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Sommario

In condizioni di funzionamento a bassa velocità, le tecniche di stima sensor-

less offrono un’ottima alternativa ai metodi convenzionali sensored. Questa tesi

presenta un’analisi comparativa focalizzata sulla valutazione dell’efficacia dei

metodi di stima a bassa velocità basati sull’analisi di corrente di rotore e di stato-

re per la stima della velocità e della posizione del motore nel contesto dei motori

a Magneti Permanenti ad Eccitazione Ibrida (HEPM). Le basi teoriche di queste

due tecniche di stima sensorless sono trattate nel dettaglio, enfatizzandone il

funzionamento per questo particolare tipo di motori. Con lo scopo di validare

queste teorie, una serie di simulazioni sul modello matematico del motore sono

state effettuati. Ogni tecnica di stima viene valutata per precisione, robustezza

e accuratezza. Inoltre in questo lavoro è stata analizzata l’integrazione con gli

algoritmi di controllo e l’adattamento alle caratteristiche dei motori HEPM. I

risultati della tesi forniscono un contributo sostanziale alla nostra comprensione

delle tecnologie sensorless nel campo dei motori ad eccitazione ibrida, e offrono

ad ingegneri e ricercatori una strada per il miglioramento degli azionamenti

elettrici. In conclusione, questa tesi offre un’analisi completa delle tecniche di

stima sensorless basate sull’iniezione in rotore e statore specificamente proget-

tate per il funzionamento a bassa velocità nei motori a Magneti Permanenti ad

Eccitazione Ibrida.



Abstract

In low-speed operating scenarios, sensorless estimation techniques offer a fea-

sible alternative to the drawbacks of conventional sensor-based methods. This

thesis provides a comparative analysis focused on evaluating the effectiveness

of rotor-based and stator-based low-speed sensorless estimate methods for the

motor speed and position estimation task in the context of Hybrid Excitation

Permanent Magnet (HEPM) motors. The theoretical basis of these two sensorless

estimation techniques is covered in detail, focusing on how they are related to

HEPM motors. A wide range of simulations and experiments are used to eval-

uate the performance of the approaches presented. Each estimating technique

is evaluated for precision, robustness, and accuracy. Moreover, integration with

control algorithms and adaptation to the special features of HEPM motors are

examined. The results provide a substantial contribution to our understanding

of sensorless technologies in the specialized field of hybrid excitation motors,

and they offer engineers and researchers critical direction for improving electric

drives. In conclusion, this thesis offers a comprehensive analysis of rotor and

stator-based sensorless estimation techniques specifically tailored for low-speed

operation in Hybrid Excitation Permanent Magnet motors.
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1
Introduction

Permanent magnet motor development dates back to the early 19th century.

However, high-performance applications had to wait for significant advances

in materials and technology which did not come until the middle of the 20th

century. Creating magnetic fields using permanent magnets rather than conven-

tional electromagnets was the key idea behind developing machines that could

achieve high mechanical performances. Early applications of permanent mag-

net motors were limited due to the available materials, such as alnico and ferrite

magnets [1]. Permanent magnet motors didn’t show their true potential until the

discovery and commercialization of rare earth magnets, such as neodymium-

iron-boron (NdFeB) [2] and samarium cobalt (SmCo) [3]. Permanent magnet

motors are among the technologies responsible for the evolution of many indus-

trial applications, especially the automotive sector and industrial automation.

The main uses for these motors are electric and hybrid car propulsion, providing

unmatched energy efficiency and power density. Moreover, permanent magnet

motors granted more precise and effective motion control systems, increasing

manufacturing process efficiency and precision, causing a paradigm shift in the

whole industrial landscape. This technology is concurrently adopted by high-

performance industries including aerospace and robotics thanks to their small

size, superior controllability, and better torque-to-inertia ratio [4] [5]. Permanent

magnet motors set the stage for the development of electric motor technology

that hybrid excitation motors represent. Hybrid excitation motors combine the

advantages of permanent magnets and electromagnets to provide increased

flexibility and controllability. This combination enhances the dynamic control
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properties and field weakening with permanent magnets to deliver better power

density and control efficiency [6][7][8]. This research presents a sensorless po-

sition estimation technique for hybrid excitation permanent magnet (HEPM)

motors. Without adopting sensors, the method estimates the position of the ro-

tor using a combination of model-based and signal-processing techniques. This

work emphasizes a solution for the low-speed position reconstruction prob-

lem. The suggested approach relies on injecting a high-frequency sinusoidal

voltage into the rotor winding to measure the currents induced in the motor

stator. These currents are used to determine the position and speed of the rotor.

This work consists of a comparison between the rotor voltage injection and the

stator voltage injection technique. While the latter method is widely used in

conventional anisotropic machines and presented in [9] and [10], the former,

since is applicable only for HEPM motor, presents a possible improvement to

the observer performances. The work also includes the validation procedure an-

alyzing the outcome of the simulations performed on the motor models, and the

actual behavior on the physical machine, showing the results of the comparison

between the two strategies.
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2
Background

This chapter exploits the knowledge needed to understand the mathematics

reported in this thesis. A complete understanding of this chapter is manda-

tory during the comparison between the two sensorless estimation techniques

applicable to the Hybrid Excitation Permanent Magnet (HEMP) Motor.

2.1 HEPM motor linearized model

This section presents a brief recap of the theoretical background reported

in [11]. Adopting the Park transform it is possible to rewrite the three-phase

alternate voltages applied to the motor stator, ğė , ğĘ and ğę into the d-q reference

frame. This new reference frame is used for the motor control and the voltage-

current equations. Omitting the effect of spatial-flux linkage harmonics and

temperature, in (2.1) is exploited the voltage to current ODE.




dąĚ
(
ğĚħě(Ī)

)

dĪ
= īĚ(Ī) − Ďĩ ğĚ(Ī) − Ĉě

ģ(Ī)ąħ
(
ğĚħě(Ī)

)

dąħ
(
ğĚħě(Ī)

)

dĪ
= īħ(Ī) − Ďĩ ğħ(Ī) + Ĉě

ģ(Ī)ąĚ
(
ğĚħě(Ī)

)

dąě
(
ğĚħě(Ī)

)

dĪ
= īě(Ī) − Ďě ğě(Ī)

(2.1)
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2.1. HEPM MOTOR LINEARIZED MODEL

With īĚ, īħ and ğĚ, ğħ being the d-q stator voltage and current components

expressed after the Park transform. Moreover, the īě , ğě are the excitation coil

voltage and current. As a convention, we describe the vectorial form for the

current as ğĚħě(Ī) = [ğĚ(Ī) ğħ(Ī) ğě(Ī)]
Đ . The rotor flux linkage ąĚ

(
ğĚħě(Ī)

)
,

ąħ
(
ğĚħě(Ī)

)
and ąě

(
ğĚħě(Ī)

)
depends on the motor operation point. Rewriting

(2.1) in compact matrix form, (2.2) is derived.

dąĚħě
(
ğĚħě(Ī)

)

dĪ
=

d

dĪ



ąĚ
(
ğĚħě(Ī)

)

ąħ
(
ğĚħě(Ī)

)

ąě
(
ğĚħě(Ī)

)



=



īĚ(Ī)

īħ(Ī)

īě(Ī)



− Ď



ğĚ(Ī)

ğħ(Ī)

ğě(Ī)



− Ĉě
ģ Ć



ąĚ(Ī)

ąħ(Ī)

ąě(Ī)



(2.2)

Matrices used in (2.2) are reported in (2.3).

Ď =



Ďĩ 0 0

0 Ďĩ 0

0 0 Ďě



Ć =



0 1 0

−1 0 0

0 0 0



(2.3)

In (2.3)Ďĩ andĎě are respectively the stator resistance and the excitation winding

resistance, while Ĉě
ģ is the mechanical-electrical rotation speed of the magnetic

field in the electric machine. The solution to (2.2) is not trivial since the flux

linkage vector is on both the terms of the equation. For this reason in order to get

a solution for the ODE, an inverse model based on the current description has

been used. This current-based model representation is obtained by applying

the chain rule to (2.2) and substituting the flux linkage by a function of the

motor currents (2.4). This new function Ĉ
(
ğĚħě(Ī)

)
is exploited in (2.5). Being

the current-to-flux linkage characteristics nonlinear, all the matrix components

depend on the motor operating conditions.

dą
(
ğĚħě(Ī)

)

dğĚħě(Ī)

dğĚħě(Ī)

dĪ
= īĚħě(Ī) − ĎğĚħě(Ī) − Ĉě

ģ Ćą
(
ğĚħě(Ī)

)
(2.4)

Ĉ
(
ğĚħě(Ī)

)
=

dą
(
ğĚħě(Ī)

)

dğĚħě(Ī)
=



ĢĚĚ =
ĉąĚ
ĉğĚ

ĢĚħ =
ĉąĚ
ĉğħ

ĢĚě =
ĉąĚ
ĉğě

ĢħĚ =
ĉąħ
ĉğĚ

Ģħħ =
ĉąħ
ĉğħ

Ģħě =
ĉąħ
ĉğě

ĢěĚ =
ĉąě
ĉğĚ

Ģěħ =
ĉąě
ĉğħ

Ģěě =
ĉąě
ĉğě



(2.5)
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CHAPTER 2. BACKGROUND

Moreover, for the law of energy conservation:

• ĢĚħ = ĢħĚ

• ĢěĚ =
3

2
ĢĚě

• Ģěħ =
3

2
Ģħě

This makes the computation for the Ĉ(ğĚħě) easier and exploits its reciprocity.

Figure 2.1 reports the block scheme of the model described by (2.4) and (2.5).

