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Abstract

The thesis project reported in this document, aims to expose a detailed description
of the whole electric and electronic system of a competition full electric vehicle,
realized by Squadra Corse PoliTO, a student team of Politecnico di Torino.

The description about the vehicle, is divided into two major sections in the base of
the electronics treated, high voltage architecture in the first chapter, and low voltage
system in the second chapter. This work do not only consider the description,
but it also aims to provide an analysis of the whole system, highlighting the main
improvements inserted in the season 21, in relation to the previous one, the 19.
The analysis can be read in the third chapter of this paper. In brief, the project
resumes a work of more than a year in which an almost complete vehicle’s electric
and electronic architecture has been designed.

The forth chapter of the thesis, describes a proposal of hardware design for a
battery management system for the low voltage battery. This board has been
designed to be compliant with the rest of the system and includes in the study an
active balancing of a Li-ion battery module. The design work includes schematics,
PCB layout, and simulations of the circuits introduced in this board. The topic
has been elaborated with the assistance of LT Spice for simulation and KiCAD
softwares for the electronic design and layout.

In conclusion, this paper aims to enhance the team’s knowledge about the vehi-
cle’s architecture and inspire about improvements of the design for the battery
management systems in the future developments.
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Chapter 1

HV system description

1.1 Overview

The High Voltage system must manage a power of 80 kW for more than 30 minutes.
The high voltage pack can reach 574 V and a peak current of almost 145 A. This
power is transferred through an inverter pack to the 4 wheel motors that can
provide a maximum torque of 21 Nm and a maximum velocity of 20 000 rpm.
The High Voltage (HV) system of the vehicle can be organized in three parts:
the battery pack, in which are stored the modules with cells and the HV battery
management system (BMS) with all the necessary electronic components; the
inverter pack in which are placed the four legs of the inverter, that must transform
the direct current (DC) power in alternate current (AC) and drive the electric
motors, each for a wheel. The system can be organized in the following blocks:

. (=

BATTERY

PACK uvw
I
TTTTTT . INVERTER
I = conERTER -
TTTTTT

uvw M

Figure 1.1: Semplified schematic of the HV system



HV system description

1.2 HYV battery pack

The energy of the vehicle is stored in an accumulator pack, it must be capable of
containing a sufficient level of energy to complete all competition tests. The pack
analyzed provide up to 574.2V with peak currents that can reach peaks of 143A.
The cells used are of the type polymer li-ion type cells, arranged in 6 modules of
22s2p each, then connected in series between them, obtaining a final configuration

of 132s2p.

Figure 1.2: HV modules with BCM boards

Considering that a cell have a nominal capacity of 7700mAhl with a maximum
voltage of 4.35V, it means that:

o HV pack nominal capacity:
Cror = Ceey - F#parallels =
= T7700mAh -2 =15.4Ah

o HV maximum voltage
Vinaz = Veey - #series - #modules
=4.35V -22-6 =574.2V
2



HV system description

Cells used are of the Polymer Li-ion type, Model: SLPBB042126HV [1] with the
following electrical characteristics:

Nominal voltage 3.8V
Maximum voltage 4.35 V
Minimum voltage 3V

Continuous discharge current | 61.6 A
Peak discharge current 84.7 A
Time for peak discharge current 3s

Max. discharge temperature 60 °C
Continuous Charge Current 154 A

Peak charge current 30.8 A
Time for peak charge current 1s
Max. charge temperature 60 °C

Table 1.1: Parameters of the HV cells

1.2.1 HYV Support Boards

This board aims to obtain an appropriate connection for the cells through busbars
mounted on it and to connect cells to the slaves of the battery management system,
in order to read voltage and temperature from cells.

To allow the slaves to be connected properly to the battery, two support boards
1.3 are used for each of the six modules:

e SCB, the Slave Chain board

o BCM, the Battery Cell Measurements board

Figure 1.3: Slave chain and support boards

3



HV system description

The BCM allows the cell of each module to connect between them in the configura-
tion 22s2p, furthermore the negative temperature coefficient (NTC) terminations
are soldered in the board. This board has mounted connectors that must connect
voltage and temperature sense signals to the superior slave chain of the BMS HV.

Figure 1.4: PCB layout of the BCM board

Figure 1.5: 3D CAD of the BCM board

The SCB recovers all signals from the board below and connects them to the two
slave monitor devices. The layout of these boards allows mounting the slave daisy
chain of the BMS HV. Connectors are present on both sides of the printed circuit

board (PCB). Below a picture of the layout of the printed circuit board and the
3D model 1.7.



HV system description

Figure 1.7: 3D CAD of the SCB board

1.2.2 BMS HV

By speaking of an accumulator container composed of polymers of lithium (Li-Po)
cells, it is necessary to have a Battery Management System that assures that
batteries will always work in a safe operating area, respecting the safe ranges of
temperature, voltage, current and state of charge.

The component is organized in the classical master-slave configuration, in which
slaves must acquire temperatures and voltages of the cells and execute the balancing,
while the master core analyzes data from slaves and manages the situation in real
time. To monitor all the cells of the pack, it is needed to have multiple slaves,
because each slave mounts the component BQ76PL455A (2], that can monitor up
to 16 cells. Below the simplified schematic of the device, connected in daisy chain

1.8
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@ Al GNDY connections '!}F. 5 -”r’ AN GND connections ||" % ||r @
are local lo s 10, See | High ae local o this IC. See
lexd for layoul delads Camrent lext Tog kayoul detals
SArcuits Bus Cell Balancing Circuits

. Cell Balancing €

= Low Pass Fillers - = Low Pass Fillers -
i . \\; Protection TT i Protection
T ] B

(VSENSE1E)

Copynght & 2016, Texas Instruments Incorporated

Figure 1.8: Slaves-chain configuration BQ76PL455A, [2]

Considering the configurations of the modules, it is chosen to use 2 slaves for each
module, so in total 12 slaves are needed, connected between them in a daisy chain
and communicating in UART.

The core provides a series of messages in CAN that give to the rest of the system
important information about the state of the HV pack and if some errors are
present.

Due to the rules, the core also provides an analog output signal that informs directly
if an error occurs in the BMS HV. This BMS error signal is set at High impedance
when no error is present, while is set at 0V when at least one error occurs. This
signal is used in the TLB system described in the LV system section. In this way
it is possible to have a hardwired control system that can set the vehicle in a safe
state, with no High Voltage available to the motors.

1.2.3 AlIRs

The structure of the HV system must be completed by a safety system that can
control the power flow to the capacitors of the inverters. In fact to connect the HV
pack to the inverter, typically are present two contactors (AIRs), one for each DC
main path, positive and negative pole. This contactors are essentially electrically
controlled switches of the form Single Pole Single Throw, Normally Open (SPST-
NO). Contactors are driven by the BMS HV Core, which acts only if no errors are
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present and if the CAN command of closing contactors is asserted. This is the
schematic of the AIRs, as described in the datasheet of the LEVIO0OH5CNG [3]:

O +A1
(HVDC POWER)
yoe

(AUXILIARY)

Figure 1.9: Schematic of the AIRs [3]

The Ax terminals are referred to the HV power path, so they must be connected to
the Tractive System. The Xx terminals of the contactor are the poles of the coils:
when the LV supply is sent to these pins, the relay closes the circuit, creating a
short circuit between Ax terminals. The auxiliary switch is mechanically connected
to the switch, this is used as a feedback signal to control the effective state of the
relay, also in case of failures.

1.2.4 Precharge

Another part of the HV circuit is related to the precharge circuit that must be
present in every electrical vehicle with a voltage high like this. The scope of this
circuit is to avoid large variations of voltage in the transition of the contactors
between the Open circuit state and the short circuit state. In fact, without the
precharge, the large variation of the voltage, from 0V to 600V in such a small time,
will cause a peak current too large to not damage components like capacitors of the
inverter. To clarify, considering that the current in a capacitor can be described in
this way:
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where C is the equivalent capacity of the inverters seen in the DC wires.

To limit this current a resistor is needed in series to the current path to limit the
current and have a curve of the voltage increasing gradually. To realize this, a third
path in parallel to the positive contactor is needed, in which put the precharge
circuit that must be composed by a resistor of 1.1k€2 in this case and a precharge
relay. Below the schematic:

TE eonnactivty
Foraanargo 2.2K0, 50 W LEVI0OHSCNG

TE THS502K2) \ -
N

~~ AR+

ot

— * TS+

TE cannecthity
LEVI00HECNG

TS accumulator segment
Cell: Melasta

e == m V) me VEHICLE

e = SIDE

TE conneciviy
| — LEVIODHECNG
I~ (\A—\Jj —0c" o— & s TS-

AIR-

Littlefuse
17005080 Isabellenhustte
IVT-5-500-U3-|-CAN2-24

Figure 1.10: Schematic of the HV system between battery and vehicle
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The precharge resistor in this system is composed of two resistors in parallel by 50W
to better manage the power to be dissipated avoiding components too expensive
and to obtain a precharge time not so large. Here a graph in which is represented
the precharge curve:

600

Precharge Voltage vs time

Voltage[V]
IS
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I

|
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S
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I
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o
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o
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Figure 1.11: Graph of the precharge voltage curve

The exponential curve is obtained by the formula:

t

%rech = Vmax : (1 - 6%)
where the time constant is equal to:
T = Reg - Cgq

and the equivalent resistance and capacitance seen is:

2.2kQ)
Req = : — 1.1kQ

C.y = 300uF

The equivalent capacity seen in the DC bus is due to the input capacitors of the
inverter, which are 5 capacitor of 15uF for each inverter. So having 4 inverters in
parallel (from the DC source point of view, all capacitors are in parallel respect
the DC path, so it means:

Ceq = 15uF -5 -4 = 300url

1.2.5 Main fuse

As it is possible to see from the schematic 1.10, a main fuse is used in series with
the positive HV DC wire to protect the HV pack from possible short circuits in
the load that can damage the cells and all components in the path. The fuse is
rated for a working current of 80A that more or less corresponds to the average
current requested in a race.
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1.2.6 IVT Sensor

Description

Another component that take place in the accumulator container, is the IV'T sensor.
This device allows to measure:

o HV+ battery side
o HV+ vehicle side
o tractive system (TS) current

This measurements are read by the sensor that put them in the CAN bus, in order
to be seen by all other components of the LV system. In particular the voltage
measurements and the current needs to the HV BMS to be sure that circuit works
correctly. In the figure 1.12 from the data-sheet [4] for this component.

i Irtemaly shorted

L]

-
| | | | |

I
|
e a3 e

High voltage connection

Load + ——

Figure 1.12: Schematic of the IVT sensor, [4]

The IVT sensor must be placed in the T'S- path before the AIR- in the battery
side, so that the sensor can refers all voltage measurements to this point.
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CAN messages

Regarding the CAN messages of the node IVT sensor, it sends the following
information:

IVT Msqg Result I, 1D: 0x521, return the value of the instantaneous measured
current in the TS path

IVT Msg Result Ul, ID: 0x522, return the value of the instantaneous mea-
sured voltage in the TS+ vehicle side

IVT Msg Result U2, ID: 0x523, return the value of the instantaneous mea-
sured voltage in the TS+ battery side

IVT Msg Result W, 1D: 0x526, return the value of the instantaneous mea-
sured power, referring to the current I and the voltage Ul

IVT Msg Result _Wh, ID: 0x528, return the value of the measured energy,
referring to the current I and the voltage Ul

1.2.7 IMD

The insulation monitoring device (IMD), is a commercial boards, in particular is a
Bender IR55-3204. This device must monitor the resistance between TS (+/-) and
LV-, and send the IMD Error if the resistor is lower than 500Q2/V, as explained
in the FSAE rules. This means that IMD Error occurs when the resistance is less
than:

Rinsutation = 5OOQ/V -574.2V = 287.1kQ)

The IMD error is sent to the HV BMS and to the tsal and latch board (TLB)
Master board to be latched by the system and open the shutdown circuit if the
€rror OCCurs.

11
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1.3 Inverter Pack

1.3.1

The basic principle of an inverter is to convert a DC voltage source into AC to
drive a motor.

To allow this, a particular component much used in the power electronics, known
as insulated gate bipolar transistor (IGBT) can be used. This is the most used
component in power electronics, it acts like a voltage controlled switch: by applying
a certain quantity of voltage between terminals G and E, it results in having a
short circuit between terminals C and E.

Inverter Theory

Figure 1.13: Schematic of a IGBT switch

This device can be described as a combination of a PNP bipolar junction transistor
(BJT) and a NPN metal oxide silica field effect transistor (MOSFET):

Emitter () Gete (G) Oxide Collector ()
/-~ (insulating
/  the gate) L]
N+ J N- p
e vy v\ v, P Collector (C)
-t A — n o
.\
Ve
: P ]
N- Gate (G) | ™\
Drift Region I
—
o ! L]
. P Gate (G) Emitter (E)
1
]
f ]
Note the P+ layer Emitter (E)

Callector (C)

Figure 1.14

: Technology of an IGBT switch
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When the mosfet is turned on, it opens the base of the bipolar transistor that
then goes into saturation, so the switch is in closed circuit.
The characteristic curve of the output voltage and current is similar to the curve of
a mosfet, with the difference that the curve is shifted by a threshold voltage V cey,.
The IGBT state depends on the Vge:

. OFF, if
Vge <Vgey, &  Vee < Veey,

where “br” stays for breakdown voltage of the bipolar transistor
o ON;if _
(28

G

Vge > Vagey +

where G, [S] is the transconductance

Typically the V gey, threshold voltage is about [2 : 4]V

ic ‘ i(:
N .
s VGE = VGE,th
Vps VGE
by ~ 5 yoo
VCE,th Veeon — HCE.(:N Ay + UcEth LGE‘”! VGE (}U)

Figure 1.15: Electrical characteristics of the IGBT

The IGBT is suitable for high voltage applications (more than 600V) and switching
frequencies of 5-50 kHz, so can be used for this scope with 600V and 10 KhZ of
switching frequency.

At high voltage (> 600V'), the ON state resistance of an IGBT is lower with respect
to the ON state resistance of a mosfet. This means less conduction losses.

By the way, the IGBT presents a slower commutation with respect to power mosfets
due to the bipolar transistor that has a switching time of the microseconds order.
To create an inverter leg, a bidirectional switching cell must be used. To allow this,
for a single phase full bridge inverter is used this configuration:

13
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qa(t) E |

Figure 1.16: Schematic of full bridge single phase inverter

So four IGBT, with a diode in parallel to the emitter-collector terminals, are needed
to have a bidirectional switching cell.

The gate of each IGBT is properly commanded by a generation circuit that set the
value of ¢4 and ¢p using the pulse width modulation (PWM) technique. Below the
typical schematic of an unipolar switching command circuit for single phase full
bridge inverter:

>LA(I-)
>q—3(9

Figure 1.17: Schematic of a unipolar switching command circuit

()| 1

Y.

