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Resumo 
 

Esta dissertação surge com a necessidade do projeto VIENA (Veículo Inteligente Elétrico de Navegação 

Autónoma) de implementar controlo de binário num motor de indução sem a instalação de um sensor de 

velocidade no eixo, resultando no desenvolvimento de um observador de velocidade. Este tem o propósito de 

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

Para aquele efeito, obteve-se o modelo em espaço de estados da máquina de indução, a partir do qual é 

desenvolvido um estimador de corrente. Finalmente é desenvolvido um controlador Pi que utiliza o resultado 

desta estimação em conjunto com o valor real da corrente para estimar a velocidade mecânica do motor. Duas 

situações foram consideradas nos testes do observador relativamente ao funcionamento do motor de indução: 

inicialmente considerou-se uma ligação direta do motor à rede elétrica de forma a realizar os ensaios iniciais do 

observador, seguido pela introdução de um inversor de tensão. 

Após a análise do observador de velocidade, seguiu-se o projeto e desenvolvimento do sistema eletrónico para 

a sua implementação, o que requereu a aquisição dos valores de tensão e corrente do motor. Para este efeito 

foram delineados dois sistemas distintos. O primeiro contendo equipamento de medição integrado no circuito. 

O segundo fazendo um pedido de dados à interface do inversor do veículo tirando partido da funcionalidade da 

comunicação CAN. 

O segundo sistema foi escolhido devido à sua facilidade de instalação, sendo testada a receção e o envio de 

mensagens CAN, utilizando hardware e software dedicados para o efeito, de modo a verificar a viabilidade da 

utilização de mensagens CAN para transmitir os dados do e para o observador. 
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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 PI-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. 
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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. 
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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.  

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. 

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 

Figure 1.2 - Generic Electric Vehicle Powertrain [16] 

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

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 gen4 

controller, as seen in Figure 1.3.  

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. 

 

 

 

Figure 1.3 - SEVCON Gen4 Size 4 controller [2] 
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 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. 

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.  

 

 

 

Figure 1.4 - Block Diagram of a Usual Vehicle Torque Control System 

Figure 1.5 - Block diagram of a Sensorless Vehicle Torque Control System 
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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 dq0 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 dq0 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. 
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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 𝑁𝑆 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 (𝑓𝑒) [4], as 

 
𝑁𝑆 =

60  𝑓𝑒
𝑝𝑝

. 

 

(2.1) 

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) 
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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 𝑁𝑅  rpm, the difference between synchronous 

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

 

 
𝑠 =

𝑁𝑆 − 𝑁𝑅

𝑁𝑆
.  

 

 (2.2) 

 

 

When starting, the rotor is stationary (𝑁𝑅 = 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 (𝑁𝑅 = 𝑁𝑆), as exemplified in Figure 2.2. 

 

This is an important characteristic of the induction machine, as the rotor speed (𝑁𝑅) cannot be the same as the 

synchronous speed (𝑁𝑆), 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.  

 

 

Figure 2.2 - Typical Induction motor Torque - Speed curve ( [3], p.310, Figure 6.4) 
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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. 

 

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

is created.  

Electrical components with a similar behavior represent the physical phenomena occurring in the induction 

machine. Therefore 𝑅𝑆 and 𝑅𝑅 represent the copper losses in the stator and rotor, respectively, while 𝐿𝑆 and 𝐿𝑅  

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

 

Figure 2.3 - Model of an induction machine [6] 

Figure 2.4 - Per-phase equivalent circuit of an Induction machine  
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 𝐿𝑆 = 𝐿1 + 𝐿𝑀 (2.3) 

 
 𝐿𝑅 = 𝐿2 + 𝐿𝑀 , 

 
 

(2.4) 

 

with 𝐿𝑀  as the mutual inductance coefficient and 𝐿1 and 𝐿2 as the leakage inductances. 

As for the last component, 𝑅𝑅 (
1−𝑠

𝑠
), 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 

 

 
𝑃𝑚𝑒𝑐ℎ = 3𝑅𝑅 (

1 − 𝑠

𝑠
) 𝐼𝑅

2,  

 

(2.5) 

 

 

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  

 

 
𝑇𝑚𝑒𝑐ℎ =

𝑃𝑚𝑒𝑐ℎ

𝜔𝑚
  

(2.6) 

 
with 

 𝜔𝑚 = (1 − 𝑠)𝜔𝑆 (2.7) 

 
and 

 
𝜔𝑠 =

2𝜋𝑓𝑒
𝑝𝑝

, 
(2.8) 

 
 

where 𝜔𝑚 is the mechanical angular velocity of the rotor and 𝜔𝑠 the synchronous angular velocity. 
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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 

 

 
𝑉𝑆 = 𝑅𝑆𝐼𝑆 +

𝑑𝜙

𝑑𝑡
. 

 

(2.9) 

 

 

The voltage drop in the stator can be neglected, meaning 

 

 
𝑉𝑆  ≈  

𝑑𝜙

𝑑𝑡
, 

 

(2.10) 

 

and thus,  

 

 
𝜙 ∝  

𝑉

𝑓
. 

 

(2.11) 

 

This results in the family of torque-speed curves shown in Figure 2.5. 

 

 

 

 

 

 

 

𝑇𝐿𝑜𝑎𝑑 

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. 

