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Abstract
In industrial settings, a common challenge associated with electrical machines
is the lack of parameters, which are not always available from the machine
manufacturer. These parameters play a crucial role in tuning the control
gains of Field-Oriented Control (FOC). Traditional parameter identification
methods, widely accepted in the literature, are the standard IEEE tests
such as DC measurement, no-load test, locked-rotor test, and short circuit
test. However, their implementation can be impractical as they necessitate
additional equipment that may be costly and not readily accessible.

This thesis addresses self-commissioning procedures as a solution to
this challenge, aiming to automatically identify electrical parameters of
machine equivalent circuits. Specifically, this study focuses on the Imperix
motor testbench, comprising Induction Machine (IM) and Surface Mounted
Permanent Magnet Synchronous Machine (SPMSM). Self-commissioning is
a standstill procedure that utilizes signal injection through a power converter
and the available sensors, with minimal operator intervention and no additional
equipment.

For the SPMSM, the parameters under study include the stator resistance,
the synchronous inductance, and the Permanent Magnets (PM)-flux. The
resistance is estimated through direct current injection considering the inverter
non-linearity. The synchronous inductance and its saturation characteristic
are examined using high-frequency sinusoidal injection with and without DC
bias via a Current Controller (CC), and square wave voltage injection through
hysteresis control. The PM-flux is determined by accelerating the SPMSM
using the IM as a prime mover in an open circuit configuration. This deviation
from the standstill constraint of the self-commissioning procedure is necessary
as the PM’s effect becomes visible only when the rotor speed is non-zero.

For the IM, the stator resistance, the leakage inductance, the rotor
resistance, and the magnetizing inductance are analyzed. The stator resistance
and inverter non-linearity are identified using the same method as for the
SPMSM. The leakage inductance is tested with a high-frequency sinusoidal
injection with stepped DC bias, with which the saturation characteristic is
built. Then, a DC-biased low-frequency sinusoidal injection identifies the
rotor resistance. The magnetizing inductance is not identified in this work
because of the extensive nature of the problem and time constraints.

Comparison with standard IEEE tests serves as validation, demonstrating
close alignment of the results, except for discrepancies in the unsaturated
SPMSM synchronous inductance estimation. The introduced innovation
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involves adapting existing procedures, initially developed for other AC
machines, to SPMSM applications, for which only limited literature is
available. Overall, this work makes a valuable contribution to understanding
the influence of inverter non-linearity and saturation behavior on parameter
identification. It also opens the door to integrating saturation effects
into control algorithms, which enables dynamic adjustment of FOC gains,
potentially enhancing control performance.

Keywords
Parameter estimation, Machine vector control, Motor drives, IM, Permanent
Magnet Synchronous Machine (PMSM), Variable Speed Drives (VSD).
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Sammanfattning
I industriella miljöer är en vanlig utmaning i samband med elektriska maskiner
bristen på parametrar, som inte alltid är tillgängliga från maskintillverkaren.
Dessa parametrar spelar en avgörande roll för att ställa in kontrollförstärk-
ningarna för FOC. Traditionella metoder för parameteridentifiering, som är
allmänt accepterade i litteraturen, är standard IEEE-tester som DC-mätning,
nollbelastningstest, låst rotortest och kortslutningstest. Implementeringen av
dessa kan dock vara opraktisk eftersom de kräver ytterligare utrustning som
kan vara kostsam och svåråtkomlig.

Denna avhandling behandlar procedurer för självavstängning som en
lösning på denna utmaning och syftar till att automatiskt identifiera elektriska
parametrar för maskinens ekvivalenta kretsar. Studien fokuserar särskilt på
Imperix motortestbänk, som består av IM och SPMSM. Självinkoppling är en
stilleståndsprocedur som använder signalinjektion genom en kraftomvandlare
och de tillgängliga sensorerna, med minimal operatörsintervention och utan
extra utrustning.

För SPMSM studeras parametrarna statorresistans, synkroninduktans och
PM-flöde. Motståndet uppskattas genom likströmsinjektion med hänsyn till
växelriktarens olinjäritet. Den synkrona induktansen och dess mättnadskarak-
teristik undersöks med hjälp av högfrekvent sinusinjektion med och utan DC-
bias via en CC, och fyrkantsvåginjektion genom hysteresstyrning. Flödet PM
bestäms genom acceleration av SPMSM med hjälp av IM som drivmotor i en
öppen krets-konfiguration. Denna avvikelse från stilleståndsbegränsningen i
förfarandet för självavstängning är nödvändig eftersom PM:s effekt blir synlig
först när rotorhastigheten är skild från noll.

För IM analyseras statorresistansen, läckinduktansen, rotorresistansen och
den magnetiserande induktansen. Statorresistansen och inverterns olinjäritet
identifieras med samma metod som för SPMSM. Läckageinduktansen
testas med en högfrekvent sinusformad injektion med stegad DC-bias, med
vilken mättnadskarakteristiken byggs. Därefter identifierar en DC-baserad
lågfrekvent sinusinjektion rotorresistansen. Den magnetiserande induktansen
identifieras inte i detta arbete på grund av problemets omfattande natur och
tidsbegränsningar.

Jämförelse med standard IEEE-tester fungerar som validering och visar att
resultaten ligger nära varandra, med undantag för avvikelser i uppskattningen
av den omättade synkrona induktansen för SPMSM. Den introducerade
innovationen innebär att befintliga procedurer, som ursprungligen utvecklats
för andra AC-maskiner, anpassas till SPMSM-tillämpningar, för vilka
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endast begränsad litteratur finns tillgänglig. Sammantaget ger detta arbete
ett värdefullt bidrag till förståelsen av hur omriktarens icke-linjäritet
och mättnadsbeteende påverkar parameteridentifieringen. Det öppnar också
dörren för att integrera mättnadseffekter i regleralgoritmer, vilket möjliggör
dynamisk justering av FOC-förstärkningar, vilket potentiellt kan förbättra
reglerprestanda.

Nyckelord
Parameterestimering, maskinvektorstyrning, motordrifter, Induktionsmaski-
ner, synkronmaskiner med permanent magnet, frekvensomriktare.
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Chapter 1

Introduction

1.1 Evolution of commissioning procedures
The general definition of ”commissioning” in an electrical environment is the
systematic process of testing equipment, systems, or facilities to ensure that
they meet the design and operational requirements of the owner.

In the field of electrical machines and drives, a preliminary action,
necessary to perform the normal routine of a motor (start-up and the various
control strategies), is the knowledge of machine parameters. Electrical
machines are characterized by a nameplate in which basic information under
rated and limit conditions is provided, such as current, voltage, power, torque,
and speed. On the other side, electrical parameters (resistances, inductances
of the machine’s equivalent circuit) and mechanical parameters (inertia and
viscous friction coefficient) should be found in the datasheet. However, the
datasheet of the available machines in the market does not always present all
these necessary information.