. lf A ver(t)
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So by starting from the desired output voltage Vo*, that presents a range
[—Viae; Vaet], the value is normalized by 0.5/V;.. Then an offset of 0.5 is added
to the signal, that corresponds to the average of the unitary range, in order to
obtain a range of [0; 1]. To be sure a saturation block is added and then a threshold
amplifier is used to set the quantized values of g4 and ¢g. The threshold voltage of
the amplifier is obtained by a triangular wave generator.

The output voltage pulses are of values: 0, —Vj., V.. So the peak-to-peak voltage
variation is 2 x V. presents lower current ripple (1/4) with respect to a bipolar
modulation for the same L of the load. Therefore, odd voltage harmonics at switch-
ing frequency are eliminated: the first harmonics will only be in the side-bands
around the double of the switching frequency.

For an inverter that must pilot a motor, the configuration is the following:

. - v,
) ) ) :

v * L i' KI}D] i' GD; (“_”(}D la N
dc p— _’—:_
2 ) U/u,\ A . Lf)

_ B

- 5 lh /\
0 l’é‘;’ - - {_F—n
+ > . 2
TR\ SR TR e
2 ' >}
T\
\ hd UH(_J

Figure 1.18: Schematic of an unipolar switching command circuit

It is possible to distinguish the 3 inverter legs, each for one of the three phases for
the electric motor to pilot. So in total for each AC motor a six pack IGBT module
is needed.

15



HV system description

1.3.2 Description

The AMK More Drive [5] inverter pack is composed of 4 inverters, one for each
motor. The inverter pack is organized in 2 parts, left and right side that can be
considered independent from the hardware point of view. For each side it is possible
to distinguish:

e 1 supply board
e 1 control board
» 2 power board, one for each AC motor

The supply board distributes the Low voltage supply to all electronics components
of the inverter pack and reads the temperature from an internal thermocouple of
the motors.

The board provides LV supply to the system and can communicate by CAN all
important parameters about the HV state. In particular it provides the current of
each of the three phases of the inverter leg.

The control board instead, manages the IGBT switching of the inverter leg, imple-
menting the vehicle control system commands received by CAN from the Vehicle
Control Unit through is MCU optimized for motor drive.

While the power board is the place in which IGBT are placed with current sensors
for all phases and a thermocouple to monitor the temperature of the power module.
Below a schematic of the signals for one side of the inverter (only for two motors).
It is possible to connect to the inverter system by CAN line or Ethernet to properly
configure the main parameters of the motor control system.

In the system it is important to control the temperature of each component when
the system is working. To properly monitor it, in this architecture is present a
thermocouple in each IGBTs pack and internal to each motor.

The technology of the pack is an IGBT4 - LoPo kind, that means Low Power

switching losses. This particular structure minimizes power losses with the trench
+ field stop structure.

16
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Emitter Gate

.
=

n- basis

Collector

Figure 1.19: IGBT4 - T4 technology process [6]

The switching command circuit for a 3-phases inverter of this kind can be schema-

tized in the following way:

ey
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Figure 1.20: Schematic of a unipolar three phase switching command circuit|7]
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This time requires three quantized components g4, ¢, gc that can be obtained
starting by the 3 output voltages of the load V4, Vg, V.
At the input of the threshold amplifier the voltage follows the equation:

Vi
Ve
Ve, signal corresponds to the duty cycle wave of the pulse width modulation.

So by the data-sheet here the schematic of the inverter used to pilot the motorS in
the vehicle described:

Ve, +0.5=d,

pl 8]
/]
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N
>
q

e
&
I

20
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j
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1
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Figure 1.21: Schematic of the six pack inverter used in the vehicle[5]

In this packaging are included a thermocouple to monitor temperature of IGBT
and both IGBT and diodes.

The figure below instead, take a picture of the power module that also contain the
six pack IGBT of the analyzed vehicle:

In the power module it is possible to see the DC input at the right side, and the
three AC outputs on the left side. On the right image instead, it is possible to
observe in red the five capacitors by 15uF and in blue the 3 current sensors for the
3 phases.
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FASI LV, W

POWER MODULE
INFINEON
FRSMDRIIPT

CONDENSATOR]
LOCALY

Figure 1.22: Power module, front and back side

Then in the following figure 1.23 it is possible to see the inverter pack in its covering
packaging to insert it in the vehicle:

Figure 1.23: Inverter pack of the vehicle
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1.4 Electrical motors

1.4.1 eMotor theory
The electric power of the vehicle is transformed into mechanical power by four AC

motors, one for each wheel. The motor are internal permament magnet motors

(IPM) eMotors of the model DD5-14-10-POW.
An IPM motor is an electric synchronous three phase motor, it means that its

speed is:

W=2%7T* =
p

where p is the number of pole pairs in the stator.

Figure 1.24: TPM motor schematic [7]
Differently from other types of synchronous motors, IPM presents permanent
magnets into the rotor, organized in a way to obtain an anisotropic rotor from the

point of view of the rotation axis of the motor.
In this way it is possible to distinguish the following forces:

q-axis

PM flux

Figure 1.25: IPM motor forces [7]
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The resultant torque is maximized thanks to the contribution of 2 forces, the torque
generated by the magnetic flux and the one by the reluctance:

T = Tpm + Trel

In fact, in this kind of motor, the magnetic flux is different from 0, and the
inductance in the q frame is higher with respect to the d frame.

A # 0
Lq>Ld

For an IPM motor the main torque is generated by the permanent magnets:

Tpm >> Trel

Then below are explained the principal characteristic of the motor [5] used for this
vehicle:

Description
Kind of motor IPM
Cooling liquid
Mounting IMB5
Protection IP65
Insulating class F
Performance

Nominal Torque 9.8 Nm
Max Torque 21 Nm
Nominal Power 12.3 kW
Nominal velocity | 12000 rpm

Max velocity 20000 rpm
Electrical data

nominal voltage 350 V
nominal current 41 Arms
max current 105 Arms
pole pairs 5)

winding resistance | 0.135 ohm

Table 1.2: Parameters of the eMotors

21



HV system description

In the following figure is represented a section of the internal winding of the motor.
It is possible to see the 10 poles permanent magnets that are internal to the stator,
and the winding wire in the rotor, in which the three phases current flows.

Figure 1.26: IPM motor internal section

Figure 1.27: View of the rotor of the eMotors
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1.5 Derivation Box

1.5.1 Discharge

Obviously, when the HV power must be turned off, the equivalent input capacitor
of 300uF must be discharged from the 600V to OV to return to a safe state. To
not damage the components, like the precharge, it needs a discharge circuit. This
circuit consists of a board self-developed that must connect a resistor of discharge
when the vehicle is turned off. Next the scheme of the discharge: As it is possible to

R discharge

e TSMP+

Shutdown
—® TSMP-

Relay g
NC
|

e I
?‘7’7 R meas

TS-

Figure 1.28: Schematic of the discharge

see, the switch used is a Normally closed relay, that guarantees galvanic insulation
from the HV circuit and connects the resistor to the 2 poles of the HV.

In the circuit are also inserted 2 resistors for the Tractive System Measuring Points.
This resistor is introduced for safety, to limit the current in the case the 2 measuring
points are touched. In the case of a short circuit between TSMP+ and TSMP-,
the equivalent resistor will be 2 times the Rmeas. The value chosen is of 15k Ohm
for this resistors, in order to have at the maximum a current of:

Vmam

[meas =
i 2 % Rmeas

= 20mA

The resistance is chosen in order to have a not so high discharge current. For this
vehicle a 3.9Kohm resistor with a power of 100W is chosen. Then the discharge

current and power are:
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V. 574.2
Liisen = mar — = 148mA
st Ryisen 3900 "
2 4 22
Pdisch - Vmam - 57 . = 84W

Rdisch 3900

Then the values are compatible with the resistor chosen.
The discharge voltage curve can be described in the following graph:

600 Discharge Voltage vs time

T T I I
Voltage discharge
Low voltage limit

Voltage[V]

0 1 1 | 1 1 s E— R &
0 05 1 15 2 25 3 35 4 45 5
time[s]

Figure 1.29: Graph of the discharge curve

By rules, the voltage is considered active until it will not be lower than 60V (red
line). So the discharge time for the system is 2.6 seconds. It respects the rules that
want a maximum discharge time of 5 seconds.

So the final discharge board is the following:

Figure 1.30: View of the discharge board

It is possible to see the discharge resistor in orange, the two measuring point
resistors in brown and the discharge relay in black.
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1.5.2 Other components
Description

The derivation box in the vehicle is also the place of other components:
e VI board
o Energy Meter
o Hall effect current sensor

The task of the VI board is to take measurements in real time of the voltage and
current in the DC bus, between HV pack and inverter and send it in the LV CAN
bus to be available to the rest of the system. The Vehicle Control Unit uses this
measurements as input to properly regulate the vehicle control system. Voltage
measurements are taken by wires connected in parallel to the DC bus, while the
current is measured by an Hall effect current sensor that sends the measurements
to this board.

Hall effect current sensor

The Hall effect current sensor [8] presents the following output characteristics:

Figure 1.31: General scheme of the hall effect current sensor [§]
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The output of the sensor is a ratio metric dc voltage that allows to obtain the TS
current through the formula:

% 1
. VoutVo) - a

Irs = (
with:
o G =6.67 mV/A that is the gain of the sensor

e U. =5V and corresponds to the supply of the sensor provided by the VI board

o Vo = 2.5V is the reference voltage, that corresponds to the output voltage
value when the current in bus is 0A

The last component present in the derivation box of the vehicle is the Energy
Meter, a data-logger provided by officials that must control both the DC bus and
the CAN bus. This device must monitor the vehicle during the event competitions.
At the competition, officials can connect to the energy meter through an exclusive
Ethernet line.
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LV system description

2.1 Overview

The Low Voltage system of the vehicle is organized in different types of board,
commercials and custom, each with a specific role in the architecture. Most of them
communicate in a controlled area network (CAN) network to exchange important
information through the system. Many other devices are part of the LV system:
light emitter diode (LED) and buttons in the cockpit, fans and pumps of the
cooling systems, different kind of analog sensors distributed in the vehicle. A
general scheme of the LV architecture is explained in the fig. 2.1.

Sensorboard
Fusebox rear
TLB board
Vlboard ———
Discharge
cireuit _J(l?ashboard

T Sensorboard
front

/

Right side motors —————

Figure 2.1: Global architecture on 3D CAD
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2.2 CAN

The architecture is organised in 6 CAN lines in order to transmit properly all data,
according to the devices placed in the vehicle. The CAN protocol is the CAN 2.0
at 1 Mbit/s of speed.

CANHV R INVERTER
:> RIGHT
RIDE TIRE BREAK
CANWVL, | INVERTER | | ™V | |iusons| |sensors| [ JEMP
LEFT
CANLV 3 H H H ﬂ
< CANLV 2 u e
VCU 3
CANLV1 bt
1L 737373
SENSOR
BMS DASH STEERING
e v ey BOARD WHEEL
CANINT SENSOR SENSOR
BMS ENERGY
NT K—— oy Br?Eiﬂ;zD BSE;Q”;D METER

Figure 2.2: CAN communication system in the vehicle

The vehicle control unit (VCU) is the managing unit of the control system of the
vehicle, so all CAN lines must converge in this box to allow the VCU to receive
data from the whole system and send all needed commands.

As it is possible to note, there are two can lines that are exclusively used for the
communication between the VCU and each side of the inverter: left and right,
CAN HV Left and CAN HV Right. While the remaining CAN lines are CAN
LV 1 and CAN LV 2.In the CAN LV 1, all the LV custom boards of the systems
are connected, this allows to have available a large quantity of data to the whole
system. In this line are also connected the HV BMS and the competition data
logger: the Energy Meter.

The CAN LV 3 is a line dedicated to optional sensor that can be inserted in the
system during tests of the vehicle, it results useful to add new device in the system,
without overcrowd the other bus lines. The CAN LV 2 line is used to transmit
important signal that VCU can provide within all the signals that receive from the
CAN HV lines.
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However this line can be also used to connect an external data logger and logs all
interested signals from VCU.
The notation of the signals that takes part of the CAN messages follows the Intel
notation, except the messages referred to the nodes HV BMS and VI Board that
follow the Motorola notation.
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2.3 LV battery

The LV Battery is a module composed by Li-ion cells of the model Molicel -
INR1700-P42A [9]. The caracteristic of this cells is resumed below tab 2.1: The

Nominal Capacity 4200 mAh
Nominal Cell Voltage 3.6V
Maximum Cell Voltage 4.2V
Minimum Cell Voltage 2.5V
Standard Charge Current 4.2A
Standard Charge Time 1.5hr
Typical Impedance 16 mQ2 (DC 10A/1s)
Max Temperature 60 °C

Table 2.1: Electrical characteristics of the LV cells, Molicel P42A
configuration chosen in the SC21 season is a 7s5p. This means that the LV pack
has got the following characteristics:

o Cror = Ceuy - #parallels = 4200mAh -5 = 21 Ah
o Viack = Veen - #series = 4.2V - 7 = 29.4V

The LV pack is designed to supply power to the whole LV system that by previous
measurements needs the quantity of current shown below tab 2.2. LV current
requested at 27.6V (open circuit voltage):

This means that:

Radiator fans 12A

Pumps 10A
HV fans 5A
LV fan 33mA

Inverter boards 5A
Rest of the boards | 5.7TA

Table 2.2: Consumption of the LV system

e the maximum requested LV current is about 38A

e the maximum requested power by LV system is about Pry =1-V =37.7A -
27.6V = 1040.5W
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Figure 2.3: 3D CAD of the LV pack with the designed container

2.4 Commercial Boards

2.4.1 Description

Referring to the commercial boards present in the vehicle, beyond the HV BMS,
the VI Board and the Energy Meter already described in the derivation box section
1.5 of the HV system chapter 1, below the list of all commercial boards:

o VCU, the dSpace MicroAutoBox II is the vehicle control unit, it executes the
vehicle control system written in Matlab code.

« BMS HV, a system of a core and twelve slave in daisy chain, internal to the
accumulator container, that is the responsible of monitoring the HV cells. See
section 1.2.2.

o Inverter Control Boards, internal to the inverter pack, each for one of the
four motors, implement the IGBT switching and monitors the activity of the
motors.See section 1.3.

o Modem Wireless, used for telemetry. It works as bridge between remote users
and the VCU. It also allows the pilot to initialize a VoIP communication with
the box during the race.

o VI board, for real time voltage and current measurements of the TS DC bus.

« IMU, SBG system component, that provides global positioning system (GPS)
position for telemetry.
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o IMD, that monitors the insulation between TS+ and LV-, more details in the
section 1.2.7.

Figure 2.4: Some of the commercial boards in the vehicle. IMU in red, VCU in
white and IMD in green
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2.4.2 CAN messages
VCU

The VCU is a central node that must communicate with many components to allow
the car to reach the Ready to Drive condition, to request to close the contactors of
the HV pack, to enable torque for the electrical motors.