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. 

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. 

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

 

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

 𝜙 = 𝐿𝐼 (2.12) 

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

given by 

 [𝐿(𝜃𝑚𝑒)] =

[
 
 
 
 
 
ℒ𝑎𝑎 ℒ𝑎𝑏 ℒ𝑎𝑐 ℒ𝑎𝑎𝑅 ℒ𝑎𝑏𝑅 ℒ𝑎𝑐𝑅

ℒ𝑏𝑎 ℒ𝑏𝑏 ℒ𝑏𝑐 ℒ𝑏𝑎𝑅 ℒ𝑏𝑏𝑅 ℒ𝑏𝑐𝑅

ℒ𝑐𝑎 ℒ𝑐𝑏 ℒ𝑐𝑐 ℒ𝑐𝑎𝑅 ℒ𝑐𝑏𝑅 ℒ𝑐𝑐𝑅

ℒ𝑎𝑅𝑎 ℒ𝑎𝑅𝑏 ℒ𝑎𝑅𝑐 ℒ𝑎𝑅𝑎𝑅 ℒ𝑎𝑅𝑏𝑅 ℒ𝑎𝑅𝑐𝑅

ℒ𝑏𝑅𝑎 ℒ𝑏𝑅𝑏 ℒ𝑏𝑅𝑐 ℒ𝑏𝑅𝑎𝑅 ℒ𝑏𝑅𝑏𝑅 ℒ𝑏𝑅𝑐𝑅

ℒ𝑐𝑅𝑎 ℒ𝑐𝑅𝑏 ℒ𝑐𝑅𝑐 ℒ𝑐𝑅𝑎𝑅 ℒ𝑐𝑅𝑏𝑅 ℒ𝑐𝑅𝑐𝑅 ]
 
 
 
 
 

, 

 

(2.13) 

 

 

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

Note that the notation (𝜃𝑚𝑒) 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  

 

 ℒ𝑎𝑎 = ℒ𝑏𝑏 = ℒ𝑐𝑐 = 𝐿𝑀𝑆 + 𝐿𝑎𝑙 = 𝐿𝑆, 
 

(2.14) 

 
where 𝐿𝑀𝑆 is the air-gap component of the stator self-inductance and 𝐿𝑎𝑙  is the leakage component. 

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

 

 ℒ𝑎𝑅𝑎𝑅 = ℒ𝑏𝑅𝑏𝑅 = ℒ𝑐𝑅𝑐𝑅 = 𝐿𝑀𝑅 + 𝐿𝑎𝑅𝑙 = 𝐿𝑅 , 
 

(2.15) 

 
where 𝐿𝑀𝑅  is the air-gap component of the rotor self-inductance and 𝐿𝑎𝑅𝑙  is the leakage component.  

These stator and rotor self-inductances (𝐿𝑆, 𝐿𝑅) 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.  
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Now for the interactions between each phase of the stator and rotor, the stator to stator mutual inductances 

are 

 
ℒ𝑎𝑏 = ℒ𝑏𝑎 = ℒ𝑎𝑐 = ℒ𝑐𝑎 = ℒ𝑏𝑐 = ℒ𝑐𝑏 = −

1

2
𝐿𝑀𝑆 

 

(2.16) 

 
and rotor to rotor mutual inductances  

 
ℒ𝑎𝑅𝑏𝑅 = ℒ𝑏𝑅𝑎𝑅 = ℒ𝑎𝑅𝑐𝑅 = ℒ𝑐𝑅𝑎𝑅 = ℒ𝑏𝑅𝑐𝑅 = ℒ𝑐𝑅𝑏𝑅 = −

1

2
𝐿𝑀𝑅 

 

(2.17) 

 
Finally, the stator to rotor mutual inductances are 

 

 ℒ𝑎𝑎𝑅 = ℒ𝑎𝑅𝑎 = ℒ𝑏𝑏𝑅 = ℒ𝑏𝑅𝑏 = ℒ𝑐𝑐𝑅 = ℒ𝑐𝑅𝑐 = 𝐿𝑀cos(𝜃𝑚𝑒) 
 

(2.18) 

 
 

ℒ𝑏𝑎𝑅 = ℒ𝑎𝑅𝑏 = ℒ𝑐𝑏𝑅 = ℒ𝑏𝑅𝑐 = ℒ𝑎𝑐𝑅 = ℒ𝑐𝑅𝑎 = 𝐿𝑀cos(𝜃𝑚𝑒 −
2𝜋

3
) 

 

(2.19) 

 

 
ℒ𝑐𝑎𝑅 = ℒ𝑎𝑅𝑐 = ℒ𝑎𝑏𝑅 = ℒ𝑏𝑅𝑎 = ℒ𝑏𝑐𝑅 = ℒ𝑐𝑅𝑏 = 𝐿𝑀cos(𝜃𝑚𝑒 +

2𝜋

3
). 

 

(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 

  

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. 