--

Figure 2.1: Block diagram of the HEPM motor model

2.2 Low-speed sensorless estimation

To perform the control action on HEMP motors it is mandatory to know

the exact position of the rotor magnet. To precisely calculate the location and

speed of the rotor, Sensor-based control techniques rely on data coming from

sensors, such as encoders or Hall-effect sensors. With the use of this exact infor-

mation, controls can be steady and accurate, resulting in superior performance

at slow speeds and with changing loads. However, these sensors increase the

system’s cost and complexity and the dependability of the system may be im-

pacted by their sensitivity to the environment. On the other hand, Sensorless

control techniques do not require any physical sensors since they use algorithms

to predict the location and speed of the rotor from measurements of back-emf,

5



2.2. LOW-SPEED SENSORLESS ESTIMATION

voltage, and current. By eliminating sensor-related failure sites, this method

decreases hardware complexity and expense while also improving system ro-

bustness. However, in low-speed operations scenarios sensorless estimation is

feasible only for machines that exploit high anisotropy [12]. In particular, defin-

ing the incremental inductances ĈΣ(ğĚ , ğħ , ğě) and Ĉ�(ğĚ , ğħ , ğě) as in (2.6), in (2.7)

is exploited the ration between the major and minor axis of the current response

to the high frequency rotating voltage injection. This ratio is also called the

saliency ratio.

ĈΣ(ğĚ , ğħ , ğě) =
Ģħħ(ğĚ , ğħ , ğě) + ĢĚĚ(ğĚ , ğħ , ğě)

2

Ĉ�(ğĚ , ğħ , ğě) =
Ģħħ(ğĚ , ğħ , ğě) − ĢĚĚ(ğĚ , ğħ , ğě)

2

(2.6)

Ĉ(ğĚ , ğħ , ğě) =
ĈΣ(ğĚ , ğħ , ğě) +

√
Ĉ2

�
(ğĚ , ğħ , ğě) + Ģ

2

Ěħ
(ğĚ , ğħ , ğě)

ĈΣ(ğĚ , ğħ , ğě) −
√
Ĉ2

�
(ğĚ , ğħ , ğě) + Ģ

2

Ěħ
(ğĚ , ğħ , ğě)

(2.7)

Theoretically, a saliency ratio Ĉ > 1 makes the low-speed sensorless position

estimation feasible. For motors meeting this requirement, the sensorless posi-

tion and speed rotor estimation are performed through the injection of high-

frequency voltages in the stator winding. Two main high-frequency injection

strategies can be adopted: the rotating signal injection and the pulsating signal

injection. The former consists of a superimposition of the fundamental fre-

quency to the stator reference frame [13]. The latter consists of the injection of

the high-frequency signal in one of the estimated synchronous reference frame

axes (usually the d-axis)[14]. The pulsating signal injection exhibits superior

performance, hence it has been considered as a strategy for the stator injection

method [15].
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3
State-Of-The-Art

The behavior of currents and voltages in the HEMP model are similar to

those of the IPM motor as shown in the simplified motor model in (2.1). Hence

the analysis made in [9] has been considered as a starting point for the research.

Follows the application of the stator high-frequency injection estimation method

for HEMP motor position and speed reconstruction.

3.1 Stator voltage injection method

The rotor speed and position estimation are derived by analyzing only the

current propagated due to the high-frequency injected voltage. Hence all the

low-frequency components of the model are filtered by the first operation of

the estimator, as described in Sec. 3.2. This means that the flux contribution

of the magnets, the resistance voltage drop, and the back-emf contribution are

neglected. The state space model resulting is described in equation (3.1), being

the simplified version of the model described in equation (2.2). The matrix

describing the inductance behavior, reported in (3.2), is obtained thanks to the

linearization procedure described in [11].

ī
ℎ Ĝ

Ě,ħ,ě
(Ī) =



ī
ℎ Ĝ

Ě
(Ī)

ī
ℎ Ĝ
ħ (Ī)

ī
ℎ Ĝ
ě (Ī)



=
d

dĪ



ą
ℎ Ĝ

Ě
(Ī)

ą
ℎ Ĝ
ħ (Ī)

ą
ℎ Ĝ
ě (Ī)



= [Ģ] ·
d

dĪ



ğ
ℎ Ĝ

Ě
(Ī)

ğ
ℎ Ĝ
ħ (Ī)

ğ
ℎ Ĝ
ě (Ī)



(3.1)
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3.2. PARK TRANSFORM REFERENCE FRAME ESTIMATION

[Ģ] =



ĢĚĚ ĢĚħ ĢěĚ

ĢĚħ Ģħħ Ģħě

3

2
ĢĚě

3

2
Ģħě Ģě



(3.2)

To perform the high-frequency injection in the stator winding, among all the

possible choices, a cosinusoidal function has been chosen:

ī
ℎ Ĝ

Ě
(Ī) = đℎ Ĝ · ęĥĩ(Ĉℎ Ĝ Ī) (3.3)

This approach, which is the standard way to perform low-position reconstruc-

tion in anisotropic motors, grants smoother computation by applying the inte-

gration step necessary in order to obtain the current equation. On the other

hand, this approach is limited in frequency with respect to other injection tech-

niques, like the square pulse injection. However, for this case of study, the

injected frequency of the sinusoidal waveform (1kHz) is an order of magnitude

lower than the inverter sampling time (10kHz). This makes feasible the usage

of the cosinusoidal function for the position reconstruction algorithm.

3.2 Park transform reference frame estimation

The true d-q reference frame is not known and needs to be estimated. The

key idea is to consider the estimated reference frame shifted from the true one by

an error position defined as�Ăěģ = Ăěģˆ −Ăěģ , as showed in Figure 3.1. This means

that is it possible to consider two reference frames. The true reference frame

(Āčā), which is unknown and needs to be reconstructed, and the estimated

reference frame (Āčā)ˆ . If the estimated reference frame is anticipating the true

d-q frame, the error is positive, meaning that the estimated frame has to be

rotated clockwise. Vice versa, if the true d-q frame is anticipating the estimated

one, the error is negative, corresponding to a counterclockwise rotation. This

means that is it possible to switch between the two reference frames thanks to

the rotation matrix Ď and Ď̂, respectively the estimated-to-true reference frame

rotation and vice versa. These matrices are exploited in (3.4). First of all, it is

mandatory to consider that the park transform of the injected voltage used in

this method is injected in the estimated reference frame. Equation (3.5) describes

8
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the injected high-frequency voltage reference frameshift.

Ď =



ęĥĩ(�Ăěģ) ĩğĤ(�Ăěģ) 0

−ĩğĤ(�Ăěģ) ęĥĩ(�Ăěģ) 0

0 0 1



Ď̂ =



ęĥĩ(�Ăěģ) −ĩğĤ(�Ăěģ) 0

ĩğĤ(�Ăěģ) ęĥĩ(�Ăěģ) 0

0 0 1



(3.4)

Figure 3.1: Relation between the true d-q axis and the estimated one

Ĭ
ℎ Ĝ

Ěħě
(Ī) = Ď · Ĭ

ℎ Ĝ

Ěħěˆ
(Ī) = Ď ·



đℎ Ĝ ęĥĩ(Ĉℎ Ĝ Ī)

0

0



=



đℎ Ĝ ęĥĩ(�
ě
ģ)ęĥĩ(Ĉℎ Ĝ Ī)

−đℎ Ĝ ĩğĤ(�
ě
ģ)ęĥĩ(Ĉℎ Ĝ Ī)

0



(3.5)

Integrating (3.5) over time, also the rotated flux is derived. This result is exploited

in (3.6)

ą
ℎ Ĝ

Ěħě
(Ī) =

∫
ī
ℎ Ĝ

Ěħě
(Ī) · ĚĪ =

1

Ĉℎ Ĝ



đℎ Ĝ ęĥĩ(�
ě
ģ)ĩğĤ(Ĉℎ Ĝ Ī)

−đℎ Ĝ ĩğĤ(�
ě
ģ)ĩğĤ(Ĉℎ Ĝ Ī)

0



(3.6)

Combining (3.1) and (3.6) is it possible to extract the behavior of the high-

frequency current propagated inside the motor. Moreover, the differential in-

ductances matrix is invertible, as reported in the Appendix. Therefore the

9
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solution for the current exists and it’s unique. The current behavior is described

in (3.7), with the Ă term coming from the [Ģ] matrix inversion, also exploited in

the appendix.

ğ
ℎ Ĝ

Ěħě
(Ī) = Ģ−1 · ą

ℎ Ĝ

Ěħě
(Ī) =

=
1

ĢħħĂ



2Ģě Ģħħ − 3Ģ2ħě 3ĢĚě Ģħě − 2ĢĚħ Ģě 2ĢĚħ Ģħě − 2ĢĚě Ģħ

3ĢĚě Ģħě − 2ĢĚħ Ģě 2ĢĚĚ Ģě − 3Ģ2
Ěě

2ĢĚě ĢĚħ − 2ĢĚĚ Ģħě

3ĢĚħ Ģħě − 3ĢĚě Ģħħ 3ĢĚě ĢĚħ − 3ĢĚĚ Ģħě 2ĢĚĚ Ģħħ − 2Ģ2
Ěħ



· ą
ℎ Ĝ

Ěħě
=

=
đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)

ĢħħĂĈℎ Ĝ



ęĥĩ(�Ăěģ)(2Ģħħ Ģě − 3Ģ2ħě) + ĩğĤ(�Ă
ě
ģ)(2ĢĚħ Ģě − 3ĢĚě Ģħě)

ęĥĩ(�Ăěģ)(3ĢĚě Ģħě − 2ĢĚħ Ģě) + ĩğĤ(�Ă
ě
ģ)(3Ģ

2

Ěě
− 2ĢĚĚ Ģě)

ęĥĩ(�Ăěģ)(3ĢĚħ Ģħě − 3ĢĚě Ģħħ) + ĩğĤ(�Ă
ě
ģ)(3ĢĚĚ Ģħě − 3ĢĚě ĢĚħ)


(3.7)

However, the Park Transform used to derive the d-q current components de-

scribed in (3.7) is affected by �Ăěģ , the reconstruction error. Hence the actual

estimated high-frequency current is derived by applying the frameshift rota-

tion from the (Āčā) to the (Āčā)ˆ reference frame. This transformationi is

introduced in (3.8) multiplying (3.7) by the rotation matrix Ď̂.