This represents a typical problem in industrial environments. The motor
commissioning is thus related to the development of control techniques for
Variable Speed Drives (VSD). For this reason, the subject has been dealt with
since the 1990s, as shown by the publication of Peter Vas in [1]. In fact, around
the 1980s, VSD were introduced. Thanks to the development of AC control
techniques, AC motors spread into new fields of application where smooth
control is required, partly replacing the DC motors used until then.

The advances in semiconductor technology led to improvements in
power electronics components (for instance higher switching frequencies),
which made VSD even more popular in industrial and commercial settings.
With the ever-changing industrial sector over the years, the need to
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automate manufacturing processes has increased. Therefore, electric motor
commissioning processes have also been automated to keep up.

Motor commissioning is always evolving in parallel with industrial and
electric drive progress, the reason why different methods have been developed
over the years, as discussed in Section 3.1.

1.2 Problem and definition
The subject of self-commissioning for AC motor drives, addressed in this
thesis, refers to automatically configuring and tuning a motor drive system.
Looking at the structure of the words, it is possible to derive its definition.

The meaning of ”commissioning” is already presented in Section 1.1. The
use of the prefix ”self” highlights the automatic nature of this process, with
minimal or no user involvement [2]. Self-commissioning is an automatic
procedure performed when the machine is operated (online) or one time
before its starting up (offline). It allows the initialization of the drive system
and ensures that it operates efficiently and effectively in a given application.
Specifically, calibration, identification of machine parameters, and automatic
tuning are involved in this routine.

Different methods are presented in the literature, for instance, the standard
tests proposed by the IEEE in [3] such as the DC, no-load, and locked-
rotor tests. These tests are not automated and, depending on the particular
application, it is not always possible to perform them on machines already
placed on site. Their drawbacks are the use of additional equipment, which
could be expensive and not always available, and the request of considerable
time and effort, which, in an industrial environment, are translated into costs
and loss of production. Moreover, the accuracy of machine parameters
can be affected by the method and the type of equipment used. In fact,
in high-performance control in which fast response, zero steady-state error,
and accurate reference tracking are required from the motor drive, accurate
knowledge of machine parameters is fundamental [4].
Optimization of costs, time, and accuracy is achieved by automating the
process.

More specifically, the research question is:
How can a state-of-the-art automatic identification procedure of parameters be
implemented for the Imperix motor testbench, which is composed of Induction
Machine (IM) and Surface Mounted Permanent Magnet Synchronous Machine
(SPMSM)?
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1.3 Purpose

1.3.1 Host company
The main actor of this project is the Swiss company Imperix. The company
offers high-end control and power solutions for research laboratories in power
electronics. As part of its R&D activities, Imperix seeks to continuously
develop state-of-the-art control techniques for all sorts of power converters.
It provides its customers with a set of examples of standard control techniques
implemented on its products, creating a publicly accessible knowledge base
via the website. The continuously growing knowledge base is essential
to effectively support its customers, mostly world-leading universities and
industries. This purpose involves also electrical drives. Imperix wishes to
include the procedure under study of self-commissioning for motor drives in its
existing Field-Oriented Control (FOC) examples. FOC is a control technique
that relies on knowledge of machine parameters for tuning.

Incorporating the self-commissioning procedure into Imperix’s knowledge
base will strengthen its support for electrical drives, potentially enhancing
competitiveness in the market and offering customers more advanced
solutions.

1.3.2 Academic community
For the academic community, this work is scientifically relevant because it
keeps track of the progress made in the field of self-commissioning over
the years, summarizing a very vast and constantly evolving topic. This
could serve as a valuable resource for identifying machine parameters in the
future. Moreover, this work contributes to develop scientific knowledge on
machine parameter identification because it adapts existing procedures on new
applications.

1.3.3 Sustainability
The final purpose is addressed to the world and the sustainability process. The
project contributes in an indirect way to sustainability questions because it
addresses techniques that do not require additional hardware, which means a
reduction of electronic waste, by promoting sustainable design. This improves
also the long-term impact, reducing maintenance and improving durability.
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1.4 Method
To address the research question defined in Section 1.2, the following goals
have to be reached.

Goal 1 Machine modeling:

Task 1 Define the theoretical knowledge of the AC motors.
Task 2 List all the parameters that should be identified for FOC.

Goal 2 Literature review:

Task 1 Study and classify existing parameters’ identification tech-
niques for the AC motors. This set a full understanding of the
possible procedures available from the literature.

Task 2 Select and justify which method will be implemented among
those available from the literature.

Goal 3 Simulation design:

Task 1 Implement the chosen method in simulation using the parame-
ters provided by the machine manufacturer.

Goal 4 Experimental validation:

Task 1 Test and validate the selected self-commissioning procedures
on the experimental imperix motor testbench, identifying strengths
and drawbacks of the tested procedure.

Task 2 Test and validate the IEEE standard tests in [3] and [5] on the
imperix motor testbench, identifying strengths and drawbacks of
the tested procedure.

Goal 5 Comparison and conclusions:

Task 1 Compare the obtained results from the self-commissioning
procedures and the IEEE standard.

• If the results of both self-commissioning and standard tests
align and this comparison can be scientifically explained,
the self-commissioning method can be considered technically
relevant.

• If the results of both self-commissioning and standard tests
do not align, a conclusive determination cannot be made.
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1.5 Delimitations
The following section aims to establish the boundaries and limits of the thesis
project to clearly define what falls outside its scope. Due to time constraints,
this project only includes offline identification of machine parameters through
machine excitation with test signals while at a standstill, and not the online
techniques, which instead require tracking the parameters during operation.
These last techniques result in a more advanced study of the topic because
they take into consideration the effects of the environment, such as temperature
changes, on the drive system during work time. An offline procedure allows
to have a first picture of motor parameters.

Furthermore, due to time constraints, only the electrical parameters of the
machine’s equivalent circuit are estimated in this study, while the mechanical
parameters are not addressed.
Another limit is due to the available equipment in the laboratory, which
restricts the power rating (up to 15 kW) and the types of machines investigated
(IM and SPMSM). Higher power ranges cannot be tested due to a lack of
corresponding equipment.
Additionally, only the FOC is considered, and no other control techniques,
since this is the most sensitive control strategy to parameter variations between
those implemented by the company imperix (Direct Torque Control (DTC),
scalar voltage-frequency control, and Rotor Field Oriented Control (RFOC)).