 

 

 

 

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

 
[𝑈𝑎𝑏𝑐] = [𝑅𝑎𝑏𝑐][𝑖𝑎𝑏𝑐] +

𝑑

𝑑𝑡
[𝜙𝑎𝑏𝑐], 

 

(2.21) 

 

with 

[𝜙𝑎𝑏𝑐] = [𝐿(𝜃𝑚𝑒)][𝑖𝑎𝑏𝑐] 

 

These are then split into per-phase components for rotor and stator 

 

 
𝑈𝑎 = 𝑅𝑎𝑖𝑎 +

𝑑𝜙𝑎

𝑑𝑡
 

 

(2.22) 

 

 
𝑈𝑏 = 𝑅𝑏𝑖𝑏 +

𝑑𝜙𝑏

𝑑𝑡
 

 

(2.23) 

 

 
𝑈𝑐 = 𝑅𝑐𝑖𝑐 +

𝑑𝜙𝑐

𝑑𝑡
 

 

(2.24) 

 

 

and 

 
0 = 𝑈𝑎𝑅 = 𝑅𝑎𝑅𝑖𝑎𝑅 +

𝑑𝜙𝑎𝑅

𝑑𝑡
 

 

(2.25) 

 

 
0 = 𝑈𝑏𝑅 = 𝑅𝑏𝑅𝑖𝑏𝑅 +

𝑑𝜙𝑏𝑅

𝑑𝑡
 

 

(2.26) 

 

 
0 = 𝑈𝑐𝑅 = 𝑅𝑐𝑅𝑖𝑐𝑅 +

𝑑𝜙𝑐𝑅

𝑑𝑡
 

 

(2.27) 

 

 

The rotor voltages (𝑈𝑎𝑅, 𝑈𝑏𝑅  and 𝑈𝑐𝑅) 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 (dq-transformation) [3] [6]. 
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2.2 dq0 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 (αβ-

reference frame). 

 

 

 

 

 

 

 

 

 

 

The relationship between stator, rotor, and dq-reference frame, which can be seen in Figure 2.9, is described as 

 

 𝜃𝑆 = 𝜃𝑅 + 𝜃𝑚𝑒 ,
  
 

(2.28) 
 

where 𝜃𝑆 and 𝜃𝑅  refer to the electrical angle between stator, rotor and the dq-reference frame. 𝜃𝑚𝑒 refers to 

the electrical angle between the rotor and stator. The relationship between the mechanical angle 𝜃𝑚 and 

electrical angle 𝜃𝑚𝑒 can be described as 

 𝜃𝑚𝑒 = 𝑝𝑝  𝜃𝑚,  
 

(2.29) 

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

 

 

Figure 2.9 - Electrical angle relationship between stator, rotor and dq-reference frame [6] 
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2.2.1 Park Transformation 
 

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

  

 
[𝑈𝑑𝑞0] =

2

3
  [𝑇𝑃]  [𝑈𝑎𝑏𝑐],  

 

(2.30) 

 

where the Park transformation matrix is described as: 

 

 

[𝑇𝑃] =  

[
 
 
 
 
 𝑐𝑜𝑠 (𝜃𝑆) 𝑐𝑜𝑠 (𝜃𝑆 −

2𝜋

3
) 𝑐𝑜𝑠 (𝜃𝑆 +

2𝜋

3
)

−𝑠𝑖𝑛(𝜃𝑆) −𝑠𝑖𝑛(𝜃𝑆 −
2𝜋

3
) −𝑠𝑖𝑛(𝜃𝑆 +

2𝜋

3
)

1

2

1

2

1

2 ]
 
 
 
 
 

  

 

 

(2.31) 

 

 

2.2.2 Induction machine equations 
 

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

described as following. 

For the stator voltages, 

 
𝑈𝑑 = 𝑅𝑆𝐼𝑑 +

𝑑𝜙𝑑

𝑑𝑡
− 𝜔𝑆𝜙𝑞 

 

(2.32) 

 

 
𝑈𝑞 = 𝑅𝑆𝐼𝑞 +

𝑑𝜙𝑞

𝑑𝑡
+ 𝜔𝑆𝜙𝑑   

 

(2.33) 

 

 

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 

  

 
0 = 𝑈𝑑𝑅 = 𝑅𝑅𝐼𝑑𝑅 +

𝑑𝜙𝑑𝑅

𝑑𝑡
− 𝜔𝑅𝜙𝑞𝑅 

 

(2.34) 

 

 
0 = 𝑈𝑞𝑅 = 𝑅𝑅𝐼𝑞𝑅 +

𝑑𝜙𝑞𝑅

𝑑𝑡
+ 𝜔𝑅𝜙𝑑𝑅 .  

 

(2.35) 
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For the stator flux 

 𝜙𝑑 = 𝐿𝑆𝐼𝑑 + 𝐿𝑀𝐼𝑑𝑅 
 

(2.36) 

 
 𝜙𝑞 = 𝐿𝑆𝐼𝑞 + 𝐿𝑀𝐼𝑞𝑅  

 
(2.37) 

 
and rotor flux  

 𝜙𝑑𝑅 = 𝐿𝑅𝐼𝑑𝑅 + 𝐿𝑀𝐼𝑑 (2.38) 

 
 𝜙𝑞𝑅 = 𝐿𝑅𝐼𝑞𝑅 + 𝐿𝑀𝐼𝑞 .  (2.39) 

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

 

[
 
 
 
𝑈𝑑

𝑈𝑞

𝑈𝑑𝑅

𝑈𝑞𝑅]
 