ğ
ℎ Ĝ

Ěħěˆ
= Ď̂ · ğ

ℎ Ĝ

Ěħě
(Ī) (3.8)

The second component of the estimated current vector (3.8) corresponds to the

q-axis current, and has been exploited in (3.9).

ğ
ℎ Ĝ

ħ̂
(Ī) =

đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)

ĢħħĂĈℎ Ĝ

[
č(�Ăěģ) + Ć(�Ăěģ) + Ċ(�Ăěģ)

]
(3.9)

Equation (3.10) reports the components describing the terms of (3.9).

č(�Ăěģ) = ęĥĩ2(�Ăěģ)(3ĢĚě Ģħě − 2ĢĚħ ĢĚě)

Ć(�Ăěģ) = ęĥĩ(�Ăěģ)ĩğĤ(�Ă
ě
ģ)(3Ģ

2

Ěě − 2ĢĚĚ Ģě + 2Ģħħ Ģě − 3Ģ2ħě)

Ċ(�Ăěģ) = ĩğĤ2(�Ăěģ)(2ĢĚħ Ģě − 3ĢĚě Ģħě)

(3.10)

10
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Applying Werner formulas (3.11), equation (3.10) is simplified, obtaining (3.12).

ęĥĩ2(�Ăěģ) =
1

2
(1 + ęĥĩ(2�Ăěģ))

ĩğĤ2(�Ăěģ) =
1

2
(1 − ęĥĩ(2�Ăěģ))

ĩğĤ(�Ăěģ)ęĥĩ(�Ă
ě
ģ) =

1

2
ĩğĤ(2�Ăěģ)

(3.11)

ğ
ℎ Ĝ

ħ̂
(Ī) =

đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)

ĢħħĂĈℎ Ĝ
[Ā(�Ăěģ) + ć(�Ăěģ)] (3.12)

Equation (3.13) reports equation (3.12) terms simplified with the Werner formu-

las.

Ā(�Ăěģ) = ęĥĩ(2�Ăěģ)
(
3ĢĚě Ģħě − 2ĢĚħ Ģě

)

ć(�Ăěģ) = ĩğĤ(2�Ăěģ)

(
3

2

(
Ģ2Ěě − Ģ

2
ħě

)
− Ģě

(
ĢĚĚ − Ģħħ

)
)

(3.13)

The q-axis component of the estimated high-frequency current is the key behind

the sensorless observer because of its relation with the estimation error. On the

other hand, as reported in [15], both the cross-coupling differential inductances

Ģħě and ĢĚħ have been neglected. Regarding the former, the q-axis is by construc-

tion orthogonal to the excitation magnetic field. The cross-coupling differential

induction between these two axes is almost zero. For the latter, this assumption

holds in motors that show negligible cross saturation. HEPM motors, as shown

in [15] suffer from magnetic saturation. However, this assumption simplifies

the equation, making the controller design feasible. This hypothesis is going

to be relaxed in a later analysis. Under this assumption, the estimated q-axis

current is simplified in (3.14) with Ă = −3Ģ2
Ěě

+ 2ĢĚĚ Ģě computed by substituting

ĢĚħ = Ģħě = 0 in the Ă term. It is possible to notice that if the estimated d-q

axis matches the real ones, ğ ħ̂(Ī) defined as in (3.14) becomes zero. The position

observer maps the current error into the position error. For this purpose, taking

inspiration from [9], a demodulation procedure based on Werner formulas (3.11)

has been performed on the estimated q-axis current, exploited in (3.15). This

procedure exploits two components of the q-axis current: one low-frequency

component depending only on the reference frame estimation error �Θě
ģ and a

11
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high-frequency component depending also on the voltage injection frequency.

ğ
ℎ Ĝ

ħ̂
(Ī) =

đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)

ĢħħĂĈℎ Ĝ

[

ĩğĤ(2�Ăěģ)

(
3Ģ2
Ěě

2
− Ģě ĢĚĚ + Ģě Ģħħ

)]

=
�
�Ģħħ Ģě

(
1 −

Ă

2Ģħħ Ģě

)
đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)

�
�ĢħħĂĈℎ Ĝ

ĩğĤ(2�Ăěģ)

=
(2Ģħħ Ģě − Ă)đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)��Ģě

2��Ģě ĢħħĂĈℎ Ĝ
ĩğĤ(2�Ăěģ) =

=
(2Ģħħ Ģě − Ă)đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)

2ĢħħĂĈℎ Ĝ
ĩğĤ(2�Ăěģ)

(3.14)

Applying a low pass filter with a cut-off frequency near the injection frequency

to the demodulated estimated q-axis current, the dependency from Ĉℎ Ĝ in (3.15)

is eliminated.

ğ
ℎ Ĝ

ħ̂
(Ī)ĩğĤ(Ĉℎ Ĝ Ī) =

(
2Ģħħ Ģě − Ă

)
đℎ Ĝ ĩğĤ

2(Ĉℎ Ĝ Ī)

2ĢħħĂĈℎ Ĝ
ĩğĤ(2�Ăěģ)

=

(
Ģħħ Ģě − Ă

)
đℎ Ĝ

4ĢħħĂĈℎ Ĝ

[
ĩğĤ(2�Ăěģ) − ĩğĤ(2�Ă

ě
ģ)ęĥĩ(2Ĉℎ Ĝ Ī)

]
(3.15)

Moreover (3.15) is linearizable around the working point �Ăěģ = 0 getting (3.16).

ğ̂
ℎ Ĝ

ħ̂,ĚěģĥĚ =

(
2Ģħħ Ģě − Ă

)
đℎ Ĝ

4ĢħħĂĈℎ Ĝ
ĩğĤ(2�Ăěģ)

��
�Ăěģ=0

≈

(
2Ģħħ Ģě − Ă

)
đℎ Ĝ

2ĢħħĂĈℎ Ĝ
�Ăěģ (3.16)

3.3 Estimator structure and PI controller design

In (3.16) the correlation between the q-axis demodulated current and the

estimated d-q reference frame orientation error is exploited. Hence controlling

this quantity to zero grants the correct estimation of the d-q reference frame. The

rotor position estimator is exploited in the scheme shown in Figure 3.2. Mea-

suring the Ă − ÿ currents, the estimated d-q axis is computed by performing the

Park transform with the estimated rotor position Ăěģˆ coming from the observer.

Taking the estimated q-axis current ğ̂ħ , the position reconstruction error �Ăěģ is

computed thanks to 3 operations:

12
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dq H.P.F. L.P.F.

0

PID-

Figure 3.2: Block diagram of the proposed sensor-less position estimator

• High pass filtering, removing the motor control current contribution, ob-

taining ğ̂
ℎ Ĝ
ħ (Ī);

• Demodulation using the ĩğĤ(Ĉℎ Ĝ Ī) function;

• Low pass filtering, removing the high-frequency term introduced by the
demodulation;

The signal coming from the procedure above is proportional to the d-q refer-

ence frame estimation error, as shown in (3.15). This measure is now compared

to the desired value 0, giving the error Ċħ . This error is used to generate the

estimated speed Ĉ̂ģě by a proportional integrative action (PI controller). Then

the estimated speed is integrated resulting in the estimated position Ăěģˆ . Hence

this position is used as feedback for the Park transform. The transfer function

describing the relation between the high-frequency estimated q-axis current and

the reconstruction error �Ăěģ has been obtained and shown in (3.17). The math-

ematical result is proved in [9]. This transfer function is composed of a series

of LTI systems: The LPF transfer function in (3.18), the HPF transfer function

in (3.19), and eventually the transfer function reporting the demodulation effect

by the perspective of the HPF transfer function in (3.20). In these equations ăĢĦ Ĝ

and ăℎĦ Ĝ are respectively the low pass filter and high pass filter time constants,

while ĈĢĦ Ĝ and ĈℎĦ Ĝ are the filters cut-off frequencies, expressed in rad/s.

ăĈ̂(ĩ) =
ą
ℎ Ĝ
ħ (ĩ)

�Θ
ě
ģ(ĩ)

=

(
2Ģħħ Ģě − Ă

)
đℎ Ĝ

2ĢħħĂĈℎ Ĝ
· ĄĈČĂ(ĩ) · Ą

Σ

ĄČĂ(ĩ) (3.17)

ĄĈČĂ(ĩ) =
1

1 + ăĢĦ Ĝ ĩ
(3.18)

ĄĄČĂ(ĩ) =
ăℎĦ Ĝ ĩ

1 + ăℎĦ Ĝ ĩ
(3.19)

ĄΣ

ĄČĂ(ĩ) =
ĄĄČĂ(ĩ + ĠĈℎĦ Ĝ ) + ĄĄČĂ(ĩ − ĠĈℎĦ Ĝ )

2
(3.20)
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In Figure 3.3 is shown the block scheme describing the simplified behavior of

the estimator. The comprehensive open-loop transfer function is exploited in

(3.21).

ăĂ̂(ĩ) =
ăĈ̂(ĩ)

ĩ
=

(
2Ģħħ Ģě − Ă

)
đℎ Ĝ

2ĢħħĂĈℎ Ĝ ĩ
· ĄĈČĂ(ĩ) · Ą

Σ

ĄČĂ(ĩ) (3.21)

PID
-

-

+ +

Figure 3.3: Comprehensive transfer function scheme used for controller design

The first step to have an easier design with the bode method is to normalize

the gain in (3.17). The compensation gain is exploited in (3.22).

