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Resumo

Esta dissertagdo surge com a necessidade do projeto VIENA (Veiculo Inteligente Elétrico de Navegagdo
Auténoma) de implementar controlo de binario num motor de indugdo sem a instalagdo de um sensor de
velocidade no eixo, resultando no desenvolvimento de um observador de velocidade. Este tem o propdsito de

ser implementado no veiculo elétrico do projeto, um modelo Fiat Seicento Elettra.

Para aquele efeito, obteve-se 0 modelo em espago de estados da maquina de indugdo, a partir do qual é
desenvolvido um estimador de corrente. Finalmente é desenvolvido um controlador Pi que utiliza o resultado
desta estimagdo em conjunto com o valor real da corrente para estimar a velocidade mecanica do motor. Duas
situagdes foram consideradas nos testes do observador relativamente ao funcionamento do motor de indugao:
inicialmente considerou-se uma ligagdo direta do motor a rede elétrica de forma a realizar os ensaios iniciais do

observador, seguido pela introduc¢do de um inversor de tensao.

ApOs a analise do observador de velocidade, seguiu-se o projeto e desenvolvimento do sistema eletrénico para
a sua implementacgdo, o que requereu a aquisicao dos valores de tensdo e corrente do motor. Para este efeito
foram delineados dois sistemas distintos. O primeiro contendo equipamento de medic¢do integrado no circuito.
O segundo fazendo um pedido de dados a interface do inversor do veiculo tirando partido da funcionalidade da

comunicagao CAN.

O segundo sistema foi escolhido devido a sua facilidade de instalagdo, sendo testada a recegdo e o envio de
mensagens CAN, utilizando hardware e software dedicados para o efeito, de modo a verificar a viabilidade da

utilizacdo de mensagens CAN para transmitir os dados do e para o observador.

Palavras-chave: Motor de inducdo; Controlo; Observador de velocidade; Tracdo elétrica;
Comunicagao CAN



Abstract

This Master thesis arises from the need for the VIENA (Intelligent Electric Vehicle for Autonomous Navigation)
project to implement direct torque control on an induction motor without the installation of a speed sensor on
the motor axis, resulting in the development of a speed observer. This is to be implemented in the project’s

electric vehicle, a Fiat Seicento Elettra.

This need led to the development of the space state model of the induction machine, which was used to develop
a current estimator. Finally, to get the speed estimation a Pl-controller was developed. This uses the estimated
currents in conjunction with the real current values to estimate the motor’s mechanical speed. This was followed

by an array of tests on the observer’s performance that included direct on-line startup and inverter integration.

Following this validation and in order to implement the observer, two distinct approaches where developed to
acquire the motor’s current and voltage data. The first contains integrated sensors to measure these quantities,
while the second takes advantage of the CAN communication protocol to request the data directly from the

inverter.

The second design was ultimately chosen due to its ease of installation, and tested using dedicated hardware
and software, which allows for the tracking of incoming and outgoing CAN messages. This was done to verify the

use of CAN messages to transmit the speed observer's input and output data.

Keywords: Induction motor; Control; Speed observer; Electric traction; CAN
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1 Introduction

For the last few years, concerns over climate change and the health risks of excessive pollution have led to the
electric vehicles' rapid development, specifically electric city cars. Unlike their counterparts from the early 2000s,
whose range on electric propulsion was measured in dozens of kilometers, newer models have more than ten

times the range while also rivaling their internal combustion engine (ICE) counterparts in terms of performance.

This evolution is due, in part, to advances in battery technology, but an often-overlooked aspect is the
development in the control of electric motors. This accounts for lower battery consumption and other features

such as regenerative braking and independent wheel torque control.

In this Master thesis, a sensorless speed observer is developed to allow for an induction motor's direct torque
control, which will be part of an electric vehicle’s powertrain. The sensorless design will ensure fewer points of
failure and will reduce the overall weight and complexity of the system when compared to the traditional
implementation of a physical speed sensor. Another factor for the reduced complexity is that the control module
developed in this thesis was designed to interface with the vehicle’s CAN bus. This bus is the standard for
communication between the vehicle’s systems, such as the engine, brakes, and traction control, and is present

in all modern vehicles, electrical and ICE alike.



1.1 Topic Overview

The vehicle used for the project is a 1998 Fiat Seicento Elettra, seen in Figure 1.1. An electric car built from the
chassis of the regular gasoline-powered Fiat Seicento, the Elettra is driven by a three-phase squirrel cage

induction motor.

Figure 1.1 - Drawing of a Fiat Seicento Elettra [17] and the Real Vehicle in the Electrical Machines Laboratory

The drivetrain of an electric vehicle can be reduced to a few basic elements, as shown in Figure 1.2. This consists
of a motor to move the vehicle, a battery pack to store electric energy, an inverter to feed and control the motor,
and, finally, a mechanical transmission to convert the motor’s rotation speed to the wheels. Although all of these
components will be briefly touched on, this thesis will mainly focus on the electric motor, its characteristics, and

the development and integration of the speed observer.
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Figure 1.2 - Generic Electric Vehicle Powertrain [16]

The motor, a three-phase induction machine, has its nameplate data displayed in Table 1.1. The data looks quite

different from traditional induction machines, as it has several nominal operating points at different speeds. This



is explained by the fact that the motor is part of a vehicle’s powertrain. A car is expected to run at different
speeds, from stop-and-go traffic to highway speeds, while maintaining a reasonable energy consumption and
driving range. Having multiple nominal operating points, i.e., speeds at which the motor is running at maximum

efficiency, allows the vehicle to function without disproportional energy needs.

Table 1.1 - Motor Nameplate Data

Speed [rpm] Voltage [V] Frequency [Hz] | Current [A] | Power [kW] | Torque [Nm]
2200 75 76 157 15 65
6500 121 220 90 15 22
9000 121 305 88 15 16

For energy storage, the car originally used eighteen 12 V lead-acid batteries amounting to 13 kWh [1]. This type
of battery is no longer used to power modern electric vehicles, as it was replaced with technologies allowing for

greater energy density, such as Lithium-lon.

As an induction machine drives the car, AC power is required to feed the motor. Thus, an inverter is needed to
convert the battery’s DC power into AC. The original inverter was recently replaced by a new Sevcon gen4d

controller, as seen in Figure 1.3.

Figure 1.3 - SEVCON Gen4 Size 4 controller [2]

It is important to point out that the inverter is also responsible for controlling the motor’s mechanical outputs,
i.e., its rotational speed and mechanical torque, making sure it is able to respond adequately to the driver’s
inputs, such as a press of the pedal to accelerate for an overtake. This is done in the DC/AC conversion by

adequately regulating the motor’s input voltage and frequency.

The new SEVCON inverter allows its control interface to be accessed using the integrated CAN bus [2], giving the
user access to real-time electrical data without the need for additional sensors and measuring devices that could
be difficult to implement. This data, in the form of voltage and current values, will then be used as the input for

the sensorless, adaptive speed observer, which is the main purpose of this Master thesis.



The usual way to develop a motor's speed control, seen in Figure 1.4, uses a dedicated speed sensor. This
requires its fixing on one or several of the vehicle’s wheels to determine their rotational speed. This value is then
converted, through the available gear ratios of the motor and transmission, into the motor’s actual speed, which

is then used for the control.
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Figure 1.4 - Block Diagram of a Usual Vehicle Torque Control System

Figure 1.5 shows that sensorless speed control abandons this additional equipment, taking advantage of the AC
electric drives' extensively known characteristics. The electrical quantities outputted by the inverter, i.e., the
amplitude and frequency of voltage and current, are used in a model to estimate, with a high degree of accuracy,
the mechanical speed that the motor will output when fed by these quantities. This model is referred to as the

motor speed observer.
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Figure 1.5 - Block diagram of a Sensorless Vehicle Torque Control System



1.2 Objectives

This Master's thesis aims to design and implement an adaptive speed observer on the Fiat Elettra owned by the
VIENA project and located in the Electrical Machines Laboratory of the Energy scientific area. This is developed
using the induction machine's dynamic dg0 model [3], requiring the study and understanding of its mechanical
and electrical characteristics. To implement such a speed observer, the instantaneous values of the motor’s
electrical quantities are needed. Therefore, prototype printed circuit boards (PCBs) will be developed to acquire
these electrical quantities through two approaches such as direct measurement or communication with the

inverter.

1.3 Thesis Outline

Chapter 2 contains the necessary background for the development of the speed observer. It begins with an
overview of the induction machine and its characteristics, followed by its equivalent circuit and overall
mathematical representation. We then dive into the motor's dynamic operation characteristics, required due to
its application in vehicle traction, and transition into the dg0 model and Park Transform, rewriting the machine
equations in this new reference frame. Finally, for this chapter, the speed observer model is developed and
tested, using a simulated motor. These tests simulate various scenarios, from a direct connection to the power

grid to a full system, now including an inverter, which allows command of the voltage amplitude and frequency.

Chapter 3 focuses on developing the prototypes to be implemented on the physical system and the hardware
choices that were made for this. The chapter is divided into two sections. The first describes the more
conventional approach of a circuit with integrated sensors to measure the motor’s voltage and current values
and feed this data into the observer. The second approach communicates with the inverter’s interface and uses
the electrical data directly from its source. The chapter ends with testing of the message reception and

transmission, using the fully built prototype.

Chapter 4 presents some more detailed results of the simulations, using the absolute error values. It goes through
the speed and torque estimation results, together with the direct and quadrature current values used in their

computation.

Finally, chapter 5 summarizes the work done during the master thesis while suggesting different approaches to
optimize future observer performance and proposes some hardware changes that could be required after the

physical implementation.



2 Theoretical Background

An induction machine, or asynchronous machine, is an electrical machine where alternating voltages are directly
supplied to the stator and, indirectly, through induction, to the rotor. Induction motors, in particular, traditionally
operate under constant speed, where their steady-state characteristics are more relevant [4]. In our case, though
the motor is part of a vehicle’s powertrain, making variable-speed operation is a necessity. Hence, its dynamic
performance must be considered. This is a considerably more complex subject in induction machines than in
other electric motor types. Therefore, a two-axis d-q model will be used to study its dynamic characteristics and

design the speed controller.