 
 
= 

[

𝑅𝑆 0 0 0
0 𝑅𝑆 0 0
0 0 𝑅𝑅 0
0 0 0 𝑅𝑅

]

[
 
 
 
𝐼𝑑
𝐼𝑞
𝐼𝑑𝑅

𝐼𝑞𝑅]
 
 
 
+

𝑑

𝑑𝑡
[
 
 
 
𝜙𝑑

𝜙𝑞

𝜙𝑑𝑅

𝜙𝑞𝑅]
 
 
 

+ [

0 −𝜔𝑠 0 0
𝜔𝑆 0 0 0
0 0 0 −𝜔𝑅

0 0 𝜔𝑅 0

]

[
 
 
 
𝜙𝑑

𝜙𝑞

𝜙𝑑𝑅

𝜙𝑞𝑅]
 
 
 

  

 

 

(2.40) 

 

 

and 

 

[
 
 
 
𝜙𝑑

𝜙𝑞

𝜙𝑑𝑅

𝜙𝑞𝑅]
 
 
 

= [

𝐿𝑆 0 𝐿𝑀 0
0 𝐿𝑆 0 𝐿𝑀

𝐿𝑀 0 𝐿𝑅 0
0 𝐿𝑀 0 𝐿𝑅

]

[
 
 
 
𝐼𝑑
𝐼𝑞
𝐼𝑑𝑅

𝐼𝑞𝑅]
 
 
 
.  

 

 

(2.41) 

 

 

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

flux, 𝜙, as state variable, resulting in 

 

 𝑑

𝑑𝑡
[𝜙] = [𝐴][𝜙] + [𝑈], 

 

(2.42) 

 

with 

 [𝐴] = −[𝑅][𝐿]−1 − [𝜔]. (2.43) 
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Finally, for the mechanical equations of the induction machine, we have the torque equilibrium, described as  

 
𝐽𝑡𝑜𝑡

𝑑𝜔𝑚

𝑑𝑡
= 𝑇𝑒𝑙 − 𝑇𝑙𝑜𝑎𝑑 ,  

 

(2.44) 

 

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

with the following equation 

 𝑑𝑊𝑒𝑙𝑒𝑐𝑡

𝑑𝑡
=

𝑑𝑊𝑚𝑒𝑐ℎ

𝑑𝑡
+

𝑑𝑊𝑓𝑖𝑒𝑙𝑑

𝑑𝑡
. 

(2.45) 

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

 

 𝑃𝑚𝑒𝑐ℎ = 𝑃𝑒𝑙𝑒𝑐𝑡 − 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  

 

 2

3
  𝑇𝑒𝑙   𝜔𝑟 = [𝑈𝑑𝑅𝑞𝑅][𝐼𝑑𝑅𝑞𝑅] − 𝑅𝑅[𝐼𝑑𝑅𝑞𝑅

2 ] −
𝑑[𝜙𝑑𝑅𝑞𝑅]

𝑑𝑡
[𝐼𝑑𝑅𝑞𝑅]. 

(2.47) 

 
 

The 
2

3
 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   𝜔𝑟 = −

3

2
  𝜔𝑟  [𝜙𝑞𝑅𝑑𝑅]  [𝐼𝑑𝑅𝑞𝑅], 

(2.48) 

 
which is developed into 

 
𝑇𝑒𝑙 =

3

2
(𝜙𝑑𝑅𝐼𝑞𝑅 − 𝜙𝑞𝑅𝐼𝑑𝑅). 

 

(2.49) 

 
Finally, adapting the equation for any given number of poles we arrive at the desired equation, as 

 
 

𝑇𝑒𝑙 =
3

2
  𝑝𝑝  (𝜙𝑑𝑅𝐼𝑞𝑅 − 𝜙𝑞𝑅𝐼𝑑𝑅). 

(2.50) 

 
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 PI-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

𝑑𝑡
= 𝐴𝑥 + 𝐵𝑢  

 

(3.1) 

 

and 

 𝐼𝑠 = 𝐶𝑥 
 

𝐶 = [
1 0 0 0
0 1 0 0

], 

(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

𝑑𝑡
𝐼 = 𝐴𝐼 + 𝐵𝑈,  

 

(3.3) 

 

with 

 𝐴 = 𝐿−1(𝑅 + 𝜔𝐿)  
 

(3.4) 

 
 

𝑅 = [

𝑅𝑆 0 0 0
0 𝑅𝑆 0 0
0 0 𝑅𝑅 0
0 0 0 𝑅𝑅

] 𝐿 = [

𝐿𝑆 0 𝐿𝑀 0
0 𝐿𝑆 0 𝐿𝑀

𝐿𝑀 0 𝐿𝑅 0
0 𝐿𝑀 0 𝐿𝑅

] 
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 𝜔 = [

0 −𝜔𝑠 0 0
𝜔𝑆 0 0 0
0 0 0 −𝜔𝑅

0 0 𝜔𝑅 0

] 

 

 

and 

 𝐵 = 𝐿−1.  (3.5) 

 
Hence, equation (3.4) can be written as 

 

𝑑

𝑑𝑡
 

[
 
 
 
 
𝐼𝑠
𝑑

𝐼𝑠
𝑞

𝐼𝑟
𝑑

𝐼𝑟
𝑞
]
 