1.6 Structure of the thesis
Chapter 2 gives the theoretical background related to power electronics,
electrical machines, and drives, necessary to understand the theoretical
method for the chosen identification technique described in Chapter 3.
Following this, Chapter 4 gives an overview of the software and hardware
tools used such as the general structure of Simulink models and the imperix
experimental setup, respectively. Thereafter, Chapter 5 presents the result
achieved, and discusses the drawbacks and the advantages of the different
methods. Finally, the conclusion and the future works are shown in Chapter 6.
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Chapter 2

Background knowledge

In this chapter, the dynamic model of the two types of motors is described with
their respective equations. The mechanical model is presented in Section 2.1
and the electrical one in Section 2.2.1 for the SPMSM and in Section 2.2.2 for
the IM. Specific focus on the inverter and its effects on the self-commissioning
methods is in Section 2.4. Subsequently, the theoretical background on the
control strategies for motor drives is given in Section 2.5, specifically, the
principle of RFOC in Section 2.5.1.

2.1 Mechanical Dynamic Model of Motor
Drives

The dynamic model of an electric motor drive can be divided into electrical
dynamic and mechanical dynamic. These are studied, following the reference
[6]. The mechanical torque τm is the input of the mechanical Equation (2.1),

J
dωm
dt

= τm − bfωm − τL (2.1)

where J is the inertia of the electric drive, bf is the friction coefficient, τL
is the load torque.
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Figure 2.1: Rotating motor physics.

Specifically, the Imperix electric drive is a dual motor testbench, composed
of two electrical machines coupled through the same shaft. One of the units
performs as a motor/generator (τm), while the other unit serves as a variable
load (τL). More details about the testbench are provided in Section 4.2.3.

2.2 Machine Electrical Dynamic Model

2.2.1 Permanent Magnet Synchronous Machine (PMSM)
In this section, the background theory necessary for the SPMSM parameter
identification is explained. First, the general equation for the Permanent Mag-
net Synchronous Machine (PMSM) are defined, than they are particularized
for the SPMSM. First, the ideal PMSM model is described under the following
hypotheses, following the literature by A. Cavagnino [7]:

• no magnetic saturation;

• stator windings with theoretical sinusoidal distribution;

• no spatial harmonics in the Magneto Motive Force (MMF) and magnetic
field distributions.

and the following conventions are used:

• motor conventions for supply voltages and currents;

• anti-clockwise sequence order of the stator winding triad;

• quadrature axis of rotor 90° in advance of direct axis.

Later in the analysis, the saturation effect is introduced in the model
in Section 2.3. In the three-phase abc reference frame, the electrical and
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magnetic vector equations are defined in Equation (2.2).

vs −Rsis −
dψψψs
dt

= 0

ψψψs = Lsis +ψψψr

(2.2)

where

vs =

∣∣∣∣∣∣
vsa
vsb
vsc

∣∣∣∣∣∣ ; is =

∣∣∣∣∣∣
isa
isb
isc

∣∣∣∣∣∣ ; ψψψs =

∣∣∣∣∣∣
ψsa
ψsb
ψsc

∣∣∣∣∣∣ (2.3)

The subscript ‘s’ and ‘r’ identify the stator and rotor quantities, and the
subscript indicates the phase of the reference frame. The three-phase reference
frame is introduced because it is used for the single-phase configuration by L.
Peretti in [8].

Subsequently, the electrical Equation (2.2) is transformed into the two-
phase model αβ0 in Equation (2.5), thanks to the transformation matrix in
Equation (2.4), where x is a generic electric or magnetic quantity (v, i or ψ).

xss =

 xsα
xsβ
xs0

 =
2

3
·

 1 −1/2 −1/2

0
√
3/2 −

√
3/2

1/2 1/2 1/2

 ·

 xsa
xsb
xsc

 (2.4)

Equation (2.5) is represented with the equivalent circuit in the αβ0

stationary reference frame in Figure 2.2. It models the electrical behavior
of the stator because the PMSM is supplied from the stator side. Indeed,
the Permanent Magnets (PM) are on the rotor side. The stator circuit is
composed of the stator resistanceRs (representing the copper losses) in series
with the synchronous inductance Ls (equivalent inductance of self-inductance
and mutual-inductance) and with a voltage source, that represents the back-
Electromagnetic Force (EMF) Es induced in the stator windings by the rotor
magnetic field.

vss −Rsiss −
dψψψss
dt

= 0

ψψψss = Lsiss +ψψψsr

(2.5)

where ψψψsr = ψsre
jθ is the rotor flux linkage, which is produced by the

permanent magnets.
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Figure 2.2: Synchronous machine dynamic vector equivalent circuit in the
αβ0 stationary reference frame.

The derivative of the flux ψψψss in Equation (2.5) is:

dψψψss
dt

= Ls
diss
dt

+ jωeψ
s
re
jθ (2.6)

Substituting Equation (2.6) in Equation (2.5),

Ls
diss
dt

= vss −Rsiss − jωeψ
s
re
jθ︸ ︷︷ ︸

Es

(2.7)

θ is the phase of the rotor fluxψψψsr and the synchronous angle θe is the angle
between the α-axis and the d-axis, (which time derivative is the synchronous
speed ωe). Figure 2.3 clarifies the reference frame definition.

In perfect field-oriented conditions, the actual flux angle θ and the
synchronous coordinate system used in the dq0 transformation θe are equal.
In other words, the d-axis of the rotor should overlap the rotor flux linkageψψψsr.
Moreover, since the slip in the SPMSM is null, the synchronous position θe
corresponds to the rotor position θr.

θ = θe = θr (2.8)

The αβ0 reference frame is rotated at the angle θe, through the complex
exponential in Equation (2.9), where ωe = dθe

dt
.

xdq0 = e−jωetxs (2.9)

Substituting Equation (2.9) in Equation (2.7) in perfect field orientation



10 | Background knowledge

Figure 2.3: Reference frame definition for SPMSM.

results in Equation (2.10).

Ls
d
(
ejθeidq0s

)
dt

= ejθevdq0s −Rse
jθeidq0s − jωeψr (2.10)

Simplifying the notation, the electrical dynamic is transformed to dq0
synchronous coordinates in Equation (2.11) in matrix form.

Ls
didq0s

dt
= vdq0s − (RsI + JωeLs) i

dq0
s − Jωeψψψr (2.11)

where,

Ls =

[
Ld 0

0 Lq

]
, I =

[
1 0

0 1

]
, J =

[
0 −1

1 0

]
, ψψψr =

[
ψr
0

]
(2.12)

Subsequently, the voltage equations are written in component form, whose
equivalent circuit is given in Figure 2.4.
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Ld
dis,d
dt

= vs,d −Rsis,d + ωrLqis,q

Lq
dis,q
dt

= vs,q −Rsis,q − ωr (Ldis,d + ψr)

(2.13)

The SPMSM is assumed isotropic, which is reflected in the condition
Equation (2.14).