ćĎ =
2ĢħħĂĈℎ Ĝ

(2Ģħħ Ģě − Ă)đℎ Ĝ
(3.22)

In Figure 3.3 the true position Ăěģ is acting like an actuation disturbance. Thanks

to the internal model principle, the feedback control action is capable of distur-

bance rejection if the dynamics of that particular disturbance are present inside

the open loop comprehensive transfer function. In steady-state conditions, the

true position has a ramp-like behavior, which has dynamics described by a dou-

ble pole in zero [9]. Hence, since inside the transfer function in (3.21) is already

present one pole in zero, the regulator must contain a pole in zero to compensate

for the unknown true position action disturbing the control task. For this pur-

pose, a PI controller has been considered. The frequency domain requirements

for the controlled systems are:

• Cut-off frequency Ĉĝę = 40ÿ ĨėĚ/ĩ, corresponding to a f = 20 Hz control
band with;

• Phase margin č = 60◦;

This corresponds to a design rise time of 17.5ms for the feed-back controlled

system. The controller synthesis has been performed thanks to the open-loop

14
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Bode method. Figure 3.4 shows both the controlled and uncontrolled open-loop

observer transfer functions.
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Figure 3.4: Controlled and uncontrolled open-loop observer transfer functions
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4
Rotor Injection Position

Reconstruction

4.1 High-frequency voltage injection propagation

Thanks to the construction proprieties exploited in Sec. 2.1, a different

approach for the speed and position observer than the stator high-frequency

voltage injection is proposed. In this section is explained the mathematical

behavior that makes feasible the position and speed reconstruction method

based on pulsating rotor high-frequency voltage injection. The injected voltage

waveform and the mathematical model for the motor remain the same. However

voltage dynamics equation has to be rewritten considering that the waveform is

now injected in the rotor winding, leading to equation (4.1).

d

dĪ



ğ
ℎ Ĝ

Ě
(Ī)

ğ
ℎ Ĝ
ħ (Ī)

ğ
ℎ Ĝ
ě (Ī)



= [Ģ]−1 ·



ī
ℎ Ĝ

Ě
(Ī)

ī
ℎ Ĝ
ħ (Ī)

ī
ℎ Ĝ
ě (Ī)



= [Ģ]−1 ·



0

0

đℎ Ĝ · ęĥĩ(Ĉℎ Ĝ Ī)



(4.1)

The Currents propagated in the motor by the high-frequency injected voltage are

derived by integrating (4.1) over time. This integration step, similarly as already

discussed for the stator injection method in Sec. 3.1, describes the mathematical

relationship between the high-frequency voltage injected in the rotor and the

currents induced in the stator. This relationship is reported in (4.2), where Ă is
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defined the same as for the stator injection method, exploited in the appendix.



ğ
ℎ Ĝ

Ě
(Ī)

ğ
ℎ Ĝ
ħ (Ī)

ğ
ℎ Ĝ
ě (Ī)



=

∫
[Ģ]−1 · ī

ℎ Ĝ

Ě,ħ,ě
(Ī) · ĚĪ = [Ģ]−1 · ą

ℎ Ĝ

Ěħě
(Ī) =

=
1

ĢħħĂ



2Ģě Ģħħ − 3Ģ2ħě 3ĢĚě Ģħě − 2ĢĚħ Ģě 2ĢĚħ Ģħě − 2ĢĚě Ģħ

3ĢĚě Ģħě − 2ĢĚħ Ģě 2ĢĚĚ Ģě − 3Ģ2
Ěě

2ĢĚě ĢĚħ − 2ĢĚĚ Ģħě

3ĢĚħ Ģħě − 3ĢĚě Ģħħ 3ĢĚě ĢĚħ − 3ĢĚĚ Ģħě 2ĢĚĚ Ģħħ − 2Ģ2
Ěħ



· ą
ℎ Ĝ

Ěħě
(Ī) =

=
đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)

ĢħħĂĈℎ Ĝ
·



2ĢĚħ Ģħě − 2ĢĚě Ģħħ

2ĢĚě ĢĚħ − 2ĢĚĚ Ģħě

2ĢĚĚ Ģħħ − 2Ģ2
Ěħ



(4.2)

4.2 Park transform reference frame estimation

Equation (4.3) describes the estimated d-q-e currents.



ğ̂
ℎ Ĝ

Ě (Ī)

ğ̂
ℎ Ĝ
ħ (Ī)

ğ̂
ℎ Ĝ
ě (Ī)



= Ď̂ ·



ğ
ℎ Ĝ

Ě
(Ī)

ğ
ℎ Ĝ
ħ (Ī)

ğ
ℎ Ĝ
ě (Ī)



= Ď̂ ·
đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)

ĢħħĂĈℎ Ĝ
·



2ĢĚħ Ģħě − 2ĢĚě Ģħħ

2ĢĚě ĢĚħ − 2ĢĚĚ Ģħě

2ĢĚĚ Ģħħ − 2Ģ2
Ěħ



=



ęĥĩ(�Ăěģ) −ĩğĤ(�Ăěģ) 0

ĩğĤ(�Ăěģ) ęĥĩ(�Ăěģ) 0

0 0 1



·
đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)

ĢħħĂĈℎ Ĝ
·



2ĢĚħ Ģħě − 2ĢĚě Ģħħ

2ĢĚě ĢĚħ − 2ĢĚĚ Ģħě

2ĢĚĚ Ģħħ − 2Ģ2
Ěħ



=

=
2đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)

ĢħħĂĈℎ Ĝ
·



ęĥĩ(�Ăěģ)(ĢĚħ Ģħě − ĢĚě Ģħħ) − ĩğĤ(�Ă
ě
ģ)(ĢĚě ĢĚħ − ĢĚĚ Ģħě)

ęĥĩ(�Ăěģ)(ĢĚě ĢĚħ − ĢĚĚ Ģħě) − ĩğĤ(�Ă
ě
ģ)(ĢĚě Ģħħ − ĢĚħ Ģħě)

ĢĚĚ Ģħħ − Ģ
2

Ěħ



(4.3)

The first difference between the rotor-based and the stator-based injection ob-

servers is that the excitation axis is always aligned with the d-axis for construc-

tion. Therefore in the former estimation method, the high-frequency voltage

is injected in the real position reference frame. The excitation axis is invari-
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ant to the Park transform. However, since the q-axis current used as input for

the position estimation is computed by applying the Park transform with the

estimated reference frame, the estimation error �Θě
ģ still affects the current es-

timation. As already done for the stator injection method, we extract from the

estimated currents vector the second component, corresponding to the q-axis

current. Also for this estimation method, the cross-coupling inductances ĢĚħ

and Ģħě are considered to be zero. This hypothesis is going to be relaxed in later

analysis and makes the controller computation simpler. Under this assumption,

the high-frequency q-axis current is described by (4.4).

ğ̂
ℎ Ĝ
ħ (Ī) = −

2đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)ĢĚě��Ģħħ

�
�ĢħħĂĈℎ Ĝ

ĩğĤ(�Ăěģ) =

= −
2đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)ĢĚě

ĂĈℎ Ĝ
ĩğĤ(�Ăěģ)

(4.4)

Moreover, the high-frequency q-axis current is multiplied by ĩğĤ(Ĉℎ Ĝ Ī) to per-

form the demodulation [9]. After that, thanks to the Werner formulas described

in equation (3.11) the current equation is simplified in (4.5).

ğ̂
ℎ Ĝ
ħ · ĩğĤ(Ĉℎ Ĝ Ī) = −

2đℎ Ĝ ĢĚě

Ĉℎ Ĝ Ă
ĩğĤ2(ĭℎ Ĝ Ī)ĩğĤ(�Ă

ě
ģ)

= −
◁◁2đℎ Ĝ ĢĚě

Ĉℎ Ĝ Ă
·

1

◁◁2

[
1 − ęĥĩ(2Ĉℎ Ĝ Ī)

]
ĩğĤ(�Ăěģ)

= −
đℎ Ĝ ĢĚě

Ĉℎ Ĝ · Ă

[
ĩğĤ(�Ăěģ) + ĩğĤ(�Ă

ě
ģ)ęĥĩ(2Ĉℎ Ĝ Ī)

]

(4.5)

Filtering (4.5) with an LPF it is possible to remove the high-frequency compo-

nent of the demodulated current. After this operation, only the low-frequency

component of the demodulated signal remains. This component as for the sta-

tor injection method, is directly correlated with the reference frame estimation

error. In (4.6) is performed the linearization step, since the demodulated current

is under the linearization condition exploited in Sec.3.2.

ğ̂
ℎ Ĝ

ħ,ĚěģĥĚ = −
đℎ Ĝ · ĢĚě

Ĉℎ Ĝ · Ă
· ĩğĤ(�Ăěģ)

��
�Ăěģ=0

≈ −
đℎ Ĝ · ĢĚě

Ĉℎ Ĝ · Ă
· �Ăěģ (4.6)

19



4.3. PI CONTROLLER DESIGN

4.3 PI controller design

Equation (4.6) describes the relation between the q-axis demodulated current

and the estimated d-q reference frame for the rotor injection method. Zeroing

this equation the reconstruction error �Ăěģ becomes zero. The estimator struc-

ture described for the stator injection method in Figure 3.2 is the same also for

the rotor injection method. The comprehensive transfer function for the rotor

injection method has been widely discussed in Sec. 3.3 since the d-q reference

frame estimation procedure is the same as for the stator injection estimation

method. The control scheme remains the same, as described in Figure 3.3. The

transfer function describing the relation between the estimated q-axis current

and the reconstruction error�Ăěģ is reported in (4.7). The filter transfer functions

are exploited in (3.18), (3.19) and (3.20). In (4.8) is presented the comprehen-

sive transfer function which presents also the integral action in the position

reconstruction procedure.

ăĈ̂(ĩ) =
ą
ℎ Ĝ
ħ (ĩ)

�Θ
ě
ģ(ĩ)

= −
đℎ Ĝ ĢĚě

Ĉℎ Ĝ Ă
· ĄĈČĂ(ĩ) · Ą

Σ

ĄČĂ(ĩ)
(4.7)

ăĂ̂(ĩ) =
ăĈ̂(ĩ)

ĩ
=

ą
ℎ Ĝ
ħ (ĩ)

ĩ�Θě
ģ(ĩ)

= −
đℎ Ĝ ĢĚě

ĩĈℎ Ĝ Ă
· ĄĈČĂ(ĩ) · Ą

Σ

ĄČĂ(ĩ) (4.8)

Regarding the observer regulator, the control architecture remains the same

since once the gain in (4.8) is compensated both the estimation methods present

the same transfer function and block scheme characteristics. The compensation

gain is reported in (4.9). This normalization allows the use of the same PI design

as in Sec.3.3. The bode diagram of the controlled transfer function remains the

same as the rotor injection method, shown in Figure 3.4.

