CAN FD etc. Main
purpose of XCP is that it allows read and write of MCU memory. Memory
address locations also known as characteristic or measurement, which are
described in so called A2L-file format [3]. Listing 2.3 shows an example of
measurement named WINKLERpWork.SW-URRENT,;A which is located
in MCU at address 0OxFEDF207A. This measurement occupies 16 bits and
should be interpreted by XCP-master as unsigned value which can store
values between o and 65535. Another example shows characteristic named
WINKLERpWork.SWgNABLE which is 8 bits wide, located at 0OxFEDF2085
and can store value between o and 255 (Listing 2.4). Measurement is usually
read-only where characteristics are meant to be written by XCP-master. Both
examples are extracted from AzL file, which were used in system test bench
setup for the control of a SMART switch. Characteristic was used to turn
the switch on or off, meaning it was directly in relation to digital IO pin
and measurement was used to read current through the switch, which was
ADC measured value. AzL file can be generated from firmware hex image
using MATLAB or Vectors Informatik CANape tool. XCP is master slave
protocol, where slave have single master and master can have multiple slaves.
Data (Measurement) can be either acquired by polling or synchronous data
acquisition (DAQ) method. Polling is done by sending periodic requests from
the XCP master to the slave. This has drawback that for each acquired data two
messages (request and response) must be sent. To overcome this disadvantage
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DAQ is used. In DAQ configuration phase, XCP-master lets the slave know
which data need to be send. XCP-slave saves data in a buffer and sends them
out. Data Transmission to XCP-slave is realized by STIM method which is
very similar to DAQ but works in opposite direction [3].

/begin MEASUREMENT WINKLER_DWork.SW_CURRENT_mA ""
UWORD NO_COMPU_METHOD 0 O O 65535
ECU_ADDRESS OxFEDF207A
ECU_ADDRESS_EXTENSION 0x0

FORMAT "%.15"

/begin IF_DATA CANAPE_EXT

100

LINK_MAP "WINKLER_DWork.SW_CURRENT_mA"
0xFEDF207A 0x0 0 0x0 1 0x8F 0x0

DISPLAY 0 0 65535

/end IF_DATA

SYMBOL_LINK "WINKLER_DWork.SW_CURRENT_mA" O
/end MEASUREMENT

Listing 2.3: A2L example of measurement

/begin CHARACTERISTIC WINKLER_DWork.SW_ENABLE ""
VALUE OxFEDF2085 __UBYTE_S O NO_COMPU_METHOD 0 255
ECU_ADDRESS_EXTENSION 0x0

EXTENDED_LIMITS 0 255

FORMAT "%.15"

/begin IF_DATA CANAPE_EXT

100

LINK_MAP "WINKLER_DWork.SW_ENABLE"

0xFEDF2085 0x0 0 0x0 1 0x87 0x0

DISPLAY 0 0 255

/end IF_DATA

SYMBOL_LINK "WINKLER_DWork.SW_ENABLE" 0

/end CHARACTERISTIC

Listing 2.4: A2L example of characteristic
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2. Technical Background

Listing 2.5 shows C code generated by MATLAB Simulink. Both A2L values
shown in Listing 2.3 and 2.4 are generated from this code (SW_ENABLE and
SW_CURRENT_mA). Note that A2L file is generated from code executable
file and not code source file. A2L requires variable memory location which is
assigned by Linker during compile process.

typedef struct {
boolean_T SW_ENABLE;
uint16_T SW_CURRENT_mA;
int8_T SW_TEMPERATUR_C;
uint8_T SW_VOLTAGE_V;
uint8_T SW_FRST;
boolean_T EnableADCUnit;
uint16_T ADC1;

} D_Work_WINKLER;

Listing 2.5: MATLAB Simulink generated C code
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The process of device construction is divided into following phases:
Hardware Design:

1. Identification and selection of required electronic components
2. Circuit design, fulfilment of requirements and specifications
3. PCB design and fabrication

4. PCB assembly and initial hardware operation

Software Design:

1. Software Toolchain: modification of GT-Toolchain (porting to IAR RH850
compiler)

2. Integration of new modules: further development of GT-Toolchain (inte-
gration of LWIP, I2C OLED, ADC ...))

System Testing:

1. System test (Hardware and Software basic tests)

2. System integration and testing with SMART Switch

3. Data visualisation with CANape, CANoe and custom Java Application
4. EMC and EMI test.

In this master system software was considered “beyond the scope” and is only
briefly covered. This will include software architecture and hardware-software
interaction. Detailed system implementation is presented in the Chapter 4.
Chapter 5 covers validation and testing of the constructed system.
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3. System Design
3.1. Hardware

For fulfilling requirements discuses in the Section 1 hardware architecture of
the system was decomposed into Functional Groups (FG) (Figure 3.1). Each
functional group has a scope of operation and set of functions.

FG06

el Ext. +5V PS Temperature

Ext. +5V PS Voltage

- - .
FG06 FG06
- Clamp 15 Voltage Wake-up Detection
FG06
Clamp 30 Voltage
FG06
PCB Temperature
Microchip TC1047A
FG12
- | T 17 x Digital 10
- FGO1 [ = |
Renesas RH850 F1L
FG09
SPI Ethernet controller
Microchip ENC424J600
FG10
USB-UART
Microchip MCP2200

Figure 3.1.: System concept

The below listening shows all hardware functional groups:

* FGo1: All functions/requirements related with MCU

* FGoz: All functions/requirements related with system internal power
supply (excluding ADC voltage supply)

¢ FGo3: All functions/requirements related with external power supply

* FGog: Physical interface of all available CAN channels including external
CAN FD controller
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* FGos: Physical interface of LIN master channel

¢ FGoé6: All functions/requirements related to internal measurements like
PCB temperature, Clamp-30/15 voltages etc.

* FGoy: All functions/requirements related to external ADCs (Signal

condition, ESD protection, Enable switch etc.)

FGo8: On-board connectors and expansion buses

FGog: All functions related to external Ethernet controller

FG1o: USB to UART protocol converter

FG11: EEPROM

FGa12: Digital I/O and ESD protection circuit

FG13: External connector (D-Sub 37) and debug LED

3.1.1. FGO1 - Microcontroller

Selected MCU for this system was Renesas RH850 F1L. Short summery about
MCU architecture and its features can be found in Section 2.1. This group
includes on-chip debugging interface which is described in Section 2.1.4.
Further functions included in this group are ADC voltage reference (for
detailed information about voltage reference please refer to the Section 2.2.4),
CPU clock and I/O pin assignment. Detailed assignment of I/O is included
in Appendix A.1. CPU clock related information and crystal requirements
are discussed in Section 2.1.3. Absolute maximum ratings related to supply
and ADC reference voltage are found in Section 2.1.2 and 2.2.4. ADC voltage
reference was constructed with Texas Instruments REF3140. Considering that
ADC is 12-bits and reference voltage is 4.096V this gives a resolution of
1mV /bit

3.1.2. FGO2 - Internal +5V Power Supply

Input voltage of a system (Clamp-30) can vary between 6V and 40V. Con-
sidering automotive 12V power network characteristic impulses (for detailed
information about impulses please refer to the Subsection 2.10.1) system
should be protected against E5 impulse known as ”"load dump”. Clamp-30
protection circuit combines load dump protection which was implemented
with TDK EPCOS-By2650Mo400Ko72 varistor, overvoltage protection imple-
mented with TVS diode (breakdown voltage 44.4V to 49.1V) and reverse
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voltage protection implemented with Vishay SS34 (maximal forward recti-
fied current 3A)(see Section 2.10 and Section 2.10.1). Clamp-15 has similar
protection circuit since it can be connected to the same source as Clamp-3o.
Overall internal system uses single positive 5V power supply. Exceptions
are Ethernet interface, which uses positive 3.3V and CAN/LIN transceivers
which beside positive 5V need also battery power line (VBAT). Calculated
power consumptions for positive 5V and 3.3V power supplies are shown in
Table 3.1. Internal 5V voltage regulation was constructed with Texas Instru-
ment LMR14020-Q1 step-down converter. Main reason for having switched
mode power supply is a power efficiency (see Section 2.2 for more information
about power supplies). For detailed 5V power supply construction see Sec-
tion 2.2.2. 3.3V power supply was constructed with linear voltage regulator
and is discussed in Section 3.1.9.

IC Inax [MA] @ 5V | L, [mA] @ 3V3 | Total [mW]
RH850 F1iL EVCC 60

RHS850 F1LL AoVREF | 48

RH850 F1L REGVCC | undefined

MCP2517FD 20 -

TC1047A 0.06 -

REF3140 25 -

15 x TLV34xx 15 X 0.2 -

ENC424J600 - 300

TXBo1o4 100 -

Mo5640-W 5 -

3 x TJA1043 3X65+3Xx05 | -

MCP2200 - -

TJA1021 - -

2 x SPo504S - -

TOTAL 457.56 300 3587.8

Table 3.1.: Calculated total system power consumption [33, 28, 29, 20, 22, 17, 23, 36, 7, 18, 25, 26]

In order to fulfil desired requirement of power-save (sleep) function, positive
5V power supply can be turned on and off. Therefore electrical switch was
constructed which enables activation of power supply by external source.
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Available sources are Clamp-15, internal sources CAN/LIN transceivers and
MCU. Detailed switch construction is discussed in Section 2.2.3. All wake-up
sources except MCU power-hold are configurable through external jumpers.
Figure 3.2 shows concept of power supply switch. Initially power supply is ac-
tivated by external Clamp-15 (high) or INH signal from LIN/CAN transceivers
after which MCU sets power-hold signal. This signal holds power supply acti-
vated independent if any other source is active or not. If the system decides to
turn itself off (Clamp-15 must be low or deactivated) in order to save power,
LIN/CAN transceiver are put into sleep mode and MCU deactivates the
power supply through MCU power-hold signal. System can be woken up by
any communication on LIN/CAN bus or by Clamp-15. Detection of wake-up
source is described in Section 3.1.6.

VBAT/DC

EXTERNAL

CLAMP 15 LIN TRANSCEIVER | |[CAN TRANSCEIVER(S)| | MCU-POWER HOLD

Figure 3.2.: +5V power supply switch

3.1.3. FGO3 - External 45V Power Supply

System features external +5V power supply which was constructed with the
identical step-down converter as the internal power supply unit (Section 3.1.2).
Supply can deliver up to 10W of power and its purpose is to supply potential
external add-on modules. Unlike internal supply, this PS is only controllable

59



3. System Design

(on/off) by MCU. Further features of this supply are voltage and temperature
monitoring by MCU. Supply unit is also protected by ESD circuit. Temperature
monitoring was constructed with TC10475 linear voltage sensor which is
discussed in Section 2.7. Monitoring of a voltage was constructed with voltage
divider which acts as a level shifter for ADC input of the RH850 integrated
SAR ADC (Section 2.5).

3.1.4. FG04 - CAN Interfaces

High speed CAN controllers are integrated directly into RH850 MCU (See
Section 2.1). Detailed information about CAN bus are found in Section 2.3.
In order to provide CAN-FD bus (Section 2.3.3) and because this MCU lacks
CAN-FD controller, Microchip MCP2517FD external CAN-FD controller was
used. Communication between MCU and CAN-FD was implemented through
SPI bus (Section 2.8). System features total three CAN channels. Two high
speed and one CAN/CAN-FD channel. This enables the system to be used
as gateway. Either to connect CAN nodes/networks with different baud
rates together or CAN nodes/networks which may be incompatible with
CAN-FD protocol. Physical layer of all three controllers was constructed
with similar NXP TJA1043 CAN transceivers (Section 2.3.1). In sleep mode
any of transceivers can trigger wake-up request (Section 3.1.2). Each CAN
transceiver is terminated with 120Q) resistors and features ESD protection
(NXP PESD1CAN). In case network does not need termination, assembly of
resistors must be avoided.

3.1.5. FGO5 - LIN Master Interface

RHS850 has integrated LIN controllers (Section 2.1). This system has only
one LIN master channel available. Detailed information about LIN bus is
found in Section 2.4. Physical layer was implemented with NXP TJA1021
transceiver (Section 2.4.1). Note that selected LIN controller of RH850 can only
be used as LIN master independent if LIN transceiver is terminated for slave
or master use. Like CAN, LIN transceiver can also trigger wake-up request
(Section 3.1.2).
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3.1.6. FGO06 - Internal Measurements

This functional group consists of all internal measurements. This includes
Clamp-30 (VBAT), Clamp-15 voltages and PCB temperature. Both Clamp-30
and 15 voltage monitoring are constructed in the similar manner with voltage
divider that acts as a level shifter and dedicated ADC channel (Section 2.5).
PCB Temperature monitoring is constructed with TC10475 linear voltage
sensor which is discussed in Section 2.7. Filtering is constructed with Texas
Instruments TLV34xx operational amplifier.

3.1.7. FGO7 - External ADC Channels

External ADC channel chain consist of ESD prtection circuit, voltage follower,
second order low pass filter and charge bucket filter. Brief discussion of signal
conditioning (low pass filter) as well charge bucket filter can be found in
Section 2.5. All ten external ADC channels are accessible through SMA con-
nectors. Please note that original system design was implemented with Texas
Instruments TLV34xx operational amplifiers but since they do not provide
sufficient bandwidth for charge bucket filters, Texas instruments OPA836 op-
erational amplifier was used as a replacement (Section 2.5.1). All operational
amplifier can be turned off by MCU to reduce power consumptions. Beside
that operational amplifier can be individually turned off by external jumpers.
Considering maximal input voltage, all amplifiers use single-supply (+5V)
and have rail-to-rail output, but since ADC uses voltage reference of 4.096V
that gives maximal input voltage of only 4.096V (Section 3.1.1).