Ld ≈ Lq = Ls (2.14)

Figure 2.4: Dynamic equivalent circuit for the PMSM in d and q axis.

In steady-state the time derivative is null, so the steady-state equations for
the SPMSM are given in Equation (2.15). This circuit is used for the self-
commissioning procedure from Chapter 3.

vs,d = Rsis,d − ωrLsis,q

vs,q = Rsis,q + ωr (Lsis,d + ψr)
(2.15)

To complete the model of the PMSM, the mechanical torque τm is
calculated through the vector product of flux and current vectors, solved in
Equation (2.16).

τm =
3np
2K2

[ψris,q + (Ld − Lq) is,dis,q] (2.16)

where np are the pole pairs and K is the scaling constant equal to 1 for



12 | Background knowledge

peak-value scaling, 1√
(2)

for Root Mean Square (RMS)-value scaling, and√
(3
2
) for power-invariant scaling. The only contribution of torque in a

SPMSM comes from the PM. The reluctant torque 3np

2K2 (Ls,d − Ls,q) is,dis,q
is canceled since the reluctance all around the rotor circumference is assumed
constant. In conclusion, substituting Equation (2.14) in Equation (2.16) results
in Equation (2.17).

τm =
3np
2K2

ψris,q (2.17)

2.2.2 Induction Machine (IM)
First, the IM circuit from the standard 112-2017 [3] is introduced in Figure 2.5.
Subsequently, the demonstration and the different types of IM electrical
circuits useful for the self-commissioning algorithm are presented.

The parameters in the T-circuit model the physical behavior of the IM. Rs

is the stator winding resistance representing the copper losses. Lls is the total
stator leakage inductance that includes all the effects of slot leakage, tooth
tip leakage, end-winding leakage, leakage due to harmonics, slot skewing
leakage, and pole leakage. The rotor quantities are referred to the stator
side. Rr is the rotor resistance which models the copper losses in the winding
resistance in the case of wound rotor induction motor and rotor bars’ resistance
for squirrel cage rotor. Llr is the leakage inductance attributed to flux leakage
due to rotor slots, slot skewing, and harmonics. The middle branch consists
of a magnetizing inductance Lm, in parallel with the core loss equivalent
resistance RFe (in this case neglected). Lm represents the fundamental
harmonic of the rotating magnetic field at the polarity np. [2].

Figure 2.5: Steady-state vector T-equivalent circuit of a squirrel cage IM from
the standard 112-2017 [3].

The ideal model is described by following the hypotheses from the
reference in [2]:
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• no magnetic saturation, so constant inductance;

• stator and rotor windings (and so MMF) with theoretical sinusoidal
distribution;

• perfectly isotropic (slot openings neglected);

• perfectly cylindrical rotor with no saliencies;

• perfect stator and rotor laminations, which result in null eddy currents;

• hysteresis effects neglected in both stator and rotor;

• the magnetic flux lines always cross the air gap radially.

Later in the analysis, the saturation effect is introduced in the model in
Section 2.3.

vs = Rsis +
dψψψs
dt

vr = Rrir +
dψψψr
dt

(2.18)

where

vs =

∣∣∣∣∣∣
vsa
vsb
vsc

∣∣∣∣∣∣ ; is =

∣∣∣∣∣∣
isa
isb
isc

∣∣∣∣∣∣ ; ψψψs =

∣∣∣∣∣∣
ψsa
ψsb
ψsc

∣∣∣∣∣∣ (2.19)

vr =

∣∣∣∣∣∣
vra
vrb
vrc

∣∣∣∣∣∣ ; ir =

∣∣∣∣∣∣
ira
irb
irc

∣∣∣∣∣∣ ; ψψψr =

∣∣∣∣∣∣
ψra
ψrb
ψrc

∣∣∣∣∣∣ (2.20)

In matrix form, the model of the IM is: vsa
vsb
vsc

 =

 Rs 0 0

0 Rs 0

0 0 Rs

 ·

 isa
isb
isc

+
d

dt

 ψsa
ψsb
ψsc


 vra
vrb
vrc

 =

 Rr 0 0

0 Rr 0

0 0 Rr

 ·

 ira
irb
irc

+
d

dt

 ψra
ψrb
ψrc

 (2.21)

Subsequently, the electrical equation is transformed into the two-phase model
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thanks to the transformation matrix T.

xss =

 xsα
xsβ
xs0

 =
2

3
·

 1 −1/2 −1/2

0
√
3/2 −

√
3/2

1/2 1/2 1/2

 ·

 xsa
xsb
xsc

 = Txs (2.22)

where x is a generic electric or magnetic quantity (v, i or ψ).
Similarly as for the SPMSM in Section 2.2.1, the stator voltage equation

in the stator reference frame is given in Equation (2.23)

vss −Rsiss −
dψψψss
dt

= 0 (2.23)

Unlike the SPMSM in which the rotor is only characterized by the PM, the
rotor in a IM has short-circuited windings or squirrel cage. For this reason, the
rotor voltage equation in the rotor reference frame is given in Equation (2.24).

vrr −Rrirr −
dψψψrr
dt

= 0 (2.24)

There are two different reference frames: the αsβs0s stator reference frame
fixed to the stator in Equation (2.23), indicated with the superscript ”s”; the
αrβr0r rotor reference frame fixed to the rotor in Equation (2.24), indicated
with the superscript ”r”. To simplify the notation, all the electrical quantities
are referred to one reference frame. The rotor equation is transformed to the
stationary reference frame, so the rotor space vectors are rotated at an angle
equal to the rotor position with respect to the stationary reference frame θr.

The position is
isr = ejθr irr
ψψψsr = ejθrψψψrr

(2.25)

The reference frames of the IM are shown in Figure 2.6 (which is an
original hand-drawn representation like all the figures in this report).

Substituting Equation (2.25) in the Equation (2.24) and assuming vrr = 0

since the rotor windings are short-circuited, Equation (2.26) is found.

0−Rre
−jθr isr −

d
(
e−jθrψψψsr

)
dt

= 0

⇒ −Rre
−jθr isr −

(
−jωre−jθrψψψsr + e−jθr

dψψψsr
dt

)
= 0

⇒ jωrψψψ
s
r −Rrisr −

dψψψsr
dt

= 0.

(2.26)
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Figure 2.6: Reference frame of the IM.