« DSPACE_ACK_RTD, [TX], ID: 0x40, with contains only one signal:

— ACK, this signal is used in the FSM of the RTD and can have the values
0x0, 0x1, 0x2 or 0x3 if the vehicle is respectively in the status IDLE,
CNT_EN_ACK, RTD_ACK or RESET.

o« DSPACE_DASH TIMER, [TX], ID: 0x43, used to count how many times a
RTD button is pushed. The signal are:

— CMD_COUNTO, that can assume value RESET ( 0x46 ) or READ (
O0xFF ) if the value pressed first time is read or not.
— CMD_COUNT1, that can assume value RESET ( 0x46 ) or READ (

0xFF ) if the value pressed second time is read or not.

e BMS 00 _CMD, [TX], ID: 0x110, it is described in the BMS HV can messages
section.

o AMK_ SetPoints XX, [TX], used to send the set-point of torque and velocity
to the inverters. It is described in the Inverters can messages section.

BMS HV
Regarding the CAN messages of the node BMS HV, there are the following messages:

o BMS 00 CMD, [RX],ID: 0x110, used by the VCU to send commands to the
BMS. It is composed by the signals:

— BMS_bBIncEn, when set at 1 allows to start the passive balancing of the
HV pack

— BMS bCtorEn, when set at 1 allows to closing the contactors to make
available the HV power for the inverters.

— BMS bChrgDis, when set at 1 stop the charging and disable the charger.

— BMS bAIIVTEn, when set at 1 enable the measuring of voltages and
temperatures from the slaves.

— BMS__bDschrgEn, when set at 1 allows the DC bus to be discharged
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— BMS _cntCmd, counter that increases whatever this message is sent

— BMS'  cre8Cmd, cyclic redundancy check that is compliant to the SAE
J1850 CRCS (poly: 0x1D, initial value: 0xFF, final XOR: 0xFF) calculated
on previous message bytes.

« BMS 01 CellV,[TX], ID: 0x111, that informs about the voltage of the HV
cells, is composed by the signals:
— BMS VCellHt, reports the highest cell voltage
— BMS VCellLo, reports the lowest cell voltage
— BMS VCellAvg, reports the average cell voltage
— BMS__VCellHild, reports the ID of the cell with the highest voltage
— BMS _VCellLold, reports the ID of the cell with the lowest voltage
o BMS 02 CellT, [TX], ID: 0x112, that reports the temperature of the HV
cells, is composed by the signals:
— BMS TCellHi, reports the highest cell temperature
— BMS TCellLo, reports the lowest cell temperature
— BMS TCellAvg, reports the average cell temperature
— BMS TCellHild, reports the ID of the cell with the highest temperature
— BMS TCellLold, reports the ID of the cell with the lowest temperature

e BMS 05 Sys01, [TX], ID: 0x115, that tells about the status of many func-
tionalities, explained in the following signals:

— BMS _eSysSts, reports the status of the system that can be OFF, IDLE,
MONITORING, DRIVING, CHARGING, SHUTDOWN ( respectively
from 0 to 5)

— BMS _elnvSts, informs about the status of the inverters

— BMS _eChgSts, informs about the status of the charger

— BMS eCtorSts, informs about the status of the contactors

— BMS eDeuvSts, informs about the status of the slaves chain

— BMS eImdSts, informs about the status of the IMD device

— BMS TBrd, displays the ambient temperature

— BMS _RImdSns, displays the insulation resistance measured from IMD

e BMS 06 Diag, [TX], ID: 0x116, that tells about the status of many function-
alities, explained in the following signals:
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— BMS bFaultCellOT, informs when Over Temperature error occurs, it
goes to 1 when the temperature of cells exceed the 60°C

— BMS _bFaultCellOV, informs when Over Voltage error occurs, it goes to 1
when the voltage of cells exceed the 4.35V

— BMS bFaultCellUV,informs when under Voltage error occurs, it goes to
1 if the voltage decrease under the 3V

— BMS__bFaultPresent, informs about the general error status of the HV
BMS, it goes to 1 if any error occurs

— BMS bCANCmd, informs when a CAN communication error is detected,
it goes to 1 if an error occurs

Inverters

The four inverters are divided in 2 groups (for each side). Each couple has got
an exclusive CAN line that connect inverters to the Vehicle Control Unit. In this
CAN connection are sent the following messages, as described in the datasheet [5]:

o AMK Actual Values 1 XX. The XX value change in base of the inverter

taken into account: the ID are 0x283, 0x284, 0x287, 0x288 for respectively RR,
FR, RL, FL inverter. In which frame message the inverter sends the signals
listed below:

— AMK SystemReady, that informs about the status of the inverter, it goes
to 1 if the inverter is ready to work without any warning or error
— AMK__FError, goes to 1 if any error occurs in the inverter

— AMK__DcOn, informs if the Tractive system power is available in the
inverter side, it goes to 1 when asserted

— AMK__ InverterOn, goes to 1 when the low voltage supply of the inverter
arrive in all boards.

— AMK_Derating, goes to 1 when the derating function is activated
— AMK _ActualVelocity, informs about the actual velocity of the motor
— AMK__TorqueCurrent, informs about the actual torque of the motor

— AMK__MagnetizingCurrent, informs about the measured magnetizing
current in the motor

AMK _Actual Values 2 XX. The XX value change in base of the inverter
taken into account: the ID are 0x285, 0x286, 0x289, 0x290 for respectively RR,
FR, RL, FL inverter. In which frame message the inverter sends the signals
listed below:
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— AMK__TempMotor, return the temperature value sent by the thermocouple
of the motor

— AMK __Templnverter, return the temperature value sent by the thermo-
couple of the inverter

— AMK__FErrorInfo, informs about possible detected temperature errors
— AMK IGBT Temp, return the temperature value sent by the thermo-
couple in the IGBT switches.

o AMK_SetPoints XX, message sent by the VCU, to commands the inverters.
The XX value change in base of the inverter taken into account: the ID are
0x184, 0x185, 0x188, 0x189 for respectively RR, FR, RL, FL inverter. This
frame is composed by the signals below:

— AMK__InverterOn, requests to turn on the inverter leg
— AMK__ Enable, requests to enable the inverter to provide power to motors

— AMK__ErrorReset, requests a clear of all errors presents

— AMK__DcOn, requests to enable the Tractive System power in input of
the inverters

— AMK_TargetVelocity, used to set the target velocity, the maximum is
about 20.000 RPM

— AMK TorqueLimitPositiv, used to set the maximum positive Torque to
provide at the motor, this value is set by the VCU control, in order to
not overcome the 8OkW allowable.

— AMK__TorqueLimitNegativ, used to set the minimum negative Torque to
provide at the motor.

VI board

The VI Board inform the system about the real time measured current and voltage
of the TS. The message sent by this board is the following:

o IVCAN _msg, [TX], ID: 0x686, it return the real time values of current and
voltage of the TS. It is composed by the signals listed below:

— IDC A, that informs about the measured current value, read by the Hall
effect current sensor

— VDC _V, that informs about the measured voltage value, read between
TS+ and TS- in the vehicle side.
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2.5 Custom electronics

In the vehicle the electronic architecture is distributed into many boards, each
with a particular task. This strategy allows to limits the number of wires in the
vehicle and to reduce the complexity by subdividing the whole circuit in subsystems.
This approach corresponds to that used today in automotive with the electronics
complexity that increase more and more.

It is required custom electronics for many tasks:

o LV supply distribution

» Battery management for the low voltage battery

o Acquisition of analog signals, like sensors or critical measurements
o data transmission between subsystems

o rules compliance of hardwired only circuits TSAL, error latching, brake system
plausibility device (BSPD)

» Cockpit management and human-machine interface (HMI)

» Cooling management
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2.5.1 LV distribution unit

The distribution of the LV supply that comes from the LV battery pack must be
distributed in the rest of the LV system. The subdivision is performed by the
Fuse-box board, in fig. 2.5.
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Figure 2.5: Schematic of the fuse-box board ofthe SC21 vehicle

The fuse-box is composed by a Global LV Relay that is controlled by a remote
analog signal, BMS__ LV __cmd coming from the BMS LV. In the system are needed
the following supply voltage:

e 24V for HV and radiator fans, pumps, VCU, BMS HV, TSAL, Inverter and
custom boards.

e 12v for modem, VI board and the competition data-logger.

The voltage from the battery, after the relay is dropped to 12V using a DC-DC
converter TSR-24120.

Therefore custom boards have got an internal DC-DC used to convert locally
the 24V to 5V and 3.3V. This distributed solution is preferred due to the distance
between boards in the vehicle that is not negligible. Naturally each wires is pro-
tected with a fuse sized in an appropriate way, depending on the current that must
flows through it.
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Figure 2.6: 3D CAD of the fuse-box board

2.5.2 Sensors

Description

The acquisition of the signals from sensors distributed in the vehicle is mainly
implemented thanks to two boards realized with the same design, the Sensorboards
Front and Rear. As suggested by the name, to properly manage a large number of
sensors, the twin boards are placed in front and rear side of the vehicle.

In the vehicle are present a large number of sensor to acquire:

steering wheel angle

o acceleration request by the driver

o amount of pressure in the braking circuit

« compression of the brake pedal

o NTC thermistors for cooling monitoring

» Potentiometer to measure extension of the suspension system

The distribution of sensor in the vehicle is organized as written in the table 2.3.
The PCB of the boards are perfectly equal, this allows a less expensive production
and give the possibility to add other sensor in the system if necessary by using the
unused input of the Rear Sensorboard.

The steering wheel angle is measured thanks to a magnetic rotary encoder sensor,
represented in the figure 2.7.
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type of sensor Front | Rear
steering 1 0
throttle 1(x2)] 0
brake pressure 1 1
strain gauge brake 1 0
NTC 4 4
damper 2 2

Table 2.3: Distribution of the sensor in the vehicle

Figure 2.7: Pics of the magnetic rotary encoder, base and magnet [10]

The sensor is composed of a magnet that must be fixed in the steering axis and the
base that transforms the variation of the inducted magnetic field in a DC output
voltage that may vary linearly in the range [0,5]V and can measures an angle range
of [0°, 360°]. In the figure 2.8 is represented the output characteristic. As repre-

\ L. )

Figure 2.8: Output-Input characteristic of the sensor [10]

sented, the characteristic is a saw tooth, that if focused, can be modeled as a scale of
step of length equal to the angle resolution ¢, and high an amount of voltage Vicp.

. ¢period o 360°
" Ngep 1024
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Vad 5V
step — T = ——— = 4
Vt P Nstep 1024 88mV

The throttle sensor, due to rule recommendations, must be redundant and must
be supplied by different boards for increase the safety. So in the vehicle are used
a redundant current sensor of the kind: Hall effect rotary sensor AR-019-07 2.10,
that can measure an angle till 30° with an output range of [0.5, 4.5]V.

Figure 2.9: Pics of the throttle sensor [10]

The characteristic Output-Input of the two throttle signals is linear as it is possible
to see in figure 2.10 and inverted between them, ever for rule issues.
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Figure 2.10: Graph of the cross output of the throttle sensor

The voltage outputs of the throttle sensor are sent by the Sensorboard Front to
the VCU that assigns a percentage of acceleration from 0 to 100%. The relation
is explained in the table 2.4. An important issue to consider is that the pedal
position valid is that the value of the two cross signals, one time one of their is
inverted, must no be different of more than 10%.

The hydraulic braking implant is measured thanks to two brake pressure sen-
sors Aviorace SP100-M102.11 [11] inserted in the hydraulic system, one on the front
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Position | APPS 1 | APPS 2
0% 0,5 4,5
20% 1,3 3,7
40% 2,1 2,9
60% 2,9 2,1
80% 3,7 1,3
100% 4.5 0,5

Table 2.4: Relation between pedal position and output of the throttle sensor

part and another on the rear one. The sensor can measures a range of [0,100|Bar
traduced in a linear output range of [0.5, 4.5]V. This sensor is used as input in the

Figure 2.11: Picture of the brake pressure sensors

BSPD board to calculate the amount of braking and for the ready to drive (RTD)
procedure.
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The strain gauge sensor used to measure the compression of the brake pedal, gives
important information for the regenerative braking system of the vehicle that must
recharge the pack when the vehicle is braking.

Figure 2.12: Picture of the strain gauge sensor[11]

The strain gauge can measures till 1250N of force and due to the fact that the
sensor is internally amplified with a specific IC, gives in output a linear voltage in
a range [0, 5]V.

Thermistors are needed to monitor the cooling system. Then eight NTC sen-
sors are insert in the vehicle, in particular in the cooling jacket of the motors and
for the radiators on the rear. NTC thermistors typically present the following
characteristics:

High sensitivity, from -3 %/°C to —10 %/°C

High resistivity

Low time constant

Measurement range : [-100 ; +300)]°C

Strongly non-linear transduction function

The model used is Vishay NTCAIMME3C90573 [12], figure 2.13.

The output characteristic of the NTC, as in the figure 2.14, is logarithmic. A
commonly used input/output characteristic for NTC thermistors is the § value
expression:

RT:A'G%

The coefficient is estimated by two known temperatures T1 and T2 that corresponds
to two resistance values R1 and R2:
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Figure 2.13: Pic of the NTC sensors [12]

in which Ry = 10662 is the resistance at maximum temperature of the range,
Ry = 10k€) is the resistance at the minimum temperature. Then the [ for the
range of interest [T} = 25°C, Ty = 85°CY, is equal to 3284. The ( parameter can be

N
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Figure 2.14: Graph of the NTC characteristics

used for the calibration function of the NTC:
1

1 41 1h 8z
T1+ﬁ lnRo

T =

The linear potentiometer are used in proximity to the dampers of the vehicle, then

44



LV system description

in the vehicle are present four potentiometer of the type: DIA9,5-75 [13].
The potentiometer from the electronic point of view, is a variable resistive partition.

Figure 2.15: Picture of the potentiometer [13]

VDD

R &———» ouT
I
GND

Figure 2.16: Schematic of the potentiometer

The value of the output is equal to:
Var
R

where the R is the total value of the potentiometer that is 10k€) and r is the
partition selected by the extension of the dampers.

‘/out =

Analog acquisitions

The acquisition of the signals from sensors is carried out by the two sensorboards.
The general schematic of acquisition circuit is explained in the figure 2.17.

As it is possible to see, the acquisition circuit is composed, starting by the input
signal, of Zener diodes SM05T1G used as elctrostatic discharge (ESD) protection.
Therefore, a couple of fast switching diodes BAV99 used to saturate the value that
comes form sensor in the case it will have a value greater than 5V or lower than
0V. This diodes will protect the analog input of the pcontroller from over voltages.
Then is present a partition that scales the signal by a factor 0.594, this is due to
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THROTTLE_OC——
p—————————— D THROTTLE_O_MCU

SMO5T1G

o
=
2

D4

THROTTLE_1 D—®

p———— L THROTTLE_1_MCU

Figure 2.17: Schematic of the conditioning circuit for sensor acquisitions

the fact that analog inputs of the ucontroller can read in a range [0, 3]V but the
signals can have a range of [0, 5]V.

V 2kQ2
3 06 8

P=5v =77 2k0 + 56kQ

To the partition is also added a capacitor to create a low pass filter that can filter
the noise over the band of the sensor that transmit a DC voltage signal.