3.1.8. FG08 - Multifunctional

The system provides following on-board connectors:

e SPI Header: which is shared between EEPROM (Section 3.1.11) but has
dedicated interrupt and select lines.

e [2C Header

e UART Header

* 2 x internal +5V and GND Headers
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3.1.9. FG09 - Ethernet Interface

Ethernet interface is implemented with external Microchip ENC424J600 Ether-
net controller because the RH850 F1L does not any integrated. For detailed
information about Ethernet see Section 2.13. Microchip ENC424J600 comes
with integrated MAC and 10/100Base-T PHY in a single package. Maximal
input voltage is 3.3V. Regulation of 3.3V was implemented with Microchip
MIC5219 linear voltage regulator (Section 2.2.1). In order to make sure no
issues related to different voltage levels between MCU and Ethernet inter-
face occur, voltage-level translation was implemented with Texas Instruments
TXBo1o4 voltage-level translator. Ethernet interface can be turned off by MCU
to reduce power-consumptions. ESD protection circuit of Ethernet interface
was constructed with Littelfuse SPo504S TVS diode array which has very
low capacitance and is very suitable for high speed signal lines. Please note
that ESD protection should have been placed between the RJ45 connector
and the common-mode choke. Reason for not implementing ESD protection
in that manner was that the used RJ45 connector has integrated common-
mode chokes and physically it was only possible to access wires between the
common-mode choke and the Ethernet controller. (Section 2.10).

3.1.10. FG10 - USB to UART Protocol Converter

USB-UART converter was implemented with Microchip MCP2200. Like Eth-
ernet interface, USB input was protected with the same TVS diode array
(Section 3.1.9). Beside that differential pair of USB signals are constructed
with common-mode choke and corresponding capacitors that form low pass
filter for suppressing high-frequency common mode currents. This design
should prevent potential related issues concerning EMC/EMI of the system
(Section 2.10).

3.1.11. FG11 - EEPROM

Main purpose of EEPROM is to provide non-volatile memory for user applica-
tion. RH850 features integrated Data Flash Area for this purpose (Section 2.1.1)
but since automotive ECU may require fault memory area for error diagnostic,
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external non-volatile memory was implemented. ST Mgs5640-W is SPI bus
EEPROM which provides 64-Kbit of non-volatile memory.

3.1.12. FG12 and FG13 - Digital 1/Os and External D-SUB
Connector

All seventeen GPIO (FG12) are protected by ESD circuit and directly accessible
through external connector (FG13). Through D-SUB PIN 37 MALE connector
following functions are accessible:

17 GPIOs

HS CAN o

HS CAN 1

HS/CAN FD CAN 2

+5V External Power Supply

LIN master

Clamp 30/Battery plus pole

Clam 31/Battery minus pole

Clamp 15/Battery plus or similar signal
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3.1.13. Absolute Maximum Ratings

Item Symbol MIN | MAX | Unit
E. ADC input voltage Vinapc of ADC CH[1:10] | O 4.09 |V

E. ADC input current Iinapc of ADC CHJ[1:10] 3000 | pA

E. ADC Nyquist frequency | fiynapc of ADC CHJ[1:10] 57 kHz
GPIO input voltage Vingpio of GPIO [1:17] 0 5 Vv
GPIO input current Iingpio of GPIO [1:17] 10 mA
Clamp-30 Vin 55 40 v
Clamp—31 VGND 0 Vv
Clamp-15 Vis 1.2 40 v

PCB temperature sensor Tpcp —40 | 125 °C

E. +5V PS Voltage Vixt 5 \%

E. +5V PS Current Lot 2 A
Total device power rating ProraL 25 W
CAN o data rate 0.033 | 1 Mbit/s
CAN 1 data rate 0.033 | 1 Mbit/s
CAN 2* data rate 1 2 Mbit/s
LIN Master data rate 19200 | kbit/s
Ethernet data rate 10 100 Mbit/s

* Microchip MCP2517FD support data rate up to 8 Mbit/s but limiting factor is
the NXP TJA1043 transceiver, which only supports data rate up to 2 Mbit/s.

3.2. Software Architecture

Software architecture consists of two parts “user application” and “basic soft-
ware” (BSW). User application runs at the top of Application Abstraction Layer
knows as Runtime Environment (RTE), which specifies Application Program
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Interface (API) of BSW and hides its implementation details. BSW consists
of hardware drivers, configuration files, hardware abstraction layer (ETH IF,
CAN IE LIN IF ...) and different services (XCP, DISPLAY ...). Figure 3.3 shows
simplified software architecture model, where blocks between Microcontroller
and Application Abstraction Layer describe BSW layer.

Figure 3.3.: Software architecture
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3.2.1. Application Layer

Configuration files as well user application code is generated by MATLAB
Simulink from user defined model. Figure 3.4 shows process steps required
in building executable image. MATLAB Simulink generates C code from
constructed model. This code is bundled with BSW code and compiled by
IAR WORKBENCH RH850 toolchain. After successful code compilation hex
image is generated which is flashed to the MCU by Renesas E1 Debugger. The
tools required in build and run process are:

¢ MATLAB Simulink 2016b with Embedded Coder Enabled
¢ IAR Workbench RH850 Toolchain

¢ AA Toolchain (modified GT Toolchain)

* Renesas E1 Debugger

For detailed description about model based software design see Section 2.12.

MATLAB
Simulink Model

Simulink Coder
Embedded Coder
v Matlab Coder

Generated Simulink Application
RTOS
Drivers
Config

IAR WORKBENCH RH850
\ 4
Executable Image/Firmware

Renesas E1 Debugger
ECU FLASH/DEBUG

h 4
ECU

Figure 3.4.: Process of generating firmware
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In the Figure 3.5 build control windows is shown. This blocks is used to build
a model and flash the system.

[4] Toelchain Version: v1.0 for AA - >

Hardware Flash

|:| Flash ower CAN

Processor Debug
RHBSO/FIL ~ DEBUG Appl [] DEBUG BI
Compiler AutoSar
IAR RHES0 ~ AutoSar
Generate Code Make File, RAM, Stack Info
Generate Code Generate Make File
|:| Generate AZL RAM and Stack Info
Build

(C) ALL (Clean and Build)
Check model

Close |

Start

(@ BUILD
(O DO NOT BUILD

Figure 3.5.: Build tool

3.2.2. Custom SIMULINK Blocks
Task

Figure 3.6 shows task control window. Application software can have up to
three threads with customizable task time, priority and stack size.
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4 Create_Task_GUI - X
Clear all Ok
Create Task 0 Frlf Main Create Task 1
[ can scheduler  [] LIN Scheduler [ cAN Scheduler LIN Scheduler
Taskl Task1
. Cycle Time in 5
Cycle Time in ms (value or name of workspace
10 0.001
Priority (1..5) Priority (1.5)
5 4
Stack Size (Byte) Stack Size (Byte)
1024 1024
|:| Create Task 2 D Create Task 3
CAN Scheduler LIN Scheduler CAN Scheduler LIN Scheduler
Task2 Task3
Cycle Time in s Cycle Time in s
(value or name of workspace (value or name of workspace
0 0
Priority (1.5} Priority (1..5)
0 0
Stack Size (Byte) Stack Size (Byte)
1024 1024

Figure 3.6.: Task control window

FGO02 - Internal +5V Power Supply

Internal power supply unit can be turned of by following block:
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Sleep

Y4

slaep reguest [boolean)

GoToSleeap

Figure 3.7.: Sleep block

This block will put ECU in safe state, set all CAN/LIN transceivers into sleep
state and at the end turn power-supply off (under assumption that Clamp-15
is low).

FGO3 - External +5V Power Supply

Custom block provides functions for turning PS on/off, temperature and
voltage monitoring of the PS.

External +5V Power Supply

Power Supply Voltage[V]
+5V External Power Supply

) Enable[bool]

Power Supply Temperatur{C] >

+5V External Power Supply

Figure 3.8.: MATLAB Simulink control block for external power supply
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FG04 - CAN Bus

CAN bus contains four control blocks (Figure 3.9).

dbc_file_container

CAN_config

dbe_file_container

CAN_config

CAN_RX

CAN_TX

CAN_RX

CAN_TX

Figure 3.9.: CAN control blocks

In DBC container dbc file can be specified. DBC file holds message specifica-
tions of all CAN messages. This file is essential for CAN usage (Figure 3.10).
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4\ CAN dbc container

CAN dbc Container

DBC File:

1.1.}40_documents\aa-debug.dbc

parsertype

Browse Clear Genl

1- AA-DEBUG.dbc

Cancel 0K

Figure 3.10.: CAN DBC block

Depending on applications requirements, CAN channel configuration win-
dows (Figure 3.11) allows activation of specific CAN channel and specification

of data rate.

4 CAN Configuration

o

Can Config

Descrpton
This mocu povides the confguraton of al CAN modules

cand
[ use ca Cremnel

con2
[ use can cramnei2

cant
[ use can channel 1

coma
[ use CAN Channei 3

500 B

x

Figure 3.11.: CAN configuration block

TX and RX block are used for data reception and transiti
in these blocks are generated from a dbc file.
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Figure 3.12 shows transmission block in which beside transmit signals, cycle
time and CRC algorithm (this is not CAN protocol CRC) can be specified.
Similarly follows reception block seen in Figure 3.13

[4] CAN Transmit - X

CAN Transmit

Channel No. DBC File:
o ~ AA-DEBUG.dbc
Select dbe file Clear

CAN Message:

0x109 Measurements Select
Signal Name Startbit Length Typ
KL15 8 8 5TD
KL30 16 8 STD
TEMP_EXT_SV 24 8 STD
TEMP_PCB 32 8 5TD
WRKEUF_REQUEST 40 1 STD

v

CAN Tx-Buffer Handle ~ cycle time in ms.

auto 10

Confirmation Callback

NULL_PTR use this message as NMH

Pretransmit Callback
NULL_PTR

CRC
[ calculate CRC CUSTOM PROFILE

CRC Type: CRC 8 SAE 11850

Enable SQC 8x S0C 14

< not configured > Clear Data ID

SQC Incremention Input CRC Manipulation Input

Calc. Physical Value add check signal blocks to outs

Cancel OK

Figure 3.12.: CAN transmit block
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4 CAN Receive - X

CAN Receive

Channel No.: DBC File:
0 ~ AA-DEBUG.dbc
Select dbe file Clear
CAN Message:
0x106 PS_OUT Select
Signal Name Startbt Length Typ
P3_0OUT3 1 1 5TD
PS_OUT4 2 1 STD
PS5 _COUTS 3 1 STD
P3_OUTE 4 1 STD
P3_OUTS 5 1 5TD
PS5 COUTS [ 1 STD
v
CAN Rx-Buffer Handle
auto
timout in ms.
D activate receive status [1]
Indication Callback
NULL_PTR use this message as NMH
Precopy Callback
NULL_PTR
Calc. Physical Value
Cancel oK

Figure 3.13.: CAN receive block

FGO05 - LIN Master

Analog to CAN block, LIN contains also multiple control blocks. These are
LDF container block for message description file, LIN data rate configuration
block, RX/TX for data reception/transmission and LIN scheduler block.
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1 o]

LING_Config 1df_file_container
LINO_Config 1d7_file_container
LIN_RX LIN_TX

schedule table no. (int)

LIND_Switch_Schedule_Table

Figure 3.14.: LIN master control blocks

FGO06 Internal Measurements

Wake-up request block allows application to detect if the system has been
woken up by CAN/LIN transceiver wake-up request (Figure 3.15).

Wakeup Request

Wakeup Request Signal[bool]

Wakeup Request

Figure 3.15.: Wake-up request read block

Figure 3.16 shows Clamp-30 voltage monitoring block. Similarly Clamp-15
monitoring exists.
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GetClamp30

GetClamp30

Figure 3.16.: MATLAB Simulink Clamp-15/30 voltage read block

PCB temperature monitoring block is shown in Figure 3.17

Internal Temperatur

TEMPERATUR [C]

Internal Temperatur

Figure 3.17.: MATLAB Simulink PCB temperature read block

FGO07 External ADC channels

External ADC channels are controlled with the block shown in Figure 3.18.
ADC unit must be enabled in order for ADC to deliver valid results.
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ADC Unit

ADC1

ADC2

ADC3

ADCS
GatAllAnaloginputs

Enable ADC Unit

ADCE

ADCT

ADCA

ADCO

ADC10

GetAllAnaloginputs

Figure 3.18.: MATLAB Simulink ADC control block

FGO08 Multifunctional

For debugging OLED display and LED is available. Beside that USB-UART
can be used but this interface is not accessible from MATLAB.

Display is organized into eight lines and is controlled by block shown in
Figure 3.19.
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Display

N Line1 m

N Line2

N Line3
N Line4
DisplayAllLines
) Line5
3 Lines

N Line7

N Lines

DisplayAliLines

Figure 3.19.: OLED display MATLAB Simulink control block

Control block of Debug-LED is shown in Figure 3.20 where logic one turn
LED on and logic zero off.