2.1 Induction Machine

An induction machine's stator is like a synchronous machine, meaning it consists of three distributed windings
electrically displaced by 120°. When powered by a balanced three-phase power source, where each phase is
displaced by 120°, a rotating magnetic field at a synchronous speed of Ng rpm will be produced in the airgap.
This speed is determined by the number of pole pairs (pp) in the machine, as well as its stator electrical
frequency (f2) [4], as

_60-f (2.1)

N
5T pp

As for the rotor, there are two possible configurations. The first with a wound rotor has distributed windings
similar to those of the stator and should have the same number of pole pairs. The terminals of these rotors are
usually connected to brushes to allow a connection for command purposes. This type of rotor was popular before

the advent of variable frequency inverters for this reason.

Figure 2.1 - Squirrel cage rotor of an Induction Machine ( [5], p.173, Plate 5.2)



The second configuration is the squirrel-cage rotor, as seen in Figure 2.1. This consists of conducting bars, short-
circuited by design at the ends, giving the rotor a cage-like appearance. As stated by Fitzgerald [3], the
construction’s simplicity and ruggedness are the main advantages that make this design the most commonly-

used electric motor type.

Assuming the rotor of an induction motor is rotating at a speed of N rpm, the difference between synchronous

and rotor speed is referred to as slip (s) [3], given by

Ns — Ng (2.2)

When starting, the rotor is stationary (N; = 0), thus the slip is unitary (s = 1). As the motor starts to turn and
the speed increases, we can see that the motor torque increases with the slip up to a maximum value and then

decreases to zero (N = Ns), as exemplified in Figure 2.2.
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Figure 2.2 - Typical Induction motor Torque - Speed curve ( [3], p.310, Figure 6.4)

This is an important characteristic of the induction machine, as the rotor speed (Ng) cannot be the same as the
synchronous speed (Ng), i.e., the motor cannot operate with a slip equal to zero. This would mean that the rotor
conductors would be stationary concerning the stator field, meaning there would be no induced currents, and

thus, no torque would be produced by the motor.



2.1.1 Mathematical Representation

For the mathematical representation of the induction machine, some considerations must be made. Firstly, it is
assumed that the motor is a 3-phase balanced and sinusoidal system, with a stator made of three identical
windings electrically displaced by 120°. Secondly, although the machine contains a squirrel cage rotor, three
windings can be represented with the same arrangement as the stator, connected in star and short-linked as

seen in Figure 2.3.

Rotor

Stator

Figure 2.3 - Model of an induction machine [6]

Under these conditions and assuming steady-state operation, a per-phase equivalent circuit, shown in Figure 2.4,

is created.

Figure 2.4 - Per-phase equivalent circuit of an Induction machine

Electrical components with a similar behavior represent the physical phenomena occurring in the induction
machine. Therefore Rg and Ry represent the copper losses in the stator and rotor, respectively, while Lg and Lg

are the self-inductance coefficients of stator and rotor. These are defined as



LR = L2 + LM' (2-4)

with Ly, as the mutual inductance coefficient and L, and L, as the leakage inductances.

1-s\ . . . . .
As for the last component, Ry (TS), it corresponds to the electrical power that is converted into mechanical

power by the motor, which varies with the slip. This means the available mechanical power is then given by

1-s (2.5)
Preen = 3Re (—— ) 1A,

as the single-phase value is multiplied by the number of phases.

The mechanical power can then be used to define the torque of the induction machine, which is defined as

T — Pmech (2-6)
mech W
with
Wy =1 —s)ws (2.7)
and
2nf, (2.8)
Wy = ——,
pp

where w,, is the mechanical angular velocity of the rotor and w, the synchronous angular velocity.



2.1.2 Scalar Command

As previously mentioned, this specific motor is used for vehicle traction, meaning variable-speed operation is
necessary. By nature, induction motors can only function efficiently near their synchronous speed (slip near

zero), meaning the speed control must provide a smooth variation of the synchronous speed.

A common speed control method is to supply the motor with a variable frequency supply, using an inverter. This
is usually done while also controlling the input voltage and maintaining the ratio between frequency and voltage

(V/f). This type of control can be explained with the stator voltage equation

d¢ (2.9)
Ve = Rgls + —.
S si's T at
The voltage drop in the stator can be neglected, meaning
d¢o (2.10)
VS ~ —,
dt
and thus,
vV
b o = (2.11)

f

This results in the family of torque-speed curves shown in Figure 2.5.
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Figure 2.5 - Torque-Speed Curves with Constant V/f ratio ([5], p.286, Figure 8.3)
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This does not mean however, that the V/f ratio must remain constant. An increase in voltage while maintaining
the frequency, can be used to compensate for the lack of torque at very low speeds, as shown in Figure 2.6. This

is commonly referred to as low-speed voltage boosting.

Torque

Valtage boost reqion

125Hz 25Hz  37.5Hz S50Hz

75Hz g7 547
A 5\

Speed
Figure 2.6 - Torque-Speed Curves with Voltage Boosting at Low Speeds ( [5], p.287, Figure 8.4)

Such an approach is required for low frequencies, as the voltage drop in the stator cannot be neglected. The
opposite is also true. If the motor needs to operate at a very high speed, i.e., higher than the nominal value, the
frequency can be increased while maintaining the voltage value. This cannot be done with constant V/f as the

motor would overheat.

Torque

Constant

power
region

Speed
Figure 2.7 - Constant Torque, constant Power and High-Speed regions ( [5], p.289, Figure 8.5)

This means the torque-speed curves can be divided into three regions, highlighted in Figure 2.7. The first, the
constant torque region, goes from zero up to nominal speed. Here, as the name suggests, the maximum motor

torque can be delivered regardless of speed (if low-speed voltage boosting is used).

Above the nominal speed the currents are limited, and thus, the flux is reduced inversely with frequency, making
the motor operate with higher slip values. The maximum allowed torque is also reduced with speed, which
usually goes to twice its nominal value [5]. This area is called the constant power region. Operation above this
value is still possible in the high-speed region, even if constant power is no longer available as the torque is

limited to the pull-out value, i.e., the maximum value.

11



2.1.3 Dynamic operation

When approaching the induction machine’s dynamic operation, the first components one should focus on are

the machine’s self and mutual inductances as they are a key part of the motor flux, described as

¢ = LI (2.12)

Assuming a three-phase induction machine with windings on both stator and rotor, the motor inductances are

given by

Laa Lab Lac LaaR LabR LacR
Lba Lbb Lbc LbaR LbbR LbcR
Lca ch Lcc LcaR chR LccR
LaRa LaRb LaRc LaRaR LaRbR LaRcR
Lyra Lvrv Lore Lbrar  Lvrbr  Lbrer
LcRa LcRb LcRc LcRaR LcRbR LCRCR

[L(Ome)] = , (2.13)

with (a, b, c) referring to the stator quantities and (aR, bR, cR) to the rotor quantities.

Note that the notation (6,,.) implies that the machine inductances are written as a function of the electrical
angle between stator and rotor (between stator phase a and rotor phase aR), meaning they are position-

dependent.

By further analyzing each inductance matrix position, we can identify the interactions between phases and those

between stator and rotor. To this effect, stator self-inductances are described as

Loag =Lpp = Lee = Lys + Loy = L, (2.14)

where L, is the air-gap component of the stator self-inductance and L, is the leakage component.

As for the rotor self-inductances, they are described as

Larar = Lorbr = Lcrcr = Lur + Lari = Ly, (2.15)

where Ly, is the air-gap component of the rotor self-inductance and L, is the leakage component.

These stator and rotor self-inductances (Lg, L) are the ones portrayed in the equivalent circuit of Figure 2.4, as

they represent the single-phase, self-inductance component that is relevant for that analysis.

12



Now for the interactions between each phase of the stator and rotor, the stator to stator mutual inductances

are
1
Lap = Lpa = Lac = Leq = Lpe = Lep = _ELMS
and rotor to rotor mutual inductances
Larbr = Lbrar = Larcr = Lcrar = Lorcr = Lcrbr = _ELMR

Finally, the stator to rotor mutual inductances are

Laar = Lara = Lobr = Lorp = Leck = Lere = Lu€0S(Opme)

Lpar = Larp = Levr = Lore = Lack = Lera = Lmc0S(Opme —

Lear = Lare = Lavr = Lora = Locr = Lerp = Lu€0S(Ope +

2n

=)

3

3

T

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

This interaction between stator and rotor inductances results in the positional dependence of the system. Taking

the results from Equations (2.14) to (2.20), the inductance matrix can be described as

Stator

Rotor

Stator
1
L\ - EI‘M_\'
1
- ELM_\ L\
1 1
| __Tabes N
2m
Lyscos(Bpme) Lypscos(6,pe + ?)
2m
Lpgcos(6me ——) Lycos(8pa)

3

2n 2n
| Lrecos(Bme + T) Lyscos(Bme — ?)

1
- i I‘M\'

L:‘\-lcos(en:s - T)
2m

Lyscos(Bye + T)

Lyrcos(Ome)

Lycos(Bps)

meos(eme -

2m
Lm‘cos(sms + T) L&Icos(ems - ?)

2n
=)

3

Rotor

2
Lyscos(Bys + ?)

Lycos(8me)

2

Lyscos(Bppe — —
Lycos(Bye + —

LMCO 5 (am e)

Figure 2.8 - Per-component representation of the induction machine inductance matrix

As viewed in Figure 2.8 the inductance matrix can be divided into stator and rotor components, top left and

bottom right, respectively, as well as the position-dependent interaction between both.
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Now that the inductance matrix has been defined the three-phase stator and rotor voltage equations of the

induction machine can be described as:

. d (2.21)
[Uabc] = [Rabc] [labc] + a [¢abc]:
with
[d)abc] = [L(Qme)] [iabc]
These are then split into per-phase components for rotor and stator
. d¢ (2.22)
Ua = Rala + d—ta
dop (2.23)
Uy = Ryip + ——
b blp dt
. d¢ (2.24)
Uc = Rclc + d_tc
and
. ddar (2.25)
0= UaR = RaRlaR +d—;l
. ddpr (2.26)
0 = Upr = Rpripr +7
. ddcr (2.27)
0= UCR = RCR"CR +d—;

The rotor voltages (U,g, Upg and U.g) are equal to zero, as the windings on an induction machine are short-

circuited by design.