ćĎ = −
Ĉℎ Ĝ · Ă

đℎ Ĝ ĢĚě
(4.9)
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5
Numerical Validations

5.1 Simulation setup

The simulation model used for all the numerical validations has been cre-

ated using the theoretical knowledge provided in [6] and [7]. Strategy for motor

control is exploited in [16]. This strategy is also applicable to the excitation con-

troller Čąě . In (5.1) is reported the PI design for the desired current bandwidth

þěĭ = 100Ąİ, with Ĉě and Ďě respectively the excitation circuit inductance and

resistance.



ćěĦ = 2ÿ · þěĭ · Ĉě

ćě
ğ
= 2ÿ · þěĭ · Ďě

(5.1)

Figure 5.1 reports the Simulink block scheme used for the simulation. The

model used for representing the motor behavior is the Current-Based Descrip-

tion Model (C.B.D.), described in Sec. IIIB of [11]. This model allows a very

flexible simulation setup since the whole motor behavior is encoded in the val-

ues of the [l] matrix. With this model, it is possible to switch on and off the

magnetic saturation effect and see the correlation between the measured high-

frequency currents and the rotor position-speed observer behavior. Observer

simulink realization follows exactly the scheme described in Figure 3.2.
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5.1. SIMULATION SETUP

HEPM
C.B.D.
Model

-

-
-

OBSERVER

++

+

+
+++

Rotor InjectionStator Injection

HEMP motor model

Figure 5.1: Motor simulation model setup

To get the most accurate reconstruction for the experimental setup, the sys-

tem has been discretized. All the filter transfer functions have been converted

from continuous-time design to discrete-time design by the use of the bilin-

ear transformation (Tustin method). This method remaps the continuous-time

s-plane described by the ĩ variable to the discrete-time complex z-plane, de-

scribed by the İ variable. This transformation is performed by substituting the

s variable with the expression reported in (5.2), where Đĩ is the system sampling

time. In the HEPM motor experimental setup, the inverter presents a sampling

frequency of 20KHz, meaning that Đĩ = 50Ćĩ.

ĩ =
2

Đĩ
·

1 − İ−1

1 + İ−1
(5.2)

Regarding the PID controller discretization, table 5.1 presents the mathematical

meaning of the proportional and integral control action given the control error

Ċ(Ī) and its discrete-time representation Ċ(ġ · Đĩ). In this table, ćĦ , ćğ , and ćĚ

respectively the proportional, integral, and derivative gains coming from the

continuous time PI design. Therefore the PID controller discretization has been

achieved by the multiplication of the integral gain ćğ for the system sampling

time. Regarding the derivative gain, it has to be divided by the sample time

while the proportional gain ćĦ remains the same.
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Control Action Continous Time Discrete Time

Proportional ćĦ · Ċ(Ī) ćĦĊ(ġ · Đĩ)

Integrative ćğ ·
∫ Ī

0
Ċ(ă) Ěă ćğ

∑ġ
Ġ=0

[Ċ(Ġ · Đĩ) · Đĩ]

Derivative ćĚ ·
dĊ(Ī)

dĪ ćĚ
Ċ[ġĐĩ]−Ċ[(ġ−1)Đĩ]

Đĩ

Table 5.1: Proportional, integrative, and derivative control action given a control
input Ċ(Ī)

5.2 Stator injection method

This section deals with the simulations of all mathematical results coming

from Chapter 3, simulating the motor behavior with a MATLAB-Simulink model

created with the setup described previously. This section aims to prove that the

idea behind the sensorless position and speed estimator presented in [10] is

feasible also for applications based on HEMP motors.

5.2.1 Observer design validation

The model implemented for the simulations described in this former anal-

ysis consists of the simplified motor model. This simplification is achieved

by neglecting the presence of magnetic saturation. Under this assumption,

the cross-coupling differential inductance ĢĚħ is equal to zero. Moreover, the

cross-coupling inductance Ģħě is neglected in a former study, since for the mo-

tor construction characteristics, is one order of magnitude lower than the other

inductances. These assumptions are based on the theoretical background pro-

vided by [11], as already discussed in the former section. Therefore the system

is considered linear since the other [l] matrix components are not dependent

on the motor working conditions and affect the relation between voltages and

currents linearly. First of all Figure 5.2 shows the waveform used for the voltage

injection in the simulations. The first simulation procedure is performed by

cutting off the motor control d-q-e axis currents and setting the rotor speed to
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5.2. STATOR INJECTION METHOD

zero. Under this condition, the only voltage supplied to the motor consists of

the high-frequency injection signal.
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Figure 5.2: Injected voltage waveform for sensorless estimation procedure

This simulation regards the relation between the injected voltage and the

induced currents and would be affected by the rotor speed. Figure 5.3 and 5.4

report the simulation behavior of the current propagated by the voltage injection

in the direct axis and that one caused by the induced voltage in the excitation

winding for different values of reference frame estimation error.
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Figure 5.3: Injected currents behaviors for the stator injection estimation method
with theoretical boundaries computed in (5.3) for �Θě

ģ =
ÿ
8

rad
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Figure 5.4: Injected currents behaviors for the stator injection estimation method
with theoretical boundaries computed in (5.3) for �Θě

ģ =
ÿ
4

rad

These currents match (5.3), obtained by simplifying (3.7) with the magnetic

saturation absence simplification hypothesis.



ğ
ℎ Ĝ

Ě
(Ī)

ğ
ℎ Ĝ
ħ (Ī)

ğ
ℎ Ĝ
ě (Ī)



=
đℎ Ĝ ĩğĤ(Ĉℎ Ĝ Ī)

ĢħħĂĈℎ Ĝ



2Ģħħ Ģě ęĥĩ(�Ăěģ)

(3Ģ2
Ěě

− 2ĢĚĚ Ģě)ĩğĤ(�Ă
ě
ģ)

−3ĢĚě Ģħħęĥĩ(�Ă
ě
ģ)



(5.3)

The next simulation procedure compares the step response of the estimator

described in Figure 3.2, with the step response of the closed loop linearized

block scheme derived in 3.3. This comparison is shown in Figure 5.5. The

observed current behavior matches the signal coming fromēĂ(ĩ) corresponding

to the feedback control obtained by negative feedback on the open loop transfer

function ăĂ. Moreover, the measured rise time is close to the desired one

reported in Sec. 3.3. Hence the design strategy is consistent in describing

the actual observer behavior. However, an oscillation is present in the true

estimator simulation. This behavior is highlighted in Figure 5.6. This figure

reports the difference between the theoretical behavior of the high-frequency

q-axis current and the outcome of the estimator implemented in the Simulink

model. The represented signal corresponds to the waveform with an angular

speed of 2ĭℎ Ĝ described in (3.15). This statement is also noticeable from the

Fourier transform of the estimated high-frequency q-axis current, shown in

Figure 5.19. The frequency behavior of the oscillation matches indeed the sine
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wave Fourier transform.
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Figure 5.5: Comparison between the simulated ą̂
ℎ Ĝ
ħ (ĩ) and the simplified transfer

function ăĂ(ĩ) for the stator injection method
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Figure 5.6: Error introduced by the simplification in the controller design for
the stator injection method
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Figure 5.7: Fourier transform of the demodulated q-axis high-frequency error
component for the stator injection method

This unexpected behavior is likely due to the low pass filter applied to the

demodulated q-axis current which is not ideal and cannot remove completely

the high-frequency component of the signal.

5.2.2 Zero-speed and low-speed rotor position reconstruction

Also for this simulation procedure, any current control action is disabled. The

rotor position changes, simulating a drag by external forces, similar to having

the HEPM motor driven by an auxiliary motor. The observer is supposed to

guess the correct position. First of all, the motor is set with an initial position

different from zero. This experiment aims to see if the initial estimated position

Ă̂
ě
ģ converges to the real position Ăěģ without turning the rotor. This operation

is also called zero-speed position estimation. The results of this simulation are

reported in Figure 5.8 and in Figure 5.9, respectively the estimated position and

the speed behavior with respect to the true rotor position and speed. Both

estimations eventually converge to the real values. Moreover, the position step

response rise time is comparable to the desired one. The last simulation aims

to prove the reconstruction properties of the rotor in movement. Hence in this

validation procedure, the low-speed reconstruction capabilities of the estimator

are presented. In Figure 5.10 and 5.11 are shown respectively the rotor position

and speed estimation with respect to the true values.
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Figure 5.8: Zero-speed rotor position estimation starting from the rotor position
Ăěģ =

ÿ
4

for the stator injection method
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Figure 5.9: Zero-speed rotor speed estimation starting from the rotor position
Ăěģ =
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rads for the stator injection method
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Figure 5.10: Stator injection low-speed rotor position estimation
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Figure 5.11: Stator injection low-speed rotor speed estimation

5.2.3 Magnetic saturation considered

The magnetic saturation effect is now considered. Since this behavior intro-

duces non-linearities in the motor, the motor is modeled thanks to the lineariza-

tion of the [l] matrix around the machine’s working point. This linearization is

performed around the values of the excitation current ğě(Ī) and the motor cur-

rent derived from the park transform, ğħ(Ī) and ğĚ(Ī). This means, as reported in

[15], that the cross-coupling differential inductance ĢĚħ is no longer zero. This
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5.2. STATOR INJECTION METHOD

produces an estimation error which is discussed in this section. Moreover, also

the cross-coupling differential inductance Ģħě is considered different from zero

even though this cross-inductance does not numerically affect the estimation

that much. Hence to obtain the most accurate error guess, this reconstruction

error is analytically derived. For the stator injection method, zeroing (3.12) leads

to equation (5.4).