1
2-m-T

fcut =

The cut-off frequency of the LPF can be calculated by find the equivalent time
constant:

T=Rey C

In this case R., = 31.82k() is equal to the parallel between the resistors, and
the capacitor is C = 3.3nF. This means that the cut-off frequency is equal to
feuwr = 1.52kH z. After the filter, is inserted a voltage follower to decouple the
impedance. This scheme is suitable for the main parts of sensors connected to the
sensorboard: Throttle, brake pressure,steering and strain gauge. This scheme is
also used for the potentiometers, with the only difference that the partition is made
after the voltage follower to not falsify the output of the sensor.

NTC thermistors are sensed with a conditioning circuit composed by a pull up
resistor of 10k€) connected to the 3.3V supply, similarly as written in the design of
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the BMS LV, see section 4. Thanks to this schematic, the output characteristic
that can be read by pcontroller is represented in figure 2.18.
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Figure 2.18: Graph of the output characteristic of the NTC acquisition circuit
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CAN messages

The values from sensors are acquired, converted in digital and sent by the Sen-
sorboards Front and Rear to the CAN BUS LV. The Sensorboard Front sent the
following message:

e SENSORBOARD FRONT 1,1D: 0x10, messages that contains the values
from throttle, steering and brake sensors.

— THROTTLEQO, variable that returns the angle of the acceleration pedal
expressed in voltage. The analog to digital conversion (ADC) till the
value contained in the CAN message is the following:

Viensor = [057 45]V
p=20.6
‘/cond =p- Vsensor = [03, 27]V

Considering that each ADC channel uses a resolution of 12bit, the quan-
tized value corresponds to:

Nb = 12bit
Via = 3.3V
V, = svids = 0.000806V

This means that the conversion from the output voltage value to the
digital read "D" in the messages is:

Viensor = D+ %% f = %2 = 0.00137

In order to better manage the value in the SW code of the uC, it is useful
to shift right the factor, to always have a value smaller than 1. In this way:

£ = 0.000137
Dipas = f+ (212 — 1) = 0.561

Due to this calculation, the range of possible values will become:
[0.5; 4.5]V — [372; 3350]bits

— THROTTLE1, variable that returns the angle of the acceleration pedal
expressed in voltage, with inverted range respect to the THROTTLEO
but the same analog to digital conversion.
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— STEERING, it returns the value of the steering rotary sensor, that is
subject to the same conversion of the throttle:

[0; 5]V — [0; 3722]bits

— BRAKE, variable that informs about the pressure in the braking hydraulic
system. As for the steering and throttle the voltage value is converted in
the same way and it can assume a range of value:

[0.5: 4.5]V — [372; 3350]bits

e SENSORBOARD FRONT 2, 1D: 0x11, that contains the values from the
potentiometers and the strain gauge in the brake pedal. it is divided in:

— POT FL, variable that describes the extensions of the damper positioned
in the front left side of the vehicle. The ADC conversion till the value
contained in the CAN message is the following:

V:sensor = [07 33}‘/
P = 0.9 ‘/cond =p- ‘/sensar = [Oa 297]V

Considering that each ADC channel uses a resolution of 12bit, the quan-
tized value corresponds to:

Nb = 12bit
Via = 3.3V
V, = gnits = 0.000806V

This means that the conversion from the output voltage value to the
digital read "D" in the messages is:

Vjsensor =D- % f = % = 0.0000896

In order to better manage the value in the SW code of the uC, it is useful
to shift right the factor, to always have a value smaller than 1. In this way:

£ = 0.00000896
Diaz = f - (212 = 1) = 0.367

Due to this calculation, the range of possible values will become:

[0;3.3]V — [0; 3683]bits
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— POT FR, variable that describes the extensions of the damper positioned
in the front right side of the vehicle. The conversion from analog to the
digital value is the same respect to the conversion for the POT FL.

— STRAIN GAUGE, this value informs about the extensions of the brake
pedal. the conversion is executed in the same way of the THROTTLE,

the final range are:
[0; 5]V — [0; 3722]bits

o SENSORBOARD FRONT NTC, ID: 0x12, this message contains all signals
referred to the NTC placed in the vehicle to monitor the temperature in
different part of the cooling system. This signals are:

— NTC MOTOR RL, the voltage value contained by this signal is obtained
by a partition with pull-up resistor of 10K and a Supply voltage of 3.3V.
This means that:

Rt = [1.066; 10)k
Vivre = Vaa - % = [0.317;1.65]V/

The complete graph with the relation between resistance and voltage
is reported in the fig 2.18. Due to this calculation, the range of possible
values will become:

[0;1.65]V

That range is converted in celsius degrees until to be inserted into the
CAN signal, so that the range will become:

[0;1.65]V — [25;105]°C

— NTC MOTOR RR, the voltage value of the thermistor placed in the rear
right motor contained by this signal is obtained by a partition with pull-up
resistor of 10K and a Supply voltage of 3.3V. The conversion is performed
in the same way respect to the other NTC.

— NTC MOTOR FL,the voltage value of the thermistor placed in the rear
right motor contained by this signal is obtained by a partition with pull-up
resistor of 10K and a Supply voltage of 3.3V. The conversion is performed
in the same way respect to the other NTC.

— NTC MOTOR FR, the voltage value of the thermistor placed in the rear
right motor contained by this signal is obtained by a partition with pull-up
resistor of 10K and a Supply voltage of 3.3V. The conversion is performed
in the same way respect to the other NTC.

50



LV system description

2.5.3 TLB subsystem

Description

The TLB subsystem must satisfy many rules issues. The system represented in
figure 2.19, must control the Tractive system Activation Light (TSAL) that inform
all people in proximity to the vehicle, if in the car are present more than 60V ( the
light will flashing in red color ) or less than 60V but more than 0V (the color will
be green fixed ). The system is composed by 3 boards:

o TLB Board, master placed in the rear side of the vehicle
o TLB Inverter, slave in the inverter pack

o TLB Battery, slave in the accumulator pack

AR A

F Y
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BMS ERROR N
LB
Y ~N |_> MASTER é N
EMS A A A
IMD
HV IMD
ERROR
INVERTER
HV BATTERY PACK
PACK
TLB SLAVE TLB SLAVE
BATTERY ANY CONTACTOR CLOSED INVERTER
BP CONNECTED INV CONNECTED \_! '/

\ J

Figure 2.19: General scheme of the TLB system
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The TLB master board to control if in the vehicle are present more than 60V
must measure the TS DC voltage into the accumulator container and into the
inverter pack. This task is performed by the two salve boards and must be executed
using only hardwired logic by rules. The circuit used to read the TS voltage is that
represented in the figure 2.20. Therefore in the TLB slave battery, a specific control
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Figure 2.20: Schematic of the HV reading for tlb system

of the real state of the contactors must be read. To accomplish this necessity, the
contactors’ feedback status is read in accordance with a OR logic:

IF at least 1 of the AIRs or the precharge relay is closed
THEN any_contactor_closed signal is asserted

Another feature of the TLB slave battery is to report by a visible red voltage
indicator in the pack, if TS DC voltage is available after contactors. This task is
performed with the following hardwired circuit 2.21.

Led will turn ON only if in the vehicle side will be present more than 60V.

The TLB master board, to decide the colour of the TSAL light, receive by slaves
the following signal:

e any_contactor_closed, already described
e HV_in_BP, asserted if more than 60V in the accumulator container
e HV_in Inverter, asserted if more than 60V in the inverter pack.

e BP_connected, asserted when the accumulator container is connected to the
system

e Inverted_connected, asserted when the inverter is connected to the system

52



LV system description
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Figure 2.21: Schematic of the voltage indicator

The logic to set the colour of the TSAL is the following:

RED = BP_connected A INV_connected A

A (ctor_closed V HV_BP V HV_INV)

GREEN = BP_connected A INV_connected A
A —ctor_closed A —HV_BP A —HV_INV

By seeing the logical expressions, it is possible to note that if the battery or the
inverter pack is not connected, the TSAL must not be lighted. The logic can be
converted in hardwired schematic, as espressed in the figure 2.22.

As it is possible to see, the blinking of the Red light is realized by using a NE555
timer with the appropriate related circuit to obtain a 4Hz pulse. Another important
function of the TLB master board is related to the latching of the BMS and IMD
errors.

53



LV system description

If
connectars are disconnected OR
measured TS voltage is different 55

then LR
TSAL is not illuminated I tg
BATTERY_connected s,
T4LVCIGLL 4 a
| > o ouss & TiaLGlrcn_stitu51 TSAL_GREEN
\NVEPTER_conncctedDJ AT . I ’T:Lmz
Falve1sLt = r3p =0 E Q’f QNN0S 505
EEL =33
% v i GHD
LED GREENGHND
GHD

Iwan

kN e
, _ El
e
v 88 aw e
36
| au s TSALRED
e (s
1_152&5” e — 100n ruLneu_;tmm]
- I =L ,_;_{ ot 1 5 U18 Jﬂ' a3
BATTERY_HVC- e - e T L 1= @ Wwas_sos
- =330 =33k

]
b war

!
|
|
\
- . | 7 09 J75Nn GHe
25, 1000 28 oo I~ i , o
o i—[)z
I_D 3 [FaLvelGLL = ‘ GND
s ’_l
1 \. 4 U i

S s

Square wave: f=4Hz, Dty=50%

\N'V'ERTER_H'-"D—PL[.:'J”—M o

D
433

<Ra2
27 goon
3

%RET i Ilddn
=36 i e | nEsss
TS_off_led_neq | = 120k
GHo EAL I 3 pulac
=h a1t . 1
- h— Qiias_eps Eor s
an‘,_ﬁ\R_closedD—z-L,: 330 im ' | J_cs-» sl 6

u11 | 10 o
Hor o7 e if | 17 =
¥ GHD |
LeD vEuLow Ty

HV is in battery OR e
e -~ HV is in inverter OR GHD
GHD at least 1 AIR closed |

then
TS 1s active

]

Figure 2.22: Schematic of the tsal driving circuit

o BMS error, when any error is present in the HV BMS, this signal is at 0V,
otherwise is in HZ.

o IMD error, when any error is reported, this signal is at 0V, otherwise it is set
to +24V.

This two errors are latched by the TLB board that must activate the shutdown
circuit procedure, described in the section 2.5.9. In the schematic 2.23 it is possible
to see also the Reset of the latches, that can be performed by a push button placed
in the side of the chassis.

The last task of the TLB master is to read IMD, BMS and BSPD errors and make
them available in CAN LV1, in order to be read by the Dashboard that will turn
the cockpit leds indicator. This task can be realized by sent this error in input to
a p-controller that will sent the information in CAN.
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Figure 2.23: Schematic of BMS and IMD errors latching

CAN messages

About the TLB Master CAN node, it sends important messages used to decide to
turn ON/OFF some LEDs on the cockpit, used to advertise the pilot about some
error states of the vehicle. The message from this boards are the following;:

« TLB _ERROR, [TX], ID: 0x20, in which are included information about the
errors from HV pack and BSPD. This message is received by the dashborad
that then will turn the cockpit leds with a logic coherent with this message.
Signals are the following:

— TS_OFF, it goes to 1 if less than 60V are present in the vehicle, otherwise
is 0

— BMS_ERR, it goes to 1 if a fault from the HV BMS is latched by the
TLB, otherwise is 0.

— IMD__ERR, it goes to 1 if a fault from the IMD is latched by the TLB,
otherwise is 0.

— BSPD_ERR, it goes to 1 if a plausibility error is detected from an analog
signal coming from BSPD to the TLB, otherwise is 0.
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o TLB BRAKELIGHT, [RX], ID: 0x22, the TLB read this message from
SENSORBOARD FRONT to driver the break-light led strip on the rear side
of the vehicle, that must turn on one time the brake pedal is pressed. The

only one signal present in this message is:

— BRAKE_LIGHT, that goes to 1 when the brake pedal is pressed, otherwise
is 0.
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2.5.4 BSPD

The Brake System Plausibility board, is a device requested by rules. It must open
the shutdown circuit when at the same time hard braking occurs and a power

> bkW is provided to motors for more than 500ms.

Figure 2.24: View of the BSPD board

Hard braking is measured thanks to brake pressure sensors that must detect when

the pressure of the hydraulic system is > 30bar.
The schematic used to read this two quantities is represented in the figure 2.25.

Figure 2.25: Schematic of the BSPD circuit
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As represented in the figure above, to sense are used threshold amplifiers, with a
threshold value calculated as explained below:

5kW, at worst case [ 574V ] corresponds to a current

Powyy, 5kW
Lyow = = =8.7T1A
P Vinaz 574V

The sensitivity of the current sensor is S = 40mV//A and offset is V,, = 2.5V,
then
Vin pow = Ipow - S + Vo, = 2.848V

30bar, the sensitivity of the brake sensor 2.11 is S = 0.04v/bar amd sensor
offset is V, = 0.5V, then

Vit break = Prin - S+ V, = 30bar - 0.04V /bar + 0.5V = 1.7V

The 500ms implausibility time, is set by an RC circuit that increase the voltage on
the capacitor with a delay of 422ms to be safe. The error is than latched by a 555
timer, that keep the error for 10 seconds as said in rules.

Another condition to be monitored is to control if both the sensors are connected
in the vehicle: the second part of the circuit execute this control and if the voltage
offset of the sensors is no long seen, the shutdown circuit triggers.

2.5.5 Cockpit

Description

The cockpit panel is managed by the dashboard, figure 2.27. This board must
control the following components present in the cockpit, figure 2.26, to help the
driver with useful feedback about the state of the vehicle:

IMD error led
BMS error led
TS OFF led
RTD led
RTD button

Buzzer
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Figure 2.26: View of the cockpit

The IMD and BMS LEDs must indicate if some errors from IMD and BMS are
present in the vehicle. The dashboard can acquire this information thanks to a
CAN signal sent by the TLB master board that latches this two errors that comes
from the battery pack.

TS OFF led inform about the level of voltage active in the vehicle, if led is ON
means that more than 60V can be present on the vehicle. This signal ever comes
from TLB and is transmitted through CAN bus to the dash board. Buzzer, RTD
led and button are parts of the Ready To Drive procedure, explained in the RTD
section 2.5.6.

Figure 2.27: 3D view of the Dashboard
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CAN messages

The can message that is related to the cockpit is the following:

TLB_ERROR, [RX], ID: 0x20, already described in the TLB section, used to
decide the status of the cockpit leds.