As seen in Figure 2.8, voltage's flux component depends on the rotor’s relative position due to the inductance
matrix. This contributes to the further complexity of the computations and must be addressed. Therefore, the
next section will address this positional-dependence along with the system’s time-dependence using the Clarke

and Park transformation (dg-transformation) [3] [6].

14



2.2 dqg0 Model

To simplify the computations, the Clarke and Park transformation will be used. This turns a three-phase (a, b and

c), time-varying system into a two-variable, direct (d) and quadrature (q), non-time dependent system. [3] [6]

This is done by transforming the stator and rotor quantities into equivalent quantities that rotate at the
synchronous angular velocity, meaning they are stationary to each other. In an induction machine, converting
both stator and rotor quantities is necessary because it does not rotate at synchronous speed. If, for example,
the rotor was chosen as the reference, the direct and quadrature values of current and flux would still be time-
varying, and the transformation would have no advantages over something like a simple Clarke transform (af-

reference frame).

_"electric axis of rotor phase a
R

\

\ 0, - electrical angle
\ between rotor and stator

0, - electric angle between stator
and dq reference frame
0, - electric angle between rotor
and dq reference frame

Figure 2.9 - Electrical angle relationship between stator, rotor and dqg-reference frame [6]

The relationship between stator, rotor, and dg-reference frame, which can be seen in Figure 2.9, is described as
Os = Op + O, (2.28)
where 65 and 0 refer to the electrical angle between stator, rotor and the dg-reference frame. 8,,, refers to

the electrical angle between the rotor and stator. The relationship between the mechanical angle 8,, and

electrical angle 6,,, can be described as

Ome = PD - Omy (2.29)

with pp referring to the number of pole pairs of the induction machine.

15



2.2.1 Park Transformation

The Park transformation is used to get the machine’s input voltage into the dg-reference frame, through

2 (2.30)
[quo] = § ’ [TP] ) [Uabc]:
where the Park transformation matrix is described as:
I 21 2 7
cos (6s) cos (6s — ?) cos (65 + ?)
. . 2m ) 2T (2.31)
[Tp] = [—sin(Bs) —sin(fs — 3)  —sin(0s+3)
1 1 1
L 2 2 2

2.2.2 Induction machine equations

After the transformation into the dg-reference frame, the electrical equations of the induction machine can be

described as following.

For the stator voltages,

dpq (2.32)
Ud = RSId + W - (u5¢q

d¢ (2.33)
U, = Rsly + d—t" + wsPg

As was explained in Section 2.1.3, as this is a squirrel cage induction machine, the rotor voltages are equal to

zero because of the short-circuiting, resulting in

dopar (2.34)
0=Uar = Rglgr + SPTH WrPgr

ddgr (2.35)
0= UqR = RRIqR + d—z+ wRd)dR'

16



For the stator flux

¢a = Lslqg + Lyl

¢q = leq + LMIqR

and rotor flux

bar = Lrlgr + Lyla

¢qR = LRIqR + LMICI'

For ease of computation, the electrical equations can be written in matricial form as

Uq

Uq _

Uar|

UqR

R¢ 0 0 01rla ba 0 -ws O
ORSOO[Iqld% ws 0 0
0 0 Ry O||ltelTaclowl™lo o o
0 0 0 Rellig drl L0 0 wp

and
¢d LS 0 LM 0 Id
¢q _ 0 LS 0 LM Iq
bar Ly 0 Lg 0 ||lar|
byr 0 Ly 0 Lglligr

(2.36)
(2.37)
(2.38)
(2.39)
(2.40)

ba

bq

®ar

¢qR
(2.41)

Now, equations (2.40) and (2.41) are arranged to build the state-space model of the induction machine, with the

flux, ¢, as state variable, resulting in

with

(2.42)

(2.43)

17



Finally, for the mechanical equations of the induction machine, we have the torque equilibrium, described as

dw (2.44)
]totd_tm = Ter — Tioaa

where the electromagnetic torque, T,;, can be deduced from some energy considerations. To do this, we start

with the following equation

AWerect _ AWpecn n deield (2.45)
dt dt dt

From here, the energies can be written as powers whose expressions are known, hence

Prnech = Petect — Ploss — Pfield- (2.46)

Using equation (2.6) for the mechanical power, as well as the corresponding equations for electrical power,

power losses, and magnetic power, we arrive at

d[dg (2.47)
3 Ty - wr = [Ugrqrl[larqr] — Rr[IGrgr] — %U«m:ﬂe]-

The 2 stems from the power balance in the transformation from a three-axis system into a two-axis system. Now

expressions (2.34) and (2.35) are used for the rotor voltage, which results in

Tel T Wy = _E c Wy - [¢quR] : [IdRqR]' (2'48)
which is developed into
3 (2.49)
Te = > (Parlqgr — Pqrlar)-
Finally, adapting the equation for any given number of poles we arrive at the desired equation, as
(2.50)

3
Ty = 2 “pp - (¢dRIqR - ¢qRIaR)-

Note that using the relations between the direct and quadrature components of the current and flux, shown in
equations (2.36) to (2.39), it is possible to write the torque equation in several different ways, using either flux,

current values or a combination of both.
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3 Full Order State Observer

An estimator is a dynamic system whose state variables are estimates from another system, which here
corresponds to an induction motor. These can be divided into two groups, open-loop, or closed-loop estimators.
In this case, a closed-loop estimator, also commonly referred to as an observer, will be used. The main difference
between them is that observers contain a correction term that involves the estimation error and can thus adjust

their response. [7]

3.1 Observer Development

The observer will be used to estimate the motor speed in real-time from the electrical quantities. This is done by
first developing a state-estimator that can estimate the stator and rotor currents of the induction machine. These
estimated currents are then used, together with the real current values, in a Pl-controller that was designed to

output the estimated mechanical speed of the motor, thus creating an adaptive speed observer.

To develop a speed observer, the state-space model of the induction motor is required. This comes in the shape

of

dx
— = Ax + Bu (3.1)
dt

and

I, = Cx (3.2)

with the flux as the state variable (x), as shown in equation (2.42).

A state variable change is then required to a more easily measured quantity, i.e. the motor current, taking

equation (2.42) and changing from the flux to the stator and rotor currents.

This results in

d
—1I = Al + BU, (3.3)
dt
with

A= L YR+ wl) (3.4)

R¢ 0 0 0 L 0 Ly O

R 0 R¢ 0 O - 0 L 0 Ly

“lo 0 Ry O “[Ly O Lp O

0 0 0 Rg 0 Ly 0 Lpg
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0 —-wy O 0
_ | ws 0 0 0
“=lo 0 0 -—wpg
0 0 WR 0
and
B=1L"1.
Hence, equation (3.4) can be written as
If
d (1l
dt | 1¢
I
(LsLg)o (L%VI(UR — LgLrwg)o —(RgLy)o
_(L%Vle — LgLrwg)o (LsLg)o —(LyLrlAw)o
—(RsLy)o —(LyLsdw)o —(RgLs)o
(LyLsdw)o —(RsLy)o (L%wws — LsLrwg)o
—(LrUg)o
_(LRUq)G
(LyUg)o
(LMUq)G
with
1
O=—F"
L3 — LgLs
and

Aw = wp — ws.

(3.5)

(3.6)

—(LyLrAw)o ¢
—(RrLm)o I
(Liws — LsLrwg)a |[I#
—(RrLs)o I

Now, by using the previous state-space equation (3.1) and implementing a term that consists of the difference

between real and estimated states, i.e., the estimation error, one can implement an observer that estimates

stator and rotor currents, in the form of

(3.7)

20



with

(LsLg)o (L%VI&)\R — LsLrws)o —(RgLm)o —(LyLrAD)o
A= ~(Ly@g — LsLrws)o (LsLg)o —(LyLrd®)o —(RrLp)o
—(RsLy)o —(LyLsAw)o —(RpLs)o (L%wws — LsLrig)o
(LyLsAD)o —(RsLy)o (Ljjws — LsLr@g)o —(RpLs)o

and
I, =cCx
I
fq
2=|2|
I
I

Here, the symbol ” represents an estimated value, while G is an observer gain matrix that is selected so that the

system is stable. Its computation will be addressed further ahead.

Now that the current estimation is completed, it is necessary to ensure its observability. Observability is
described as the possibility of reconstructing a system’s full trajectory using data obtained from its input and

output measurements [8]. This is done by checking if the rank of the observability matrix O is equal to the rank

of the state matrix A, where

CA°

CA!

CA®
cAkt

0=

and

k =rank(A) = 4.

Thus, the system is observable if

rank(0) = 4.
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Now that the stator and rotor currents can be estimated, we move to the development of the Pl-controller that

will use these quantities to output the induction machine’s estimated mechanical speed (W,,).

For this purpose, we will take the induction machine and observer state-space equations (3.1) and (3.7), as well

as the expression for the dynamic estimation error (3.8) together with Lyapunov’s stability theorem [7].

(3.8)

Note that the estimation error does not include the measured rotor currents, as they are not accessible, and thus

their real value (Iy) is not known to the system and cannot be used as a reference.