ĩğĤ(2�Ăě
ģ)

ęĥĩ(2�Ăě
ģ)

= ĪėĤ(2�Ăě
ģ) =

2ĢĚħ Ģě − 3ĢĚě Ģħě

3

2

(
Ģ2
Ěě

− Ģ2ħě

)
− Ģě

(
ĢĚĚ − Ģħħ

)

⇒ �Ăě
ģ =

1

2
· ĪėĤ−1

©
«

2ĢĚħ Ģě − 3ĢĚě Ģħě

3

2

(
Ģ2
Ěě

− Ģ2ħě

)
− Ģě

(
ĢĚĚ − Ģħħ

) ª®®
¬

(5.4)

Figure 5.12 reports the behavior of the position obtained by driving the rotor

shaft at a constant speed. As for the former simulation, the driving speed is

5 rad/s, close to the 5% of the motor base speed. In this figure the shifting

between the true and the estimated position is visible. This time shift is caused

by the embedded estimation introduced by the nonlinearities described earlier.

This error follows (5.4), as reported in Figure 5.13 where the error computed

analytically matches asymptotically the error defined as the difference between

the reconstructed and the measured position.
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Figure 5.12: Estimated rotor position from the stator injection-based observer in
comparison with the measured rotor position
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Figure 5.13: Predicted rotor position reconstruction error in comparison with
actual estimation error coming from the stator injection-based observer

5.3 Rotor injection method

This section presents the validation through the mathematical model for

the results discussed in chapter 4. This validation is performed thanks to the

Simulink model described in Sec. 5.1.

5.3.1 Observer design validation

As during the stator injection method numerical validation, the first test has

been performed with rotor mechanical speed zero and no control action on the

d-q-e axis current controller. The first main difference is noticeable in Figure

5.14, where the d-axis current is different from zero. This behavior is shown in

detail in Figure 5.15 and is explained by the equation (2.2). Remembering that in

the simulation performed the motor rotor is stopped (Ĉě
ģ = 0) and, for equation

(4.1), the d-axis current derivate is equal to zero, the equation perfectly matches

the voltage behavior. Figure 5.15 is also reporting the maximum and minimum

values computed from equation (5.5).

ī
ℎ Ĝ

Ě
(Ī) = Ďĩ ğ

ℎ Ĝ

Ě
(Ī) =

2Ďĩđℎ Ĝ ĈĚě

Ĉℎ Ĝ Ă
· ĩğĤ(Ĉℎ Ĝ (Ī)) (5.5)
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Figure 5.14: Excitation winding injected voltage and induced voltage in the d-
axis
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Figure 5.15: Detail of the voltage in the d-axis induced by the injected voltage

Figure 5.16 reports the current propagated in the excitation winding and in

the true direct axis since the model is simulated with the rotor in a stand-still

state (Ăě
ģ = 0). This figure also shows the maximum and minimum values

for the sinusoidal waveform exploited in (5.6). These limits correspond to the

simplification of (4.2) substituting ĢĚħ and Ģħě with zero due to the magnetic

saturation absence hypothesis.
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Figure 5.16: Injected currents behaviors with theoretical boundaries for rotor
injection method
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As already exploited in Sec. 5.2.1, the next validation step consists of the compar-

ison between the actual estimator demodulation response, described in Figure

3.2, and the linearized transfer function obtained in (4.7). In Figure 5.17 is re-

ported the true estimator response, compared with the response coming from

the controlled transfer function, described in Figure 3.3. Figure 5.18 reports in

detail the difference between the estimated and the simulation currents. It is

noticeable that the behavior of the current coming from the estimator matches

the signal coming from the transfer function used for the controller computa-

tion. Hence the design strategy is consistent in describing the actual observer

behavior also for the rotor injection method. Figure 5.19 shows the Fourier trans-

form performed on the estimated high-frequency q-axis current. This current,

displayed in Figure 5.17 and Figure 5.18, is coming from the simulation. It is

noticeable that the signal presents the same behavior as described in Sec. 5.2.1.

Moreover, the step response outcome on this validation test is the same for both

estimation methods. This proves that the controller design is consistent for both

observers.
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Figure 5.17: Comparison between the seimulatad ą̂
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ħ (ĩ) and the simplified trans-

fer function ăĂ(ĩ) for the rotor injection method
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Figure 5.18: Error introduced by the simplification in the controller design for
the rotor injection method
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Figure 5.19: Fourier transform of the demodulated q-axis high-frequency error
component for the rotor injection method

5.3.2 Zero-speed and low-speed rotor position reconstruction

As in Sec. 5.2.2, any motor current control action is disabled, with the rotor

position free to change. In Figure 5.20 and in Figure 5.21, is reported respectively

the estimated position and the estimated speed behavior with respect to the true

rotor position and speed, starting from an initial rotor position of ÿ
4
ĨėĚ.
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Figure 5.20: Zero-speed rotor position estimation starting from the rotor position
Ăě
ģ =

ÿ
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for the rotor injection method
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Figure 5.21: Zero-speed rotor speed estimation starting from the rotor position
Ăě
ģ =

ÿ
4

for the rotor injection method

As for the stator injection method, at steady state, both estimations converge

to the true values. Moreover, the step response rise time of the rotor position

estimation is comparable to the designed one. This validates the zero-speed esti-

mation capabilities for the rotor injection observer. In the last simulation, Figure

5.10 and 5.11 showed respectively the rotor position and speed estimation for

the rotor rotating at low speed. Therefore the low-speed estimation capabilities

have been validated.
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Figure 5.22: Rotor injection observer low-speed rotor position estimation
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Figure 5.23: Rotor injection observer low-speed rotor speed estimation

5.3.3 Magnetic saturation considered

As already described in Sec. 5.2.3 the cross-coupling magnetic saturation is

considered also for the high-frequency rotor injection estimation method. The

analytical derivation of the position reconstruction error caused by the mutual

cross differential inductances ĢĚħ and Ģħě is derived zeroing the q-axis current

component in (4.3). This component is directly connected to the observer error.

In (5.7) is presented the analytical derivation for the estimation error.

ĩğĤ(�Ăě
ģ)

ęĥĩ(�Ăě
ģ)

= ĪėĤ(�Ăě
ģ) =

ĢĚě ĢĚħ − ĢĚĚ Ģħě

ĢĚě Ģħħ − ĢĚħ Ģħě

⇒ �Ăě
ģ = ĪėĤ−1

(
ĢĚě ĢĚħ − ĢĚĚ Ģħě

ĢĚě Ģħħ − ĢĚħ Ģħě

) (5.7)

Figure 5.24 shows the estimated position derived by rotating the motor shaft at

the constant speed of 5 rad/s. There is a noticeable shift between the measured

and the estimated position. This behavior is the same as for the stator injection

estimation method but comes with a different position reconstruction error. This

error asymptotically converges to the theoretical error computed with (5.7), as

shown in Figure 5.25.
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Figure 5.24: Estimated rotor position from the rotor injection-based observer in
comparison with the measured rotor position
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Figure 5.25: Predicted rotor position reconstruction error in comparison with
actual estimation error coming from the rotor injection-based observer
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6
Estimated Speed Feedback Control

Design

In this chapter, the design for the speed control with estimated speed and

position feedback is discussed. First of all, the project requirements for the speed

dynamics are:

• Cut-off frequency Ĉĝę = 10ÿ ĨėĚ/ĩ, corresponding to a f = 5 Hz control
band with;

• Phase margin č = 60◦;

In order to obtain the project requirements for speed control, the behavior

of the filtering action of the speed and position observer must be taken into

account in the controller design process.

6.1 Measure filter derivation

To get the actual transfer function describing the relation between the true

and the estimated speed, we start analyzing the scheme provided in Figure 3.3.

After some block algebra expressing Θě
ģ(ĩ) as input, Figure 6.1 is derived from

the block scheme describing the relation between the measured position and the

estimated one. First of all, the q-axis current ą∗ħ(ĩ) is zero since is the reference

for that current. In equation (6.1) is presented the transfer function between the

measured and the estimated position.
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6.1. MEASURE FILTER DERIVATION

PID
+

-+ +

Figure 6.1: Block diagram of the measure-to-estimated position transfer function

ēĂ̂(ĩ) =
Θ̂

ě

ģ(ĩ)

Θ
ě
ģ(ĩ)

=
ČąĈ̂(ĩ) · ăĂ(ĩ)

1 + ČąĈ̂(ĩ) · ăĂ(ĩ)
=

ẵ(ĩ)

1 + ẵ(ĩ)
(6.1)

ẵ(ĩ) is the open loop compensated transfer function between the Park transform

reference frame error and the q-axis current. Moreover, while ăĂ̂(ĩ) depends

on the injection method, thanks to the normalization step in the estimator PI

design, both injection methods lead to the same compensated transfer function.

This means that also the measured-to-estimated position function is the same

among the two observers. Since the electro-mechanical position corresponds to

the integration over time of the electro-mechanical speed, also the speed relation

is the same as the position one. Hence for the Laplace transform perspective, the

derivation operation consists of multiplying by the ĩ factor. This multiplication

is performed on both numerator and denominator of theēĂ̂(ĩ) transfer function,

leading to (6.2). Moreover, since the electro-mechanical speed is computed by

multiplying the mechanical rotor speed for the motor pole pairs, ēĈ̂ is also the

measured-to-observed mechanical speed transfer function.

ēĈ̂(ĩ) =
¬̂

ě
ģ(ĩ)

¬
ě
ģ(ĩ)

=
◁ĩΘ̂

ě

ģ(ĩ)

◁ĩΘ
ě
ģ(ĩ)

= ēĂ̂(ĩ) =
ẵ(ĩ)

1 + ẵ(ĩ)
(6.2)

On the other hand, the observed speed estimations present some differences

among the two methods, even though the observed position keeps the same

behavior. This phenomenon, also noticeable in Sec. 5.2.1 and Sec 5.3.1, is

likely due to the component that the low-pass filter is not able to cancel. This

occurs because of the non-idealities characterizing the filters. This component is

amplified by the PI controllers inside the speed and position observer, causing

different behavior due to the observers’ differences. However, the position

estimation gets a filtering action from the observer control structure thanks to the

integral action. Therefore, the speed presents oscillation that must be filtered to

40



CHAPTER 6. ESTIMATED SPEED FEEDBACK CONTROL DESIGN

use the observed speed as the feedback measure for the speed control. To remove

this oscillation component a second-order Butterworth filter is introduced. Its

transfer function is described in (6.3) where ĈĘī is the cut-off frequency of the

Butterworth low pass filter. For this case of study, the filter cut-off frequency is

an order of magnitude higher than the speed control bandwidth (50Hz).