2.5.6 RTD

Description

The Ready to Drive procedure is requested by rules and is based on a finite state
machine in which VCU and Dashboard exchange a series of acknowledge messages
with the finally state that allows the closing of AIRs and makes available the power
from battery pack to motors.The FSM is the following in figure 2.28:

The meaning of each state is explained below:

IDLE, attending till the RTD button is pushed
CTOR EN, Dashboard send to VCU the request to enable contactors
WAIT CTOR EN ACK, Dash attends the acknowledge message from VCU

RTD EN, Dash received the acknowledge, now attends that the driver pushes
the RTD button and the brake pedal at the same time

WAIT RTD EN ACK, Dash attends the acknowledge of the VCU to enter in
RTD

RTD, the vehicle is in RTD, Dash activate the RTD led and the buzzer, that
emits a sound to inform about the RTD state of the vehicle, the TSAL will
blink red at 4 Hz

STOP, buzzer stops the sound after 2 seconds
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— e
——

RTD_cmd='1'

REBOOT_FSM="1"

CTOR_EN_ACK="0f
REBOOT_FSM="0"

WAIT_CTOR_EN_ACK

CTOR_EN ACK="1"

RTD_CMD ='1' AND brake > threshold

RTD_EN_ACK ="0"
REBOOT_FSM="0"

WAIT_RTD_EN_ACK

RTD_EM_ACK ="1

counter_buzzer = 0

Figure 2.28: FSM of the RTD procedure

CAN messages

The messages described in this sections are related to the communication between
VCU and Dashboard to perform the FSM for the Ready to Drive procedure. Beyond
the messages already described in the VCU CAN message section, other messages
involved and sent by the Dash ECU are:

o« CMD_RTD, [TX], ID: 0x42, message that contains only one signal with the
same name: CMD_RTD that must go to 1 when the RTD button is pressed
by the driver, otherwise is 0. When is at 1 it starts the FSM procedure for
the Ready to Drive.
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o« ACK_RTD, [TX], ID: 0x40, message used to communicate the acknowledge-
ment of the data sent from VCU to the Dashboard. In particular this messages

is composed by the following signals:
— CTOR EN ACK, it indicates the acknowledge of the closing contactors
starting procedure. It goes to 1 when the signal is asserted, otherwise is 0.
— RTD EN ACK, it indicates the acknowledge of the RTD enabled. It goes
to 1 when the signal is asserted, otherwise is 0.

— REBOOT FSM, signal used to reboot the FSM if some fault state or
communication error occurs. It will be 1 to indicate the reset state,

otherwise will be at 0.

62



LV system description

2.5.7 Cooling management
Description

The cooling system is needed to maintain components that dissipate a large amount
of power into a safe temperature range. In particular in the vehicle are used three
fans to decrease high temperature on the HV battery pack, figure 2.29, two for heat
dissipation of the liquid coolant into radiators 2.30, that passes through motors’
jacket and coldplates placed on inverter power modules. The liquid coolant can
flow through the circuit thanks to two pumps. Both fans and pumps are controlled
by dashboard. This devices can assume different states:

o OFF, sleeping mode. The device is not supplied
e ON, device works at full power

o AUTO, device’s power is managed by a PWM signal from the Dashboard that
regulate the functionality in a range 0-100%.

This PWM can be applied to the fans and can be decided directly by the pilot
rotary switches located in the steering wheel front panel or from an automatic
control system that takes into account the temperature of the HV battery pack
(for HV fans) available in CAN thanks to the HV BMS or the temperature of NTC
sensors into the liquid cooling system thanks to the Sensorboards. In this way the
cells can work at the optimal temperature range, about 40 degree, and motors will
not go in derating. On the other way there will be an optimization of the power
consumption of the LV battery that will increase his duration.

Figure 2.29: Picture of the HV battery fans [14]
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Figure 2.30: Picture of radiator fans [15]

In the table 2.5 a description of the main characteristics of fans used in the HV

battery pack, and in the radiators.

Characteristic HV fans | Rad fans
Air flow [m?/h] 570 222
Nominal Voltage [V] 24 24
Sound level [dB] 78 69
Power input [W] 120 40.8
Nominal speed [rpm] | 11000 14900

Table 2.5: Main characteristic of the fans used in the vehicle [14] [15]
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CAN messages

About the CAN messages sent by the Steering Wheel Control Unit, that transforms
the analog value written by the rotary encoders in the steering into a digital value,
and it assigns a percentage from 0 to 100% to send at the Dash. This percentage
indicate the power provided by the FAN, respectively from "MIN" to "MAX". The
percentage is referred to the percentage of duty cycle of the command wave that
must pilot the fans. Clearly, considering that the fan goes at maximum when the
wave is keep at 0V, a 100% of PWM command corresponds to a 0% of Duty cycle
and vice versa.

The CAN message used is the following:

« PWM, [RX], ID: 41, it must drive the fans of the radiators and also that of
the battery pack. The control is performed through this two signals:

— PWM RAD FAN;, this signal can assume a value from 0 to 100 that
corresponds at the grade of velocity of the radiator fans.

— PWM BP FAN; this signal can assume a value from 0 to 100 that corre-
sponds at the grade of velocity of the fans in the HV battery pack.
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2.5.8 Human Machine Interface
Description

The steering wheel boards is composed of a quite different design respect the other
boards. This is due to the small ambient in which the board is placed, that forced a
new design for the power supply. As indicated in the fig. 2.31, the DC-DC used is
a V7805-2000, with less protections respect the solution for the rest of the custom
boards.

+24V

Pl Filter taken frem V78-2000
u2
F1 b5 L3
0.5A D_Schottky 120

+24V =1 Y +VouT/GND |3 +5V
GND/—vour |2 I c2

N be c8 c1 -_—22u

D_Zener TiOu TiOu Y

GND

Figure 2.31: Schematic of the supply circuit for the steering wheel board

This boards must manage the buttons and rotary switches on the steering, see fig.
2.32, and send information read on CAN bus to the commercial display pizziL CD-
25P/ graphic processing unit (GPU) [16] that will drive the liquid crystal display
(LCD) display to show the information, see fig. 2.33.

Figure 2.32: 3D CAD of the steering wheel board
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Figure 2.33: 3 of the supply circuit for the steering wheel board [16]

The communication between the STM32 micro-controller and the GPU, is performed
through universal asynchronous receiver-transmitter (UART) protocol. The choice
of an external GPU for driving the LCD display, allows a smarter and modern
graphics. Information to send to the display are:

e Lap time

Power and Torque

BSPD error status

Temperatures of the battery pack
e SoC

The circuit to read buttons are realized using HW de-bouncing protections as
showed in the figure 2.34. The LPF filter is used to filter the mechanical fluctuation
caused by humans pushing of the buttons.

Buttons are used for:

» push to talk, trigger when the driver is speaking, useful for communication
errors.

o marker button, to trigger the current state, and signals the event in the log
recording.

« emergency button, to allows the driver to indicate potential dangerous events.

» OK button, to send the acknowledgment in case of mistakes in vocal commu-
nication.

67



LV system description
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Figure 2.34: Schematic of the de-bouncing circuit for the buttons

The potentiometer is used to set the level of the luminosity of the display. The
rotary switches are potentiometers from the electronic point of view. It is read by
using a voltage follower to decoupling the impedance between output and input, as
designed for the analog sensors in the Sensor board circuit. This switches are used
to allow the driver to manually control the level of cooling and to move to different
mode of the vehicle, if needed.

CAN messages

About the CAN messages used for the HMI system, the frames described below
gives info about the status of the buttons and rotary switches in the steering wheel.
The frames are:

o BUTTONS, [TX], ID: 0x100, in which are described the status of each button
present in the steering. The signals included in the message are:

— ERR, is used to indicate the status of the error button, it goes to 1 when
asserted, otherwise is 0.

— OK, is used to indicate the status of the ok button, it goes to 1 when
asserted, otherwise is 0.

— PUSHTALK, is used to indicate the status of the pushtalk button, it goes
to 1 when asserted, otherwise is 0.

— MARKER, is used to indicate the status of the marker button, it goes to
1 when asserted, otherwise is 0.
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e« ROTARY, [TX], ID: 0x101, in which are indicated the status of the rotaries
in the stering. Signals included in this frame are:

— C SL, indicate the status of the center left switch. It can have a value
from 0 to 6 to indicate one of the 7 possible positions. It is used to set
the grade of velocity for the radiator fans.

— C SR, indicate the status of the center right switch. It can have a value
from 0 to 6 to indicate one of the 7 possible positions. It is used to set
the grade of velocity for the battery pack fans.

— C SM, indicate the status of the center middle switch. It can have a value
from 0 to 6 to indicate one of the 7 possible positions.

— C LEFT, indicate the status of the left rotary potentiometer. It can
have a value from 0 to 100. It is used to set the intensity of the screen
brightness from 0 to the 100%.

— C RIGHT, indicate the status of the left rotary potentiometer. It can
have a value from 0 to 100. It is reserved for future implementations.
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2.5.9 Shutdown circuit

The shutdown circuit, is essentially the supply line for the AIRs that are Normally
Open contactors. When the shutdown line is interrupted, the AIRs turn in open
circuit the TS path between battery and the vehicle. The line is composed by
numerous switches, as it is possible to see in the figure 2.35, that must interrupt
the line if any error occurs. The position and the number of switches is dictated by
FSAE Rules.
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Figure 2.35: Schematic of the shutdown circuit

As represented in the figure, there are different kind of switches, someone are electri-
cally driven relays, other are mechanically driven like the mushroom emergency stop
buttons and the Master Switches. At the end of the shutdown circuit is also present
the supply for a Normally Closed relay, used for the discharge procedure, that must
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connect the discharge resistor between TS+ and T'S- one time the shutdown line is
interrupted.
The different conditions that can trigger the shutdown, are that in the list below:

BMS HV error

e IMD error
« BSPD error
o Master Switches, GLV and TS

o Emergency Stop Buttons, that are placed, for safety reason on the side of
the main hoop (two), on the cockpit and below the brake pedal (if broken it
triggers the shutdown)

e HV connector interlocks, the shutdown must pass into all T'S connector and
must go in open circuit if anyone is disconnected.

« high voltage disconnect (HVD), security connector that disconnect both: the
shutdown circuit and directly the TS path.

However by rules issue, the shutdown must pass through all connections to the
wheel motors, in order to disconnect the circuit if any wheel break away, before
that T'S wires could remain free floating.
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Chapter 3

Analysis of the architecture

3.1 SC19 issues

The SC21 vehicle described in this project thesis descending form the previous
vehicle realized, the SC19. The SC19 vehicle has been analyzed to correct any
electrical problems encountered and other improvements has been inserted in the
electrical and electronic system of the SC21 vehicle. The previous vehicle’s issues
are related to the parts in the following list:

o Power supply of the custom boards
» Sensors’ analog conditioning circuit
o Protection on the wires

o BSPD auto-reset

o HV detection in the contactors side
» Voltage indicator circuit

o HV and radiator fans PWM control
o Fusebox PCB layout

o Steering Wheel

« BMS Low voltage
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3.1.1 Power supply

The circuit proposed in the SC19 vehicle is that represented in the fig. 3.1. The
components used are chip and simple, but are not suitable when there are large
variations on the input signal in an automotive environment.

GND 21

R31 icw 4| Ii
100k 221
us
LMZ14202TZE—ADJ_NOPB «
28 +5V
L lvin ss 2 5y
2 | pon FB —
i EN vout +5v L]Rzz —— (22 €23 R35
1.07k Tl oo 1.2
LED
X

Figure 3.1: Schematic of the power supply in the custom boards of the SC19
vehicle
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Therefore, the Buck converter was not properly protected in the input from overvolt-
age and overcurrent. This protection has been inserted in the SC21 configuration.
However an input PI filter is inserted to reduce variations on the input signal that
can affect the supply unit.
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Figure 3.2: Schematic of the power supply in the custom boards of the new SC21
vehicle

The new configuration in figure 3.2, is composed of a Buck switching DC-DC
converter suitable for automotive, a PDQFE15-Q24-55-D. This solution allows to
obtain a more robust and reliable solution respect the previous one. The negative
feature of this solution is related to the area occupied, in fact this is a more bulky
solution. The inductance of the PI filter must be great enough to filter as possible
variations, but not so much in order to maintain an appropriate occupation of the
board. So for the PI filter, a second order filter the value chosen are:

C =330+4.7+4.74+ 330 = 669.4uF
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L=22uF

1
oyt = - =R8.29kH =z
o Vv LC

Capacitors C20 and C23 chosen are of electrolytic type to allows to insert a larger
value of capacitance.

3.1.2 Conditioning circuit for sensors

The conditioning circuit for sensor in sc19 was realized by using the same circuit in
the figure 3.3.

RO p
42,2k / LM29(!;L
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42.2k 3
ANG_LD I 5

113832

(=}
N e R15 L c15 Tg —  DANG_I_MCU
b 82k 3.3n 61

Figure 3.3: Schematic of the conditioning circuit for sensors in the SC19 vehicle

An improvement related to this circuit is made on the measurement range in the
input. In fact, to obtain a better resolution in the measurement is convenient to
increase the input range of the voltage follower by supplying its at 5V:

o Last configuration: Amp19,,., = 3.3V — 1.5 =18V
o New partition factor: Amp21,,,, =5V — 1.5 =3.5V

With an input partition factor of 0.6 the range of all sensors is [0, 3V], this means
that all values greater than 1.8V were not visible. This modification is designed
in the SC21 vehicle as it is possible to see in the figure 3.4. Another problem
is related to the Transient Voltage Suppressor diode (T'VS) placed in the analog
inputs that come from sensors, the components’ characteristics were not suited for
this application, they are substituted with TVS with the right characteristics.
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Figure 3.4: Schematic of the conditioning circuit for sensors in the SC21 vehicle

Speaking about the potentiometers, the conditioning circuit proposed cannot
work: in fact, the potetiometers represents essentially a variable resistor partition.
To read correctly its output value must be used a voltage follower to decouple the
impedance. This change was applied in the SC21 configuration with the scheme in
the figure 3.5.

u4D
LM2902 10.7k

POTENTIOMETER_OD——4 R10
4 £ POTENTIOMETER_O_MCU
R57 C11
SMO5TLG 82k 3.3n
2 4 I:i
45V
Fed GND GND
03 ™ UbA
BAVS9 LM2902
D5 10.7k
POTENTIOMETER 10> 3 R58
POTENTIOMETER_1_MCU
R11.> C10
- 82k 3.3n,
GND GND

Figure 3.5: Schematic of the conditioning circuit for damper’s sensors in the SC21
vehicle
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3.1.3 Wire protections

Respect the last vehicle, in the system has been preferred to increase the degree
of protection in case of circuit that can be affected by variation in voltage and
current of the source. In fact, are added fuses in series to protect lines from possible
overcurrents, and Zener diodes to protect from possible overvoltages. Examples of
lines in which this components were applied are the power supply circuit, the CAN
lines in proximity of the transceivers, and the inputs that comes from sensors. It
is possible to see this applications in the figures below fig. 3.2 ( fuse ), fig. 4.13 (
zener diodes ) and fig. 3.4 ( TVS diodes ).

3.1.4 BSPD reset

The BSPD circuit in the last season works fine. An additional function was added in
the SC21 configuration, in order to have a more robust functionality. In particular
the improvement was inserted in the 555 timer configuration circuit. The new
function introduced allows the timer to reset from the BSPD error state after 10s.
In this way, in case of Endurance race, if BSPD error occurs, the vehicle can restart
its run after that time, without been disqualified. The circuit is represented in the
schematic below 3.6:
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Figure 3.6: Schematic of the reset circuit for the BSPD board

The reset time is allowed thanks to a RC branch composed by:
e« R=1MQ
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o C'=10uF
e T=R-C=10s

The time to reset the circuit should be approximately equal to 1 - 7. The Schottky
diode is used to allow the transient only after the BSPD error is turned ON, so
only for the charging state of the branch, the discharge bypass the resistor by use
the path of the diode.