By deriving the error expression, we get

de B dx dx

dt  dt dt

Replacing these values using the results from (3.1) and (3.7), then results in

de N R
E=Ax+Bu—A9€—Bu—G(IS—IS)
= Ax — A% — GCx + GCX
= Ax — A% + A% — A% — GC(x — %)
=(A-G6O)(x—2)+ (A-A)*
= (A —-GC)e — AAX,
with
AM=A4A-A
0 olm?Adg 0
AA = —oLlm?Adg 0 —olmLrAdg
0 —olmLsAog 0
olmLsAbg 0 oLrLsAGg

olmlLrAdg

—oLrLsAwpg

(3.9)

(3.10)

(3.11)
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To achieve the required speed estimation, our objective is to arrive at the equation of a Pl-controller in the shape

of

O =Kp() + K f(...) dt,

where @,, is the estimated mechanical rotor speed of the induction machine. To develop the Pl-controller, a

candidate Lyapunov function in the form of

O — W .12
V:ere+(mc—m) o> 0 (3.12)

is chosen [7]. This function is then derived, resulting in

av d(e") [de ADp, (B, — W) (3.13)
—=e e [—] +2 .
dt dt dt dt c

Combining (3.13) with (3.10), we arrive at

@ _ (3.14)
dt
ABy, (D — @
eT[(A— GO + (A—GC)le — (*TAATe + eTAAR) + 22— (@ = @m)

dt c

The Observer Gain Matrix (G) is chosen so that the equation’s first term is negative definite, meaning the system
is stable [7] [9]. Therefore, the sum of the last two terms must be zero to ensure that equation (3.14) is negative

definite, resulting in

d(ﬁm (am - wm)

N TApe) —
(2" AATe + eTAAR) = 2 o -

Now by using (3.11) and (3.8), we get

d&)\m (&)\m - wm)
dt c

20(@p — ) [Lm([led — [fel) + Lr([led — [ded)] =2
and finally,
dd,,

ar = K,[Lm(fgesd - Asdesq) + Lr(ffesd - Aﬁeg)].
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Now, by adding a proportional gain, resulting in a decrease in the observer’s response time, we arrive at the

desired equation for the induction machine's estimated mechanical speed.

Om = Kp[Lm([led — [%el) + Lr([Jed — [Zel)] (3.15)
+fmmm@4—@gp¢4m4—m4n

Kp and K; are positive gains that should be adjusted according to the needs of the system. These are usually kept

high to increase response speed.

As for the values of the gain matrix (G), they were chosen so that the observer poles are proportional those of

the induction machine, according to [7].

G = — 91'12'92']] (3.16)
g3z -Iz-g4-J1

I

This results in a two-by-four Matrix with the following values:

(k- 1)( TlR)

g1 =
g2 = (k - 1)6)\m
g3 = (k? 1){ Ts +TR +Ls (k—-1)- (Ts TR)
LclL
m=—w—D@ij
R

Here, k, is the proportionality constant (k>1). This parameter makes the observer faster than the induction

machine but is generally kept small to reduce noise sensitivity.

L 12
Also, T =R—S,TR —R—and5—1—L’l‘:’
S S&“R
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The fully developed speed observer system can be seen in Figure 3.1, connected to the state space model of an

induction motor.

i

: Usg dt Ig s I
I B + jdx C I
| |
| |
1 Maotor System 1
| |
1 dx I
1 —=Ax+ Bu A 1
__ _ - - . —--------_b ‘s _ _ _I
rFe—_——mmm e _—_—_—m T mTmTmTmmmmmmEm__—__—_—__————— - - - |

di I

Observer System

m

di .. , - "
E=Ax+5'u+G(fs—fs) A Br
| PI Controller |-—
G
L m e e o e e e e e e e e e e e e e e e e e e e e e e o e Em o e e e e e e = = -
aII’N

Figure 3.1 — Motor and Speed Observer Systems

The Induction machine poles, shown in Figure 3.2, are then determined by computing the eigenvalues of the
matrix [A], while the observer poles in Figure 3.3 can be computed by solving the eigenvalues of [A — GC] [7].
Both these matrixes are dependent on the value of motor speed w,,, and thus the poles will be displayed from

an initial state (mechanical speed = 0) up to steady state (mechanical speed = 2200 rpm).

Induction Machine Poles 500 Speed Observer Poles
P [{2200 i i i i | I [{z200
______ 4:______41______4} 2000 400 -=--=-t ] 2000
1 I I 1 I
------ e N BTV L i 1800
777777 Jemmmmmd-—————1 {1600 200( -+ : 1600
I | | ! !
! | D100 = 100 {------ r 1 1400 =
1 | | a8 | ! a
! | = =
Lo Pl 1 et | 1200E E 0 1200g
i | i M1000 & 1000 &
ffffff st e e o s 2] -100F------ =
: | Bl 800
,,,,,, e -200
! ! ] 600 600
! ! B 300f------r------r-=-f--t------qo-omooqooooooq
’’’’’
i 1 ; -500 0
40 20 0 -120
Figure 3.2- IM Poles changing with Speed Figure 3.3 - Observer Poles changing with Speed
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3.2 Simulation

The simulations will start with the simplest case, i.e., without an inverter, and progress to a scenario with an
implemented inverter and V/f (scalar command). The simulated induction motor is based on the motor from the

VIENA electric car, which has had its nameplate data detailed in Table 1.1.

Figure 3.4 gives an overview of the simulated system. Firstly, the state-space equation (2.42), as well as the
mechanical equations of the induction machine (2.44) and (2.50), are used to simulate an induction motor. The
current from this simulated motor is then compared to the one coming from the estimator, and the error
between them is again fed to the observer for correction. The speed observer’s performance is then evaluated
by comparing the electrical and mechanical quantities from its outputs with those of the simulated induction

machine.

Power >

J| Speed Observer

Figure 3.4 - Overview of the simulated system

3.2.1 Pure Sinusoidal System

Firstly, the system was fed direct-on-line (DOL) with a perfect sinusoidal three-phase voltage signal. This portrays
an induction machine directly connected to its power source, without any inverter or soft starting device. The
simulation parameters can be found in Tables 3.1 and 3.2. It is important to point out that, as shown in Table 3.2,

a load of 65 Nm is being applied to the motor for the simulation.

Table 3.1 - Induction Machine Electrical Simulation Parameters

Electrical Motor
% freq R Ly R, L, Ly

75V | 76 Hz | 856 mQ | 0.06292 mH | 510 mQ | 0.06709 mH | 1.0122 mH
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Table 3.2 - Induction Machine Mechanical Simulation Parameters

Mechanical
pp Tioad Inertia
2 65 Nm 0.025 Kg/m?

Figure 3.5 shows the working principle of the speed observer. It takes the input voltage and current in the dg-
reference frame from the simulated induction motor and estimates the stator current (3.2). By comparing the
estimated value of the current with the real one, it is then possible to estimate the mechanical speed of the
motor (W,,) as shown in (3.9). This value is then converted into the estimated electrical rotor angular frequency
(Wg) and used to update matrix [A]. This cycle then continues in a closed loop system, outputting updated

mechanical speed values.

A 4

dz X
— v I Y
dt x S _
L B | [ dx { C =\+)
e = IS — f_g
A" Oy v
Wy = Kp(...) +Kif("') dt je—i
G |+
v @m
Figure 3.5 - Adaptive speed observer
The electrical parameters of the observer can be seen in Table 3.3.
Table 3.3 - Observer Simulation Parameters (DOL)
Motor Observer
Rs Ll Rr L2 LM k KI KP f:mmp
8.56 mQ | 0.06292 mH | 5.10 mQ | 0.06709 mH | 1.0122 mH 1 20000 20 10 kHz

Comparing Table 3.3 to Table 3.1, it can be seen that the observer was tuned specifically to the parameters of
the simulated induction machine, meaning that some factors such as the change of the stator and rotor

resistance with temperature, which influences the physical system, will not be taken into account here. As for

27



the sampling frequency, the lowest possible value was chosen without compromising the observer performance.

This was done so that the simulated values could be realistically implemented at a hardware level.

For the observer performance analysis, the induction machine’s estimated values, i.e., the mechanical speed,

2500 S o L = = — = —
2000 fp——+— b F T LT e
S0t -——T-—-TA - —F——F—- R ek o
= 1000 ! - ——

o ! |
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O e e i i = === SCIM —
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E 100 T ——:
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Figure 3.6 - Performance of Speed Estimation (DOL)

torque, and stator currents, will be compared to those coming from the simulated induction motor. This is done

using absolute error values, which leads to the following results:

Firstly, for the speed estimation itself, shown in Figure 3.6, we see that the estimator struggles to keep up with

speed oscillations common to the transitory period of a direct on-line (DOL) startup. Despite

this, the observer

concept is solid, as it adapts well to the slower variations and converges with practically no error in steady-state.
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The estimated torque values, shown in Figure 3.7, are computed by adapting equation (2.50) to use solely the
stator current components shown in Figures 3.8 and 3.9, as these are the state variables chosen for the state-

space model of the induction motor.

Teorgue comparison
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time [s]

Figure 3.7 - Performance of Torque Estimation (DOL)

Both direct and quadrature current components show current spikes up to ten times the nominal value during

startup. Although the observer can somewhat mirror this behavior, this is not a likely scenario. The motor is

Direct Current comparison
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Figure 3.8 - Performance of Direct Current Estimation (DOL)
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designed to be part of a vehicle’s powertrain and, thus, will not be connected directly to the power grid, as shown

in this example.

Quadrature Current comparison
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Figure 3.9 - Performance of Quadrature Current Estimation (DOL)

3.2.2 Soft Starter Implementation

As a second approach, the perfect sinusoidal system is maintained, but a scalar command (V/f), shown in Figure

3.10, is added to avoid the massive current spikes seen on startup.

Figure 3.10 - Scalar Command Implementation (V/f)
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This is done by slowly increasing the amplitude and frequency of the voltage supplying the motor while
maintaining the relation between them. This is done for two seconds until steady-state is reached, resulting in

the per-phase input voltage shown in Figure 3.11.

50 Phase-A Voltage With Scalar Command

|
smrpr——-4+—-———rrh - —— - - ——
| I
WF—————t————=
P
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2 k=———= +

YWoltage [V]

Il Hm

T fm———— 3 J; 1‘I ” il

15 2 25
time [s]
Figure 3.11 - Single-Phase Voltage with Scalar Command (V/f)

With this addition, the observer parameters seen in Table 3.4 are unchanged from the previous section to verify

the effectiveness of the V/f implementation. The mechanical simulation parameters seen in Table 3.2 also remain

unchanged.
Table 3.4 - Observer Simulation Parameters (V/f)
Motor Observer
Rs Ll Rr LZ LM k KI KP fsamp
8.56 mQ | 0.06292 mH | 5.10 mQ | 0.06709 mH | 1.0122 mH 1 20000 20 10 kHz

The same electrical and mechanical quantities, i.e., speed, mechanical torque, and both direct and quadrature

current components, are tested. This leads to the results shown in Figures 3.12 to 3.15.