 
 
 

= 

 

(3.6) 

 

[
 
 
 
 

(𝐿𝑆𝐿𝑅)𝜎 (𝐿𝑀
2 𝜔𝑅 − 𝐿𝑆𝐿𝑅𝜔𝑆)𝜎 −(𝑅𝑅𝐿𝑀)𝜎 −(𝐿𝑀𝐿𝑅𝛥𝜔)𝜎

−(𝐿𝑀
2 𝜔𝑅 − 𝐿𝑆𝐿𝑅𝜔𝑆)𝜎 (𝐿𝑆𝐿𝑅)𝜎 −(𝐿𝑀𝐿𝑅𝛥𝜔)𝜎 −(𝑅𝑅𝐿𝑀)𝜎

−(𝑅𝑆𝐿𝑀)𝜎 −(𝐿𝑀𝐿𝑆𝛥𝜔)𝜎 −(𝑅𝑅𝐿𝑆)𝜎 (𝐿𝑀
2 𝜔𝑆 − 𝐿𝑆𝐿𝑅𝜔𝑅)𝜎

(𝐿𝑀𝐿𝑆𝛥𝜔)𝜎 −(𝑅𝑆𝐿𝑀)𝜎 (𝐿𝑀
2 𝜔𝑆 − 𝐿𝑆𝐿𝑅𝜔𝑅)𝜎 −(𝑅𝑅𝐿𝑆)𝜎 ]

 
 
 
 

[
 
 
 
 
𝐼𝑠
𝑑

𝐼𝑠
𝑞

𝐼𝑟
𝑑

𝐼𝑟
𝑞
]
 
 
 
 

+

[
 
 
 
−(𝐿𝑅𝑈𝑑)𝜎
−(𝐿𝑅𝑈𝑞)𝜎

(𝐿𝑀𝑈𝑑)𝜎
(𝐿𝑀𝑈𝑞)𝜎 ]

 
 
 

 

with 

 
𝜎 =

1

𝐿𝑀
2 − 𝐿𝑅𝐿𝑆

 

 

 

and 

 𝛥𝜔 = 𝜔𝑅 − 𝜔𝑆. 
 

 

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 

 

 𝑑𝑥

𝑑𝑡
= 𝐴̂𝑥 + 𝐵𝑢 + 𝐺(𝐼𝑠 − 𝐼𝑠), 

 

(3.7) 
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with 

   

𝐴̂ =

[
 
 
 
 

(𝐿𝑆𝐿𝑅)𝜎 (𝐿𝑀
2 𝜔̂𝑅 − 𝐿𝑆𝐿𝑅𝜔𝑆)𝜎 −(𝑅𝑅𝐿𝑀)𝜎 −(𝐿𝑀𝐿𝑅𝛥𝜔̂)𝜎

−(𝐿𝑀
2 𝜔̂𝑅 − 𝐿𝑆𝐿𝑅𝜔𝑆)𝜎 (𝐿𝑆𝐿𝑅)𝜎 −(𝐿𝑀𝐿𝑅𝛥𝜔̂)𝜎 −(𝑅𝑅𝐿𝑀)𝜎

−(𝑅𝑆𝐿𝑀)𝜎 −(𝐿𝑀𝐿𝑆𝛥𝜔̂)𝜎 −(𝑅𝑅𝐿𝑆)𝜎 (𝐿𝑀
2 𝜔𝑆 − 𝐿𝑆𝐿𝑅𝜔̂𝑅)𝜎

(𝐿𝑀𝐿𝑆𝛥𝜔̂)𝜎 −(𝑅𝑆𝐿𝑀)𝜎 (𝐿𝑀
2 𝜔𝑆 − 𝐿𝑆𝐿𝑅𝜔̂𝑅)𝜎 −(𝑅𝑅𝐿𝑆)𝜎 ]

 
 
 
 

 

 

𝛥𝜔̂  = 𝜔̂𝑅 − 𝜔𝑠 

and 

𝐼𝑠 = 𝐶𝑥  

𝑥 =

[
 
 
 
 
𝐼𝑠
𝑑

𝐼𝑠
𝑞

𝐼𝑟
𝑑

𝐼𝑟
𝑞
]
 
 
 
 

. 

 

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 

𝑂 = [

𝐶𝐴0

𝐶𝐴1

𝐶𝐴2

𝐶𝐴𝑘−1

] 

 

𝐶 = [
1 0 0 0
0 1 0 0

] 

and 

𝑘 = 𝑟𝑎𝑛𝑘(𝐴) = 4. 

Thus, the system is observable if  

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

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

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].  

 

 𝑒 = 𝑥 − 𝑥  
 

(3.8) 

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

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

By deriving the error expression, we get 

 𝑑𝑒

𝑑𝑡
=

𝑑𝑥

𝑑𝑡
−

𝑑𝑥

𝑑𝑡
. 