3.1.5 HYV detection

The HV detection circuit is a circuit that must detects if the HV can be present in
the vehicle side of the system, then after the AIRs. To be sure of this condition, as
FSAE rules tells, a circuit must control if at least one of the AIR is effectively closed.
In the SC19, to control the real state of AIRs, a crossed voltage measurements was
effectuated, as explained in the scheme below 3.7:

AIR_POS_BATT {_;EHHH‘____wawVw AIR_POS_VEH

1~ 2
BATT N VEH

_— Iy _—

sl

AIR_NEG_BATT AIR_MNEG_VEH

Figure 3.7: Scheme of the cross voltage reading for the HV detection in the SC19
vehicle

This method valid in theory, in the reality does not work. This was due to the
large variations of the voltage of the battery pack, that can’t guarantee a stable
voltage signal, due to the variation of the load. So this circuit can be considered
valid in static conditions, but did not works at dynamic conditions. Another
problem related to this schematic is the difference of the voltage reference in the 3
measurements: this difference affected the correctness of the measurements when
the negative AIR is open, generating a false detection. A new way has been chosen,
by using an auxiliary feedback circuit provided by the AIRs, visible in the figure 3.8.
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Figure 3.8: Scheme of AIRs with the feedback wires used for the HV detection
in the SC21 vehicle

The feedback circuit give the possibility to assure the effective state of the re-
lay, because it is mechanically connected to the switch. So when relay is closed,
the two terminals of the feedback circuit are in short circuit, when relay is open,
the circuit is disconnected. This signal is sent to the TLB Slave battery that sense
the status of all the three relays: positive, negative and precharge and with a logic
OR between this three feedback, return the status of ANY AIR CLOSED to
the TLB Master board.

78



Analysis of the architecture

3.1.6 FAN control

The Fans control has been improved by adding a third mode, beyond ON and OFF
states, the AUTO mode as in fig. 3.9. In this mode, the fans are regulated by a
Pulse Width Modulation signal that takes as feedback the temperature of cells for
the HV fans and the temperature of the cooling system for the motors. In this way
is possible to maintain the devices in an optimal operating range, guaranteeing
better performance and less power consumption of the Low Voltage battery. In this
way, data about the power consumption of LV system will help to choose a right
design of future LV packs. The PWM control of the fans can also be controlled by
the driver, through the rotary switches placed in the steering wheel, if necessary
by conditions. This functionality can represent a good solution by considering a
future electronic system regulated by a DC-DC that takes energy directly by the
HV pack, in that case the consumption is more important.

PWM_BP_FAN

Figure 3.9: Principle scheme of the control for Fans in the SC21 vehicle

MICRO

The ON mode is represented by a pin in HZ (High Impedance) state, the OFF is
connected to the LV GND and the AUTO pin is connected to the micro at the
PWM output driver. The driver port is designed as in fig. 3.10, it consists of a
mosfet in inverting configuration.

PWM_RAD_FAN

Q9

PWM_RAD_cmd Q_NMOS_GDS

GND

GND

Figure 3.10: Schematic of the driver for the fans in the SC21 vehicle
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3.1.7 Fuse-box layout

The Fuse-box produced in the SC19 suffered the overheating caused by the large
amount of current requested to the LV battery by the loads in the vehicle. Pumps,
fans and inverter boards, can even request a current of 35 A when all is turned on.
This caused a temperature of the PCB of the fuse-box that can reach 100° degrees
in few minutes. To reduce the overheating, that can damage the electronics devices,
the layout of the PCB was changed by increasing the width of the connection
between components. When possible, as for the GND and +24V wires, a zone was
created that covers the entire surface of the board. A particular of the final layout
is represented in the figures 3.11 and 3.12 below, respectively front and rear of the
fuse-box board.
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Figure 3.12: PCB rear layout of the fuse-box board in the SC21 vehicle
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3.1.8 Steering wheel

The steering wheel board in the SC19 vehicle never properly worked. The problems
are related to the display configuration that was swapped, causing the burn of
the LCD display (supply pins inverted), and to a bad configuration of the rotary
switches that did not allows to read correctly the switches’ position. In particular,
with the configuration of the SC19, represented in the figure 3.13, the change of
impedance viewed by the micro-controller side always was almost the same.
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Figure 3.13: Schematic of the rotary switches in the SC19’s steering wheel

The new configuration, in the fig. 3.14 used for the rotary switches is a simple
voltage partition composed by six resistor of 200 ohm, that divide the 3.3V voltage
provided by the DC-DC of the steering wheel.
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Figure 3.14: Schematic of the rotary switches in the SC21’s steering wheel

After the partition generated by the rotary switches, a voltage follower, in fig. 3.15,
is used to decouple the impedance between output and input.

uab
LH2R02

13

14 c_sL

CsL_12,

Figure 3.15: Schematic of the voltage follower used for rotary switches in the
SC21 vehicle

Another important choice respect the last season is the managing of the display,
no more committed to the micro-controller of the STM32 configured by the team:
in fact, to allow a more complex and modern display layout, was chosen a display
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with an integrated GPU, that can communicate in UART with the STM32 micro
of the steering wheel board. In this way the new display, a pizziLCD-25P/,
can be configured by the help of a specific software, reducing the complexity of
programming the graphics. Further information about Steering wheel board are
described in the related section of the chapter 2.

New feature has been added to help the driver. In particular, a larger number
of push buttons are available to trigger the following actions:

o Marker, useful signal for time tracking and analysis

» Push to talk, to start radio communication or signaling an ongoing communi-
cation

 ERR, to report a generic error

« OK, to signal the correct reception of the message

3.1.9 BMS for Low Voltage

The BMS for the low voltage system of the SC19 suffers about problems in
communication between master and slave micros, because the protocol of Wake-up
the slave was not correct as described in the datasheet of the bq76plj55a-q1. Other
problems encountered in this board are related to the power supply and on the
transceiver, as already described in the section of this components above. Another
problem was about the current sensor for measuring the LV current path: the
previous current sensor used was a CAS6NP, with a measurement range of +20A
max. To properly measure the current requested by the LV system, it needs
a CASISNP, a +50A of range. A proposal of BMS for Low Voltage system is
explained in the section 4, adding new features like active balancing, beyond the
resolution of the problems listed above.
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Chapter 4

Battery Management
System for LV

4.1 Target

The main target of this board is to monitor the activity of the LV Battery Pack
of the vehicle, assuring that the batteries will remain in the Safe Operating Area
(SOA), through the main parameters of the cells: Voltage, Current and Tempera-
ture. Another feature of this board is to calculate the SoC of the pack in order to
better evaluate the remaining life of the battery.

The board is also capable of recovering the situation when the cells of the pack
become unbalanced, thanks to an appropriate active balancing circuit.
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4.2 Specifications

To properly design the Battery Management System, it is needed to define the
characteristics of the LV pack and the consumption of the system.

The configuration of the LV pack, that is a 7sbp, is resumed in the paragraph 2. The
battery cells are of the type Molicel - INR1700-P42A [9] and their characteristics
are summarized in the tab 2.1.

The requested current for each LV subsystem, at the measured open circuit voltage
of 27.6V that indicates the State of Charge of the battery, is that indicated in the
tabular 2.2.

The specification for the Battery Management System for the Low Voltage can be
described in the following list:

o Flexibility, the Hardware must be chosen in order to support different config-
urations with few modifications. In this way, the BMS will be useful in the
case that the LV pack might have a nominal voltage of 12V, in the future
developments. This means that the configurations to support are 4s and 7s.

o Real time measurements. The system should be capable to measure the cell
voltage of each series (from 4 to 7), the temperature of at least the 30% of
the cells and the LV main path current, that can be in the both direction:
negative in case of recharging the LV pack.

» Safety, the system should monitoring the LV pack in order to guarantee that
the battery will remain the Safe Operating Area (SOA). This means that the
battery cells must functioning into a determined range of the voltage and
temperature. It is possible to distinguish four different threshold parameters
to not overcome:

— OV, Over Voltage that could damage the battery pack. OV threshold is
equal to 4.2V for this cells

— UV, Under Voltage that could permanently damage the LV pack, that
will not more be rechargeable. For this cells the UV is at 3.2V

— OT, Over Temperature. If the Li-ions cells overcome the 60 °C, a chemical
reaction could occurs causing in the worst case the burning of the pack.

— UT, Under Temperature. If the pack drop down a certain temperature, the
internal chemical components can be permanently damaged. However the
condition in which the vehicle will be used, will never reach temperatures
lower than -10 °C.

» Over Current (OC) protections: between an external automotive fuse (as in
FSAE rules)
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Active balancing
Managing the current flowing to the rest of the system

CAN communication, to provide information on the LV supply and inform
when errors occurs

LV fan control
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4.3 General Scheme

The architecture of the board can be divided into the three blocks, explained in
the figure 4.1. The Master Control Unit chosen, a STM32F303VET6 p controller,

L

=

Balancing

CAN SPI 5 z
<:::> M?Js;er QZD Slave _— } g :

LTCE804 data ’

STM3I2F303
LT8584 l
e

CAN LV

/\ Network

T7s4p

Figure 4.1: General schematic of the BMS LV

is responsible for the analysis of the data received from the Slave LTC6804 using
a SPI protocol of communication. The Master directly acquires the whole LV
current measured by an Hall effect current sensor and makes all relevant data
available in the CAN Network of the vehicle. However, the Master uC manages
the LV supply to all the rest of the vehicle through the control of a relay that
allows the LV current to flow to the loads. In this way, if there is any error about
the LV pack, the BMS LV can open the LV path and the vehicle can go to a safe state.

4.4 Power Supply

4.4.1 Design

This block aims to convert the nominal 24V LV supply, into 5V to supply power for
the LTC6804 and the current sensor, and to 3.3V for the uC. For the conversion
from 24V to 5V is used a DC-DC step down converter, a LTM8021. This converter
can provide an efficiency about the 80%. Protections are introduced in the input
port of the converter, from high currents through a fuse, from reverse polarity,
thanks to a Schottky diode, chosen because it has a lower voltage drop respect a
classic diode, both in series with the signal. Protections from over-voltages thanks
to a TVS diode in parallel with the signal. For a good stability of the input signal,
it is better to introduce a Pi filter that presents a cut-off frequency of 8 kHz. To
reach this low pass filter (LPF) of second order, 2 capacitors of 330uF and an
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inductor of 2.2uH are chosen. Due to the large capacity it is convenient to use
electrolytic capacitors. The inductor is a bulky component, so it is important to
not choose a too large inductance, the quantity chosen is sufficient. The schematic
is available in the figure 4.2. As suggested in the datasheet of the component, a
capacitor is added at the output of the switching regulator this time the capacity
is lower, then it is possible to use a ceramic type.
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Figure 4.2: Schematic of the power supply

This switching converter DC-DC allows to step-down the voltage with an high
percentage of efficiency, however the output will present a considerable ripple, it
was put in series a linear voltage regulator, a LM1117, to reach the 3V3 supply for
the uC and to have a lower level of ripple. The schematic for this component is in
the figure 4.3.
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Figure 4.3: Schematic of the linear voltage regulator
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The 0€2 resistors are used to isolate the circuit in the case of testing issues. The
linear regulator needs a high ceramic capacitor in the output, to increase the
stability, so C'24 was added. In order to see if the supply is available in the board,
a blue led is inserted within a series resistor to limit the current that can flow in
the diode, otherwise it could easily burn.

- Vdd = Vo
T Rum
Vdd = 3.3V
Virop = 1.5V
iqg=1.8mA
Riim = 1kQ
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4.4.2 Simulations

The simulations of the power supply scheme has been performed in LT Spice to note
the behavior on the transient state with a stable voltage and then using variable
voltage (a sine) to evaluate the attenuation of the input second order filter. The
simulated circuit is reported in the figure 4.4.
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v T
1N5819 D3 2.2
MBZ33VAL lﬁﬂu l—’:mu
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N vi SHDN out 5V

~N
™ V2
G = U1 - R2
o %> iy NES 10
LTM8021
———|AD] BIAS
PWL(0 0 0.1m 29.4 3m 29.4) SINE(5 20 100k) iRl T
19.1k %

tran 10m

u2
5V IN GND_O
3v3 OUT GND_1
 Jos
1k i 1000 LM1117_N_3P3_TRANS </
D2

D

Figure 4.4: Schematic of the simulation circuit on LT Spice

The behavior of this circuit in transient analysis is reported in the graph 4.5,
in which is possible to distinguish the different voltages obtained (3.3V and 5V),
by starting from the input voltage provided by the LV battery pack.

Another simulation performed is made by sending an input sine waveform at
100KHz, in order to see the response of the circuit in case of unstable fluctuations
of the input voltage. It is possible to note in the figure 4.6 that the circuit seems

to be strong enough to this variations, giving however a stable output voltage at
5V and 3.3V.

In this last figure 4.6, the voltages on the node 1 and node 2 are referred re-
spectively the measured voltage before and after the PI filter before the DC-DC
converter. It is possible to note how the TVS Diode cut off the wave over 33V and
how the fluctuations are strongly reduced by the Pl-filter, because the sine wave at
100KHz the frequency point is over 1 decade respect the cut-off frequency of the
filter.
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Figure 4.5
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4.5 Master uC

4.5.1 MCU design

A pC of the STM32 family is used, that present all functionality needed in the design
and also allow a simpler configuration through the STMCubeMX configuration
tool. Below in the figure 4.7 the schematic.
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Figure 4.7: Schematic of the Master
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The RSTN pin is configured in order to have a correct reset timing with an RC
circuit that limits the charge of the capacitor. This pin is used within SWCLK and
SWDIO for flashing the micro by the serial wire debug (SWD) protocol.

The partition connected to the BOOTO pin manages the boot mode, in this case it
is mostly needed to boot the flash memory, so the R56 should not be mounted. If
needed the resistor can be mounted to flash also other parts of the memory.
VDDA is the supply for all the analog internal components of the pC like the
operational amplifiers and the DACs, while VREF+ is the positive reference for
the operational amplifier (OPAMP). Instead VBAT/VDD represent the supply for
all other internal components and for the external clock.

4.5.2 Oscillator

The micro controller unit (MCU) clock is externally generated by a quartz oscillator
Y1, used to work at higher frequencies, precisely at 8 MHz. It is a very precise
device but it is mandatory to use a correct conditioning circuit to work correctly.
Quartz oscillator, in the scheme 4.8 is the ABM3B-8MHz-10-D-1-G-T.