As expected, now that the scalar command has been implemented, the observer has no issues estimating the
motor’s startup speed and does so with minimal error. As for steady-state, the results are identical to those
shown in Figure 3.6, as the V/f implementation has no effect after the two-second mark. This means the observer

converges to the desired speed value.

The slight distortion seen in the zoomed-in window of Figure 3.12, is made up of oscillations around the true
speed value, as the observer overcorrects itself repeatedly. This is due to the high values of proportional and

integral gains used to speed up the observer.
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Speed comparison
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Figure 3.12 - Performance of Speed Estimation (V/f)
As for the torque estimation, seen in Figure 3.13, the observer follows the real values without any issues. A
behaviour that was expected due to the lack of disturbances in the signal, aside from the transition to steady

state.
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Figure 3.13 - Performance of Torque Estimation (V/f)
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Figures 3.14 and 3.15 show the direct and quadrature current components when starting using the scalar
command (V/f). Compared to DOL starting, it’s seen that the current spikes are now only about 30% higher than

the nominal value, an acceptable result as it occurs for a very short amount of time.
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Figure 3.14 - Performance of Direct Current Estimation (V/f)
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Figure 3.15 - Performance of Quadrature Current Estimation (V/f)
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3.2.3 Inverter Implementation

Finally, an inverter is added to account for the ripple present in a real-life application, thus providing a more
realistic overview of the constraints that arise from physical implementation. The V /f functionality from the last
section was built into the inverter, with a PWM-generator [10] slowly increasing the frequency to the nominal
value. Simultaneously, the same is done for the voltage amplitude in the DC power source, maintaining the V/f

ratio. This system is shown in the block diagram in Figure 3.16.

PWM Generator

DC Input Inverter Filtering

Figure 3.16 — Block-diagram of a Three-phase PWM Inverter with V/f

The inverter is a 3-level, 3-phase PWM system. This was chosen in order to reduce the harmonic content of the

input voltage, which can be seen in Figure 3.17.

50 Phase-A Voltage With Inverter and Scalar Command
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Figure 3.17 - Single-Phase Voltage with Inverter and Scalar Command (V/f)
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The inclusion of the inverter led to a new revision of the observer parameters as seen in Table 3.5.

Table 3.5 - Observer Simulation Parameters (Inverter + V/f)

Motor Observer
Rs Ll Rr LZ LM k KI KP fsamp
8.56 m) | 0.06292mH | 5.10 mQ | 0.06709 mH | 1.0122 mH 1.1 50000 5 10 kHz

The integral gain was increased to speed up the observer’s response to the fluctuations caused by the harmonics
in the supply voltage. On the other hand, the proportional gain is lowered to reduce the oscillatory patterns seen
in the observer values. These were also present in the pure sinusoidal results but are much more prevalent in
this case and had to be reduced. As for the mechanical simulation parameters seen in Table 3.2, they again

remain unchanged.

In this iteration, the value of the proportionality constant (k) was changed to reduce the observer’s response
time. This changes the position of the observer poles, as seen in Figure 3.18. The induction machine poles, shown

in Figure 3.19, remain unchanged, as the proportionality constant does not influence its behavior.

Speed Observer Poles Induction Machine Poles
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Figure 3.18 - Observer Poles changing with Speed (k=1.1) Figure 3.19 - IM Poles changing with Speed (k=1.1)

The Observer’s performance is then further analyzed regarding speed, torque, and stator current estimation,
leading to the results shown in Figures 3.20 to 3.23. The mechanical parameters shown in Table 3.2 remain in

use for this new simulation.

The effect of the harmonics introduced by the inverter is immediately visible in the motor speed plot, displayed
in Figure 3.20, as is the observer’s ability to follow its behavior. In this case, the observer has the most trouble in
steady-state. The sudden small changes in speed cause the observer to overcompensate, leading to repeated

small spikes in the absolute error values.
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Figure 3.20 - Performance of Speed Estimation (INV+V/f)

The harmonic effect is even more noticeable in the torque, seen in Figure 3.21, as the motor oscillates around

the 65 Nm value of the applied load.
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Figure 3.21 - Performance of Torque Estimation (INV+V/f)
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Finally, in Figures 3.22 and 3.23, we see the cause for the figh torque oscillations, as the machine’s direct and

quadrature current componets also show a large harmonic content, which is mirrored by the observer.

Current [A]

Current [A]

Direct Current compariscn

MmN —_——— = = = = = — — — — —
50 mmmE Observer
0
-50
=100
=150
=200
-250
-300
time [s]
Figure 3.22 - Performance of Direct Current Estimation (INV+V/f)
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Figure 3.23 - Performance of Quadrature Current Estimation (INV+V/f)
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4 Hardware Implementation

Two different board designs were developed to implement the speed observer, utilizing different approaches to
acquire the motor’s electrical data. The first includes integrated measurement devices that sample the induction
machine’s stator voltage and current values. This design can either be connected to an Arduino or a Raspberry

Pi.

The second design takes advantage of some features of the car’s new inverter. Since the inverter supplies the
motor with AC power, it already holds all the relevant data. Thus, this design is meant to communicate with the
inverter using CAN (Controller Area Network) protocol and send the data to a Raspberry Pi. This board is designed

as a shield and is to be directly mounted on the Pi.

4.1 External Acquisition Design

The external acquisition design uses measurement devices present on the PCB and can be divided into two main
parts, the voltage acquisition, and the current acquisition circuit. These are portrayed in the render shown in

Figure 4.1.

Current Transducers

suld ejeq

Voltage Input

Figure 4.1 - 3D Render of the final PCB Design for the External Acquisition Prototype
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4.1.1 Voltage Circuit

For the voltage acquisition the motor’s input Voltage of 75 Vgys, meaning an amplitude of +75v2 = +106 V
passes through resistors R; and R,, which work as a voltage divider, reducing the voltage to £212 mV. This type

of circuit is shown in Figure 4.2.

Vin

Ry R, (4.1)
Vour = =———=V;
V out RZ + Rl n
out

Ry 200

200 + 100000 106 =212mV

Figure 4.2 - Voltage divider

This is done as not to exceed the maximum input of £300 mV of the AMC1301 Isolated amplifier. This IC

separates the high voltage part of the board from the rest of the low voltage components as a safety precaution.

This isolation level means the AMC1301 requires separate 5 V sources for its HV and LV side, as can be seen in

Figure 4.3, where the schematic for the single-phase voltage acquisition circuit is shown.

1
VDDI { VDD2
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vop1 I vDD2 ﬂ
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Iy OUTP pln OV Cap Semi | Cap Semi
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22uF
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: D2 GND?
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Figure 4.3 - Voltage acquisition circuit for Phase A
Another important factor in the choice of Resistors R; and R, is the dissipated power.
V2 (4.2)
in .
Ry
Vaut (4.3)
PRZ = = 0225 mW
2
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This means the value of 100 kQ for R, is required to lower the dissipated power. Capacitors C,, C5 and C, are
decoupling capacitors required by the manufacturer and specified in the datasheet. These are meant to protect

the IC from noise fluctuations in the circuit.

Because the motor’s voltage supply comes from an inverter, high-frequency harmonics are expected to be part
of the acquired signal. Thus capacitors Cr; and Cr,, will serve as low pass filters to remove them. The first filter,

Crq, is placed before the isolation amplifier, while the second, Cg,, is placed after.

To get the first filter’s cutoff frequency the equivalent resistance of the circuit, R,,, must first be computed. This

eq’
includes the voltage divider and the OPAMP’s internal resistance value, which the manufacturer provides. This

circuit is shown in Figure 4.4.

AMC1301 R
R '- ________ I eq
1 1 I  —
L | : l —
. l
R p— : Rine | —
Cer| ! C
i : F1
! |
! |
Figure 4.4 - Input low pass filter Figure 4.5 - Equivalent circuit of Input low pass filter
Thus, as shown in Figure 4.5, R, is given by
1 (4.4)
Ry//R3//Rint = 1 1 1 = 197.8 Q.
(200 *+ 100000 * Zz000)
After choosing a value of 1uF for Cgq, the cutoff frequency can then be computed, as
1 1 (4.5)

feut = = 804.6 Hz.

27 Req - Cpy 2m-197.8- (1-10-5)
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With an input Voltage of 212 mV, the OPAMP is expected to output a voltage of around 2,3 V. Thus, for the

second filter, represented in Figure 4.6, a resistance of 800Q was chosen to limit the output current to 2,875 mA.

Figure 4.6 - Output low pass filter

Avalue of 2,2 pF is chosen for Cr,, placing the cutoff frequency close to the fundamental harmonic at 76 Hz.

1 (4.6)
== = H

4.1.2 Current circuit

As for the current acquisition circuit, a current transducer, HAIS 200-P, was selected as the measurement device.
This transducer provides galvanic isolation between the primary circuit, i.e., the motor’s electrical supply and the

secondary, low voltage, acquisition board.

The current transducer is based on a Hall-effect measuring principle. This means a magnetic field is measured by
applying a current to a thin metal strip. In the presence of a magnetic field the current flow, i.e., the flow of
electrons, will be deflected, as seen in Figure 4.7, which creates a potential difference in the strip, a voltage

proportional to the applied field.

Figure 4.7 - Hall-effect measuring principle [15]
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In the case of a current transducer, this magnetic field was created by the cable’s current flow going through its
core, as shown in Figure 4.8. This means the induced field is proportional to the current that is to be measured,

and thus, the current can be computed from the transducer’s output voltage.