In conclusion, the voltage equations of the IM in theαsβs0s stator reference
frame are:

dψψψss
dt

= vss −Rsiss
dψψψsr
dt

= jωrψψψ
s
r −Rrisr

(2.27)

Subsequently, the magnetic equations are specified. The airgap flux ψs
a is

related to the magnetizing inductance Lm:

ψψψsa = Lmism, (2.28)

where
ism = iss + isr (2.29)

The stator flux ψψψss and the rotor flux ψψψsr in αβ0 stator reference frame are

ψψψss = Lmism + Lsliss
ψψψsr = Lmism + Lrlisr

(2.30)
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Substituting Equation (2.30) in Equation (2.27) the T-circuit equations are
found

vss −Rsiss − Lsl
diss
dt

− Lm
dism
dt

= 0

jωrψψψ
s
r −Rrisr − Lrl

disr
dt

− Lm
dism
dt

= 0

(2.31)

Although the T-equivalent dynamic model is physically relevant, this
circuit is not used for the control because it is over-parametrized. In fact, due
to Equation (2.29), the three currents (ism, iss, isr) are not linearly independent.
For this reason, the circuit can be further simplified by considering one total
leakage inductance.

Substituting Equation (2.29) in Equation (2.28), the flux in Equation (2.30)
can be rewritten as:

ψψψss = Lsiss + Lmisr
ψψψsr = Lmiss + Lrirr

(2.32)

where,
Ls = Lm + Lsl

Lr = Lm + Lrl
(2.33)

The inverse-Γ equivalent circuit is relevant for the control of the machine.
Its parameters are estimated in this work, but as explained before, they do not
have a physical meaning. From the T-circuit, the equations for the inverse-Γ
equivalent circuit are derived with the position in Equation (2.34),

ψψψsR = bψψψsr

isR =
isr
b

(2.34)

where b is a transformation factor to be chosen.

ψψψss = Lsiss + bLmisR
ψψψsr = bLmiss + b2LrisR

(2.35)

By choosing b such that the stator and rotor currents have equal coefficients
in Equation (2.35) with the rotor quantities,i.e., bLm = b2Lr b = Lm/Lr, the
leakage inductance on the rotor side is eliminated.

ψψψss = Lsiss +
L2
m

Lr
isR

ψψψsr =
L2
m

Lr
(iss + isR)

(2.36)
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where

LM =
L2
m

Lr

Lσ = Ls − LM = Ls −
L2
m

Lr
=
Lm (Lsl + Lrl + LslLrl)

LmLrl
≈ Lsl + Lrl

(2.37)

ψψψss = Lσiss + LM isM
ψψψsr = LM isM

(2.38)

The transformed rotor resistance is:

RR =

(
Lm
Lr

)2

Rr (2.39)

Substituting Equation (2.38) in Equation (2.27) the inverseΓ-circuit equations
are found

vss −Rsiss − Lσ
diss
dt

− LM
disM
dt

= 0

jωrψψψ
s
R −RRisR − LM

disM
dt

= 0

(2.40)

Figure 2.7: Dynamic inverse-Γ equivalent circuit described by Equa-
tion (2.40).

Since the control for common electric drives is generally implemented on
the stator side of the machine, one state variable is the stator current iss. In fact,
the control loop can instead involve rotor currents in particular application
such as the the control of a Doubly-Fed Induction Generator (DFIG).

Moreover, in most of the applications, the rotor circuit is not accessible
in the case of an IM since it is not externally supplied. For this reason, the
measurements of the the rotor currents are not easily available. The rotor flux
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ψψψsR is chosen as the second state variable, following the equation:

isR = isM − iss =
ψψψsR
LM

− iss (2.41)

Substituting Equation (2.41) in Equation (2.40), Equation (2.42) is found.

Lσ
diss
dt

= vss −Rsiss −
dψψψsR
dt︸︷︷︸
Es

dψψψsR
dt

= RRiss −
(
RR

LM
− jωr

)
ψψψsR

(2.42)

In conclusion:

Lσ
diss
dt

= vss − (Rs +RR) iss −
(
jωr −

RR

LM

)
ψs
R (2.43)

Subsequently, Equation (2.42) is transformed into the dq0 synchronous
reference frame by rotating the αsβs0s reference frame at the synchronization
angle θe.

Lσ
didq0s

dt
= vdq0s − (Rs + jωeLσ) idq0s − jωeψψψ

dq0
R − dψψψdq0R

dt
(2.44)

dψψψdq0R

dt
= RRidq0s −

(
RR

LM
+ jωslip

)
ψψψdq0R (2.45)

where the slip angular speed is ωslip = ωe − ωr = sωe and s is the slip.
Finally, the dynamic of the IM is completed with the electromagnetic

torque expression in Equation (2.46).

τm =
3np
2K2

(ψs,dis,q − ψs,qis,d) (2.46)

2.3 Magnetic saturation
When the inductance estimation is performed, its behavior in saturation
conditions is studied. The theory in this section is used for the DC+AC
method. The reference [8] proposes to study the magnetically saturated



Background knowledge | 19

machines modelling them as generic inductors, which follows Equation (2.47).

v(t) =
dψ(i(t))

dt
(2.47)

where v, i are the voltage and current in the bipole, and ψ(i(t)) indicates
the magnetic flux linkage as function of the current. The instantaneous
flux linkage is expressed as function of the instantaneous current by
Equation (2.48),

ψ(i(t)) = La(i(t))i(t) (2.48)

in which the apparent inductance La is function of the current only.
Subsequently Equation (2.48) is substituted in Equation (2.47) and the flux
derivative is developed.

v(t) =
dψ(i(t))

dt
=
d (La(i(t))i(t))

dt
=

=

[
La(i(t)) + i(t)

dLa(i(t))

di(t)

]
di(t)

dt
=

= [La(i(t)) + Ld(i(t))]
di(t)

dt
=

= L(i)
di(t)

dt

(2.49)

From Equation (2.49), the instantaneous inductance L(i) is the sum of two
terms, the apparent inductance La and the differential inductance Ld =

i(t)dLa(i(t))
di(t)

, which graphical interpretation is given in Figure 2.8.

L(i) = La(i) + i(t)
dLa(i)

di
(2.50)

The instantaneous inductanceL(i) represents the actual inductance around the
operating point (idc;ψdc) and it expresses the derivative of the flux linkage to
the current in that point.
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Figure 2.8: Graphical interpretation of L and La.

2.4 Inverter non-linearity
Self-commissioning involves the utilization of an inverter for the regulation
of voltage waveforms injected into an electrical machine. The presence of the
inverter introduces a discrepancy between the reference voltage, administered
by the controller, and the voltage received at the machine terminal. Non-
idealities, as elucidated by Shafiq [2], encompass:

• the threshold voltage of semiconductor switches, enabling the switch to
enter the conduction state.