Load capacitors C'11 and C'10 chosen as described in the datasheet of the quartz.

c26
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e e 13 fppg
s %121 pF2
' T v 5
| %13 1pF6
Crystal_GND24 R31 10
10p Y1 20 OETH 4
25 x1L 1pF10

Figure 4.8: Schematic of a quartz oscillator external circuit

The resistance R10 chosen is of 20 €2, respecting the indication limit of 200 2 of
the component’s datasheet.
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4.6 Decoupling filters

4.6.1 Design

For decoupling the supply in the master uC, a LC filter between VDDA and Vref
was chosen, as suggested in the datasheet of the STM32. A ferrite L1 is used
within two different capacitors of 1 puF and 100 nF for each pin, to have a LPF of
second order. Below, figure 4.9 the schematic of the filter. The other decoupling

+3W3
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J—Cl LEZ —Lf3 LC# ]
-l_lﬂIJn TJ.DCIn TlDL’]n Tll:ll:ln _l_l'-l,'."u
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£33 - Ferrlte G00ahm s 7
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T« . f.ll W 1aGn
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—LEEJ—EE
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Figure 4.9: Schematic of the supply decoupling filter

capacitors for VBAT and VDD are placed near all pins of the uC.
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4.6.2 Simulations

The filters used to decouple the 3.3V supply, has been chosen according to the
advice of the datasheet of the uC. The circuit simulated is reported in the figure
4.10. The analysis simulated is clearly in the frequency domain, in order to analyze

_ V_ref
lea | e
i Jaon L soon
? V2 IN 5
%2
N
T aci v_bDA
ca
c3 10 100
.ac dec 10m 100 1Meg i H ;E n

Figure 4.10: Schematic of the circuit simulated on LT Spice

the spectre of the circuit at different frequencies. The LPF is that represented in
the image 4.11, with a cut-off frequency about 100KHz.
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-2dB— - =20
-4dB- 30
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dB- 50
10dB— — -60
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100Hz 1KHz 10KHz 100KHz 1MHz

Figure 4.11: Schematic of the circuit simulated on LT Spice
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4.7 SPI

SPI is a synchronous, full duplex master-slave based interface. The data from the
master or the slave is synchronized on the rising or falling clock edge. Both master
and slave can transmit data at the same time. The SPI interface can be either
3-wire or 4-wire. This board is configured to use the 4-wire SPI interface.
For this SPI, as represented in the figure 4.12communication are needed:

MOSI, used to send data from master to slave

MISO, used to send data from slave to master

SS, used for wake up the slave

SCLK, clock sent by master to slave for synchronizing the communication

MOSI » MSO
MASTER MISO < MOSI g1 avE
STM32F303 o, | UL ol soLk LTC8604
sS » S5

Figure 4.12: Scheme of the 4-wire SPI protocol
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4.8 CAN Tranceiver

4.8.1 Design

To connect the uC' to the bus, a CAN transceiver is need: a SN65HV D23/ integrated
circuit is used, with the schematic as in the figure 4.13:
Each CAN network must have at the start and at the end side of the network a
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Figure 4.13: Schematic of the transceiver CAN

resistor of 120 €2, as the standard CAN imposes. The CAN of the vehicle must
work at 1 Mbit/s , at this speed the line can be considered a transmission line so it
is needed to obtain a matched line and attenuate possible reactive waves, thanks
to this resistors. Then to terminate the CAN bus, two resistances of 60 €2 (R19,
R28) are placed in series between CANH and CANL, otherwise it will be a frame
error. A capacitor of 470 pF C15 is placed between the 2 resistances to obtain a
LPF for the differential line and to attenuate frequencies over the baud rate.

DIFFERENTIAL LINE SINGLE WIRE LINE

CANH

T
g

CANL

Figure 4.14: Scheme of a LPF for single wire and differential line
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1
fcut = 21RC
2

The cut-off frequency is now set to about 11 MHz, one decade over the baud rate,
enough to avoid possible attenuations of the transmission. The Common mode
coupled ferrite component L2 is used to attenuate the common mode noise over 10
MHz with the auxilium of the two capacitors of 10 pF in each wire of the CAN
line.

Finally to protect the transceiver from possible over-voltages from external sources
(for example due to mistakes in the cabling), it is a common choice to introduce TVS
diodes D3 as protection. They must be placed as near as possible the connector of
the board. A decoupling capacitor of 100 nF C'14 is placed on the supply input
pin of the transceiver.

4.8.2 Simulations

The simulations are executed to note the behavior of the filters inserted in the
transceiver. The schematic used to simulate this circuit is represented in the figure
4.15.
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Figure 4.15: Schematic of the simulation circuit of the transceiver filter

The transient simulation, reported in the figure 4.16, explain the output voltage
of the CAN wires, CAN H and CAN L the goes from the transceiver to the CAN
bus lines. The frequency domain analysis, in the figure 4.17, confirms that the
band of the low pass filter is about 10 MHz as designed, and will not disturb the
communication at 1 MHz.
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Figure 4.16: Graph of the output voltage of the CAN lines after the filter
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Figure 4.17: Bode diagram of the frequency domain behavior of the transceiver
filter
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4.9 Current Sensor

4.9.1 Design

The current sensor used to measure the total LV current of the pack, is a Flux-Gate
sensor, a CAS25NP [17]. Below in figure 4.18is represented the schematic:
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Figure 4.18: Scheme of the current sensor for LV

The component is a thourgh hole technology (THT) device, placed in series with
the LV path. The supply pin is filtered using a second order LP filter, in order to
reduce noise and to allow a more accurate reading of the current measured.

The output of the sensor, that is available in the V,,; pin of the sensor, follows this
graph 4.20.
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Figure 4.19: Graph of the output characteristic of the current sensor [17]
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To be read correctly, as represented in the figure 4.20 without damaging the analog
input pin of the Master uC, the range is partitioned in order to scale by factor
x0.66. Then the range goes from 0.375 - 4.625 to 0.248 - 3.053. The capacitor C'13
in parallel to the signal is used to have a LPF and attenuate noise out the band.

pcoLa—ntcé 2/3 R18

pctLbx 33 <-—— 4.625 42.2k

pc2|LZ . *— "\ ACURR_SENS
pc3 L8 L ci3 R17

P23 % 3.3n 82k

pcs 24

PCe |83 x

oy LEEY

PCE|—X GND

pco 86

Figure 4.20: Schematic of the connection between pC' and current sensor output
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4.9.2 Simulations

The simulations performed on the current sensor supply filter are performed using
the following circuit in the figure 4.21.
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Figure 4.21: Simulation circuit of the filter used for the supply voltage of the
current sensor

The frequency domain analysis, in the figure 4.22 explains the band of the low pass
filter that will attenuate variations with frequency higher that 100 KHz.
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Figure 4.22: Bode diagram of the filter for the supply voltage of the current
sensor
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4.10 Drivers

The output ports, as shown in the figure 4.23 are protected by using a mosfet in
the inverting stage as driver. The 330 k(2 and 330 2 resistors are used to make the
configuration more stable to attenuate from the parasitic effects of the mosfet. In
this case the driver must open/close the relay that distributes the LV supply to
the rest of the vehicle. The mosfet is connected to the lower side of the relay’s coil
in the fuse-box, and when output pin goes to 1, the mosfet becomes a short circuit
allowing the coil to conduct and to close the switch in series with the LV path.

+3V3

D1
APT2012LSYCK/J3-PRV

N YELLOW LED

R4
330

a1
Q_NMOS_GDS

YELLOW_LED

Figure 4.23: Schematic of a driver for a LED

As can be viewed above, these resistors in the gate have been used for all kinds
of drivers. In the board, there are 3 different led, one to indicate the SPI commu-
nication between Master and Slave, a second to indicate the CAN messages that
Master transmits in the vehicle network, and a third red-green-blue led (RGB) to
indicate the status of the board. The resistor R4 in series with the diode is used to
limit the current that can flow in the diode, avoiding a dangerous burning of the

led.
vdd — Virop

Iy
]}nin < ]d < Z}nax

R4 =

So I; wanted is 5mA.

These LEDs could be useful in the testing step of the development process.

Another digital output port is used to command the Fan in Pulse Width Modula-
tion (PWM) and follows the same schematic as the previous drivers in the gate of
the mosfet. The FAN to properly work must have, beyond the supply pins, the
control pin set in High impedance (HZ) to work at maximum speed and a 0 logic
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to arrest the speed. So this can be easy to solve by using a mosfet in open drain
configuration, as shown in the figure 4.24:

FAN_CTRL
FAN_CMD a3
VW 1 Q_NMOS_GDS
2 330k -
M o
hg! R20
GND GND

Figure 4.24: Schematic of a driver for the FAN
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4.11 Slave monitoring device

4.11.1 Device

The Slave is an LTC6804 is a multicell battery stack monitor that measures up to
12 series connected battery cells with a total measurement error of less than 1.2
mV. The cell measurement range of OV to 5V makes the LTC680/ suitable for this
application. It is used within the LT858/ components, in order to read important
parameters of each cell that can be then transmitted to the Master through the
SPI communication.

4.11.2 Voltages monitoring

As it is possible to see in the figure 4.25, pins Sx are used to enable the balancing,
while the Cx pins are analog input pins, used to read different values provided by
the LT858/.

Mad—ﬁ_ BU57;“1
C69
o® 1lu Address = 0x0
88 woar 'y 1 |, A3|_4B
Hod+____ App 2 _1c12 Az—H1 Mod—
x%su AL 32
5 Cc11 A Wk
¥——511 SDOIBIAS MISO
SLAVE g c10 SDIICMP—23 amos|
*——510 SCKIPA QCLK_spi
out/ 2o CSBIMA—L acs_neg
serial7 59 ISOMD Mod - 45y
outt 10 |rg WoT—29
serialf 11 S8 DRIVE 38 o T
o~ cfutE 12 c7 VREG 37 - . e 'reg
=he serial5 13 o7 SWTENl—36
autd - 14 35 59
cé VREFL —==—x 1y —
%15 lcg VREFZ|—3& . vdd_nte
16c5 GPI05—33—n(c5 €56 mlm
x—L 155 GPIO4—22—nted gy
outh 18 Ch v 31
serialt 19 St v 30 b
out3 20 29 ntc3
3 C3 GPIO3—Z—
serial3 21 ez cpln2—28 ntc2 g Mod-—
out2 22 27 ntcl
! c2 GPIOL———
serial2 23 g5 co—26
outl 24 c1 s1 25 seriall

Figure 4.25: Schematic of the LTC680/ slave monitoring device

Cx pins are part of a system of 2 ADC, as shown in figure 4.26 each with a
multiplexer (MUX) of 6 inputs, so the stack must be divided into 2 groups, this is
visible thanks to a 100 §2 resistor, set in the top of each group of cells. The group
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with lower potential is composed by 4 cells, while the other group by the remaining
3 cells.
The point MOD+ is connected to the higher voltage value of the battery stack,

—

P +

6-CELL
CO——  “ux ADC2 e

M =

6-CELL

MUX ADC1 ——

Figure 4.26: Scheme of the ADC system in the slave [18]

that in this case can be at the full charge, 29.4V, while MOD- is the lower potential,
that corresponds to the negative pole of the first cell of the stack, at 0V. This level
of potential is also used for the GND of the board. Pins Ax are used to set the
address of the slave, in the case there will be multiple slaves in the same system.
In this case only one slave is needed, so the address can be set to 0x0000.
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4.11.3 Temperature monitoring

There also are GPIO pins that can be used as analog input pins, then in this
project are used to measure the temperature of the cells, thanks to the Murata
NTCs connected in the configuration shown below 4.27:

+3V3
R29
10k
ntcé
Y THe
N Thermistor_NTC

GND

Figure 4.27: Schematic of a conditioning circuit for NTC sensors

This is the most common solution to read NTCs, using a pull up resistor, in this
case of 10 k€2, and then recovered by the equation:

1

[ =
1 1 Ry
Ty 5.1 (R())

The whole uncertainty can be calculated by taking into account the following
parameter in the table 4.1.

Parameter | Value
To 333 °K

15} 3380

Ry 3024

Ry 10 kO
Ap 0.01 g
ARr 0.01 Ry

Table 4.1: Parameters of the NTC used for the temperature monitoring

57T . TO . hl(%)
08 (Tp-In(FE) + B)?
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5T T3
— G ~—— = —0.0108
5RT RT' (ﬁ—FT()lIl R_€)2

or oT
AT(;QO = |$|Aﬁ + |E|ART = 07100

So the uncertainty on the the temperature measurement is at the maximum 0.71
°C Also was added in parallel to the supply for the NTC circuit and for the supply
pin of the slave, a decoupling capacitor of 1uF.

NB: due to the fact that NTC to be measured are 6 and there are only 5 GPIOs avail-
able, one of the thermostors was linked to an analog input pin of the Master STM32.

4.11.4 Active Balancing

The LV Battery is in the configuration 7sbp, it can be useful to balance cells in
order to increment the life of the battery in discharge [19]. This is due to the fact
that the charge/discharge of each cell can be influenced by some parameters like
temperature, humidity, current, voltage and position in the stack. If a cell presents
a different quantity of charge, this must be corrected to allow the battery pack to
work at full potential.

Lower Capacity Cells
Charge Faster

p— ——
Charged 90%.}
Discharged

30% —

Figure 4.28: Case lower capacity of the stack during charging [19]

Lower Capacity Cells
D ge Faster

Charged 90%.}

Discharged
30% I

N 7
 Unused Capacity

Figure 4.29: Case lower capacity of the stack during discharging [19]
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It is possible to divide balancing methods into 2 categories: passive and active
solutions. Passive balancing results in all battery cells having a similar SoC by
simply dissipating excess charge in a bleed resistor as shown in 4.30;

| &

Battery *|
Cell

ll:‘DISCHARGE

Figure 4.30: Passive balancing, discharging method explaination [20)]

It does not, however, extend system run time. Furthermore the energy dissipated
in the resistor will become heating and can affect the circuit. Below in the figure
4.31 an example of a typical passive balancing circuit, using the same slave chosen
for this project:

LTC6804™
]- cn)
+ RQJO303PGD
S(n)
3.3kQ
& C(n-1)

Figure 4.31: Scheamtic example of a passive balacing circuit with same compo-
nents used [20]

Active cell balancing instead, is a more complex balancing technique that redis-
tributes charge between battery cells during the charge and discharge cycles, thereby
increasing system run time by increasing the total usable charge in the battery
stack, decreasing charge time compared with passive balancing, and decreasing
heat generated while balancing.

The balancing is applied by discharging the cell more charged with respect the
other and the energy is redistributed in all the stack. Every time that the balancing
is applied to a cell, the final effect is to recharge all the cells in the series, except
the selected one.
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The series of the battery stack is seven, so seven LT8584 must communicate
directly with the slave LTC680/. The slave will extract cell parameters to be sent
to the master by using a particular serial communication with two wires for each
LT8584, that corresponds to Cx and Sx pins. This components are connected as
the schematic below in figure 4.32.