Input current |

Core

’_,..ﬁ.mplifler

[} e
",

Hall eleme nit "

o Output
L owoltage

Figure 4.8 - Main elements of a current transducer [11]

In this case the expression is given by the manufacturer in the form of

Ip (4.7)
= +(0.625- —
VOUT VREF—(06 5 200);

where Vypr is a reference voltage of 2.5 V and I, is the current flowing through the sensor.

A relevant factor in the choice of the HAIS 200-P was its low supply voltage of 5V, meaning it can be easily

powered alongside the other low voltage components from an Arduino or Raspberry Pi board.
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As can be seen in Figure 4.9, each current transducer requires three decoupling capacitors, C;3 and C;, with

47nF and C; 5 with 4.7nF, as well as a load resistance of 10 k(. All these values are specified by the manufacturer

in the product’s datasheet.

VDD2
Ip > 1_
_‘l__C 13
, 1 Cap Semi
V2 ATnF
GND \— R10 vV 1A
VOUT — ANAN N
VREF g I Res3
C. EARTH —L 14 10k
Current Transducer Cap Semu
47nF —_—C185 . VREF IA
Cap Semi I~
4.7nF
GND2

Figure 4.9 - Current acquisition circuit for Phase A

The motor has a nominal current value of 157 Agys, meaning an amplitude of +157v2 ~ +222 A. Thus, from

equation (4.7), it was computed that the expected output of the transducer would be a maximum of 3.2 V for

the positive and 1.8 V for the negative current values, thus staying within the operating range of an Arduino of

0Vto3.3V.

The Arduino will acquire this voltage and compute the current I, passing through the transducer. The current

values for each phase would then be used as inputs for the speed observer.
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4.2 CAN-HAT Design

The second design is more akin to a communication device, as it bridges the gap between the inverter’'s CAN
interface and a Raspberry Pi. Controller area network (CAN) is an electronic communication bus consisting of two
wires, CAN High and CAN Low. It is a simple and low-cost solution that is widely used in the automotive industry.

In this case, specifically, CANopen, a CAN-based communication protocol will be used.

While CAN referrers to a physical connection, CANopen builds upon this and provides a higher layer protocol
that standardizes the communication between devices and applications from different manufacturers. An

overview of this system can be seen in Figure 4.10.

CANopen —

Data Link
CAN -

Physical

Figure 4.10 - Communication functions of CAN and CANopen

The CAN’s message format can be divided into several parts, represented in Figure 4.11. The first consists of an
11-bit CAN ID commonly referred to as a communication object identifier (COB-ID). This identifier consists of 4
bits designated for the function code, i.e., the nature of the message, and 7 bits for the node ID that identifies
the message destination. This is important, as in a CAN bus all messages are available to all nodes in the network

instead of being sent directly to a single point.

The rest consists of a control bit (RTR), 4 bits that specify the length of the data being sent, and finally 8 bytes

are reserved for the data itself.

Function Data
Code Node ID RTR  Length Data
(4-bit) (7-bit) (1-bit) (4-bit) (8-byte)

l 'If_L\I' L 11 L |

]
M V0
|
[
COB-ID
(11-bit)

Figure 4.11 - CANopen message layout
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Regarding the design of the prototype itself, a choice was made early on that the PCB would be designed as a
“hat” meaning it would have the same dimensions and subsequently be mounted on top of the Raspberry Pi,

utilizing its GPIO pins for communication.

] Wakal

Figure 4.12 - Raspberry Pi3 (left) and CAN-Hat Prototype Board, before (right) and after (center) assembly

4.2.1 Hardware and Circuit Design

The Block diagram in Figure 4.13 shows the basic principles behind this design. The Raspberry Pi board
communicates with a CAN controller through its GPIO pins, which then converts the messages according to CAN
specifications. These are then sent to the inverter with a CAN transceiver. This process works both ways, with

the inverter then sending data back to the controller, which is then decoded and read by the Raspberry Pi.

MISO
CANH
‘MOSI , TxD
CAN CAN
Raspberry Pi |e CLK | . R, Inverter
cS Controller Transceiver
INT RxD CANL

Figure 4.13 - Block diagram of the CAN-HAT PCB Design

The Raspberry Pi 3 was chosen for its large processing capability, versatility, and relatively compact size. The
immense processing power was an important factor as the speed observer requires a high sampling frequency

to be accurate. It also allows for this prototype to be used in other projects involving the VIENA electric vehicle.

The Raspberry Pi will be powered using the 5V GPIO pins. These are represented in
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Figure 4.14 as pin 2 and 4.

3V3 power o1 N2 5V power
GPIO 2 (SDA) © (34 > 5V power
GPI0 3 (SCL) o 00 o Ground
GPIO 4 (GPCLKO) © 90 > GPIO 14 (TXD)
Ground (Yo}l < GPIO 15 (RXD)
GPIO17 o ®® > GPIO 18 (PCM_CLK)
GPIO 27 © (1301 4) o Ground
GPIO 22 o (1531 6) o GPIO 23
3V3 power o (1 7)1 8} o GPIO 24
GPIO 10 (MOSI) © O D o Ground
GPIO 9 (MISO) © Y22 > GPIO 25
GPIO 11 (SCLK) ¢ DD > GPIO 8 (CE0)
Ground o (25)(26) o GPIO 7 (CE1)
GPIO 0 (ID_SD) © @ D o GPIO 1 (ID_SC)
GPIO S o (29030} o Ground
GPIO 6 o = D D 5 o GPIO 12 (PWMO)
GPIO 13 (PWM1) (3334) o Ground
GPIO 19 (PCM_FS) o (350(36) GPIO 16
GPIO26 o MaTNM o GPIO 20 (PCM_DIN)
Ground o (39)(40) GPIO 21 (PCM_DOUT)

Figure 4.14 - Raspberry Pi GPIO Pin Layout [12]

The supply voltage required to power the ICs will be delivered through the 3V3 pin on the Raspberry Pi (Pin 1).
As for the communication with the CAN controller, it will be assured through pins 19, 21, 22, 23, and 24. These
are the Raspberry’s Serial Peripheral Interface (SPI), an interface that allows the Raspberry to control, or be

controlled by external hardware, through a master/slave relationship.

Additionally, pins 3 and 5 are used for Inter-Integrated Circuit Communication (I12C) between the Raspberry and
a third IC used as a real-time clock. This interface allows for basic tasks that are integral to the Raspberry to be

outsourced to external components, thus freeing computing power that would otherwise be in use.
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The vehicle’s 12V battery supplies the Raspberry’s power, lowered using an OKR-T/3 DC/DC converter to the
desired value of 5 Vdc. The 268 Q precision resistor, Ry, seen in Figure 4.15, regulates the output voltage of

the DC/DC converter.

1 =

12V INPUT
=
Us ||' GND
POWER {iH
Remote On/Off Control 1
bl
+Vin —=
"
OKR-T/3 NE
. - GND
DC/DC ; -
+Vout d) 153V
Output Trum  — POWER
RT
R_TRIM
268
OKR-T/3-W12-C (DC/DC)
GND
Figure 4.15 - DC/DC Step-down Converter
This value was computed using the expression given by the manufacturer, as
1.182 (4.8)

Rrriv = :
TRIM =y +—0.5919)

This power supply configuration was developed to allow for use in a moving vehicle where power outlets are not
available. Alternatively, the Raspberry Pi can be powered with the included 5V, 2.5 A charger, as this is enough

to support the CAN-Hat's additional power requirements.

The converter was eventually desoldered from the board, as USB-power proved more convenient along the
testing process. This was due to the extra cabling and DC power supply required for the DC/DC converter

operation, along with the constant coil whine present when it was connected to the circuit.
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The design uses the MCP2515 as a CAN network controller. The controller converts data to and from CAN

messages, allowing the user to communicate with any network device. In this case, it will be used to request

voltage and current data from the vehicle’s inverter, thus allowing for the intended real-time speed estimation.

This specific controller was chosen as supported by the Raspberry Pi operating system (Raspbian) and its GPIO

(SPI Bus).

(Fr)
-
Lok

2
vop |12
= C3 A6 ) o 12, I
—-"TT[: ! = 3-'-]*—_ i
Res3 “ietd TRORTS  RXIBF v
10k sz TXIRTELKOUT/SOF f==—
R | OSC2 13m0
T3 RXCAN  TXCAN e
MOE HEE] ;’;FK ——3
EO Cap Semmu
0.1uF
. a.
V&S
’ [ i
1 _E_g__‘-h-! 55 - Enu:'nﬂ&r GND

Figure 4.16 - Electrical circuit of the MCP2515 CAN Controller

As seen in Figure 4.16, the controller circuit also includes an oscillator. This is used to set the bitrate of the CAN

bus, resulting in a maximum of 500 kbit/s set by the 8 MHz oscillator.

It’s important to note that all nodes on a CAN bus must have the same bitrate, meaning that if another device,

for example, a CAN analyzer, were to be connected to the same bus, it would also have to be set to the 500 kbit/s

limit to be able to communicate.
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The MCP2562 CAN transceiver serves as an interface between the controller, and the physical two-wire CAN bus.
This circuit includes the I/O responsible for the connection to the inverter’s CAN interface, either through the
two-pin headers designated P2 or a DB9 male connector. Meanwhile, the transceiver also communicates with
the controller through the TXCAN (transmit) and RXCAN (receive) pins. An LED was added to the receive pin to

indicate if a message is being sent from the Raspberry to the CAN Bus.
3V3 Dl sV cl

L i
R ! —|
N 4 s s
330 LED2 0.1uF

U3 GHD

T STBY VDD |—< T
—_l_—'D_: 3D R\_‘-‘Iﬂg T ERCAT J_(-1 Termmation fumper

Fl

o P2
s & CANH :
GRD L et \ 2 Cap Semi
%1 CANL vss _gc F
—iea e ean
il

Resd MCP2362-H/SN - Transceiver =
120 GHD

DB

Figure 4.17 - Electrical circuit of the MCP2562 CAN Transceiver

An important component to mention is the termination resistor R, that is placed between the CANH and CANL
wires. This is a 120 Q resistor chosen according to 1ISO011898 [13] that must be present in all the bus connected

nodes to avoid signal reflections.