 

(3.9) 

 

 

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

 

 𝑑𝑒

𝑑𝑡
= 𝐴𝑥 + 𝐵𝑢 − 𝐴̂𝑥 − 𝐵𝑢 − 𝐺(𝐼𝑠 − 𝐼𝑠) 

 

(3.10) 

 

= 𝐴𝑥 − 𝐴̂𝑥 − 𝐺𝐶𝑥 + 𝐺𝐶𝑥  

= 𝐴𝑥 − 𝐴𝑥 + 𝐴𝑥 − 𝐴̂𝑥 − 𝐺𝐶(𝑥 − 𝑥 ) 

= (𝐴 − 𝐺𝐶)(𝑥 − 𝑥 ) + (𝐴 − 𝐴̂)𝑥  

= (𝐴 − 𝐺𝐶)𝑒 − Δ𝐴𝑥,  

 

with 

Δ𝐴 = 𝐴̂ − 𝐴 

 

 

Δ𝐴 =

[
 
 
 

0 𝜎𝐿𝑚2𝛥𝜔̂𝑅 0 𝜎𝐿𝑚𝐿𝑟𝛥𝜔̂𝑅

−𝜎𝐿𝑚2𝛥𝜔̂𝑅 0 −𝜎𝐿𝑚𝐿𝑟𝛥𝜔̂𝑅 0
0 −𝜎𝐿𝑚𝐿𝑠𝛥𝜔̂𝑅 0 −𝜎𝐿𝑟𝐿𝑠𝛥𝜔̂𝑅

𝜎𝐿𝑚𝐿𝑠𝛥𝜔̂𝑅 0 𝜎𝐿𝑟𝐿𝑠𝛥𝜔̂𝑅 0 ]
 
 
 

 

 

(3.11) 

 

 

𝛥𝜔̂𝑅  = 𝜔̂𝑅 − 𝜔𝑅 
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To achieve the required speed estimation, our objective is to arrive at the equation of a PI-controller in the shape 

of 

𝜔̂𝑚 = 𝐾𝑃(… ) + 𝐾𝑖 ∫(… )𝑑𝑡, 

 

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

candidate Lyapunov function in the form of 

 
𝑉 =  𝑒𝑇𝑒 + 

(𝜔̂𝑚 − 𝜔𝑚)

𝑐
   ; 𝑐 > 0 

 

(3.12) 

 

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

 

 𝑑𝑉

𝑑𝑡
= 𝑒 [

𝑑(𝑒𝑇)

𝑑𝑡
] + 𝑒𝑇 [

𝑑𝑒

𝑑𝑡
] + 2

𝑑𝜔̂𝑚

𝑑𝑡

(𝜔̂𝑚 − 𝜔𝑚)

𝑐
. 

 

(3.13) 

 

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

 

 𝑑𝑉

𝑑𝑡
=

𝑒𝑇[(𝐴 − 𝐺𝐶)𝑇 + (𝐴 − 𝐺𝐶)]𝑒 − (𝑥𝑇Δ𝐴𝑇𝑒 + 𝑒𝑇Δ𝐴𝑥) + 2
𝑑𝜔̂𝑚

𝑑𝑡

(𝜔̂𝑚 − 𝜔𝑚)

𝑐
.

 

 

(3.14) 

 

 

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  

(𝑥 𝑇Δ𝐴𝑇𝑒 + 𝑒𝑇Δ𝐴𝑥 ) = 2
𝑑𝜔̂𝑚

𝑑𝑡

(𝜔̂𝑚 − 𝜔𝑚)

𝑐
. 

 

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

  

2𝜎(𝜔̂𝑚 − 𝜔𝑚)[𝐿𝑚(𝐼𝑠
𝑞
𝑒𝑠

𝑑 − 𝐼𝑠
𝑑𝑒𝑠

𝑞
) +  𝐿𝑟(𝐼𝑟

𝑞
𝑒𝑠

𝑑 − 𝐼𝑟
𝑑𝑒𝑠

𝑞
)] = 2

𝑑𝜔̂𝑚

𝑑𝑡

(𝜔̂𝑚 − 𝜔𝑚)

𝑐
 

and finally,  

𝑑𝜔̂𝑚

𝑑𝑡
=  𝐾𝐼[𝐿𝑚(𝐼𝑠

𝑞
𝑒𝑠

𝑑 − 𝐼𝑠
𝑑𝑒𝑠

𝑞
) + 𝐿𝑟(𝐼𝑟

𝑞
𝑒𝑠

𝑑 − 𝐼𝑟
𝑑𝑒𝑠

𝑞
)]. 
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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. 

 

 𝜔̂𝑚 = 𝐾𝑃[𝐿𝑚(𝐼𝑠
𝑞
𝑒𝑠

𝑑 − 𝐼𝑠
𝑑𝑒𝑠

𝑞
) + 𝐿𝑟(𝐼𝑟

𝑞
𝑒𝑠

𝑑 − 𝐼𝑟
𝑑𝑒𝑠

𝑞
)] 

+∫𝐾𝐼[𝐿𝑚(𝐼𝑠
𝑞
𝑒𝑠

𝑑 − 𝐼𝑠
𝑑𝑒𝑠

𝑞
) + 𝐿𝑟(𝐼𝑟

𝑞
𝑒𝑠

𝑑 − 𝐼𝑟
𝑑𝑒𝑠

𝑞
)]  

 

(3.15) 

 

 

𝐾𝑃 and 𝐾𝐼  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 = − [

𝑔1  𝐼2  𝑔2  𝐽
𝑔3  𝐼2  𝑔4  𝐽

], 

 

(3.16) 

 
with 

𝐼2 = [
1 0
0 1

]         𝐽 = [
0 −1
1 0

]. 