ĈČĂ2(ĩ) =
Ĉ2

Ęī

ĩ2 + ĈĈĘīĩ + Ĉ2

Ęī

(6.3)

6.2 Control scheme analysis and PID design

Figure 6.2 presents the speed control scheme implemented for the mechanical

speed control.

+ Current
Control

Algorithm
FIG. 5.1

Second order
L.P.F.

-

Figure 6.2: Speed feedback control scheme using the estimated speed as the
control measure

The MTPA current reference computation has been chosen as the current

control strategy for this work. The excitation current is controlled to a constant

value, making the torque-to-current mapping function similar to that of a stan-

dard IPM motor. This is not the most efficient strategy for setting the current

references, but it’s reliable and widely used. However other efficient methods

can be used as described in [15] without changing the estimation procedure.

The motor control currents and the current propagated inside the machine due

to the high-frequency injection are operating at different frequencies. Hence the

separation performed by the filters makes the rotor speed and position estima-

tion task robust to any current control strategy. To get the transfer function that
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6.2. CONTROL SCHEME ANALYSIS AND PID DESIGN

can be used to derive the speed controller design, it is helpful to make a couple

of simplifications. First of all, the current dynamics are two orders of magnitude

higher than the desired control bandwidth for the speed controller. Hence the

transient dynamics for the d-q axis current can be neglected considering the

current reference values to be always applied on the motor. However, the cur-

rent references are computed thanks to the MTPA algorithm while the torque

generated from the motor currents follows the torque equation used for the

MTPA reference generation. Hence, from the perspective of the speed control

dynamics, the reference torque is directly applied to the motor shaft. Moreover,

the transfer function from the torque to the rotational speed of a motor shaft is

reported in (6.4) where B and J are respectively the friction coefficient and the

rotational inertia of the motor shaft.

�(ĩ) =
¬(ĩ)

T(ĩ)
=

1

1 +
Ć
þ ĩ

(6.4)

The control scheme is then represented in Figure 6.3.

+

-

Figure 6.3: Speed feedback equivalent block scheme

This scheme is characterized by the comprehensive transfer function de-

scribed in (6.5). The poles of this function describe the speed dynamics. The

PID controller structure is introduced since is the canonical control strategy that

gives better results among all the tested designs. The controller coefficients have

been computed, like all the other controllers in this work, thanks to the Matlab
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CHAPTER 6. ESTIMATED SPEED FEEDBACK CONTROL DESIGN

Control System Toolbox.

ēĈ(ĩ) =
Čą(ĩ)�(ĩ)

1 + Čą(ĩ)�(ĩ)ēĈ̂(ĩ)ĈČĂ2(ĩ)
(6.5)
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7
Method Comparison

Follows the analysis of the characteristics and the performances of the two

estimators. The first comparison, showed in Figure 7.1, concerns the embedded

position estimation error discussed in Sec. 5.2.3 and Sec.5.3.3.
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Figure 7.1: Confrontation between the methods measured position reconstruc-
tion error and the estimated error coming from the error prediction equations
(5.4) and (5.7)

This error, as described respectively in (5.4) and (5.7) is affected by the oper-

ating point of the motor, in particular from the current flowing inside both the

stator and the rotor. However, in all the setups discussed in this work, the rotor

injection method is characterized by a lower error. Although this difference is

small, for a task like the position control, the rotor injection method is preferable
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since it presents a lower position reconstruction error. Anyway, the correction of

the position measure is feasible. As reported in Fig: 7.1, the error coming from

the prediction is very close to the actual error introduced by the cross-coupling

inductances. Since as reported in Chapter 6 the transfer function characterizing

both observed speed-based control methods are the same, follow up only the

results for the rotor injection method. The two methods are comparable from

the perspective of speed control capabilities. Figure 7.2 presents the measured

speed behavior of both estimation methods comparison between the two ob-

server methods when the estimated speed is used as feedback for the speed

control.
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Figure 7.2: Measured speed step response with estimated speed and position
feedback controller

The measured speed reaches the reference signal (the dashed line) with a

response characterized by rise time corresponding to a control bandwidth of

almost 7Hz. This result is acceptable considering the complexity of the control

design. Moreover, a constant torque disturbance has been introduced in the

control input. The effect of the disturbance is visible at time 2 seconds of Figure

7.2 and proves the robustness of the control method, rejecting the constant

actuation disturbances. These results for the speed control have been achieved by

performing the reference frame estimation error compensation to the observed

position. This grants a precise transformation when applying the inverse Park

transform to compute the alpha-beta voltages that the inverter generates. The

correction effect is shown in Figure 7.3 where the true and estimated positions

have been compared.
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Figure 7.3: Measured versus observed electro-mechanical position after error
compensation

The most noticeable difference coming from the confrontation of the two

estimation methods is the zero-speed reconstruction capabilities. The initial

position reconstruction for the stator injection method is not reliable for every

initial position. As shown in Figure 7.4 with the true electro-mechanical position

in proximity of ÿ is estimating the observer is estimating the wrong angle.
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Figure 7.4: True (dashed) versus estimated position with Θě
ģ = 2.09 rad with

the estimation error for stator injection method

Therefore the estimation introduces an error of exactly ÿ radians. This error
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is present in every estimation performed with an initial error �Θě
ģ greater than

ÿ/2 radians. This behavior is shown in Figure 7.5 which reports the stator

injection estimation output with respect to the true rotor position.
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Figure 7.5: Measured (dashed) versus estimated position for zero-speed stator
injection estimation method with an initial position in proximity of Ăģě = ÿ

In particular is noticeable that the interval aroundÿ is mapped in the interval

around 2ÿ, that for the angle multiplicity became zero. Figure 7.6 reports the

estimated speed generating the position for the stator injection method.
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Figure 7.6: Measured (dashed) versus estimated speed for zero-speed stator
injection estimation method with an initial position in proximity of Ăģě = ÿ
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On the other hand, the rotor injection estimation with an initial electro-

mechanical position around ÿ is correct. This is reported in Figure 7.7 with

Figure 7.8 describing the estimated speed generating the position reconstruction.
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Figure 7.7: Measured (dashed) versus estimated position for zero-speed rotor
injection estimation method with an initial position in proximity of Ăģě = ÿ

Figure 7.8: Measured (dashed) versus estimated speed for zero-speed rotor
injection estimation method with an initial position in proximity of Ăģě = ÿ

This phenomenon is explained by comparing equations (3.16) and (4.6) to-

gether, respectively the outcome of the low pass filtering procedure applied on
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the demodulation step in the stator injection method and in the rotor injection.

In the former method, the q-axis current varies with the sine of twice the esti-

mation error Ă̂
ě

ģ
, while for the latter observer, the q-axis current varies with the

reconstruction error. Hence the rotor injection method shows higher sensibility

when performing the zero-speed estimation tasks.
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8
Preliminary Experimental Validation

This chapter presents the exploratory experimental setup used for the val-

idation of the theoretical results. The aim of this validation is to report how

the nonidealities and the error in the motor parameter estimation process affect

the validation procedure in a prototype setup. Therefore this chapter focuses

on proving the most important features of the observer discussed in the former

chapters. The outcome of these experiments regarding the behavior of the low-

speed position observer for both stator and rotor injection methods is reported

in the figures of this chapter.

8.1 Experimental setup

Figure 8.1 shows the experimental setup, composed of:

• the HEPM motor;

• an auxiliary IPM motor connected to the HEPM motor shaft;

• the stator winding inverter;

• the rotor winding inverter;

• various current measure devices and power supplies;

• an encoder;

51



8.2. EXPERIMENTAL RESULTS

Figure 8.1: Experimental setup

The encoder measures the speed and the position of both motors. The IPM

motor is driven by its inverter and is used in this setup to simulate external

loads. Moreover thanks to this motor, it is possible to drive the HEPM motor

shaft without any control current flowing in it. This feature is used for the

low-speed validation procedure. All the inverters and the measurement devices

interact with a dSpace MicroLabBox board, allowing the control of the system

thanks to the Simulink c-code generator.