The design also includes a DS3231MZ real-time clock (RTC), shown in Figure 4.18. This dedicated clock is meant
to ensure that the Raspberry is not tasked with timekeeping while running the CAN protocol, which can easily
and cheaply be done at the hardware level to conserve processing power. The circuit also holds a coin battery to

maintain power to the RTC when powered off, thus maintaining accurate time.

14 3V3
\ 3V
vee b=
VBAT
o ' 3
€L .. 8. ¥grp 3IKHZ b Dz R4
) ‘ Red
N gnz 330
VBAT SDA .7
CR1220 ———=uyf SDA
—L ¢4
oD |2 T(c:ﬁ:%n
JusIiIMI+ - KTC

GINI

o

Figure 4.18 - Electrical circuit of the DS3231MZ Real-Time Clock (RTC)
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4.2.2 Configuration

With the PCB completed, the setup now requires some software configuration [14]. Firstly, Raspberry Pi OS was
installed on the Pi 3 to serve as the operating system, allowing it to work independently if needed. Despite this,
normal operation will be conducted by remotely accessing the Raspberry through a laptop. This will be done

using VNC viewer, a software that allows for complete control of the Raspberry OS desktop.

To remotely access the Pi 3, we first need to connect it to a network, either through Wi-Fi or ethernet, and find
its IP address. This can be done in the Windows command prompt by using the command arp -a. This lists all

the IP addresses connected to your network and their corresponding mac address, as shown in Figure 4.19.

Figure 4.19 - arp -a command output example

The easiest way to recognize the Pi 3 is through its MAC address as the first 3 bytes of every unit are fixed and
correspond to the organizationally unique identifier associated with the Raspberry Pi Foundation, B8:27:EB [12].

Note that this is no longer the case in newer Pi 4 models.

With the IP address, we can now access the Raspberry and configure it to enable the SPI and 12C communication

described in the last sub-chapter.

For a first-time setup, the installation of the MCP2515 controller driver is also required. This is followed by the
configuration of the controller with the desired values. This is done using the sudo nano

/boot/config.txt command in the Raspberry terminal and adding the following instructions to the file:

Here the utilized CAN bus is designated can0, and the oscillator frequency is set to the appropriate frequency of

8 MHz.
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Another command, sudo nano /etc/network/interfaces isthen required to setthe bus bitrate and

some other parameters.

Note that in this example, the bitrate was set to 250 kbit/s, despite higher speeds up to 500 kbit/s being possible.

4.2.3 Testing

Now that the configuration process is complete, we move on to testing the designed CAN-Hat prototype. For this
purpose, a CAN Bus Analyzer was used. This, together with its proprietary software, serves as the second node
on the network, which allows the user to monitor its traffic and communicate with other nodes. This setup is

shown in Figure 4.20.

Figure 4.20 - CAN-Hat Prototype connected to a CAN Analyzer

As was mentioned in subsection 4.2.1, all nodes in a CAN bus need to be configured to the same bitrate. This is

also true for the analyzer, which was also set to 250 kbit/s.
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As for the connections between the analyzer and the CAN-Hat, only the pins CANH and CANL, in addition to

common ground are required, as the analyzer is USB-powered. The analyzer’s pinout is shown in Figure 4.21.

CANL
CANH

RXD
TXD

VCC  yp1

bkl

Figure 4.21 - CAN Analyzer Pinout

The first step for the testing was to send a message from the analyzer to the CAN bus and check if this was

received and correctly interpreted by the CAN-Hat prototype and if the message readable in the Raspberry.

This test was originally unsuccessful, as neither side of the communication pair detected either transmission or

reception. After careful examination of the circuit schematics and PCB layout, it was found that the CANL and

CANH pins that connect to the analyzer interface of Figure 4.21 had been mislabeled and were switched. This

was promptly addressed, and after the change, the communication tests were rerun.

Thus, for the reception test, a repeated message was sent three times by the CAN analyzer software, as seen in

the Transmit window in Figure 4.22. This shows a simplified message layout, when compared to the one in Figure

4.11, as only the message ID, data-length (DLC), and the message itself are shown.

FORMAT 1D DIC  DATAD DATA1 DATAZ DATA3 DATA4 DATAS DATAE DATA7 PERIODmsec) REPEAT TRANSMIT
HEX |v|123 8 11 2 13 55 66 77 38 100 1
HEX |v 0 0 Send

Rolling Trace n

TRACE D DLC DATAD DATA1 DATAZ DATA3 DATA4 DATAS DATAE DATA7 TIME STAMP (ssc) TIME DELTA (sec)

X w123 g et ez (ee3  [mas [mss (mes er mes [10sm0 0,000
X w123 g o1 ez |ee3 |4 w5 mes |77 |mas | 10880 0,000
w123 g o1 ez |ee3 |4 w5 mes |77 |mas | 10880 0,000

Figure 4.22 - Transmission and Bus Monitoring Windows of the Analyzer Software

The result can be seen in the rolling trace window of the CAN analyzer software. Three messages with ID 123

were detected in the bus with the trace TX, meaning they were successfully transmitted by the node that is

detecting them.
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To check if the Raspberry received these messages, the command candump canQ is used. This command
shows all the traffic present in the selected bus, in this case bus can0, which results in the output seen in Figure

4.23. This, again, shows the message ID, the data-length and the message.

pifraspberrypi

Figure 4.23 - candump canO output example
As expected, the messages were correctly received and are accessible in the Raspberry, meaning data sent in this

manner could be used for the desired observer computations.

Since the messages were received successfully, we move onto the transmission test. This is done using the

cansend can0 command as follows:

pif@raspberrypi

This sends a message with ID 127 to the chosen CAN bus, bus can0. This message is then picked up by the analyzer
and highlighted in the rolling trace window seen in Figure 4.24. The message holds the RX trace, meaning it

detected a message sent from a different node in the network.

TRACE 1D DLC DATAD DATA1 DATAZ DATA3 DATA4 DATAS DATAG6 DATA7  TIME STAMP {sec) TIME DELTA (sec)
RX k127 4 |xDE xAD xBE 0<EF 43,2160 47128
X (123 g | 022 (33 x4 55 0«66 077 088 1,0880 0,000
X (123 g | 022 (33 x4 055 0«66 077 088 1,0880 0.000
123 8 |t 022 (33 D4 055 66 077 88 1,0820 0.000

Figure 4.24 - Analyzer Rolling Trace Window after message reception

This result means the CAN-Hat prototype successfully sent a message in the correct format to the CAN bus and
could make data requests to the inverter, using the instruction set specified in the user manual [2]. This means

that these two successful tests assured that the CAN-Hat could fulfill its purpose of making a Raspberry Piinto a

CAN bus compatible device.
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5 Results

This chapter will analyze the observer’s behavior in the full system simulation, including an inverter and scalar
command. This is the closest scenario to the physical implementation that was initially intended. The results are
divided into two sub-chapters. The first reiterates the results already presented in section 3.2.3, zooming in on
the area with the biggest error values to further examine the observer performance. The second shows these

same methods being used to analyze a scenario with a sudden load disturbance.

5.1 Constant Load

The focus will be placed on the transition zone between the V/f startup ramp and steady-state operation in this

scenario, as this is where the largest discrepancies between real and estimated values are found.

Speed comparison

=]
=]
[y ]
=

T
=

Observer
I

|
|
1.95 2 2.05

Speed absoclute error

Speed [rpm]

Figure 5.1 - Performance of Speed Estimation in the Transition to Steady State

Firstly, in the speed estimation found in Figure 5.1, we see that the estimated speed oscillates around the true
speed value. The estimation error in this scenario never exceeds 1%, with its highest value just before the end of

the transition to steady-state. Here, it reaches an absolute value of 18 rpm, which amounts to a relative error of

0.8%.
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The torque estimation, seen in Figure 5.2, shows similar results. Looking at the absolute error values, the error

never rises above 0.5 Nm. This corresponds to a relative error value of 0.7%.
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Figure 5.2 - Performance of Torque Estimation in the Transition to Steady State

The direct current component in Figure 5.3 shows some of the system’s worst results, reaching an error of 4 A,

or in relative terms, about a 3% error concerning the real current value.

This is problematic, as both estimated current components are present in the computation of speed and torque
values. This means that lowering the error between the direct current component’s real and estimated values

would greatly improve the speed and torque estimation results.
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Figure 5.3 - Performance of Direct Current Estimation in the Transition to Steady State

Finally, in Figure 5.4, the quadrature current shows a maximum error of 1.5 A, which amounts to less than 1%

relative error. A positive result, as the current components are part of the computation of all estimated

mechanical quantities.
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Figure 5.4 - Performance of Quadrature Current Estimation in the Transition to Steady State
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5.2 Load Disturbance

This scenario adds a disturbance in the load torque in the shape of a step that reduces the load by a value of 30
Nm. This lasts for one second until the load torque returns to its original value of 65 Nm. The observer

performance is then evaluated around this disturbance zone, again using absolute error values.

Speed comparison
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Figure 5.5 - Performance of Speed Estimation with a Load Disruption

The speed response to the disturbance is shown in Figure 5.5. Here we see that the sudden removal of about
half of the load causes oscillations in the speed and that, after some time, it stabilizes at a slightly higher velocity.
The opposite effect occurs at four seconds when the load is re-applied. The speed oscillates and then returns to

its original value.

As for the performance of speed estimation, we see a spike at the three-second mark where the disturbance
occurs. Here the error reaches 18 rpm, a 4-rpm increase over the steady state error value. The error increase for
the return to full load is lower, as it reaches a total error of less than 15 rpm. An important observation is that
the error spikes only occur at the disturbance's exact moment, immediately returning to the values seen in

steady-state operation.

57



The disturbance's effect is visible in Figure 5.6, as the torque drops from 65 Nm to 35 Nm and then returns to
its original value. In both cases, the error spikes amount to an increase of 0.2 Nm over the base error value of

0.4, meaning an increase of 33%.
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Figure 5.6 - Performance of Torque Estimation with a Load Disruption

The effects on the direct current’s error values, seen in Figure 5.7, are some of the smallest. The first disturbance

only increases the error by 200 mA, whereas the second worsened the error by 400 mA.