RED LED

3 [bool] LED

RED LED

Figure 3.20.: Debug LED MATLAB Simulink control block
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FGO09 Ethernet Interface

Ethernet interface is configurable with blocks shown in Figure 3.21. Ether-
net_Config block allows to set IP address and to create UDP and TCP sockets.
Data can be transmitted or received either over TCP or UDP protocol. For
more information about Ethernet see Section 2.13. Please note that IP address
set here is also the IP address of XCP over TCP/IP protocol. XCP port is fixed
at port 5555. For more details about XCP protocol see Section 2.14

Eth Config p. UDP Tx UDP Rx }

Ethernet_Config Ethernet_UDP_Tx Ethernet_UDP_Rx

b TCP Tx TCP Rx

Ethernet_TCP_Tx Ethernet_TCP_Rx

Figure 3.21.: Ethernet controller control blocks

FG11 EEPROM

Reading and writing non-volatile memory is performed with blocks shown in
Figure 3.22.

EepromRead
EepromWrite

) data data

EepromWrite EepromRead

Figure 3.22.: MATLAB Simulink control blocks for reading and writing of EEPROM
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FG12 DIOs

Digital I/O are controlled with block shown in Figure 3.23. Please note that
block must be either configured as input or output. In case of a input logic
one sets I/O to 5V and logic zero to 0V.

Dlgltal {e] Block Parameters: DIO .
S-Function (mask)
Parameters
DIG IO [boolean] v
direction 1N
DIO channel
channel =0
direction = IN 0

Cancel Help Apply

Figure 3.23.: Digital I/O control block
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This chapter describes detailed implementation of Printed Board Circuit
(PCB). Schematics are organized into the same functional groups as it has
been described in Section 3.1.

General information of the PCB:

1. Construction Tool: Autodesk Eagle Version g (Education)
2. Baord size: 160mmx110mm ( fits BOPLA Alubos 1600 case)
3. Layers: 4

Board stack management:

1. Top-Signal layer

2. Ground layer

3. +5V layer

4. Bottom-Signal layer

For better schematic readability, project was imported into Altium Designer
(licensed to AKKA Technologies). Figure 4.1 shows schematic components
organized into functional groups.
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Figure 4.1.: Schematic components

4.1. FG01 Microcontroller

Functional group FGo1 has four subgroups. These are debug interface related
FGoz1 o1, clock related FGo1 02, ADC reference voltage FGo1 03, I/O assign-
ment FGo1 o4 and MCU supply FGo1 o5. For functional specification please
refer to the Section 3.1.1.
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4.1.1. FGO1 01 Programming Interface

Y 5y
“To select normal operatin
T o selec operating
g E: = 2 E: = mode of the device, the
ks - FLMDO pin must be
pulled low. +5V
2 2
H H
TCI00
CPU-RESET 10 s CPU-DCURDY
CPU-DCUTMS 8 7
CPU-DCUTDI g 3 CPU-DCUTDO
4 3 CPU-FLMDO
CPU-DCUTRST 2 1 CPU-DCUTCK
TC2050-1DC
GND
Y= D=s
& A 0603 2 :: A 0603
GND GND

Figure 4.2.: Programming interface

Debugging connector is implemented with TC2050-IDC Tag [38]. Benefit of
TC-Tag is that it does not require physical header to be soldered on the board.
Instead, defined PCB test points and special Tag-Connect-Plug is used to
connect Renesas E1 debugger and the board. Adapter for connecting Renesas
E1 and TC2050-Tag is shown in Figure 4.3 and Figure 4.3.
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Designator | Part

TCgo0 TC2050

Rgoo 3.3kQ) SMD 0603
Rgo1 3.3kQ) SMD 0603
Rgo2 100kQ) SMD 0603
Rgo3 100kQ) SMD 0603

Table 4.1.: Components of FGo1o1

SFHI11-PBPC-D07-RA-BK GND
X1
El 1 2 El_1 2 E3
E3 3 7 E4 E+ 3 [ 2%
= E6 2 0 O =
Es B 3 o ES 5| ool6 E
E7 7 8 ES E8_7 8 Eo
E9 9 10 200 80 Ell 9 g g 10___Fl3
Ell 11 12 -
EI3 13 14 : X2
GND

Figure 4.3.: TC2050 adapter schematic

{GND

Designator | Part
X1 CONN HDR 14POS 0.1 GOLD PCB R/A Female
X2 DEBUG 2X5 2.54MM PITCH Male

Table 4.2.: Components of TC2050 adapter
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Figure 4.4.: ALTIUM 3D view of TC2050 adapter

Figure 4.5.: TC2050 adapter
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4.1.2. FGO01 02 MCU-Clock

10pF

TP28

GNDHH

g2 CPU-CLK-X1
1]
€910 G603 ~
N TP29
o= é 4
10pF B RO04
1 2 N CPU-CLK-X2
L1} ‘Nv\"uﬁna
€911 ggo3 ORO
Figure 4.6.: MCU clock
Designator | Part
Q900 ABMS8G-16.000MHZ-B4Y-T
Co10 10pF 250V CoG/NPo SMD 0603
Co11 10pF V CoG/NPo SMD 0603
Rgog 0Q) JUMPER SMD o603

Table 4.3.: MCU clock
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4.1.3. FGO01 03 ADC Reference Voltage

ICs00

10

AOVREF

0603

" VIN VOUT = AN
§ g 5 RBOD
gl 2 g g &

— ~
1--& 1L % =
= -]
2 o REF3140S0T
0805 0603
REF31450T = 25 mA Maximal
GND GND GND

IAOVREF 3 mA per channel = 16 * 3

= 48 mA (Worst case)

Figure 4.7.: ADC reference voltage

Designator

Part

IC800
C8o0
C8o1
C8o2
R800

Texas Instruments REF3140
4.7pF 16V X7R SMD 0805
100nF X7R 16V SMD 0603
22uF X7R 16V SMD 1210
10Q2 SMD o603

Table 4.4.: ADC reference voltage

4.1.4. FGO01 04 MCU-I10

For detailed Pin assignment see Appendix A.1.
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Figure 4.8.: MCU IO assignment
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4.1.5. FGO01 05 MCU-Voltage Supply

Both system supply voltage (REG VCC) as port supply voltage (EVCC) are
powered by 5V. Alway-on (AWO) and Isolated area (ISO) capacitances (C9o3
and Cogo4) are required for internal regulators. Each pin pair has own decou-
pling capacitor. Special care should be taken to position these capacitors when
routing is performed. For avoiding EMC related issues these capacitors should
be placed on the PCB as close as possible to its corresponding pins such that
loops they form are as small as possible.
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; 3z EGY
2 8
=
5w sl z
2l s 2| &
e | .
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) o
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2| g 3 g
— —t
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d e . 150VE3
3L | awovss
=V i
GIND GIHD
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TE
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8 e = =
2| 2 al = al = a| 2
2] & I I | =
—1 —" L i
& & & & -
E Bl Bl = il
o&03 0&03 o&03 o&03 e
L
16
GND NI GND GND

Figure 4.9.: MCU voltage supply

88



4. Implementation

Designator | Part

Cogoo 4.7pF X7R 16V SMD 0805
Cogo1 100nF X7R 16V SMD 0603
Cogo2 100nF X7R 16V SMD 0603
Cogo3 100nF X7R 16V SMD 0603
Coo4 100nF X7R 16V SMD 0603
Coos 100nF X7R 16V SMD 0603
Coob 100nF X7R 16V SMD 0603
Cogoy 100nF X7R 16V SMD 0603
Cogo8 100nF X7R 16V SMD 0603

Table 4.5.

4.2. FGO02 Internal 45V Power Supply

Functional group FGoz has four subgroups. These are Clamp-30 input stage
FGoz o1, voltage regulator FGo2 02, PS switch FGoz 03 and Clamp-15 input
stage circuit. For functional specification of this group please refer to the
Section 3.1.2.
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4.2.1. FG02 01 KL30 Input

.
Replace by active
reverse polanty

POWER
D701

& .
‘ Ferrite
Current 1.25 A
DC Resistance 110 mQ

L701

@Q f

Vishay 5534

VBAT

R705
Wh—! T
2512 33 uH

OR

VARISTOR700
B72650

i

AMaxm:mm repetitive pe
ak reverse voltage: 40V
Maximum average forward
rectified current 3A
Forward voltage: 0.5V
Drawback:
Power dissipation = VE * If

VISHAY -SMAJA0A

TVST00
Ll

GND

GND

{DPOWER

Figure 4.10.: Power supply input (clamp 30) with protection network

Designator Part
VARISTOR700 | EPCOS-B72650Mo0400K072
Dyo1 Vishay SS34
Ryo5 002 SMD 2512
Lyo1 33uH SRRy045270M
TVS700 VISHAY SMAJ40A

Table 4.6.
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4.2.2. FG02 02 +5V Voltage Regulator

VBAT

S GND GND
GND

LMRI4020ENABIE BRI

€701 J*ciuz C703
> 101

250V | Jul SOV
1206 1206 0603

Onff 50V

110k
0603
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oD 1700
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| 33uit SRR7045-330H 703
B 100k 8
ool RISYNG B [+ — i oens 1 I
Y s, g cr07 : £
8 ss g F 3 K 100aF 16V T I
. 3 P 704 0603 2
=33 GND  GND 19k8 g
i 0603 4
] ayaron €L d
@D D aD @D aND A @D

Figure 4.11.: Internal voltage supply

Designator | Part

IC 700 Texas Instruments LMR14020
Croo 22uF 50V EEEFK1H220P Polarized
Cro1 2.2pF 50V SMD 1206

Crpoz 2.2pF 50V SMD 1206

Cro3 100nF 50V SMD 0603

Cro4 100nF 25V SMD 0603

Cros 4.7nF 50V SMD 0603

Cro6 68uF 16V EEEFT1C680AR Polarized
Croy 100nF 16V SMD 0603

R700 110kQ) SMD 0603

R701 30kQ) SMD 0603

R702 23 2k() SMD o603

R703 100kQ) SMD 0603

Ry04 17 8k() SMD 0603

Dyoo VISHAY S5S34

L7o0 33uH SRR7045-330M

Table 4.7.
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4.2.3. FG02 03 PS Switch

Figure 4.12.: Power supply switch

Designator | Part

T700 PNP BJT BC807 45V SMALL SIGNAL TRANSISTOR IN SOTz23
T701 NPN BJT BC847C 50V SMALL SIGNAL TRANSISTOR IN SOT23
T702 100k SMD o603

T703 100k SMD o603

R706 100k SMD o603

R7o7 100k SMD o603

R708 100kQ) SMD 0603

R709 100k SMD o603

R710 100k SMD o603

R711 100k SMD o603

R712 39k() SMD o603

R713 100k SMD o603

Dyoz2 BAW21W Small Signal Switching Diodes, High Voltage

Dyo3 BAW21W Small Signal Switching Diodes, High Voltage

Dyo4 BAW21W Small Signal Switching Diodes, High Voltage

Dyos BAW21W Small Signal Switching Diodes, High Voltage

JP700 PINHD-2X5, Source select jumper

Table 4.8.
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4.2.4. FG02 04 KL15 Input

D706

KLLS hr KL15 OUT EL15-0UT .+
S5514HE3
-
=
: ;
: ;
=1 a [
7 g Af
= s e =
= m
GND GND

Figure 4.13.: Clamp 15 input circuit

Designator Part
VARISTOR701 | EPCOS-B72650Mo400Ko072
Dro06 Vishay SS14HE3
TVS701 VISHAY SMAJ40A
Table 4.9.

4.3. FGO3 External Power Supply

External power supply is identical to +5V internal supply. For functional
specification please refer to the Section 3.1.3 and 3.1.2.
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4.3.1. FGO3 01 +5V External Voltage Regulator

16500

+SYEXT

21viN Boor

3. BN sw S MY

“of RTSYNC  FB [0
8 ss

GND  GND

AT Bk
BSh

MRTI00
@ b b

+SVEXT

Figure 4.14.: +5V External Voltage Regulator
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Designator Part
IC 500 Texas Instruments LMR14020
Cso00 22uF 50V EEEFK1H220P Polarized
Cso1 2.2pF 50V SMD 1206
Cso02 2.2pF 50V SMD 1206
Cs03 100nF 50V SMD 0603
Cs04 100nF 25V SMD 0603
Cso05 100nF 16V SMD 0603
Cs06 68puF 16V EEEFT1C680AR Polarized
Cso7y 4.7nF 50V SMD 0603
R500 110kQ) SMD 0603
R501 110kQ) SMD 0603
R502 30k SMD o603
R504 100kQ) SMD 0603
Rs05 17 8kQ) SMD 0603
R506 39k() SMD 0603
Rso07 100kQ) SMD 0603
R508 100kQ) SMD 0603
Dso00 VISHAY SS34
Lsoo 33uH SRR7045-330M
Ts00 PNP BJT BC8o7 45V SMALL SIGNAL TRANSISTOR IN SOT23
Ts01 NPN BJT BC847C 50V SMALL SIGNAL TRANSISTOR IN SOT23
R133 4700) SMD o603
+5V-EXTERNAL-LED | Control LED
Table 4.10.
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4.3.2. FG03 02 Supply Temperature

FGO03 02 Supply Temperature
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Figure 4.15.: Supply Temperature
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Designator Part

IC1500 Microchip TC1047A

C1500 100nF 16V SMD o603

Ci501 100nF 16V SMD 0603

R1500 1kQ) SMD 0603

AMP1500 Texas Instruments TLV341AIDBVR
AMP1500-C4 | 100nF 16V SMD o603

AMP1500-C1 | InF 16V SMD 0603

AMP1500-R1 | 1802 SMD 0603

AMP1500-R5 | 100k SMD 0603

Table 4.11.