 

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

𝑔1 = −(𝑘 − 1) (
1

𝑇𝑆
+

1

𝑇𝑅
) 

𝑔2 = (𝑘 − 1)𝜔̂𝑚 

𝑔3 = (𝑘2 − 1) {− [
1

𝑇𝑆
+

(1 − 𝛿)

𝑇𝑅
]   

𝐿𝑆𝐿𝑀

𝐿𝑅
+

𝐿𝑀

𝑇𝑅
} + 𝐿𝑆

𝐿𝑀

𝐿𝑅
  (𝑘 − 1)  (

1

𝑇𝑆
+

1

𝑇𝑅
) 

𝑔4 = −(𝑘 − 1)𝜔̂𝑚  
𝐿𝑆𝐿𝑀

𝐿𝑅
 

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. 

Also, 𝑇𝑆  =
𝐿𝑆

𝑅𝑆 
, 𝑇𝑅  =

𝐿𝑅

𝑅𝑅
 and 𝛿 = 1 −

𝐿𝑀
2

𝐿𝑆𝐿𝑅
. 
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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. 

 

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 𝜔𝑚, and thus the poles will be displayed from 

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

 

 

Figure 3.3 - Observer Poles changing with Speed Figure 3.2- IM Poles changing with Speed 

 

 

Figure 3.1 – Motor and Speed Observer Systems 
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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.  

 

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 
𝑉 𝑓𝑟𝑒𝑞 𝑅𝑠 𝐿1 𝑅𝑟 𝐿2 𝐿𝑀  

75 V 76 Hz 8.56 mΩ 0.06292 mH 5.10 mΩ 0.06709 mH 1.0122 mH 

 

 

Figure 3.4 - Overview of the simulated system 
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Table 3.2 - Induction Machine Mechanical Simulation Parameters 

Mechanical 
𝑝𝑝 𝑇𝐿𝑜𝑎𝑑  𝐼𝑛𝑒𝑟𝑡𝑖𝑎 

2 65 Nm 0.025 Kg/m2  

 

Figure 3.5 shows the working principle of the speed observer. It takes the input voltage and current in the dq-

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 (𝑤̂𝑚) as shown in (3.9). This value is then converted into the estimated electrical rotor angular frequency 

(𝑤̂𝑅) and used to update matrix [𝐴]. This cycle then continues in a closed loop system, outputting updated 

mechanical speed values. 

The electrical parameters of the observer can be seen in Table 3.3. 

Table 3.3 - Observer Simulation Parameters (DOL) 

Motor Observer 
𝑅𝑠 𝐿1 𝑅𝑟 𝐿2 𝐿𝑀  𝑘 𝐾𝐼  𝐾𝑃 𝑓𝑠𝑎𝑚𝑝 

8.56 mΩ 0.06292 mH 5.10 mΩ 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 

Figure 3.5  - Adaptive speed observer 
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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, 

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. 

 

 

 

 

 

 

 

 

  

Figure 3.6 - Performance of Speed Estimation (DOL) 



29 

 

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.  

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 

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.  

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. 

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 𝐿1 𝑅𝑟 𝐿2 𝐿𝑀  𝑘 𝐾𝐼  𝐾𝑃 𝑓𝑠𝑎𝑚𝑝 

8.56 mΩ 0.06292 mH 5.10 mΩ 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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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.  

Figure 3.12 - Performance of Speed Estimation (V/f) 

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. 

Figure 3.15 - Performance of Quadrature Current Estimation (V/f) 

 

Figure 3.14 - Performance of Direct 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. 

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.   

 

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

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 𝐿1 𝑅𝑟 𝐿2 𝐿𝑀  𝑘 𝐾𝐼  𝐾𝑃 𝑓𝑠𝑎𝑚𝑝 

8.56 mΩ 0.06292 mH 5.10 mΩ 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. 

 

 

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. 

 

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

 

Figure 3.20 - Performance of Speed Estimation (INV+V/f) 

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. 

 

Figure 3.22 - Performance of Direct Current Estimation (INV+V/f) 

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. 

 

 

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 VRMS, meaning an amplitude of ±75√2 ≈ ±106 V 

passes through resistors 𝑅1 and 𝑅2, which work as a voltage divider, reducing the voltage to ±212 mV. This type 

of circuit is shown in Figure 4.2. 

 

𝑉𝑜𝑢𝑡 =
𝑅2

𝑅2 + 𝑅1
𝑉𝑖𝑛 

 

(4.1) 

200

200 + 100000
  106 = 212 mV 

 

 

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. 

 

Another important factor in the choice of Resistors 𝑅1 and 𝑅2 is the dissipated power.  

 

 
𝑃𝑅1 = 𝑈  𝐼 =

𝑉𝑖𝑛
2

𝑅1
= 112.36 mW 

 

(4.2) 

 

 
𝑃𝑅2 =

𝑉𝑜𝑢𝑡
2

𝑅2
= 0.225 mW 

(4.3) 

 
 

 

Figure 4.2 - Voltage divider 

Figure 4.3 - Voltage acquisition circuit for Phase A 
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This means the value of 100 kΩ for 𝑅1 is required to lower the dissipated power. Capacitors 𝐶2, 𝐶3 and 𝐶4 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  𝐶𝐹1 and 𝐶𝐹2, will serve as low pass filters to remove them. The first filter, 

𝐶𝐹1, is placed before the isolation amplifier, while the second, 𝐶𝐹2, is placed after. 