• the on-state resistance of semiconductor switches, indicative of the
voltage drop during operation once the switch is in the conduction state.

• the dead-time [9]. A converter leg consists of two semiconductor
devices arranged in series. In an ideal switch, the switching moments
are defined by the intersection of the control voltage and the carrier
waveform. However, real switches have turn-on (ton) and turn-off (toff)
durations, as illustrated in Figure 2.9. Specifically, tf is the fall time, tr
is the rise time. They represent the time employed by the switch to go
from a state on (90%Vds) to a state off (10%Vds), and vice versa. td,on is
the turn-on time and td,off is the turn-off time, which corresponds to the
time employed by the gate signal to be applied on the drain source.

ton = td,on + tr

toff = td,off + tf
(2.51)
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Figure 2.9: Switching delays of a power semiconductor.

To avoid “shoot through” or cross-conduction current through the leg,
the dead time t∆ is introduced. This is done by delaying the turn-on
control input of one transistor to the turn-off control input of the other
transistor in the inverter leg, as shown in Figure 2.10. The dead time
is conservatively chosen to be greater than the worst-case maximum
storage time of the transistors. This dead time introduces an unwanted
non-linearity in the converter transfer characteristic.
During the dead time, both the switches are off. The inverter output
voltage is not controlled by the switching signals but it depends on the
direction of the phase current [10]. The difference between the ideal
and the actual output voltage is:

verrph = vrefph − vactualph (2.52)

By averaging verrph over one time period of the switching frequency in
Figure 2.10, the change (defined as a drop if positive) in the output
voltage due to t∆ is obtained:

∆Vph =

{
+ t∆
Ts
VDC iph > 0

− t∆
Ts
VDC iph < 0

(2.53)

∆Vph does not depend on the magnitude of the current but its polarity
depends on the direction of the current.
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(a) Carrier and reference voltage.

(b) Control voltage of the positive switch of the inverter leg
(iph > 0).

(c) Control voltage of the negative switch of the inverter leg
(iph < 0).

Figure 2.10: Effect of blanking time t∆.

The self-commissioning procedure is performed at a standstill. For this reason,
it involves very low values of voltage and currents, (for instance around 1% of
the rated voltage).With such low voltages, the inverter non-linearity effects
influence the estimate of the machine parameters. This problem could be
solved by adding voltage sensors at the output of the inverter. On the other
side, due to the fourth constraint of the self-commissioning definition given
in Section 1.5, the procedure is performed using the available sensors, which
are the stator currents sensors and the DC voltage sensor. No further voltage
sensors are introduced in the system. Indeed, the measurement of the output
voltage of the converter results in a switched waveform, which should be
processed to extract its fundamental harmonic. For this reason, the voltage
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sensor is not a practical choice in a self-commissioning procedure. The phase
voltages can be then reconstructed by knowing the switch command from the
output of the controller and the DC voltage, but an accurate compensation of
the inverter non-linearity needs to be performed, as explained in Section 3.2.1.

2.5 Control strategies

2.5.1 Rotor Field Oriented Control (RFOC)
The company Imperix provides the Simulink file for the RFOC of an IM,
explained in the knowledge base section [11].

The system model of the RFOC is shown in Figure 2.11.

Figure 2.11: Rotor Field-Oriented Control block diagram.

Expressing the Equation (2.45) in components form and assuming perfect
field orientation, namely θ = argψψψR and ψψψR = ψR, the equations become:

dψR
dt

= RRisd −
RR

LM
ψR

ωslip = ωe − ωr =
RRisq
ψR

.

(2.54)

In steady-state, isd is called the flux-producing current component and
should be controlled such that

isd =
ψref

LM
(2.55)
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In the case of perfect field orientation, the flux had only a d-component
and the q-component is zero (ψψψR = ψR = ψs,d). Hence, the torque equation
in Equation (2.46) is simplified as in Equation (2.56).

τm =
3np
2K2

ψRis,q (2.56)

So is,q is called the torque-producing current component and it is controlled
to have the desired electromagnetic torque is,q = 2K2τrefm

3npψR
.

To control constant currents in the dq0 reference frame, the Proportional
Integral (PI) Current Controller (CC) are used.

2.5.1.1 Current controller (CC)

In this subsection, the tuning of the CC is explained. First, the d and q axes
of Equation (2.44) are decoupled by adding the corresponding compensation
terms. The rotor flux is assumed constant, so its time derivative is zero,
dψψψdq0

R

dt
= 0. As a result, the plant system can be modeled as a resistive-inductive

impedance in dq0 reference frame in Equation (2.57).

Lσ
didq0s

dt
= vdq0s −Rsidq0s (2.57)

The transfer function corresponding to Equation (2.57) is given in Equa-
tion (2.58). Because of the isotropic nature of the IM, the transfer function
is the same in both the d and q axes.

Hd(s) = Hq(s) =
Is(s)

Vs(s)
=

1/Rs

1 + sLσ/Rs

=
K1

1 + sT1
(2.58)

This type of transfer function in Equation (2.58) allows the use of the
magnitude optimum criterion from the reference [12] for the tuning of the
PI CC. The CC parameters are set as follows:

Tn = T1
Ti = 2K1Td
Kp = Tn/Ti
Ki = 1/Ti

(2.59)

where Td is the sum of all system delays:

• sensing delay Td,sense, due to finite sensor and analog chain bandwidth,
and possibly filtering delay;
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• control delay, Td,ctrl, due to sampling instant and duty-cycle update
instant in the PWM modulator (FPGA peripheral);

• modulator delay, Td,PWM , average delay between duty-cycle update in
the PWM modulator and the resulting change in modulator output;

• switching delay Td,tran, between change in the modulator output to
actual switching of the power device (can often be neglected).

In conclusion, the controller proportional and integral gains (Kp, Ki) rely on
the estimation of the machine parameter (Rs, Lσ). These gains affect the
performance of the FOC technique.
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Chapter 3

Theory of parameter identifica-
tion techniques

The purpose of this chapter is to provide a theoretical overview of the
parameter identification methodologies. After the literature review in
Section 3.1, some of the available solutions between those proposed from the
state of the art are implemented first for the SPMSM and then for the IM in
Section 3.2 and in Section 3.3, respectively.

3.1 Methodological classification
This section provides essential background information concerning parameter
identification methods, highlighting their evolution and the diverse techniques
developed over time. Primarily, these methods fall into two main
categories: offline identification and online identification. The former
involves performing identification with the machine at a standstill, and
subsequently analyzing the parameters in post-processing. Conversely, the
latter entails estimating parameters during normal machine operation, with
updates made routinely.