@ 12-Cell Battery Stack Module with Active Balancing
2.5A AVERAGE I

DISCHARGE ¥ |- wopuLe* -
.
LTC6804
t b BATTERY STACK
- BAT12 MODULE™ MONITOR

READ CELL PARAMETERS ¢

> 12
LT8584 <+ < s12 *VEELL
) T ENABLE BALANCING MEASURABLE CELL * IDISCHARGE
b PARAMETERS *Vagr
T « TEMPERATURE

2.5A AVERAGE l_ MODULE*
|| -
MODULE™

DISCHARGE Y
LT8584

¥
T BAT2
* RoasLe + RoonnecTor

READ CELL PARAMETERS

* SWITCHING FAULTS
2 EXTRACTABLE GELLY, , |NDERVOLTAGE

ENABLE BALANCING PARAMETERS

+ SERIAL FAULTS
* COULOMB COUNTING

2.5A AVERAGE

DISCHARGE ¥ |- mobuLe*
(]
+ - ||
4 BAT1 MODULE™
READ EELL PAQAMETERS

LT8584 &1
J. ENABLE BALANCING

V/co

T

I MODULE™ |

Figure 4.32: Scheme of the connection circuit between LT8584 balancer and the
LTC8604 slave [19]

In particular, the active balancing proposed needs of a circuit mostly composed of
3 devices, with an appropriate circuitry:

o LTC6804, to select the cell to be discharged
o LT8584 that execute the discharge only for the selected cell

o NA6252-ALD, transformers that must transfer the energy from the single cell,
to the battery stack

Below the schematic 4.33 implemented for this components: the resistor R39 of
100kw is used to set a timer used for the communication with the LTC680/, while
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17 b20
vsense7 4 D
U12 2 5 Mod+
balancer C54
Ctran : C56
10Qu 4 8 T Cfbo
I—jenD GNDJ& cellé o Lose Mod—
cells GND Sw 7«
2 GND Sw ﬁ
R4B £ GND SW = Transformer_inv
100k : MODE Sw >
o o_cellb AAA—— B fRTMR DCHRG—E2—x
serial? 7 11 - vsense’/
8 DIN VSNS o
outy ouTt VCELL
cm;I vInN—2 o
1 R55 ns
ol ] €53 e 12m
1
ceuﬁj Mad +

Figure 4.33: Schematic of the external circuit for the LT8584 balancer

the resistor R55 of 12mf2 is needed to measure the discharge current during the
balancing. The components C'49, C'53, C'54 and C56 are used as bypass capacitors,
each of them is sized in order to be at least X5R. It means that the capacitor in
the range -55°C (X) to +85°C (5) could have a maximum variation of the capacity
of 15%. This is suggested in the data-sheet of the LT8584, to be sure that the
device works correctly.

Speaking of the transformer, it must transfer the energy required during the
discharge of the cell, so the behavior must be inverting as shown in the figure 4.34.
The secondary coils have opposite signs with respect to the two primary coils.

. .
Pri Sec
4 2 B
3C

Figure 4.34: Scheme of the transformer NA6252-ALD [21]

In order to charge the stack, the current must flow in the direction of the positive
pole.

For the chosen transformer, the turn ratio between primary and secondary coils
is 11:15. The diode D15 in the secondary coils path, is used to avoid that energy
return back. The output diode is selected based on the maximum repetitive reverse
voltage (VRRM) and the average forward current, IF(AVG) that can tolerate.
VRRM must be greater than V,,,que + NV - V;, with N that is the turn ratio.

Vinodule = 29.4V

Vin = 4.2V
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Therefore, the LT8584’s internal circuitry triggers at 50V, so to be sure to have
appropriate OVP, the diode must have VRRM > V,oque + N - (50V + V;,,) So
VRRM > 89V The output diode’s forward current I(AVG) should exceed I’;—]@’“,
the average short-circuit current. The average diode current is also a function of
the output voltage.

0.5 Ipk - Vi,
Vmodule + N - va

The LTS§584 in this configuration works in serial mode: this mode allows it to
extract more parameters from the cell. In particular is now possible to read:

Ir(avg) =

o Vecell, cell voltage

e Vsns, voltage used to measure the discharge current through the equation:

Veell — Vsns

Idisch = Rsns
o Vtemp, a voltage proportional to the internal IC temperature to monitor the
overheating

The serial mode works in the following way, as described in the graphs 4.36.
When we are in the shutdown mode, the voltage in the output pin of LT8584
(connected to Cx) will be equal to the voltage of Vin, at the activation of the serial
mode, there will be a handshaking window that will last a time that depends on
the Rsns chosen. For this purpose, the Rsns is a resistor of 100 k{2, so the time
window will be of 16.3 ms. After this time, in the output pin will be available the
selected parameters.

To choose the parameter to be read, it is possible to send a certain number of
pulses through the Sx output that is connected to the Din input of the LT8584. In
particular, the Din signal of the L7858/ is sent to a counter that selects a certain
input of the internal analog MUX and so it is possible to choose the parameters in
the output pin. The structure is clearly explained in the scheme 4.35.

The protocol for the choice of the wanted parameters to be extracted, is resumed
in the following table 4.36.

The pulse count is referred to the number of pulse that the Slave LTC680/ will
sent to the L1858/ through the Sx pins. An example of the protocol is reported in
the figure 4.37. The average discharge of the cell is about 2.5A. This means that
considering that a cell has a capacity of 4753 mAh and due to the configuration
7s5p, the total capacity of the LV pack is then quintupled: so it is about 23.7 Ah.
Assuming a charge displacement of the 5% of the pack capacitance, that is 1188
mAh, to rebalance the pack is needed a time about 28 minutes:
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Figure 4.35: Serial communication architecture of the LT8584 [22]

HANDSHAKE
PULSE DISCHARGER MUX VOLTAGE
COUNT MODE STATE OUTPUT | (Vyin —Vour)
Part Disabled 0 Disabled VeELL N/A
0 Fault Disabled Veaut 1.4
1 1 Enabled VeELL 0.2
2 2 Enabled Vsns 0.4
3 3 Enabled VTEMP 0.6
4 4 Disabled VITEMP 0.8
25 Fault Disabled VeaulT 14

Figure 4.36: Serial mode states [18]

time = Qdisplacement 1h

Liischarge
1.188Ah
2.5A

The time needed to balance the cell is quite long.

To decrease this time, a possibility is to increase the average discharge current of
the balancing circuit, but it needs more complex solutions or other components. A
possibility, not used in this design, is to use 2 L7858/ in parallel to discharge up
to 5A. Below a possible schematic in fig. 4.38.

time = - 60min = 28.5man

In that case the time will be one half, then about 15 minutes. But this means
that we will need the double of the L7858/ and the transformers required, so this
would result in a more complex balancing circuit. For this reasons this scenario
was discarded.
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Figure 4.37: Serial mode states [18]

Vesie Vans Vin

DCHRG

RTMA LT8584

MASTER

MODULE

[

T

»l
Ll ®

LOGAL _|
Vi

Vemy Vsns Vi W
DCHRG out
=1 RTMR LTS8
RIB MASTER
100k Dy
MODE
GND

3

T

Gt

Figure 4.38: Fast balancing configuration states [22]
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4.11.5 Simulations

The circuit used to perform the simulation of the active balancing circuit is
composed of an IC of the LT858/, a transformer and all related capacitor, diodes
and resistances, inserted to complete the subcircuit. This circuit is reported in the
figure 4.39.

=3
l | vs
105,
param Lp=4u Ls=Lp*1.15 DL
w P—
1 L2 RFN6BM2D_[ C4
E‘E:‘ =_vz {Lp} L) 1n
10p] 4 :
= L
Vin ouT [out>
UL c3
Vsns Din Slave CHD] |1,
o R1
e A
e pice Veall Dehrgf
Toop | | v LTE584
19T Mode Rtmr
10p GHD R2
l 100k
=7
A%, | vs
=
106,

Figure 4.39: Schematic of the balancing circuit simulated on LT Spice

A first analysis is made to control the normal functionality of the balancing circuit,
available in the figure 4.40, which means that when the Slave LTC6804 request
data at the LT8584 through the Din port, the L7858/ should respond through the
port OUT that is directly connected to the LTC6804 "C" input port, to read data.
The behavior is simulated by trying to read the Vsns voltage, a value that allows
to read the discharge current that flows through the 12 m{2 resistor and arrive to
the transformer that will transfer the energy to the battery stack.

As it is possible to see, when two negative edges are read by the LT858/, the device
enter in the Mode 2, it means that the voltage on the OUT port will provide the
Vsns voltage after the decode window. In this case the device gives a Vout=2.8V.
The Vsns value is amplified of 20 times in order to be better readable. To recover
the value of the discharge current:

Veell — Vsns B

]iscare: =54
discharg 20 - Rsns

115



Battery Management System for LV
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Figure 4.40: Graphs of the waveform given by the procedure to read the Vsns
voltage value of a cell

The current value corresponds to that showed in the graph 4.41, in which is
reported the discharging of the cell. It is possible to note a pulse current with a
peak about the 5A, that flows to the transformer’s primary winding and then to
the diode that guides the current to the battery stack. The discharge starts, one
time that the decode window stops and last until the Din pin is reported to Vin
voltage that indicate the Shutdown state for the L7858 device.
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Figure 4.41: Graph of the waveforms that starts when the discharge of a cell is
enabled

The discharge current is composed of a series of pulses with a peak that can
reach 6A and a nominal value that is about 2.5A. To note in details this shapes,
it is possible to see the figure 4.42, in which are indicated the wave forms of
the discharge current and the voltage in the SW port. The behavior of the wave-
forms is correct and corresponds to what is indicated in the datasheet of the device.
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Visw)

IR1)

B1A
17.3340ms 17.3430ms 17.3520ms 17.3610ms 17.3700ms 17.3790ms

Figure 4.42: Graph of the waveforms in details during the discharging of a cell

Other analysis has been performed in order to consider fault situations that can
affect the reliability of the system. For example, in the figure 4.43, is reported the
status in which an error of communication occurs.

In particular, in this case, the wake up signal sent from the LTC6804 to the
LT8584 device hasn’t enough edges, so in this case the value of the voltage in the
OUT port, after the decode window, is equal to the fault voltage:

Veavrr = Vin — 1.4V = 2.6V

Another fault communication can happen if the number of edges is more than 4,
as in the figure 4.44, in this case the voltage value of the OUT pin is always the
FAULT voltage value.

A last FAULT situation is reported when the cell suffers for example, an under
voltage condition, in this case the device sent the OUT value to the voltage fault
value, and remain in that state until a Shutdown is reclaimed by the LT C680,.
The condition is reported in the figure 4.45.
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Figure 4.43: Graph of the fault situation in communication with not enough
edges
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Figure 4.44: Graph of the fault situation in communication with too many edges
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Figure 4.45: Graph of the fault situation in case of a cell in UV
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4.12 PCB layout

The PCB of this board is structured into four Copper (Cu) layers, in order to be
capable to complete all connections designed into the schematic. The front and
back layers, respectively in red and green, are used mostly for the signals, while the
internal upper Cu layer is used as ground plane, that in this way will give two main
advantages: the easiness of connection for all the pins short circuited to ground,
because all are routed directly through a hole in the board to the ground plane; the
large area of copper also conducts the large return currents from many components
without significant voltage drops, ensuring that the ground connection of all the
components should be at the same reference potential. The internal downer layer
is used to help to link thermistors contacts that are placed all around the board
and all other signals distributed in the busiest areas.

The edges of the board has been decided by the structure of the LV supply, in fact
this board should be placed above the LV battery pack. In the upper side of the LV
pack, all the voltages connections of the cells’ series are available to be connected
to the board thanks to some Tin’s square areas. At the same way the connection
wires of the NTCs will reach the board, being soldered into smaller Tin square
areas. The particular is visible in the picture 4.46.

Figure 4.46: View of the layout for soldering point to connect to the thermistors
on the left and cells terminals on the right

About the layout settings, the PCB has been designed, respecting the following
characteristics:

4 layers
« components mounted in the both sides of the board
« thickness of the printed circuit at 1.6 mm

o track thickness set at 0.25mm, 0.4mm and 1.5mm, based on the current that
could pass on the path. A larger track will dissipate better the increasing of
temperature due to the current
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The PCB layout has been designed by subdividing the board into three zones:
1. Power supply
2. MCU
3. Balancing

The first zone is composed of all components needed to manage the supply of the
whole board and it will provide as output 5V and 3.3V as supply voltages. In the
picture 4.47 a detail of the layout of this zone:

Figure 4.47: Layout of the supply circuit zone

The connection path, that starts from the Molex connector in which the nominal
24V arrives from the LV master switch, go through all needed components before
to supply all devices.

The second zone is occupied by most of the components related to the MCU circuit,
and are placed indicatively on the left center of the board, to easily allow to link
all wires.

The second zone is related to all circuits near the MCU, included the slave device.
This area represents the core of the system, in which most of the connections should
arrive. A figure of the zone is available in the figure 4.48.
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Figure 4.48: Layout of the MCU zone, in the left side the master and in the right
one, the slave device

It is possible to note the large number of components and connections passing on
this area. To ensure that the connections could be completed, a possible rule to
follow could be to draw all horizontal lines using the back layers and all the vertical
lines using the front Cu layer: in this way, a best number of back doors can be
used.

The third zone is the place of the balancing circuit, that occupied an area of more
than a half of the surface of the board, due to the bulky component of the circuit,
like the transformers and for the larger lines introduced to better dissipate the
current that will pass through them. A picture of this zone can be found in this
figure 4.49.
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Figure 4.49: Layout of the balancing circuit for a cell, with the L'T8584 in the
left and the transformer in the right

For each transformer, the recommended layout from the datasheet of the component
has been utilized. This layout requires the design of zones entirely covered of Cu
in order to better dissipate the temperature increasing. To support this planning,
some vias are included in the design, because this holes will help to dissipate
heating.

Then, the final appearance of the PCB layout is represented in the figure 4.50 with
a view of the front and figure 4.51 for the back side.

Figure 4.50: View of the PCB’s front side for the BMS Low Voltage
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Figure 4.51: View of the PCB’s rear side for the BMS Low Voltage
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4.13 CAD 3D

In this last section, some images of the 3D cad of the BMS LV project are inserted.
In particular, the picture 4.55 represent a transverse view of the board, while the
picture 4.52, 4.53 and 4.54 contains respectively the front, back and lateral right
view. Each component has been accurately reported in the CAD, including the
connectors, in this way a check of the encumbrances in the board could be done.

. TH3 i1

BMS LV ~ Master's Degree Thesis |
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Figure 4.53: View of the BMS LV board from below
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Figure 4.54: View of the BMS LV board from the lateral side
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Figure 4.55: View of the BMS LV board from the trasnversal side
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Chapter 5

Conclusions

This project provided a detailed analysis of a full electric vehicle for FSAE compe-
tition. The arguments discussed, described the whole electric and electronic system
of the vehicle, looking to provide a details point of view of each component, but at
the same time offering a system point of view of the various areas in the vehicle.
Therefore, a solution about the issues encountered in the analysis of the vehicle is
given in this paper, helping the future designs of this kind of vehicle.

This work resumed a dedication of almost two years in the design and realization
of this vehicle, in collaboration with the members of the Squadra Corse PoliTO
team. Moreover, an improved battery management system was fully designed and
simulated, with an active balancing system, in order to bring this technology for
future developments, not only for the low voltage system but also for the high
voltage accumulator.
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