4.3.3. FGO3 03 Output Voltage Measurement

«_ADC _INT BUS '»

u
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1605 Tt wrm

&b ["tvormal operation 2 -
5. when SHDN pin is at
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SHDIN pin is not N
present QT
L s
GrD D @D

Figure 4.16.: Output Voltage Measurement
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Designator | Part

AMPs500 Texas Instruments TLV341AIDBVR
AMP500-C4 | 100nF 16V SMD 0603

AMP500-C1 | InF 16V SMD 0603

AMP500-R1 | 18002 SMD 0603

AMPs500-R5 | 100k} SMD o603

AMPs500-R7 | 27kQ) SMD 0603

AMP500-R8 | 100k} SMD o603

Table 4.12.

4.3.4. FG03 04 ESD Protection
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:
z g
B 2
& =
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G &b

Figure 4.17.: ESD Protection
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Designator Part
+5V-EXTERNAL-D-TVS1 | VISHAY SMAJ5.0A
+5V-EXTERNAL-D1 BAT545
+5V-EXTERNAL-L1 WE-CBF SMD EMI Suppression Ferrite Bead
+5V-EXTERNAL-C1 InF 16V SMD 0603
+5V-EXTERNAL-C2 100nF 16V SMD 0603
+5V-EXTERNAL-R1 002 SMD 2512
Table 4.13.

4.4. FG04 CAN

CAN physical layer is composed of three parts. CAN transceiver FGog o1, ter-
mination network FGog o2 and ESD protection circuit FGo4 03. For functional
specification please refer to the Section 3.1.4. This structure is repeated three
times for every CAN-controller.
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4.4.1. FG04 01 CAN Transceiver(s)

VBAT
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CAN CTRL BUS.CANO-NERR & | — wo L2
TJA1043

Figure 4.18.: CAN transceiver(s)

Designator | Part

IC1100 NXP TJA1043 High Speed CAN Transceiver

C1100 100nF 16V SMD o603

C1101 10nF 50V SMD 0603

R1100 1kQ) SMD 0603

L1100 Common-mode Choke TDK ACT45B-510-2P-TLo03
Table 4.14.

4.4.2. FG04 02 CAN Termination

Termination network used here is called split termination where 120Q) re-
sistor is split into two equal resistors. Capacitor used between these two
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resistors form low-pass filter. This filter should reduce common-mode noise

and electromagnetic emissions.

R1101
MW
62

1206

C1l102

N

22nF 100V 0603

L GND
§ 8

R1102
1206

Figure 4.19.: CAN termination network

Designator

Part

Ri101
Ri1102
Ci1102

62() SMD 1206
62() SMD 1206
22nF 100V SMD 0603

Table 4.15.

4.4.3. FG04 03 CAN ESD Protection

Please note that when routing the PCB protection should be placed near CAN’s
external connector. Second thing that needs special care when differential
pairs of CAN are routed is the length, that should be matched.
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CAN CON.CANO. P

Dil00
L |
B 5
2l
&
FPESD1CAN
GND

CAN CON.CANO. N

Figure 4.20.: CAN ESD protection

Designator | Part
D1100 NXP PESD1CAN CAN bus ESD protection diode

Table 4.16.

4.4.4. FG04 04 SPI CAN FD Controller

LA, - SPLBUS

CANFDO D BU
SPI BUS CANFD SPICS s CANED BUS
X RY - CANFDO
CANFDBUS

SPI BUS CANFD SPIMISO
SPI BUS CANFD sP1INT

= B2 NepssiTED.05C1

GNDH g =§
i MCP2517FD-0SC2
G @D :

Figure 4.21.: SPI CAN FD Controller
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Designator | Part

IC300 Microchip MCP2517FD External CAN FD Controller
R300 10kQ) SMD 0603

R301 10kQ) SMD 0603

R303 100kQ) SMD 0603

R304 0Q) SMD 0603

C300 100nF 16V SMD 0603

C3o01 *

C302 10nF 16V SMD 0603

C303 10pF SMD o603

C304 10pF SMD o603

Q300 ABMS8G-40.000MHZ-4Y-T3

Table 4.17.

4.5. FG05 LIN Master

For functional specification please refer to the Section 3.1.5
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4.5.1. FGO05 01 LIN Master Transceiver

LIN_INE

INHLIN INHLINO-INH LINGINE SR

LIN_BUS (INBOS
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LIN CONLINO TR
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o
&
2
g

GND

Figure 4.22.: LIN master transceiver

Designator | Part

1C200 NXP TJA1021T LIN 2.1/SAE J2602 transceiver

R200 2k SMD 1206

R201 2k SMD 1206

R203 0Q) SMD 0805

R204 10kQ) SMD 0603

C200 100nF 50V SMD 0603

C201 1InF 50V SMD 0603

C202 *

D2oo 1N4148WS

D2o1 LIN-bus ESD protection diode
Table 4.18.
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4.6. FG06 Internal Measurements

Internal measurements consist of FGo6o1 PCB temperature measurement,
FGo602/03 Clamp-15 and Clamp-30 voltage measurements and FGo6o4 wake-
up request detection circuit. For functional specification please refer to the
Section 3.1.6.

4.6.1. FG06 01 PCB Temperature

ADC_INT BUS INT-TEMP
g B v
I N m,m%
L]
Gh

GND

Figure 4.23.: PCB temperature
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Designator Part

IC1400 Microchip TC1047A

C1400 100nF 16V SMD o603

C1401 100nF 16V SMD 0603

R1400 1kQ) SMD 0603

AMP1400 Texas Instruments TLV341AIDBVR

AMP1400-C4 | 100nF 16V SMD o603
AMP1400-C1 | InF 16V SMD 0603
AMP1400-R1 | 1802 SMD 0603
AMP1400-R5 | 100kQ) SMD 0603

Table 4.19.

4.6.2. FG06 02/03 Clamp 30 and 15 Voltage Measurement

[*Place near ADC input

AP13-R1
AV

ADC INT BUSKLIS

Figure 4.24.: Clamp 15 voltage measurement
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Designator Part

AMP11 Texas Instruments TLV341AIDBVR
AMP11-C4 100nF 16V SMD o603

AMP11-C1 1InF 16V SMD 0603

AMP11-R1 18002 SMD 0603

AMP11-R5 100k SMD o603

AMP11-R7y 100k SMD 0603

AMP11-R8 12k SMD 0603

AMP11-L1 WE-CBF SMD EMI Suppression Ferrite Bead
AMP11-D-TVS1 | VISHAY SMAJ5.0A

AMP11-D1 BAW21W

AMP11-D2 BAW21W

AMP11-Cy 100nF 16V SMD 0603

AMP11-R6 1kQ) SMD 0603

AMP11-C6 100nF 16V SMD 0603

Table 4.20.

4.6.3. FG06 04 Wake-Up Request Detection

ADC_INT BUS WAKE-UP-REQ
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2 o
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))))))))
lo 000
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oD nin

Figure 4.25.: Wake-up request detection
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Designator Part

AMP15 Texas Instruments TLV341AIDBVR
AMP15-C4 100nF 16V SMD o603

AMP15-C1 InF 16V SMD 0603

AMP15-R1 18002 SMD 0603

AMP15-R5 100kQ) SMD 0603

AMP15-R7 100k SMD 0603

AMP15-R8 12k SMD 0603

AMP15-L1 WE-CBF SMD EMI Suppression Ferrite Bead
AMP15-D-TVS1 | VISHAY SMAJ5.0A

AMP15-D1 BAW21W

AMP15-D2 BAW21W

AMP15-Cy 100nF 16V SMD 0603

AMP15-R6 1k} SMD o603

AMP15-C6 100nF 16V SMD 0603

Table 4.21.

4.7. FGO7 External ADC channels

Total ten external ADC channels are available. Functional groups are FGoyo1
ADC represents signal conditioning circuit and FGoyoz2 represents ADC on/ off

switch. For functional specification please refer to the Section 3.1.7.
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4.7.1. FG07 01 ADC Channel
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Figure 4.26.: ADC channel
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Designator | Part
AMP1 Texas Instruments OP836 Rail-to-Rail
AMP2 Texas Instruments OP836 Rail-to-Rail
C1 100nF 16V SMD 0603
C2 1InF SMD o603
C3 10nF 16V SMD o603
Cy 100nF 16V SMD 0603
Cs 20.5nF 16V SMD 0603
Coé 100nF 16V SMD o603
Cy 100nF 16V SMD 0603
L1 WE-CBF SMD EMI Suppression Ferrite Bead
TVS1 VISHAY SMAJ5.0A
D1 BAW21W
D2 BAW21W
R2 18002 SMD 0603
R3 13kQ) SMD 0603
R4 *
Rs 9.53k() SMD 0603
R6 8.2kQ) SMD 0603
Ry 100k SMD o603
X1 SMA Connector
Table 4.22.
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4.7.2. FGO7 02 ADC Switch

R1604

V&
B4

+5v B MW 'l?“; {oND
P GND GND
Figure 4.27.: ADC channel enable inverter

Designator Part
T1600 BSS83P PMOS
T1601 2N7002 NMOS
R1600 10kQ) SMD 0603
R1601 100k SMD o603
R1602 *
R1603 *
R1604 4700} SMD o603
ADCo-EXTERNAL-ENABLE-OUT-LED | LED

Table 4.23.

4.8. FG08 Multifunctional

This functional group includes FGo8o2 external SPI-Connector, FGo8o3 12C-
Connector and FGo8o1 Debug-LED. For functional specification please refer
to the Section 3.1.8.

* FGo8 o2 SPI for System Expansion
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* FGo8 03 I2C OLED Display

FGO08 02 SPI FGO8 03 12C OLED Display

Figure 4.28.: Onboard SPI and 12C

Designator | Part
SPI3 PINHD-1X7
JP3-R1 10k} SMD o603
JP3-R2 10k SMD o603
JP3-R3 100kQ) SMD 0603
JP3-C1 *
JP3-C2 *

Table 4.24.

Designator | Part

PINHD-1X4
[2C-R1 4.7k} SMD 0603
[2C-R2 4.7kQ) SMD 0603

Table 4.25.
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4.8.1. FGO08 01 Debug LED

;5254

LEDO-R1
DEBUG BUS LED.RED
0503 HAy

GND

_DEBUG_BUS )»DFBUC.BUS

Figure 4.29.: Debug LED

Designator | Part

LEDo-R1 100k SMD o603

LEDo-R2 100k SMD o603

LEDo-R3 47002 SMD 0603

LEDo-T1 NPN BJT BC847C 50V SMALL SIGNAL TRANSISTOR IN SOT23
LEDo LED

Table 4.26.

4.9. FG09 Ethernet Interface

Ethernet interface is composed of Ethernet controller FGogo1, logic level shifter
FGogoz2 and 3.3V linear voltage regulator. For functional specification please
refer to the Section 3.1.9.
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4.9.1. FG09 01 Ethernet Controller

b
(e

Figure 4.30.: Ethernet controller

e 0803
1 ENCA24-0SC1
it =
1997 .
GND}H g =i
& 3
co1s os03 | me1s oses
1 ENC424-0SC2
it AW
1657 oro

Figure 4.31.: Ethernet controller

114



4. Implementation

Designator | Part

IC600

R602 12.4kQ) 1% SMD 0603
R603 3.3kQ) SMD 0603

R604 102 1% SMD 0603

R605 3.3kQ) SMD o603

R606 100k SMD 0603

R607 18002 SMD 0603

R608 18002 SMD 0603

R609 49.9Q) 1% SMD 0603
R610 49.90) 1% SMD 0603
R611 49.90) 1% SMD 0603
R612 49.90) 1% SMD 0603
Ré613 002 SMD o603

Cé6oo 100nF 16V SMD 0603
Cé6o1 100nF 16V SMD 0603
Cé6o2 100nF 16V SMD 0603
C603 100nF 16V SMD 0603
C60o4 100nF 16V SMD o603
Céo5 10pF 16V SMD 0805
C606 10nF 16V SMD 0603
Céoy 10nF 16V SMD 0603
Cé1o0 6.8nF 10% 16V SMD 0603
Cé11 6.8nF 10% 16V SMD 0603
Cé612 10nF 16V SMD 0603
Cé613 10nF 16V SMD 0603
Cé614 18pF SMD o603

Cé615 18pF SMD o603

Q600 ABMS8G-25.000MHZ-B4Y-T
U6o1 Littelfuse SPo504S - Low Capacitance ESD Protection
J600 HRg11105A RJ45 Connector

Table 4.27.
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4.9.2. FG09 02 Logic Level Shifter

ENC424-3 3V

b
<
|€6J9

2

o | 0603
s I
ND

2|
==

s -

g B I
0603

E'“, 0603

ENC424-INT-IN
3 ENC424-MISO
4 ENC424-MOSI
5 ENC424-5CK

100nF 16V

@

R600
ANAM
VW
10%

VECA

SPI_BUS ETH_SPLINT

SPI_BUS ETH _SPIMISO 12
SPI BUS ETH SPIMOSI 11
SPI BUS ETH SPISCK 10

GND

Figure 4.32.: Logic Level Shifter

Designator | Part

U6oo Texas Instruments TXBo1o4 4-Bit Bidirectional Voltage-level Translator
R600 10kQ) SMD 0603

C608 100nF 16V SMD o603

C6o9 100nF 16V SMD 0603

Table 4.28.
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4.9.3. FG09 03 +3.3V LDO Regulator

Figure 4.33.: +3.3V LDO Regulator

Designator | Part

IC400 Microchip MIC5219-3.3YM5-TR Linear Voltage Regulator
R400 1kQ) SMD o603

Rg01 *

Cg00 100nF 16V SMD 0603

Cg02 470pF 16V SMD 0603

Cy03 2.2pF Tantalum Case A 3216

R1 4700) SMD 0603

ETHo-LED1 | LED

Table 4.29.