Given the extensive range of parameter identification methods, various
criteria can be employed to classify them. In agreement with [2], the
identification procedures can be categorized between standstill methods and
techniques allowing shaft rotation. The same author updated this classification
in [4], categorizing the main methods into four groups:

• numerical analysis tools, related to Finite Element Analysis (FEA),
difficult to develop in an industrial environment where the geometrical
design is not available;
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• shaft rotation thanks to a prime mover;

• standstill identification (which includes self-commissioning);

• free shaft rotation.

Other potential methods that could be added to this list include:

• algebraic algorithms;

• machine-learning approaches, predominantly for online identification
methods ([13] [14]).

Between all these methods the offline self-commissioning procedure
is chosen in this project because it is not computationally demanding or
mathematically complex, unlike some of the online procedures. Being a
commercial product the solution for the parameter identification must be easy
to understand and implement, widening the range of addressed customers.
Moreover, self-commissioning is feasible for on-site applications because
it does not require additional equipment such as a break or prime mover,
widening the possible application fields.

Once the type of identification procedure to be investigated in this work
is selected, its validation method has to be chosen. Most articles on self-
commissioning procedures use as benchmarks either FEA simulations ([8],
[15], [16]) or the IEEE traditional tests ([17], [18]). In this project, the
FEA simulations are not used as a benchmark due to the lack of knowledge
regarding the machine’s geometrical design, so the IEEE standards are chosen.

The traditional tests provide information mainly on the machine at rated
working conditions. A drawback of them is the lack of depth in evaluating
saturation behavior, which is indeed studied in this project. Saturation
behavior can be integrated into control algorithms like FOC, potentially
enhancing control performance by dynamically adjusting control gains. In
this study, the saturation conditions lack of a benchmark since neither FEA
simulations nor IEEE standard tests can be used for this scope.

3.1.1 Literature review of parameter identification
methods for SPMSM

In this section, the literature that pertains to the SPMSM for offline self-
commissioning and standard IEEE 1812-2023 tests [5] is discussed.
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The electrical parameters are the focus of this project. However, some
references provide the mechanical parameters estimation [19], [20], such as
inertia and friction coefficient.

Already existing methods, developed for other machines, are tested on the
SPMSM because the literature on this machine is not as vast as for others, such
as for the IM [8] and the Synchronous Reluctance Machines (SynRM) [21].

From the circuit used for the FOC , the SPMSM parameters studied are:

• stator resistance;

• synchronous inductance;

• PM-flux.

The methods tested in this work on the SPMSM are summarized in
Table 3.1 and detailed hereafter.

Table 3.1: Identification techniques for SPMSM.

Offline self-commissioning
Standstill Shaft Rotation

Parameters Open loop Closed loop

Rs
multiple levels voltage
DC injection. [8]

• one-level DC current
injection [2].

• two-level DC current
injection [2].

–

Ls –

• AC current injection
[2].

• DC+AC current in-
jection [8].

• hysteresis control
[21].

–

ψPM – –
I-f Open Loop (OL)
startup + sensorless
FOC at irefs = 0.

IEEE Standard 1812-2023 [5]
Rs DC measurement.
Ls Short circuit test.
ψPM Open-circuit test.

3.1.1.1 SPMSM stator resistance

The studied references about the stator resistance are classified in Table 3.2.
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Table 3.2: Literature overview for IM stator resistance offline self-
commissioning identification

References Signal injected Control
configuration

Output need of Lookup
Table (LUT) to
estimate Rs

[2], [22] Two-level DC
current

with CC Rs estimate No

[22] Multiple-level
DC voltage

with CC LUT for
non-linearity
compensation

No

[2] One-level DC
current

with CC Rs estimate Yes

[23] One-level DC
voltage

OL Rs estimate Yes

[23] Multiple-level
DC voltage

OL LUT for
non-linearity
compensation

No

[8] (adapted) Multiple-level
DC voltage

OL Rs estimate
and LUT for
non-linearity
compensation

No

[19] AC voltage OL Rs estimate Yes

The references in Table 3.2 are subsequently analyzed based on the signal
injected in the SPMSM circuit.

• AC injection. Stator resistance identification is possible through
sinusoidal injection [19]. However, the skin and proximity effects
increase the resistance value to its DC value. The DC resistance at
a standstill machine is commonly estimated in the literature with an
injected signal at zero frequency. Consequently, the AC method is not
tested in this project.

• DC injection. The DC test can be conducted in a closed loop
configuration injecting one-level (i.e., step) or two-level DC currents
[2]. With just one or two-level DC injection only the stator resistance is
estimated. For the one-level DC injection and the subsequent SPMSM
parameter estimation, the inverter non-linearity is usually compensated.
So the inverter non-linearity has to be characterized before the self-
commissioning starts. If this is done with a separate procedure, the
automatic nature of the self-commissioning is affected. Additionally,
CC tuning is usually performed before starting the self-commissioning
procedure. Based on the tuning method, the interaction of the user
could be required, which instead should be limited to keep the procedure
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automatic. For the sake of comparison, the one-level and two-level DC
injection in [2], previously mentioned, are developed respectively in
Section 3.2.1.1 and Section 3.2.1.2.

To minimize user interaction and embed the inverter non-linearity
estimate in the self-commissioning procedure, further research through
the IEEE website is performed.

One-level DC voltage injection in OL configuration is proposed in [23].
While it avoids the tuning of the CC, it still requires prior identification
of inverter non-linearity.

The effect of inverter non-linearity can be identified with multiple steps
of DC current injected through a CC as in [22], [24], tested on a
linear PMSM. However, this method is not entirely automatic because
it requires the CC tuning.

The weakness of using a CC and of performing the tracking of inverter
non-linearity before self-commissioning are outdated in [8]. Originally
tested on the IM, this study extends its application to the SPMSM. It
uses an OL procedure with which utilizing the same signal injection,
both stator resistance estimation and LUT for inverter non-linearity
compensation are achieved. For these reasons, the method in [8],
described in Section 3.2.1.3, is implemented in this project.

A benchmark for these procedures is the measured stator resistance
defined by the standard IEEE 1812-2023 [5].

3.1.1.2 SPMSM synchronous inductance

The analyzed references about the synchronous inductance are classified in
Table 3.3.
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Table 3.3: Literature overview for SPMSM synchronous inductance offline
self-commissioning identification

References Signal injected Control
configuration

Saturation
characteristic

[2] high frequency
AC current

with CC Yes

[25] rated frequency
DC+AC current

with CC No

[23] DC+AC voltage OL No
[8] DC+AC voltage OL Yes
[21], [26], [27],
[28], [29], [30],
[31]

square-wave volt-
age

with hysteresis
control

Yes

The research on synchronous inductance aims to identify the saturation
characteristic. When examining the inductance of the SPMSM, researchers
frequently rely on sinusoidal injection [2], [25], [23]. However, variations
exist in implementation methods.