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

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

circuit is shown in Figure 4.4. 

 

 

 

 

 

  

 

Thus, as shown in Figure 4.5, 𝑅𝑒𝑞 is given by 

 
𝑅1//𝑅2//𝑅𝑖𝑛𝑡 =

1

(
1

200 +
1

100000 +
1

22000)
= 197.8 Ω. 

 

(4.4) 

 

 

After choosing a value of 1µ𝐹 for 𝐶𝐹1, the cutoff frequency can then be computed, as 

 

 
𝑓𝑐𝑢𝑡 =

1

2𝜋  𝑅𝑒𝑞  𝐶𝐹1
=

1

2𝜋  197.8  (1  10−6)
= 804.6 Hz. 

 

(4.5) 

 

 

 

 

 

 

Figure 4.4 - Input low pass filter Figure 4.5 - Equivalent circuit of Input low pass filter 
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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 800Ω was chosen to limit the output current to 2,875 mA. 

 

Figure 4.6 - Output low pass filter 

A value of 2,2 µF is chosen for 𝐶𝐹2, placing the cutoff frequency close to the fundamental harmonic at 76 Hz. 

 

 
𝑓𝑐𝑢𝑡 =

1

2𝜋  𝑅3  𝐶𝐹2
= 90 Hz 

 

(4.6) 

 

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. 

 

 

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

 

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

 

 
𝑉𝑂𝑈𝑇 = 𝑉𝑅𝐸𝐹 ± (0.625  

𝐼𝑃
200

), 
(4.7) 

 
 

where 𝑉𝑅𝐸𝐹  is a reference voltage of 2.5 V and 𝐼𝑃 is the current flowing through the sensor. 

A relevant factor in the choice of the HAIS 200-P was its low supply voltage of 5 V, 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, 𝐶13 and 𝐶14 with 

47nF and 𝐶15 with 4.7nF, as well as a load resistance of 10 kΩ. All these values are specified by the manufacturer 

in the product’s datasheet. 

 

 

 

The motor has a nominal current value of 157 ARMS, meaning an amplitude of ±157√2 ≈ ±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 

0 V to 3.3 V. 

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

values for each phase would then be used as inputs for the speed observer. 

 

 

 

 

 

 

 

 

Figure 4.9 - Current acquisition circuit for Phase A 
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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. 

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. 

Figure 4.11 - CANopen message layout 

Figure 4.10 - Communication functions of CAN and CANopen 
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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.  

  

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. 

 

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  

Figure 4.12 - Raspberry Pi3 (left) and CAN-Hat Prototype Board, before (right) and after (center) assembly 
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Figure 4.14 as pin 2 and 4.  

 

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 (I2C) 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 Ω precision resistor, 𝑅𝑇𝑟𝑖𝑚, seen in Figure 4.15, regulates the output voltage of 

the DC/DC converter. 

 

Figure 4.15 - DC/DC Step-down Converter 

 

This value was computed using the expression given by the manufacturer, as 

 

 
𝑅𝑇𝑅𝐼𝑀 =

1.182

(𝑉𝑜𝑢𝑡 − 0.5919)
. 

 

(4.8) 

 

 

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 5 V, 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). 

 

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. 

 

An important component to mention is the termination resistor 𝑅1, that is placed between the CANH and CANL 

wires. This is a 120 Ω resistor chosen according to ISO11898 [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. 

Figure 4.17 - Electrical circuit of the MCP2562 CAN Transceiver 

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.  

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 I2C 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.  

 

Figure 4.19 - arp -a command output example 
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Another command, sudo nano /etc/network/interfaces is then required to set the 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. 

 

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. 

 

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

 

 

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. 

 

 

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.  

 

Figure 4.21 - CAN Analyzer Pinout 

Figure 4.22 - Transmission and Bus Monitoring Windows of the Analyzer Software 
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To check if the Raspberry received these messages, the command candump can0 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. 

 

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: 

 

 

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.  

 

 

 

 

 

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 Pi into a 

CAN bus compatible device. 

 

 

 

 

Figure 4.23 - candump can0 output example 

Figure 4.24 - Analyzer Rolling Trace Window after message reception 
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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. 

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%. 

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

 

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. 

 

 

 

 

 

 

Figure 5.2 - Performance of Torque Estimation in the Transition to Steady State 
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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. 

Figure 5.4 - Performance of Quadrature Current Estimation in the Transition to Steady State 

 

Figure 5.3 - Performance of Direct 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. 

 

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. 

 

 

Figure 5.5 - Performance of Speed Estimation with a Load Disruption 
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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%. 

 

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. 

 

 

Figure 5.6 - Performance of Torque Estimation with a Load Disruption 
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Figure 5.7 - Performance of Direct Current Estimation with a Load Disruption 

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 dq0-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 

 

 

 

 



64 

 
 



65 

 
 



66 

 
 



67 

 

 



68 

 

 

 

CAN-HAT Design 
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