4.10. FG10 USB 2.0 to UART Protocol Converter

For functional specification please refer to the Section 3.1.10.
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Figure 4.34.: USB 2.0 to UART protocol converter

Designator Part
IC100 Microchip MCP2200 USB-to-UART Serial Converter
R100 10kQ) SMD 0603
R101 47002 SMD 0603
R1o02 47002 SMD o603
R103 00} SMD o603
C1o0 100nF 16V SMD 0603
C1o1 470nF 16V SMD 0603
C1o02 10nF 16V SMD o603
C1o03 10pF 50V EEE-FT1H100AR Polarized
C1o4 0.2pF CoG/NPo SMD 0603
C1o5 0.2pF CoG/NPo SMD 0603
C106 12pF SMD o603
Cioy 12pF SMD o603
L1oo Suppression Common Mode Choke,WE-744231091
Lio1 FERRITE BEAD WE-742792651, EMC Filter of USB 2.0 Port
U1o0 Littelfuse SPo504S - Low Capacitance ESD Protection
Q100 ABMS8G-12.000MHZ-4Y-T3
X100 USB Type B Jack
LED-USB-TX | LED
LED-USB-RX | LED
Table 4.30.
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4.11. FG11 EEPROM

For functional specification please refer to the Section 3.1.11.

IC1000

g1 =y
= -
PR | | 2k
3 < SPLBUS » = ks
2 2
) s
SPI_BUS EEP_SPICS
—
SPI BUS.EEP SPLSCK
SPI_ BUS.EEP SPIMOSI
SPI_ BUS.EEP _SPIMISO
8 3
a & a B
;——2 a ;:;E lv-—2 -
y 2 :: 8 0603 o
5 g
2 2
0603 0603

GND GND GND

Figure 4.35.: EEPROM

VDD

REE]

€1002|

0603

Q
b
=]

Designator | Part

IC1000 ST Mg5640-W 64-Kbit serial SPI bus EEPROM
R1000 10kQ) SMD 0603

R1001 10kQ) SMD 0603

R1002 100kQ) SMD 0603

C1000 10nF 16V SMD 0603

C1o001 10nF 16V SMD 0603

C1002 100nF 16V SMD 0603

Table 4.31.
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4. Implementation
4.12. FG12 DIOs

All available digital I/O are protected with following circuit. For functional
specification please refer to the Section 3.1.12.

+5V
e
1
(-]
(-7}
v (4]
o [l 4]
H © a 1 0603
£ B © ] I >
il g @ Ny, = &
a t - -——
S 4 o], lemmm2f
:'R . N 3
g
GND GND GND
DIO BUS.P9 0 P9 _0°wd DIO CON.P9 0
| ,\NW 0603 - B
- | 750
Q
CI=| 1, 2
2 5
0603
GND

Figure 4.36.: Digital I/O with ESD protection circuit
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Designator | Part

*-D-TVS1 | VISHAY SMA]J5.0A

*-D1 BAT54S

*L1 WE-CBF SMD EMI Suppression Ferrite Bead
*-C1 1InF 16V SMD 0603

*C2 100nF 16V SMD 0603

*-R1 75002 SMD 0603

Table 4.32.

4.13. FG13 External Connector

For available external connectivity through 37 Pin SUB-D connector see Sec-
tion 3.1.12. Description of the custom cable (Figure 4.38) can be found in
Table 4.34, Table 4.35, Table 4.36, Table 4.37,Table 4.38,Table 4.40 and Ta-

ble 4.39.
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. CAN CON CAN_CON =5V-EXTERNAL
{TIN_CON_ el TN_CON
DIO GND

e DIO_CON

- DIO_CON_» el @ e =
e e — — = & X1 ’Z |
DIO_CON | FIT cngilh 1 EIQLON PO 6
DIO CO! | 21 2 DI0_CONPS_4 Qoo
DIO_CON 1 23 B DIO_CON.P9_2 |
DI0 CON T = 0 DIO_CONPS 0 |
DIO_CON | 3 M DIO_CONP10_7
DI0_CON ‘ = B DIO_CON.TAPAQESO |

&) \ i DIO_CONTAPAUWP |
| B

DIO_CON TAPAOUP |

26}
PAOUN 2'\' b]() CON.TAPAOVP
n 24 Is
(el TEXIERNAL 29I- 0

N CON.CANO.N EGI 11 +SV-EXTERNAL ! Ly
CAN CON.CAN2. N 34 12 CAN_CON.CANO._P

CAN CON.CANL. N 32| 13 CAN_CON.CAN2._P
LIN CON.LINO 33| 14 CAN_CON.CAN1._P
| 2 1s e
GNDF 1 T | T | |G
KL30 34| 17 | 1=
KL30 37| 15 KL30
13 KL30
62
GND

Figure 4.37.: External connector signal assignment

Designator | Part
X1 37 Pin D-SUB Connector

Table 4.33.

122



LIN MASTER
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=)

CAN 2 FD
b |
NN

DIO ‘ ‘ DIO P9 ‘ ‘ DIO TAPA ‘

Figure 4.38.: Cable with connectors

CANO
D-Sub 9 Female Pin Function D-Sub 37 Female Pin
1
2 CANO— HS — LOW 30
3 CLAMP31/GND/Battery(—) | 10,16,17,28,34,35
4
5
6
7 CANO— HS — HIGH 12
8
9

Table 4.34.: CAN o
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CAN1
D-Sub 9 Female Pin Function D-Sub 37 Female Pin
1
2 CAN1—-HS - LOW 32
3 CLAMP31/GND/Battery(—) | 10,16,17,28,34,35
4
5
6
7 CAN1—-HS - HIGH 14
8
9

Table 4.35.: CAN 1

CAN2
D-Sub 9 Female Pin Function D-Sub 37 Female Pin
1
2 CAN2 - HS — LOW 31
3 CLAMP31/GND/Battery(—) | 10,16,17,28,34,35
4
5
6
7 CAN2 — HS — HIGH 13
8
9

Table 4.36.: CAN 2
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LIN MASTER
D-Sub 9 Female Pin Function D-Sub 37 Female Pin
1
2
3 CLAMP31/GND/Battery(—) | 10,16,17,28,34,35
4
5
6
7 LIN 33
8
9 CLAMP30/ Battery(+) 18,19,36,37

Table 4.37.: LIN Master

DIO TAPA
D-Sub 9 Female Pin Function D-Sub 37 Female Pin
1 TAPAOUP/DIO1 9
2 CLAMP31/GND/Battery(—) | 10,16,17,28,34,35
3 TAPAOVP/DIO3 8
4 TAPAOWP/DIO5 7
5 TAPAOESO/DIO7 6
6 TAPAOUN/DIO2 27
7 5V —EXTERNAL 11,29
8 TAPAOVN/DIO4 26
9 TAPAOWN /DIO6 25

Table 4.38.: TAPA Connector
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DIO P9
D-Sub 9 Female Pin Function D-Sub 37 Female Pin
1 P99/DIOS8 4
2 CLAMP31/GND/ Battery(—) | 10,16,17,28,34,35
3 P9,/DIO10 3
4 P9,/DI1012 2
5 P9¢/DI0O14 1
6 P9,/DIO9 22
7 5V —EXTERNAL 11,29
8 P95/DI011 26
9 P95/D1013 25

Table 4.39.: P9 connector

DIO
D-Sub 9 Female Pin Function D-Sub 37 Female Pin
1 P104/DIO15 24
2 CLAMP31/GND/ Battery(—) 10,16,17,28,34,35
3 P0,3/SPI3 — NINT — shared/DIO16 | 23
4
5
6
7 5V —EXTERNAL 11,29
8
9 P107/DI0O13 5

Table 4.40.: DIO connector

4.14. PCB Layout

Figure 4.39, Figure 4.40 and Figure 4.41 show board geometry after routing
has been completed. Fully assembled board with top and bottom functional
description is shown in Figure 4.42 and Figure 4.43.
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noonnmnnmnnnmn

Figure 4.39.: PCB board
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Figure 4.41.: PCB bottom
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EXT. ADC
ENABLE STATUS
LED

10 x External ADC

JTAG

INTERNAL
MEASUREMENTS
JUMPERS FOR WAKE-UP
SOURCE SELECTION

EXT. PS TEMPERATURE
SENSOR

INTERNAL +5V
POWER SUPPLY

EXTERNAL +5V
POWER SUPPLY

EXT. CONNECTOR

BILIN MASTER
PHY

2 x CAN HS PHY
1 x CAN FD PHY

USB UART ;
JCONVERTER

U}

Figure 4.42.: Assembled PCB top
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ESD PROTECTION

ADC

4.096V Voltage Reference ‘
for ADC

8 KBytes of EEPROM ‘

3 [ESD PROTECTION
DIGITAL /0

ESD PROTECTION

! ETHERNET

|| £12kV contact discharge
+15KkV air discharge

ESD PROTECTION
UsB
+12kV contact discharge
+15kV air discharge

Figure 4.43.: Assembled PCB bottom
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5. System Evaluation

This Chapter covers evaluation and correctness of the system. Test performed
related to electromagnetic emissions and interference have been performed
on Institute of Electronics (IFE) at Technical University of Graz (TUG) under
supervision of Ass.Prof. Dipl.-Ing. Dr.tech. Winkler. Please note that most of
the low level test were performed during commissioning of the board and
will not be covered here. These were basic voltage checks, functional group
checks, EEPROM read write tests, CAN - CAN FD gateway test etc. Every
test consists of a hardware setup called test bench (TB) and corresponding
MATLAB Simulink model. Following test have been performed:

¢ External ADC channel test
EXT Power Supply load test
I/0O write test

SMART Switch test

LIN test

EMI test

e ESD test

Please note that CAN and Ethernet interfaces are not tested independently
but rather in combination with above listed test. All system interaction (con-
trol or/and visualisation) has been performed either by Ethernet (XCP over
TCP/IP) or CAN (CANoe) interface.

5.1. External ADC Test

Purpose of the test is to verify accuracy of the external ADC channels. Test is
performed on channels one, five and ten.
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5.1.1. Setup

Test bench setup is shown in Figure 5.1 and used equipment in Table 5.1. As
a DC voltage source Philips PM5131 signal generator is used, where RIGOL
DS1054Z acts as a golden device for voltage measurement. Simulink model is
shown in Figure 5.2 which actually sends out all external ADC readings over
CAN interface. OLED-Display in the model shows basic system information
like Clamp-30 voltage, PCB-Temperature, Clamp-15 voltage and ADC channel
1 measurement. Data visualization is performed with Vector CANcaseXL and
CANoe control/debug panel shown in Figure 5.3. Voltage is varied over full
scale range of ADC (0V - 4.096V).
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Hardware

Signal Generator

Philips PM5131
RIGOL
DS1054Z
MC POWER Device Under Test
RNG-1501 MATLAB Simulink Generated Model
CANO
uss
VECTOR PC
CANcaseXL CANoe 9.0 SP2
Renesas E1
Debugger
JAR RH850 WORKBENCH CONTROL / DEBUG PANEL
MATLAB Simulink
EXT_ADC_TEST_MODEL
Figure 5.1.: external ADC Test bench setup
Tool Name Description
RIGOL DS1054 Input voltage measurement
PHILIPS PM5131 Variable DC voltage source

VECTOR CANcaseXL | CAN-Bus to PC
MC POWER RNG-1501 | Power supply for Device Under Test
Renesas E1 JTAG Debugger

Table 5.1.: Test bench equipment
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5. System Evaluation

ADC TEST SETUP

CAN TX BLOCK

OLED DISPLAY
DEBUG LED
INTERNAL MEASUREMENTS
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Figure 5.3.: Test bench control/debug panel
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5.1.2. Results
Step Vin adjusted /measured [mV] CH1 [mV] CHs [mV] CH1o [mV]
RIGOL DS1054 CANoe Control Panel | CANoe Control Panel | CANoe Control Panel
1 1 1 1
2 400 398 396 398
3 8oo 8o1 791 799
4 1200 1199 1201 1196
5 1600 1598 1601 1601
6 2000 2000 2009 2004
7 2400 2401 2397 2410
8 2800 2800 2757 2809
9 3200 3168 3155 3168
10 | 3600 3556 3566 3562
12 | 4000 3978 3984 3977
13 | 4080 4048 4061 4051
14 | 4180 4095 4095 4095

Table 5.2.: Results of ADC CH1,CH5 and CHz1o voltage measurement over full scale range
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Vi[mv]

e 4

‘‘‘‘‘ - e —+Set Voltage
e CH1
ol A CH5

- —CH10

Step

Figure 5.4.: Plot of measured results

5.1.3. Conclusion and Discussion

Obtained results are shown in Figure 5.2 and corresponding plot in Figure 5.4.
Voltage is measured in 400mV steps. Results are very close to RIGOL measure-
ments with slightly exception is some ranges which could be related to RIGOL
setup of volt/div resolution. Above 4.096V (Step 12) shows ADC saturation
where full scale range has been reached.