8.2 Experimental results

Figure 8.2 and 8.3 show the d-q-e currents propagated inside the rotor and

the excitation windings due to the high-frequency injection voltage. The former

figure reports the effect of the stator injection. The latter figure reports the

effect of the rotor injection. These currents are computed by applying the Park

transform to the Ă − ÿ currents using the measured position coming from the
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CHAPTER 8. PRELIMINARY EXPERIMENTAL VALIDATION

encoder. As reported in the figures the current behaviors are not the same as

the simulation outcomes, as reported in Figure 5.3 and 5.16. This is probably

caused by the difference between the motor parameters estimation, used for the

mathematical model, and those of the motor. Furthermore, also the preliminary

setup nonidealities and the experimental setup itself might be affecting the

current waveforms.
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Figure 8.2: Current propagated inside the experimental setup due to the stator
voltage injection
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Figure 8.3: Current propagated inside the experimental setup due to the stator
voltage injection

However, since also in the experimental setup the q-axis current tends to
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8.2. EXPERIMENTAL RESULTS

be zero when the Park transform is computed with the true position, the key

idea behind both estimation methods is still valid. Figure 8.4 and 8.5 shows

the position reconstruction compared to the position measured by the encoder

respectively observed with the stator and the rotor injection estimation methods.
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Figure 8.4: Measured position compared to the estimated position coming from
the stator injection observer while the HEPM motor is driven by the load motor
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Figure 8.5: Measured position compared to the estimated position coming from
the rotor injection observer while the HEPM motor is driven by the load motor

The rotor position reconstruction is achieved. The estimation error maintains

a constant behavior while the HEPM control current remains constant. This
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CHAPTER 8. PRELIMINARY EXPERIMENTAL VALIDATION

error is indeed in correlation with the cross-coupling inductances and depends

on the motor operating point. Figure 8.6 and 8.7 report the measured motor

shaft velocity compared with the speed observed respectively from the stator

injection and the rotor injection estimators. The low-speed reconstruction task

is achieved. However, the estimated velocity presents oscillations despite the

filtering action performed on the observer outcome.
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Figure 8.6: Measured speed compared to the estimated speed coming from the
stator injection observer while the HEPM motor is driven by the load motor
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Figure 8.7: Measured speed compared to the estimated speed coming from the
rotor injection observer while the HEPM motor is driven by the load motor
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8.2. EXPERIMENTAL RESULTS

Follows up the experimental results of the estimation error predictor. As

reported in Figure 8.8 the experimental results are different from the simula-

tion results. Indeed the rotor injection method is characterized by the highest

error even though the predicted error of this method is lower than the error

prediction coming from the stator injection method. Therefore performing the

position estimation error correction in this exploratory experimental setup does

not represent a solid strategy.
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Figure 8.8: Experimental confrontation between the actual position reconstruc-
tion error and the predicted one from equations (5.4) and (5.7)

Anyway, since the position error is small compared to the measure, the

control action on the rotor velocity using as feedback measures the estimated

speed and position is still feasible. The reference frame estimation error is

indeed compensated by the control under a certain threshold. However, for this

initial experimental setup, this feature is only working for the stator injection

method. Figure 8.9 reports the control behavior obtained with a reference speed

of 5rad/s. This velocity is near 5% of the base speed and corresponds also to the

speed used as speed reference in the simulations. Although the speed reference

is reached, the time response of the controlled system is not comparable with

the design one. The parameters used for the control design do not take into

account the inertia increase due to the auxiliary motor shaft. On the other

hand, the perpetual oscillation around the reference point and the shape of the

estimated speed suggests that the filtering action performed in the estimated

velocity feedback may be improved. Moreover, this non-ideal behavior of the

step response may probably be due to the estimation error affecting the position
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estimation used as input for the Park transform. On the other hand Figure

8.10 shows the comparison between the estimation error and the prediction

coming from (5.4) while the HEPM rotor speed is controlled by feedback with

the estimated state. Also in this case the prediction algorithm isn’t tracking the

estimation error.
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Figure 8.9: Experimental confrontation between the measured position and the
stator injection reconstruction when the observed state is used as feedback for
the speed control
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Figure 8.10: Experimental confrontation between the measured position error
and the error coming from the stator injection method prediction formula when
the observed state is used as feedback for the speed control

57





9
Conclusions

This thesis provides the mathematical results that led to the design of a

low-speed sensorless technique for the reconstruction of the rotor mechanical

state of an Hybrid Excitation Permanent Magnet (HEPM) motor. In particular,

this work provides also an in-depth comparison between two high-frequency

voltage injection techniques: the stator injection method, and the rotor injec-

tion method. The former has been considered state-of-the-art because of its

performance when used in sensorless techniques for anisotropic motor appli-

cations. This method has been proven to be a valid technique also for HEPM

motor applications. The latter estimation technique has been proposed in this

work since it is a feasible observer strategy for HEPM motors thanks to the rotor

winding. Moreover, the proposed method injects a current axis that is invariant

to the Park transform since is synchronous to the magnetic field direction of the

rotor permanent magnets for construction. Hence unlike the stator method that

injects the high-frequency voltage in an estimated axis, the rotor method always

injects the high-frequency voltage without being affected by the estimation er-

ror. Therefore the latter method is supposed to have less error in the estimation

procedure. In conclusion, for low-speed operating scenarios, sensorless estima-

tion techniques offer a feasible alternative to conventional sensor-based methods

also for HEPM motors. The simulations on the mathematical model provide an

initial validation of this fact. Both estimation methods are indeed reconstruct-

ing the rotor mechanical state. Hence adopting the speed control architecture

discussed in Chapter 6 the control of the shaft mechanical speed with feedback

on the estimated mechanical state is achieved. However, to design a position
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control architecture in-depth work has to be done: as widely discussed in this

work this kind of application presents an estimation error that depends on the

motor operation point. Eventually, both estimators represent valuable solutions

to the sensorless zero-speed and low-speed estimation. However, the rotor injec-

tion method offers slight advantages in performance. The results obtained from

the preliminary experiments reported in the last chapter of this work proved

the consistency of this method. Hence, although the discrepancies between the

motor model used in the simulation and the real motor plus the nonidealities

introduced in the experimental setup, the zero-speed and low-speed estimation

of the rotor position and velocity have been achieved. However the experimental

results show that to reach the simulation performances also in the experimen-

tal setup, in-depth knowledge of motor parameters and accurate tests on both

filtering and current measures strategies are mandatory. Especially if the final

aim for the observer is to provide a reconstruction for high-precision position

control applications. Future works for this research may consist of the construc-

tion of an improved experimental setup that can consistently validate the results

obtained with the simulation setup and the explorative test on the HEPM motor

provided by this research.
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10
Appendix

10.1 Differential inductance matrix inversion

Starting with the matrix defined as in equation (3.2), we compute the deter-

minant (10.1):

�Ģ = ĢĚĚ Ģħħ Ģě −
3

2
Ģħ Ģ

2

Ěě − Ģěě Ģ
2

Ěħ + 3ĢĚě Ģħě ĢĚħ −
3

2
ĢĚĚ Ģ

2
ħě

=
Ģħħ

2

[

(−3Ģ2Ěě + 2ĢĚĚ Ģě) +

(

−2

Ģěě Ģ
2

Ěħ

Ģħħ

)

+

(

6
ĢĚě ĢĚħ Ģħě

Ģħħ
− 3

ĢĚĚ Ģ
2
ħě

Ģħħ
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=
Ģħħ

2
(Ă + ÿ + Ā) =

Ģħħ

2
Ă

(10.1)

For this particular motor, the determinant is not zero. Hence, also in the simpli-

fied case where both the q-e mutual induction and the magnetic cross saturation

are neglected, ÿ and Ā are equal to zero, meaning that Ā = Ă. HEPM Motor

parameter grants that the determinant of the l matrix is different from zero. This

means that the l matrix is invertible and matrix Ģ−1 exists. The adjugate matrix

is computed in (10.2).
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(10.2)
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Then the inverse is then computed thanks to (10.3)

Ģ−1
=

ýĚĠĢ

�Ģ
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2
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ýĚĠĢ =

=
1
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3ĢĚħ Ģħě − 3ĢĚě Ģħħ 3ĢĚě ĢĚħ − 3ĢĚĚ Ģħě 2ĢĚĚ Ģħħ − 2Ģ2
Ěħ



(10.3)

10.2 Matlab code for current derivation

1 clc;

2 clear variables;

3 close all;

4

5 % Differential inductances

6 ld = sym("ld");

7 lq = sym("lq");

8 le = sym("le");

9 ldq = sym("ldq");

10 lde = sym("lde");

11 lqe = sym("lqe");

12

13 % Injection params

14 delta_th = sym("Dth");

15 w = sym("whf");

16 U_hf = sym("Uhf");

17

18 l_matrix = [ld, ldq, lde;...

19 ldq, lq, lqe;...

20 (3/2)*lde, (3/2)*lqe, le];

21

22 % Inverse matrix computation

23 disp("Inductance matrix");

24 disp(l_matrix);

25
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26 disp("Inductance matrix adjoint");

27 adj = adjoint(l_matrix);

28 disp(adj);

29

30 delta = det(l_matrix);

31 disp("Inductance matrix determinant");

32 disp(delta);

33

34 sym_sigma = sym("s");

35 disp("Inductance matrix inverse with sigma term");

36 l_inv = 2*adj/(lq*sym_sigma);

37 disp(l_inv);

38

39 %% Delta theta to Iqhf relation:

40

41 % Rotation Matrices

42 dqe_hat2dqe = [cos(delta_th), +sin(delta_th), 0;...

43 -sin(delta_th), cos(delta_th), 0;...

44 0, 0, 1];

45

46 dqe2dqe_hat = [ cos(delta_th), -sin(delta_th), 0;...

47 sin(delta_th), cos(delta_th), 0;...

48 0, 0, 1];

49

50 % Rotor Injection

51 disp("ROTOR INJECTION METHOD");

52 disp("");

53 curr = sin(w);

54 inj_vector_ri = [0;...

55 0;...

56 U_hf*curr/w];

57

58 ihdqe_ri = l_inv*inj_vector_ri;

59 disp("Injected current");

60 disp(ihdqe_ri);

61
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62 rot_ihdqe_ri = dqe2dqe_hat*ihdqe_ri;

63 disp("Delta theta rotated ihdqe");

64 disp(rot_ihdqe_ri);

65

66 rot_ihfq_ri = rot_ihdqe_ri(2);

67 demod_ihfq_ri = rot_ihfq_ri*curr;

68 disp("Estimated Iqhf");

69 disp(simplify(collect(demod_ihfq_ri)));

70

71 %% Stator Injection

72 inj_vector_si = [U_hf*curr/w;...

73 0;...

74 0];

75

76 disp("STATOR INJECTION METHOD");

77 disp("");

78

79 s_vdq_inj_int = dqe_hat2dqe*inj_vector_si;

80 disp("true dq injected voltage");

81 disp(s_vdq_inj_int);

82

83 s_i_dq_hf = l_inv*s_vdq_inj_int;

84 disp("Stator injection true idq hf")

85 disp(simplify(collect(s_i_dq_hf)));

86

87 s_i_dq_hat_hf = dqe2dqe_hat * s_i_dq_hf;

88 disp("Stator injection estimated iq hf")

89 s_simp_iqhf = simplify(collect(s_i_dq_hat_hf(2)));

90 disp(s_simp_iqhf);
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