On the contrary, the quadrature component, shown in Figure 5.8, doubled its error value on the first disturbance,
while the second caused an increase of 50%. This error increase explains the rise in the torque error that was

previously mentioned.
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Direct Current comparison
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Figure 5.7 - Performance of Direct Current Estimation with a Load Disruption
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Figure 5.8 - Performance of Quadrature Current Estimation with a Load Disruption
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6 Conclusions

The squirrel cage induction machine's characteristics and working principles were studied in detail, including its
behavior in a dynamic system. These characteristics were then converted into a stationary dqO-reference frame

and used to create a full order speed observer.

The observer’s behavior was then analyzed regarding its speed and toque estimation and compared to a
simulated induction motor, developed from the machine’s electrical and mechanical equations. This analysis
consisted of several scenarios, including DOL grid connection, scalar command, and the implementation of a

simulated inverter.

This led to two different electrical circuits, devised to acquire the electrical quantities feeding the VIENA’s actual
motor. These took two different approaches to solve this problem. The first used measuring devices to directly
acquire the relevant electrical quantities and send them to an Arduino for data processing. The second design
took advantage of the fact that the electrical quantities feeding the motor originate at the vehicle’s inverter,
meaning that this device already holds all the relevant data for the observer model. This led to developing a
circuit that could connect to the inverter using some communication protocol, in this case, the CAN bus, and
send this data to a Raspberry Pi, where the needed computations could occur. Both circuits were then designed
as fully-fledged PCBs and sent to manufacturing. Unfortunately, only the second design’s components would be
purchased due to budgetary constraints, meaning only this prototype would be completed and enter the testing

phase.

The next step was configuring the Raspberry Pi and familiarization with the CAN interface and its commands.
What followed was a series of communication tests sending and receiving CAN messages and monitoring the
results with dedicated hardware in the shape of a CAN bus analyzer. The tests were successful, meaning the

prototype was ready for implementation in the VIENA with the new inverter.

Unfortunately, due to the ongoing global pandemic resulting in limited access to the laboratory, other systems
that do not concern this master thesis but are an integral part of the vehicle’s operation were not in working
order, meaning the integration with the car and inverter, that was set as one of the objectives, was not possible.

Nevertheless, the concept was shown to be promising and will surely be perused further in future works.
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6.1 Future work

One aspect that could prove relevant to the improvement of observer performance is implementing an adaptive
stator-resistance estimator. Since this quantity varies with temperature and significantly influences the speed
estimation, the adopted approach, which consisted of measuring the stator resistance and using a constant value
as the observer parameter, was not the most accurate. Such an estimator's development would be similar to

that of the speed observer already described in this master thesis.

It’s important to point out that, although the stator resistance significantly influences the estimated speed, the
rotor resistance can be neglected, as “its influence is independent of the speed, since the speed estimation error

and the rotor resistance error cannot be separated from stator variables” [7].

Some additional work would probably arise from implementing such a prototype in the VIENA as the one built.
Only then could aspects such as the real sampling frequency or the delay in the inverter’s answer to data requests
be considered. These factors could lead to changes to the hardware design being necessary to obtain satisfactory
results from the observer. One such change that could be easily done if necessary is changing the circuit’s
oscillator from an 8Mhz model to 16MHz, which would essentially double the CAN bus’s maximum bitrate,

possibly solving any bottlenecks in the data transmission.

Another interesting study could be done analyzing the differences in observer performance when using the data
values transmitted from the inverter compared to direct measurement. Essentially comparing both approaches

for data acquisition presented in this master thesis.
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Annex A - PCB Schematics

This annex contains the schematics and board layout of the designed PCB prototypes. It is divided into two
subsections. The first holds the design with integrated measurement devices and the second, the CAN module
for the Raspberry Pi.

External Acquisition Design

63



VDD2, GND2 and
VOUT to ARDUINO

i
i VDD2 is 5Vdc
i
i
0
0
VDDI is 5Vde ‘ Ul 1
from the Tnverter
J_C') | ||| |— VDDI : A
o | L &
= oo R2 | | Rkl - R3 VA_OUT
Pl Res3 CF1 o INP N
1 | 200 Cap Semi GNDI ] 5 88(;
2 van KU, o | W [ . CF2 L
o i Res3b — AMCISOIPDWVR Cap Semi =
HV POWER 100k - i 2.2uF
= d) i o
| 3
Q T
,,,,,, i
VIN is 75Vrms | U2 1 g F
SO vop1 J
VA_IN £Ap Denkg | ? | | . i i P
B et RS | mg 0 i R4 VB_OUT Cap Semi Cap Semi
Res3 CF3 1 D 0.1uF 2.2uF
— i 200 Cap Semi oo 1 5 8(;:)
= lman RS 1uF Iy 5 CF4 =
i : . = AMCI30IBDWVR Cap Semi =
Res3b 2 2uF
ook 0 i
- O g _
1 VA_IN i =
M8 PCB Terminal i
) = i
VB_IN | | e % 8 o[
C10 VDDI
Cap Semi '|| ] ! 6 —LCI 1 —l—CIZ
0.1uF RS m:‘ ] 5~ R7 VC_OUT CapSemi | Cap Semi
Res3 =—=CF5 ] g 0.1uF 2.2uF
200 Cap Semi ) 5 Res3
= vc N RO uF I g R 800 S =i
| AN —— Can Semi =
Res3b = AMCl30Ii}DWVR ap Semi
S 3 2
| L VBN 100k I 220F
M8 PCB Terminal d) : =i
0
VC_IN [}
Bl
i
0
Title
1
RN Size Number Revision
M8 PCB Terminal Ad
Date: 21/12/2020 [ Sheet of
File: D:\Tese\..\Volt_acquisition.SchDoc | Drawn By:




VDD2 is 5Vdc

VREF is 2.5V Voltage Reference

V_IA
Ip > o
Lois
Cap Semi
2 47nF
g R10 VIA
g Res3 :
—LCM 10k
Current Transducer Cap Jemi
47nF —C15 _VREF_IA
Cap Semi ZE
4.7nF
V_IB
Ip > 1 B
:I=Cl6
1 Cap Semi
2 47nF i
3
- ANA—LTB
‘: Res3
—]—Cl7 10k
Current Transducer Cap Jemi
47nF ——=C18 _VREF_IB
Cap Semi Zh
4.7nF
—
v_IC
Ip > T
:l:Cl9
Cap Semi
2 47nF
3 RI2 VIC
f Res3
—]—CZO 10k
Current Transducer Cap Yemi
47nF 21 _VREF_IC
Cap Semi 2
4.7nF

Headers hold all Voltage and
Current data

P6
VREEF_IC 1
V_IC 5
{VREF_IB L3
1 V_IB 4
1 A—
2 {VREF_IA | 5
Y _IA 6
POWER {VA_OUT 7
= VB_OUT 3
(VC_OUT 9
Header 9
Title
Size Number Revision
A4
Date: 21/12/2020 |Sheet of

File: D:\Tese\..\Curr_acquisition.SchDoc | Drawn By:




135, 89




67



CAN-HAT Design

68



Termination Jumper P2
Dl, _ cl Pl
- /4 e s
% ICAN
Res3 Cap Semi THEY
330 LED2 0.1uF
U3 .
STBY 4
I TXCAN R 5 5]e
—L 4 JRXCAN I -
= CANH . -
2 Cap Semi )
e T 5 =
MCP2562-H/SN - Transceiver =
-C
-C
'd
C
c
CAN_L ¢
DB9M
CAN_H
3
18 4 ——
cs - — L2 INT
R3 (ST ST
RESET_ T -
Res3 =4 TXORTS 3 SCL . R scL
10k 4 TXIRTS =
~—=3 TX2RTS
5____MISO — Vs
L\ = 330
RXCAN o8 [ TXCAN TRERRST L{[)z (
Sk SCK bloads SbA . X spa
MOSI SI ——3 CR1220 L
E Cap Semi ——C
0.1uF 5 I Cap Semi
9 0.1uF
—_— e —
MCP2515-1/SO - Controller
Oll | ——
SMHz
—Ch ==0b Title
Cap Semi Cap Semi
22pF 22pF
Size Number Revision
- A4
- Date: 21/12/2020 [ Sheet of
File: C:\Users\.\CAN_Shield_Rpi_4_B.SchDoBrawn By:




Step down converter
(12V to 5V) to power
RPi from existing battery

o _
5
LAl GPIOYSDAI 41
Sk ol GPI03/SCLL - J3v3
—| GPIO4/GPIO_GCKL 17
—<! GPIO17/GPIO_GENO e e
—| GP1027/GPIO_GEN2 10
—! GPIOI8/GPIO_GENI o
—=| GPI022/GPIO_GEN3 (e o L2V INEUT
—=| GPI023/GPIO_GEN4 T =8
Nt —*| GPIO24/GPIO_GENS i G S S e "-|I|'GND
INT ] GPI025/GPIO_GENG aéy : '
. L2 POWEROH
cs 3
& ! GPIOS/ISPL CEO! a;—é 1
sck  —| GPIO7/ISPICEI! aé—S
s GPIOII/SPI_SCLK aé—s - 5
e GPIOIO/SPIMOSI it =
= | GPIOY/SPI_MISO < OKR-T/3 5
—f 5o DC/DC : ,
—+| 1D_sC sV
: o)
sl
2 RT
S3 R_TRIM
S4 268
6 OKR-T/3-W12-C (DC/DC)
9
L =
2
25
30
34
39
RASPBERRY_PI_3_MODEL_B+ —
Title
Size Number Revision
A4
Date: 21/12/2020 [Sheet of
File: C:\Users\..\Rpi_3_B_conect.SchDoc | Drawn By:




0]0]019101010]010]0101610101010)0.
OOOOOOQ\ CO000000
| P4

+12V| O

| GND| I

) U5
_LiC5

g

O00CO0O0
COOO0