5.2. EXT Power Supply

Purpose of this test is to examine the behaviour of a power supply under load.
Test was performed for 30 minutes, during that time, PS output voltage, PS
temperature, output current and ripple voltage were monitored.
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5.2.1. Setup

5. System Evaluation

Test bench is shown in Figure 5.5. Total load of 3.916() is constructed with
twelve in parallel connected 47() resistors. Current is measured with Voltcraft
V(820 amperemeter and ripple voltage with RIGOL DS1054Z. Simulink model
Figure 5.7 is constructed such that PS can be enabled or disabled over CAN
bus. Beside that PS temperature and internally measured voltage are sent over
CAN bus. Data visualisation and model control are performed using Vector
CANcaseXL and CANoe tool.

Hardware

Figure 5.6 shows test bench setup. Equipment used in the test bench is shown

in Table 5.3.

VOLTCRAFT
VC 820

RIGOL
DS1054Z
RIPPLE VOLTAGE ON TP7

AMPEREMETER

12 x RESISTOR 47 OHM - 25W
TOTAL RESISTANCE = 3.916 OHM

MC POWER
RNG-1501

Device Under Test
MATLAB Simulink Generated Model

CANO

GROUND

VECTOR
CANcaseXL

Renesas E1

PC

CANoe 9.0 SP2

Debugger

I

IAR RH850 WORKBENCH

f

MATLAB Simulink
EXT_PS_TEST_MODEL

Figure 5.5.: EXT PS test bench setup
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Tool Name Description

RIGOL DS1054 Ripple voltage measurement
VOLTCRAFT VC 820 Amperemeter

VECTOR CANcaseXL CAN-Bus to PC

MC POWER RNG-1501 Power supply of Device Under Test
Renesas E1 JTAG Debugger

12 x High Power Resistors 472 1% | Load

Table 5.3.: Test bench equipment

Figure 5.6.: EXT PS test bench

138




5. System Evaluation

Software

Figure 5.7.: MATLAB Simulink test bench model

@ CONTROL-DEBUG-PANEL - x

INTERNAL MEASUREMENTS  EXTERNALADC EXTERNAL ADC ANALOG DIGITAL1Os EXTERNALSVPS DIV VN7016A!

[ Ps_5V_ENABLE )

QUTPUT VOLTAGE inV]

TEMPERATURE K]

Figure 5.8.: Test bench control/debug panel

5.2.2. Results

Rroap [ Q] Lneasured [ Al Latcutated [ A Vour [mV ] T[°C] Vripple [mV]

3.916 1.144 1.2768 4979 34 89.20

Table 5.4.: EXT PS test bench results
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5.2.3. Conclusion and Discussion

Result obtained are shown in Figure 5.4. Temperature sensor of power supply
reported 34°C during test time. Output voltage measured by internal circuit
is 4979mV. Ripple voltage measured is 89.20mV which is slightly higher
compared to the design parameters (Table 2.4).

5.3. 1/0O Test

This test verifies functionality of external digital I/Os and cable wiring.

5.3.1. Setup

Test bench setup is shown in Figure 5.9. I/Os are evaluated with logic anal-
yser. Simulink model for all three digital connectors is shown in Figure 5.11,
Figure 5.14 and Figure 5.12 which implements seting I/Os either to "HIGH"
or "LOW” through CAN interface. Control is implemented with CANoe’s
panel shown in Figure 5.14 which periodically pulse (Period 2s) all digital
1/0s of selected connector.
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Hardware
Logic Analyzer
24 MHz 8 CH
TAPA CONNECTOR / P9 CONNECTOR/ DIO CONNECTOR
MC POWER Device Under Test
RNG-1501 MATLAB Simulink Generated Model CONTROL / DEBUG PANEL
CANO
usB
VECTOR PC
CANcaseXL CANoe 9.0 SP2
Renesas E1
Debugger
T CAPL TEST ROUTINE

IAR RH850 WORKBENCH

f

MATLAB Simulink
I0_TEST_MODEL

Figure 5.9.: 1/O test bench setup
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Figure 5.10.: I/O test bench

Tool Name Description

VECTOR CANCcaseXL CAN-Bus to PC

MC POWER RNG-1501 Power supply for Device Under Test
Renesas E1 JTAG Debugger

8 Channel 24 MHz logic analyser | Test of all connector pins at once

Table 5.5.: Test bench equipment
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Software

TAPA_ING [6: 1) DIG 10 facoiesn] il

Ta8A i [5: 1] 01G-10 foeoiee] e

A

chanmel = Ton
directon = OUT

TAPA N [4:1) 01610 (rooiesn] i

=

TAPA_INS [5: 1) 01610 foosiean] e
ey
chareel=T06

dirattion = OUT

=

diracton = OUT

e na 1] -

i

Dics
chamet = T03
dirazton = 0T

TARA_Iet [0 1] 01G 10 foeoiee] e
)
charmel=To

Ch-CAND 1d: G107 Wsg: TAPAIN directon = OUT

Figure 5.11.: MATLAB Simulink test bench model
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Dior
channel = P08
dimetior= OUT

Pa a5 016 10 pocian)

i

oice
channel = P
diregtisr = OUT

Dio10
i = Poas

P 2 1) 01610 rocisn)

Ia
é
58

=
Channel = PE4
diregtsr= OUT

ChCAN.D W 0105 Mg FA_IN

Figure 5.12.: MATLAB Simulink test bench model

Dl a2 1]

Diow
channel = DIDE
diracton = OUT

DIots
channe = DIO3
direction = LT

DioN o, —

Gh CAND 4 0x 103 Msg: DIO_IN

Figure 5.13.: MATLAB Simulink test bench model
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[E CONTROL-DEBUG-PANEL - X

INTERNAL MEASUREMENTS EXTERNALADC EXTERNAL ADC ANALOG DIGITALI/Os EXTERNAL5VPS DIV WN7D16A)

TAPA_PULSE_ALL PS_PULSE_ALL DIO_PULSE ALL

Figure 5.14.: Test bench control/debug panel

5.3.2. Results

Figure 5.15.: Logic analyser results of Pg connector 1s pulse(all seven pins, see Table 4.39 for pin
mapping)
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Figure 5.16.: Logic analyser results of TAPA connector 1s pulse (all seven pins, see Table 4.38 for
pin mapping)

Figure 5.17.: Logic analyser results of DIO connector 1s pulse (all three pins, see Table 4.38 for
pin mapping)

5.3.3. Conclusion and Discussion

Logic analyser results are shown in Figure 5.15 for all seven 1/Os of Pg
connector, Figure 5.16 of TAPA connector and Figure 5.17 for three 1/Os of
DIO connector. Please not that P013 of DIO connector (C3) is shared with SPI3
and is not connected. It can be seen that all I/Os performed correctly.
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5.4. SMART Switch

In this test high side switch known as SMART-Switch represents test object
which is controlled by device under test (DUT). Detailed information about
SMART-Switch can be found in Section 2.6. Purpose of this test is to demon-
strate and evaluate capability of DUT to act as controller in a control process
loop (Figure 5.18). Test involves control of digital I/Os, EXT ADC channel
measurement, implementation of MATLAB Simulink algorithm for diagnosis
(Multisense) and XCP for user interaction and data visualisation.

LOAD

DUT High-Side SW.
Sensor/Error = 5P -M Digital VO
Set Point/SP r/—\ Algorithm | SMART Switch Multisense
+ -
Signal Conditioning “ I EXT ADC CH1
Ethernet
TCPAP
XCP
PC Application
XCP Java Client

Figure 5.18.: DUT in control loop

5.4.1. Setup

Test bench setup is shown in Figure 5.19. High-Side switch is powered by
the same voltage source as DUT. Current through test object is measured by
Voltcraft VC820 and a voltage drop across load by RIGOL DS1054Z. Multisense
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output of a High-Switch board is connected to external ADC channel-1 of
the DUT. Control algorithm is shown in Figure 5.22 which is constructed as
a state machine with three different states. In current state, I/O are set such
that Multisense give current measurement on multisense output. Similarly
the same happens for voltage and temperature sensing. Since current factor K
depends on load current, in this test K is selected to be 3800 (See Section 2.6).
MATLAB Simulink implementation of a proposed algorithm is shown in
Figure 5.23. State machine is implemented in a MATLAB function and 1/0O
control and ADC measurement in Simulink blocks. Custom PC application
(Java, XCP-Client library) is shown in Figure 5.24, which gives ability to turn
High-Side switch on/off. Beside that application shows all three multisense
diagnostic values and calculated power consumption of the load. These values
are graphed also in corresponding plots as a function of time.
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Hardware
RIGOL
DS1054Z
VOLTCRAFT LoD
HIGH\/?\:?; SAWJITCH > VC 820 OSRAM AC01241
AMPEREMETER soooKsw
Multisense = EXT ADC CH1
S_EN =P9_4
SE_0 =P9_9
SE_1=P9_5
FRST =P9_8
MC POWER Device Under Test
RNG-1501 MATLAB Simulink Generated Model
Clamp 30/31
ETHERNET
192.168.1.24:5555 PC

Renesas E1
Debugger

1

IAR RH850 WORKBENCH

f

MATLAB Simulink
SMART_SWITCH_MODEL

Figure 5.19.: SMART Switch test bench setup

Wireless Router
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GANANA_SOCK

0.0 oi

o ety

‘BANANA_SOCK
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Figure 5.20.: VN7016A] high side switch board (property of IFE TU GRAZ)
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il

2.
=
-

al

Figure 5.21.: Test bench
Tool Name Description
RIGOL DS1054 Voltage measurement on load
VOLTCRAFT VC 820 Current through load
MC POWER RNG-1501 Power supply of Device Under Test
Renesas E1 JTAG Debugger
OSRAM ACo1241 3000K 3W Load
High-Side Sw. Board (IFE TU Graz) | Test object

Table 5.6.: Test bench equipment
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Software

START
STATE=CURRENT
S_EN =1

MEASURE
CURRENT
STATE=VOLTAGE

STATE=CURRENT

MEASURE
VOLTAGE
STATE=TEMPERATURE

STATE=VOLTAGE

MEASURE
TEMPERATURE
STATE=CURRENT

STATE=TEMPERATURE

Figure 5.22.: SMART switch multisense algorithm
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Figure 5.23.: SMART switch multisense algorithm implemented into SIMULINK model
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=

¥ Power [W]

v/ PuLsE

Figure 5.24.: XCP SMART switch java application

5.4.2. Results

L

f

AA-S UlRREL:‘%‘; %
e

Vset [V] | I.VC820 [mA] | Ilmulti [mA] | V_multi [V] | T_multi [°C]
7 430 420 7 29
10 296 281 10 28
15 223 219 15 30

5.4.3. Conclusion and Discussion

Multisense measurement were taken by three different input voltages (7,10
and 15V). For all three set voltages (Vst), mutisense reported correct values
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(see Vyuiti)- The reason for deviation of measured current (I,,,;,;;;) compared to
excepted Iy gy is probably due to factor K, which has been used in Simulink
model. This factor K is not constant and varies with a load current. For detailed
information about K-factor see Section 2.6.

5.5. LIN

Purpose of this test is to evaluate correctness of LIN-Master interface. Test
object used in this test is proprietary hardware (four LIN slave LEDs used
as ambient light in the cockpit of a vehicle) without any detailed technical
informations available. Only information known are LIN signals for selection
of LED colour and brightness given in a LIN Description File (LDF) and the
LIN bitrate. In normal use, these LIN slave LEDs have dedicated ECU. This
ECU connects to some HMI (over CAN bus) and gives a customer possibility
to select desired colour and brightness. Beside LIN correctness, this test
demonstrates how easy it is to build prototype ECU and even offer HMI over
PC.

5.5.1. Setup

Test bench setup is shown in Figure 5.25. Basically LIN slaves are connected to
LIN master of DUT. LIN LEDs are powered by Clamps-30 and 31 trough LIN
connector (See Table 4.37). Simulink model is shown in Figure 5.26 implements
colour and brightness control of LIN signals through XCP. Corresponding
”"A2L" file for XCP is shown in Listening 5.1 which specifies “"COLOUR”
and “BRIGHTNESS” parameters needed by XCP protocol (ECU memory
location, size of variable, default variable value etc...). Parameters (colour and
brightness) are set from custom PC-Application shown in Figure 5.27.
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Hardware
4 LIN SLAVE LEDS
LIN MASTER
19200 kbit's
MC POWER Device Under Test
RNG-1501 MATLAB Simulink Generated Model
ETHERNET
192.168.1.24 PC
Wireless Router XCP JAVA CUSTOM APP
XCP CLIENT LIBRARY
Renesas E1
Debugger
IAR RH850 WORKBENCH
MATLAB Simulink
LIN_LED_MODEL
Figure 5.25.: LIN test bench setup
Tool Name Description
MC POWER RNG-1501 | Power supply of Device Under Test
Renesas E1 JTAG Debugger
4 x LIN LED slave Test object

Table 5.7.: Test bench equipment
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Software

Figure 5.26.: MATLAB Simulink test bench model

/begin CHARACTERISTIC AA_TOP_MODEL_DWork.LIN_LED_BRT
VALUE OxFEDFOAA9 __UBYTE_S O NO_COMPU_METHOD 0 255
ECU_ADDRESS_EXTENSION 0x0

EXTENDED_LIMITS 0 255

FORMAT "%.15"

/begin IF_DATA CANAPE_EXT

100

LINK_MAP "AA_TOP_MODEL_DWork.LIN_LED_BRT"
O0xFEDFOAA9 0x0 0 0x0 1 0x87 0x0

DISPLAY 0 0 255

/end IF_DATA

SYMBOL_LINK "AA_TOP_MODEL_DWork.LIN_LED_BRT" 0
/end CHARACTERISTIC

/begin CHARACTERISTIC AA_TOP_MODEL_DWork.LIN_LED_COLOR
VALUE OxFEDFOAA8 __UBYTE_S O NO_COMPU_METHOD 0O 255
ECU_ADDRESS_EXTENSION 0xO

EXTENDED_LIMITS O 255

FORMAT "%.15"

/begin IF_DATA CANAPE_EXT

100

LINK_MAP "AA_TOP_MODEL_DWork.LIN_LED_COLOR"
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OxFEDFOAA8 0x0 0 0x0 1 0x87 0x0
DISPLAY 0 0 255

/end IF_DATA

SYMBOL_LINK "AA_TOP_MODEL_DWork.LIN_LED_COLOR" 0
/end CHARACTERISTIC

Listing 5.1: A2L file for control of LIN LEDS signals

¥ LIN LEDs
COLOR 50
BRIGHTMESS | 50

UPDATE

Figure 5.27.: XCP java control application
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5.5.2. Results

Figure 5.28.: LIN slaves

5.5.3. Conclusion and Discussion

This test does not involve any testing metric but rather visual inspection
shown in Figure 5.28. It can be reported that LEDs responded each time
different combinations of “COLOUR” and BRIGHTNESSES” were set.
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5.6. Electromagnetic Emissions

In order to make sure overall radiated emissions of a constructed system
are within tolerable levels, EMI tests under different conditions have been
performed. Please not that test setup performed were not exactly matched to
the EN55022 regulations. Nevertheless results obtained give good indication
if the system is capable of passing EMC tests.

EMI Chamber

KEYSIGHT MXE EMI Receiver
N9038A

frenna DUT 12V Lead-Acid Battery

Figure 5.29.: EMI test setup

LOCATION OF ANTENNA

DUT
HORIZONTAL PLACEMENT

(a) Horizontally placed DUT in a chamber (b) Vertically placed DUT in a chamber
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All EMI test have been performed with the same setup as shown in Figure 5.29.
Horizontal and vertical placement of a DUT (Figures 5.30a and 5.30b) should
maximize reception of potential emissions in a direction of the antenna.

e Keysight EMI Receiver - Frequency Scan = =R
L | REPRESEL [ 509 AC | CORREC | | SENSE:INT] | ALIGN AUTO | 01:12:31 PMNov 13, 2018
Freq (Meters) 30.000000 MHz | FREQUENCY SCAN Sean L]
I CISPR Time Domain ~—+— 1 W
FAIL ‘ PREAMP Scan-Search Atten: 0 dB Free Run
I1L0 <Bldiv Ref 100.00 dBpVim
og -
|_I|_ra|ce|2FE|"|||||||||||||||||||||||||||||||||||||||
900
80.0
700
60.0
200
40.0
00 i o
200 ‘ — —
100 ‘ | A
Start 30 MHz Stop 1 GHz
Res BW 120 kHz VBW 1.2 MHz #Dwell Time 1 s (30 kHz)
SiG| [fRC]  FREQ | PEAKAMPTD |  QPDAMPTD | EAVGAMPTD | PEAKLLIA | QPDLL2A | EAVGLL3A | COMPOSITEAMPCOR |
1 B8 115.26 MHz - 34.698 dBpVim  --- - 4698 dB 11.550 dB
2 [ 149.96 MHz - 30.146 dBpVim  --- 0.146 dB 3.508 dB
EN| 157.04 MHz - 32.094 dBpVim  --- - 2.094dB 5.759 dB
]
< m »
MsG €3 Query INTERRUPTED [y status

Figure 5.31.: Spectrum

Figure 5.31 shows an example of measured field strength (Start Frequency:
30MHz, Stop Frequency: 1GHz ) by EMI receiver. Yellow line represents
envelop under which measured interference is within limits. Limits are set ac-
cording EN 55022 standard for radiated emissions and correspond to the Class
B (residential environment) emissions limits [16]. Electric field strength for
radiated emissions is measured in decibel-microvolts per meter (dBpV/m).

EMI-Receiver setup is shown in Table 5.8. Two antennas are used to cover full
spectrum. One antenna covers spectrum from 30MHz to 119MHz, and the
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other from 119MHz to 1GHz.

Characteristic Description

Start Frequency 30MHz

Stop Frequency 1GHz

Detector Quasi-Peak Detector

Measurement Time (dwell) | 1s

RBW 120kHz (6 dB)

Limits EN 55022, Radiated, Class B, 30 MHz to 1 GHz (10m)

Table 5.8.: EMI receiver setup

5.6.1. Radiated EMI - Test 1
Setup

Device is placed horizontally. Active parts of the system are CAN and LIN.
No ferrite bead has been placed around cable yet.
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Result
s Keysight EMI Receiver - Frequency Scan ==
L RFPRESEL [500Q AC | CORREC | | SENSE:INT] | ALIGN AUTO | 01:12:31 PMMNov 13, 2018
Freq (Meters) 30.000000 MHz | FREQUENCY SCAN Scan 1
IFALL CISPR Time Domain ~+— n v
‘ PREAMP Scan-Search Atten: 0dB Free Run .
1LO <Bidiv Ref 100,00 dBuV/m
O_ILralcenzFéilnnnl||||||||||||||||||||||||||||||||||
900
800
700
600
500
400
300 fi Xl
200 ‘ ] —
100 | 1 o B 1
Start 30 MHz Stop 1 GHz
Res BW 120 kHz VBW 1.2 MHz #Dwell Time 1 s (30 kHz)
EINEE] FREQ | PEAKAMPTD |  QPDAMPTD | EAVGAMPTD | PEAKLL1A | QPDLL2A | EAVGLL3A | COMPOSITEAM
1. 0 115.26 MHz - 34.698 dBpVim  --- - 4698 dB 11.550 dB
2 O 149.96 MHz — 30.146 dBuVim - 0.146 dB 3.508 dB
Enl 157.04 MHz --- 32.094 dBpVim  --- - 2.094dB 5.759 dB
0
o« . ] »
sG €3 Query INTERRUPTED [ stamus

Figure 5.32.: Spectrum

5.6.2. Radiated EMI - Test 2

Setup

The same test configuration as in a Test 5.6.1 with the exception that ferrite
bead has been placed around cable.
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Result

L RFPRESEL [500Q AC | CORREC | | SENSE:INT] | ALIGN AUTO | 01:20:04 PMMov 13, 2018

Freq (Meters) 30.000000 MHz | FREQUENCY SCAN 15,?" macef1 23
IFAIL ‘ pglg:;p sﬂ,n,s;lr[:;‘r? Domain =+ Atten: 0 dB Free Run DET|F Q F

10 ¢Bidiv Ref 100,00 dBuV/m
lLo'ILralce'2Fe'|iI”'|"""””'IIIIIIIIIIIIIIIIIIIIIII

900

800

700

600

500

400

300

200 f P Sops -~

. L J.J.JM...WLL"L”\

T
L] \
Start 30 MHz Stop 1 GHz
Res BW 120 kHz VBW 1.2 MHz #Dwell Time 1 s (30 kHz)

siG | [TRC| FREQ | PEAKAMPTD |  QPDAMPTD WPTD | PEAKLL1A | aPDLL2A | A /
2 156.02 MHz --- 31.957 dBpVim  --- - 1.957 dB 5.435 dB

e — 3
|msa |Qouery INTERRUPTED Eb‘smus‘

Figure 5.33.: Spectrum

5.6.3. Radiated EMI - Test 3
Setup

The same configuration as in a Test 5.6.2 but vertically placed DUT.
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Result

L RFPRESEL [500Q AC | CORREC | | SENSE:INT] | ALIGN AUTO | 01:29:43 PMMov 13, 2018

Freq (Meters) 30.000000 MHz | FREQUENCY SCAN 15,?" macef1 23
IFAIL ‘ pglg:;p sﬂ,n,s;lr[:;‘r? Domain =+ Atten: 0 dB Free Run DET|F Q F
10 ¢Bidiv Ref 100,00 dBuV/m
Lo_llrauceuzFéiluuuu..................................

900

800

700

600

500

400

300 i ‘

200 f'.u /\U

sl st
100 - o ‘H I M.AUL./J‘“L”\
—
M’_,._IJM

Start 30 MHz Stop 1 GHz
Res BW 120 kHz VBW 1.2 MHz #Dwell Time 1 s (30 kHz)

siG| |rRc| FREQ | PEAKAMPTD |  QPDAMPTD | EAGAMPTD | PEAKLL1A | aoPDL2A | EAVGLL3A | €O SITEAMPCOR |
2 160.04 MHz - 31.611 dBuVim - 1.611dB - 6.700 dB

3
|msa |Qouery INTERRUPTED Eb‘smus‘

Figure 5.34.: Spectrum

5.6.4. Radiated EMI - Test 4
Setup

The same configuration as in a Test 5.6.3 plus 50cm coaxial cable connected to
SMA connector of a external ADC channel 1.
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Result

L RFPRESEL [500Q AC | CORREC | | SENSE:INT] | ALIGN AUTO | 01:34:58 PMMov 13, 2018
Freq (Meters) 30.000000 MHz | FREQUENCY SCAN Scan TRACE[1 7 3
— . 1M TYPE [WW W
IFalL CISPR Time Domain ~—#— i
‘ PREAMP Scan-Search Atten: 0 dB Free Run pET|P Q
1LO <Bidiv Ref 100,00 dBuV/m
og -
|_I|_ra|ce|2FéII||||||||||||||||||||||||||||||||||||||
90.0
80.0
700
60.0
500
400
300 i
20.0 J'lk/ /\" e
bl it
. A T
Lt |
Start 30 MHz Stop 1 GHz
Res BW 120 kHz VBW 1.2 MHz #Dwell Time 1 s (30 kHz)
siG| [rRc|  FREQ | PEAKAMPTD |  @PDAMPTD | EAVGAMPTD | PEAKLLIA | OPDLL2A | EAGLL3A | CC SITEAMPCOR |
2 160.04 MHz - 31.052 dBuVim  --- - 1.052dB 6.700 dB
« m 3
|msa |Qouery INTERRUPTED Eb‘smus‘

Figure 5.35.: Spectrum

5.6.5. Radiated EMI - Test 5
Setup

The same configuration as in a Test 5.6.4 with enabled external 5V power
supply and without ferrite bead around cable.
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Result

s Keysight EMI Receiver - Frequency Scan ==

L RFPRESEL [500Q AC | CORREC | | SENSE:INT] | ALIGN AUTO | 02:30:33 PMMov 13, 2018
Freq (Meters) 30.000000 MHz | FREQUENCY SCAN Scan TRACE[1 23
IFALL CISPR Time Domain ~#— n
‘ PREAMP Scan-Search Atten: 0 dB Free Run
1LO <Bidiv Ref 100,00 dBuV/m
o-llrﬂlceIZFEIlilllllll rtjprrrrrrrrrrrrrre e T

900

800

700

600

500

400

300 I

200 H i <~

100 - -

Start 30 MHz Stop 1 GHz
Res BW 120 kHz VBW 1.2 MHz #Dwell Time 1 s (30 kHz)

QPDAMPTD | MPTD | PEAKLLTA | QPDLL2A | 0

1 B3 117.30 MHz - 30.678 dBuVim --- - 0.678dB 11.920 dB

2 O 149.93 MHz — 33.285 dBuVim - 3.285dB 3.499 dB

ElC 150.95 MHz - 32.351 dBuVim  --- - 2351dB 3.828dB

0

o« . ] 3

sG €3 Query INTERRUPTED [ stamus

Figure 5.36.: Spectrum

5.6.6. Radiated EMI - Test 6

Setup

The same configuration as in a Test 5.6.5 but now with ferrite bead around

cable.
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Result
s Keysight EMI Receiver - Frequency Scan ==
L RFPRESEL [500Q AC | CORREC | | SENSE:INT] | ALIGN AUTO | 02:39:30 PMMNov 13, 2018
Freq (Meters) 30.000000 MHz | FREQUENCY SCAN Scan 1
IFALL CISPR Time Domain ~—+— n
‘ PREAMP Scan-Search Atten: 0 dB Free Run
1LO dBldiv Ref 100.00 dBpV/im
O_ILralcenzFéilnnnl||||||||||||||||||||||||||||||||||
900
800
700
600
50.0
400
300 &
200 - - =
100 — - S—
Start 30 MHz ) Stop 1 GHz
Res BW 120 kHz VBW 1.2 MHz #Dwell Time 1 s (30 kHz)
EINEE] FREQ | PEAKAMPTD |  QPDAMPTD | EAVGAMPTD | PEAKLL1A | QPDLL2A | EAVGLL3A | COMPOSITEAMPCOR |
1 0O 14891 MHz --- 33.712dBpVim  --- - 3.712dB 3.167 dB
200 150.92 MHz --- 32.320 dBpVim  --- 2.320dB 3.819dB
]
“ " s
MSG %STATUS

Figure 5.37.: Spectrum

5.6.7. Conclusion
First EMI test Subsection 5.6.1 shows emission violation of specified limits at
following frequency:

e 115.26MHz - 4.698dB
e 149.96MHz - 0.146dB
e 157.04MHz - 2.094dB

After applying ferrite bead around cable (reduces cable radiation by intro-
ducing impedance mismatch between source and cable and by making cable
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behave like a bad antenna)). Test in Subsection 5.6.2 which is identical to the
first test with exception that ferrite was added shows far more better results
where only component left that violates limits was at 156.02MHz and was
1.957dB over the limit. The same test was repeated by placing the device
in vertical position. Test in Subsection 5.6.3 shows that this change did not
have much impact, still single violation slightly shifted to 160.04MHz and
1.611dB over the limit envelope. Test in Subsection 5.6.4 where coaxial cable
was attached to external ADC shows that some spectral components increased
but no new violation occurred except the one that happened in previous test.
Test in Subsection 5.6.5 shows the results of a device where almost everything
was turned on (all device subsystems were active) and ferrite bead from the
cable is removed again. Again three violations occurred with very similar
values and frequencies that occurred in the first test. It is obvious that this
emissions are coming from the cable. After applying the ferrite bead to the
same configuration, emissions reduced significantly leaving the two violations
around 150MHz. No further research was made in order to find possible
reasons for these violation. Also violations found do not necessarily mean that
the units failed EMI testing, since the test setup was not normed.

5.7. Electrostatic Discharge Immunity Test - IEC
61000-4-2

IEC 61000-4-2 is a international immunity test that proves ability of electronic
equipment to withstand ESD generated from human body or metal objects
with a built up static charge. The current waveform generated from ESD-Gun
corresponds the wave form generated in a condition where electrified human
body is discharged. For more information see Section 2.10.

5.7.1. Setup

Test setup is shown in Figure 5.38. Please note that test setup is not strictly
carried out according the standards defined by IEC 61000-4-2. ESD discharge
impulses (see Table 5.10) were applied to the following parts of the system:

¢ Digital Pg_o1 pin
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e External ADC channel 1
¢ Different parts of DUT enclosure
¢ Shielding of D-Sub 37 connector

During ESD stressors, DUT was operational and in a exactly the same setup
as it was presented in High-Side-Test-Bench in Section 5.4.

ESD Simulator
ESD Gun

Test Object

Device Under Test (DUT)

Horizontal coupling plane

12V Lead-Acid Battery ‘

DUT cable

Figure 5.38.: ESD test setup

Tool Name Description
NoiseKen ESP-S3011 ESD Simulator-Gun
12V Lead-Acid Battery | DUT power source

Table 5.9.: ESD test equipment
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Characteristic Description

Output Voltage 4kV

Polarity Positive and Negative
Discharge Interval 1s

Number of Discharges | 5

Table 5.10.: ESD impulse characteristics

5.7.2. Results and Discussion

This test does not provide any quantitative results but rather observations.
During and after all ESD stressors performed on it, the DUT was correctly
operational. Parts like external ADC channel-1 and digital Pg_o1 on which
ESD-Tests have been performed are directly involved in control of a test object
and any malfunction of these parts should directly impact correctness of a test
object operation. No faults could be determined on the unit.
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Verification test carried out in the Chapter 5 shows that the achievements of sys-
tem are very acceptable. Nevertheless some improvements would be necessary.
Initial input stage of external ADC channels was constructed with cascaded
anti-aliasing low pass filters. This approach creates high input impedance to
the SH circuit of a SAR ADC which leads a sample voltage to settle incorrectly
on the SH capacitor. Operational amplifier TI-TLV34xx used for filtering has
a slew rate of 0.9V /us. Assuming applied input voltage is 4.096V (maximal
input voltage). The TLV34 operational amplifier needs 4.511ps to settle its out-
put (forward settle) to the input voltage (see Equation 6.1). ADC acquisition
time is 3ps which shows that the slew rate of a used operational amplifier is
insufficient and the voltage sampled may be incorrect.

4.096V
tsettle = Wps = 4.511ps (6.1)

Solution to this problem would be to use operational amplifier with higher
slew rate, as for example TI OPA 836 which has a slew rate of 560V /us. The
settle time with this amplifier would be only 0.0073ps.

During integration of a LWIP TCP/IP, the size of RAM in a microcontroller
became a problem. RAM size of 64KB may become insufficient specially when
SIMULINK models are large. This problem has been solved by placing all
LWIP buffers into so called “Retention RAM Area” which has a size of 32KB.
Speed of Ethernet may become an issue specially when to much signals in
XCP communication are involved. This issue is directly related to the memory
limitation of the MCU. Solution two this problem would be to use a MCU
with more RAM. Like for example Renesas RH850 R7F701649, which is very
similar to RH850 F1L used in this research. Alternative solution would be
to make a modular system with two units. First unit could have at least a
Ethernet and CAN interface and act as XCP-CAN gateway. The second system
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would be identical to the unit constructed in this master thesis. This approach
would increase overall system performance and make it more predictable,
since Ethernet services are very CPU intensive tasks and may affect overall
real-time capability of a system.

ADC (AVREF) is supplied with a voltage reference which can deliver maximal
current of 25mA. According to the RH850 specifications ADC can draw up
to 48mA of current. It is obvious that the used reference may not deliver
sufficient current to all ADC channels.The solution to this problem would be
to use a buffer circuit between voltage reference and ADC supply pin which
can deliver required current but keep the voltage reference stable.

Internal measurements like the one for Clamp-15 and 30 voltage measure-
ments, use simple voltage dividers for adjusting a voltage level to the ADC
inputs. This approach creates a constant power dissipations. Improvements
could be made by making voltage divider switchable (e.g. NMOS transistor).
This would require at least one IO of the MCU to turn divider(s) on when
measuring and off when they are not used.

Great caution must be taken when implemented algorithm in Simulink de-
pends on execution order. Execution order of a generated code does not follow
strictly Simulink model unless it has been specified. The priority found in
“Block Properties” specifies the order of a code generation. Block with lower
priority has precedence over a block with a higher priority. Assuming Simulink
model has two CAN blocks. One transmit and one receive block. In order
to make sure the CAN signals are firstly receiver and then transmitted, the
receive block must have lower priority than the transmit block. This would
force a Simulink to generate code in a right order.

Some drawbacks of a XCP protocol are that if a firmware of ECU changes
(meaning addresses of a signals have changed), new A2L must be generated
and reloaded in all custom application where it was used. An example would
be a test case with the SMART-Switch. If the Simulink model of this example
is to change, the application which uses A2L for XCP communication, must
update new A2L in order to work correctly. One possible issue of a XCP that
could be seen as a limitation is that it supports only single master. A slave
device can only have one master, but a master can have multiple slaves.
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This master thesis covers almost all aspects of electronic unit construction,
from the idea to fully functional unit. In introduction part comparison of
existing similar control units and different aspects of implementation have
been discussed. Technical background of the thesis covers most of the rele-
vant knowledge a reader should get in order to understand the concept and
technologies used in this thesis. System design focuses mainly on the problem
of a system decomposition into a functional groups and their structural or-
ganisation. Also correlation of these groups are discussed and how they sum
up in order to fulfil requested requirements. Beside that, the system design
covers the technical details and the component identification required for
implementation. Both hardware and software architectures are discussed here.
Implementation part of thesis focuses mainly on hardware realisation of the
unit. This includes schematics of the device, mechanical parts, PCB, packaging
etc. Evaluation parts tries to verify correctness of the unit by comparing the
acceptance criteria extracted from the initial requirements. Detailed verifica-
tion of all system components and specification would be beyond the scope
of this thesis and could be a subject of other project. All relevant findings,
issues and potential solutions are presented in final discussion. At the time of
doing this research one interesting System-on-Chip (SOC) has been discovered.
It is Xilinx Zynqg 7000 SOC, which would improve this concept in term of
performance and flexibility significantly. Theoretical this SOC could offer not
only software Simulink function-blocks, but hardware too. Depending on
application requirements one could select between hardware and software
algorithm implementation. Most of the automotive interfaces could be im-
plemented as a IP-Cores which would make them very versatile to standard
changes. The drawback of such unit would be implementation complexity
and the price. This approach gives a huge flexibility by following the same
idea and could be a subject of future work.
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Appendix A.

Pin Mappings

A.1. CPU Pin Mapping

PORT SYMBOL | TYPE NAME

JTAG porto | JPo_o Debug/Prog | DCUTDI
JPo_1 Debug/Prog | DCUTDO
JPo_2 Debug/Prog | DCUTDCK
JPo_3 Debug/Prog | DCUTDMS
JPo_4 Debug/Prog | DCUTDRST
JPo_5 Debug/Prog | DCUTDRDY
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Appendix A. Pin Mappings
PORT | SYMBOL | TYPE NAME
Porto | Po.o CANo-TX CANo-TX
Po_1 CANo-RX CANo-RX
Po_2 CAN1-RX CAN1-RX
Po_3 CAN1-TX CAN1-TX
Po_4 CSIH1SI ETHo-SDO
Po_5 CSIH1SO ETHo-SDI
Po_6 CSIH1SC ETHo-SCK
Po_y RLIN21RX LINo-RX (Pullup is very important!)
Po_8 RLIN21TX LINo-TX
Pog INTP12 ETHo-NINT
Po_10 INTP3 CAN2-NINT
Po_11 RIICoSDA [2C-SDA
Po_12 RIICoSCL [2C-SCL
Po_13 INTP12 SPI3-NINT
Po_14 Normal Port | ETHo-ENABLE
P8_o Normal Port | CANo-NERR
P8_1 TAPAOESO | TAPAoESo
P8_2 Normal Port | CANo-NSTB
P8_3 Normal Port | CAN1-NERR
P8 4 Normal Port | CAN1-EN
P8_5 Normal Port | CAN1-NSTB
P8_6 Normal Port | LINo-NSLP
P8_7 Normal Port | CAN2-NERR
P88 Normal Port | CAN2-EN
P89 Normal Port | CAN2-NSTB
P8_10 Normal Port | ETHo-NCS
P8_11 Normal Port | CAN2-NCS
P8_12 Normal Port | EEP-NCS
Portg | Pg.o Normal Port | Pg_o
Pg_1 Normal Port | Pg_1
Pg_2 Normal Port | Pg_2
Pg_3 Normal Port | Pg_3
Pg_4 Normal Port | P94
Pg_5 Normal Port | Pg_5
Pg_6 Normal Port | Pg_6
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Appendix A. Pin Mappings

PORT | SYMBOL | TYPE NAME

Port 10 | P10o0 TAPAoUP TAPAoUP
P1o.1 TAPAoUN TAPAoUN
P1o2 TAPAoVP TAPAoVP
P1o3 TAPAoVN TAPAoVN
P1o.4 TAPAoWP TAPAoWP
P1o5 TAPAoOWN TAPAoWN
P10.6 Normal Port | P10.6
P1o_y Normal Port | P1o_7
P1o9 Normal Port | CANo-EN
P1o_10 Normal Port | ADCo-EXTERNAL-ENABLE
P1o_11 RLIN31RX UART-RX-USB
P1o_12 RLIN31TX UART-TX-USB
P10-13 RLIN32RX UART1-RX
P1o_14 RLIN32TX UART1-TX
P1o.15 Normal Port | SPI3-NCS/P10_15-LED
Pi1.0 Normal Port | POW-HOLD
P11.1 Normal Port | 5V-EXTERNAL-ENABLE
P11.2 CSIH2SO CAN2-SDI
P11.3 CSIH2SC CAN2-5CK
P11.4 CSIH2SI CAN2-5DO
P1i1.5 CSIH3SI EEP-SDO
P11.6 CSIH3S0O EEP-SDI
P11y CSIH3SC EEP-SCK
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Appendix A. Pin Mappings

PORT SYMBOL | TYPE NAME

Analog Port o | APo_o Normal Port | KL30-ADC
APo_1 Normal Port | INT-TEMP-ADC
APo_2 Normal Port | KL15-ADC
APo_3 Normal Port | 5V-EXT-ADC
APo_4 Normal Port | 5V-EXT-TEMP-ADC
APo_5 Normal Port | WAKE-UP-REQUEST-ADC
APo_6 Normal Port | ADC-EXTERNAL-1
APo_y Normal Port | ADC-EXTERNAL-2
APo_8 Normal Port | ADC-EXTERNAL-3
APo_g Normal Port | ADC-EXTERNAL-4
APo_10 Normal Port | ADC-EXTERNAL-5
APo_11 Normal Port | ADC-EXTERNAL-6
APo_12 Normal Port | ADC-EXTERNAL-7
APo_13 Normal Port | ADC-EXTERNAL-8
APo_14 Normal Port | ADC-EXTERNAL-g
APo_15 Normal Port | ADC-EXTERNAL-10
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