[2] proposes a high-frequency (namely higher than the rated value) signal
injection in a closed loop configuration, with which the unsaturated value is
identified. However, with just one injection level the saturation characteristic
cannot be studied. Since this work proposes to analyze the machine in rated
and saturated conditions, further research is performed, However, this method
is tested in this work for the sake of comparison of the unsaturated inductance
in Section 3.2.2.1.

Similarly, [25] utilizes AC voltage injection at rated frequency, yielding
only simulation results without considering saturation or non-idealities,
making it not interesting for this project where the saturation characteristic
is under analysis.

In [23], a DC bias is incorporated into the signal to mitigate inverter non-
linearity. However, this adjustment alters the machine’s saturation state and
cannot be compared to the unsaturated value from the standard tests chosen
as a benchmark in this project. Moreover, this reference does not take into
account saturation, hence it is not addressed in this work.

To study the saturation characteristic, DC steps are superimposed on the
sinusoidal signal [8] in a OL configuration. Originally tested on the IM, this
thesis introduces its extension to the SPMSM, by modifying [8] in a closed-
loop configuration. The corresponding description is in Section 3.2.2.2.

A weakness of the high-frequency sinusoidal signal injection is its
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sensitivity to inverter non-linearity compensation which causes voltage drops
not negligible looking at the low voltages involved in the test. To overcome
this weakness, the saturation characteristic study through the hysteresis control
is approached [21], in which the high voltages improve the robustness of
the procedure. This method is popular among the literature [26], [27],
[28], [29], [30], and [31]. While all these previous studies have tested this
procedure on the SynRM, this work proposes its application to the SPMSM in
Section 3.2.2.3.

A benchmark for the synchronous inductance estimate is the short circuit
test from the standard IEEE 1812-2023 [5], which, however, returns only the
unsaturated value and not the saturation characteristic.

In conclusion, this work compares [2], [8], [21], and [5] to validate a
method for the SPMSM saturation characteristic identification.

3.1.1.3 SPMSM PM-flux

The last identified parameter for the SPMSM is the PM-flux. This estimation
process typically falls into two main categories: quasi-steady-state [2], [32]
and shaft rotation procedures [19], [24].

First, the quasi-steady-state solutions are analyzed. [2] involves controlling
the machine speed to zero through a Speed Controller (SC) and exploiting
its anisotropy under saturation conditions, which is challenging in a mostly
isotropic machine like the SPMSM. Moreover, the SC must be tuned despite
mechanical parameters being neither estimated nor calculated. This usually
involves user interaction, which in self-commissioning procedures has to
be minimal. Hence, this method is not addressed in this work. Another
quasi-steady-state solution determines the PM-flux linkage based on minimum
saliency tracking with minimal rotor movement [32]. However, this procedure
has been tested on PM-assisted SynRM and it relies on the saturation of the
SynRM bridges, which differs from that of a mostly isotropic machine such as
in the SPMSM. So this method is not approached in this work.

A viable approach for PM-flux identification involves the shaft rotation
procedures. Particularly, thanks to the suggestion of Professor I. R. Bojoi,
this project proposes to accelerate the SPMSM in OL up to a certain speed
and subsequently transition to sensorless FOC with zero current references.
Since the machine is accelerated, the self-commissioning constraint of being
standstill is not respected. Since this solution offers a reasonable compromise
between the self-commissioning method and the implementation time, it is
tested in this project and described in Section 3.2.3.1.
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Between the shaft rotation procedures, there is the standard open-circuit
test [5], chosen as a benchmark for the PM-flux estimate and described in
Section 3.2.3.2.

3.1.2 Literature review of parameter identification
methods for IM

This section delves into the literature concerning offline self-commissioning
for IM and standard IEEE tests 112-2017.

The IM parameters, referred to the inverse-Γ equivalent circuit used for
FOC and investigated in this project, include:

• stator resistance;

• leakage inductance;

• rotor resistance referred to the stator side.

The literature review for the magnetizing inductance is addressed in
Section 3.1.2.4, the associated methods are not developed in simulation or
experiment due to time constraints.

The methods analyzed in this study for the IM are summarized in Table 3.4
and detailed hereafter.

Table 3.4: Identification techniques for IM.

Offline self-commissioning
Standstill Shaft Rotation

Parameters Open loop Closed loop

Rs
multiple levels voltage
DC injection. [8]

• one-level DC current
injection [2].

• two-level DC current
injection [2].

–

Lσ
DC+AC voltage injec-
tion [8]. – –

RR
DC+AC voltage injec-
tion [8]. – –

LM – – –
IEEE Standard 112-2017 [3]

Rs DC measurement.
Lσ Locked rotor test.
RR Locked rotor test.
LM No-load test.
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3.1.2.1 IM stator resistance

As already stated for the SPMSM in Section 3.1.1.1, the base principle for
estimating the stator resistance consists of letting a direct current flow in the
machine winding. While this is common to most of the references in the
literature, the implementation is achieved in several ways. The references for
the stator resistance estimate are classified in Table 3.5.

Table 3.5: Literature overview for IM stator resistance offline self-
commissioning identification

References Signal injected Control
configuration

Output need of LUT to
estimate Rs

[33], [2] One-level DC
current

with CC Rs estimate Yes

[1], [34], [35],
[2], [24], [16]

Two-level DC
current

with CC Rs estimate No

[8], [10] Multiple-level
DC voltage

OL Rs estimate
and LUT for
non-linearity
compensation

No

The first solution available from the literature is the closed-loop one-
level DC injection [33], [2]. This method requires inverter non-linearity
compensation for Rs estimation. Hence its weaknesses are that both inverter
non-linearity identification and CC tuning are performed before starting the
self-commissioning routine. This usually implies user interaction that in an
automatic procedure has to be minimized. For the sake of comparison, this
method is analyzed in this project and described in Section 3.2.1.1. However,
further research is performed.

A popular solution from the literature address the two-level DC injection
in a closed loop configuration [1], [34], [35], [16], [24], [2]. The first
improvement compared to the one-level DC injection is that no compensation
of inverter non-linearity is needed to estimate Rs, as explained in detail in
Section 3.2.1.2. However, tuning the CC has to be performed before starting
the identification sequence. Moreover, this procedure estimates just the stator
resistance but not the inverter non-linearity, usually employed for the following
parameter estimation. A possible solution is to perform the inverter non-
linearity identification in sequence to the Rs estimate [16], [24]. However,
these last two references keep the closed loop configuration. Since widely
spread in the literature, the two-level DC injection is tested in this project, but
further investigation is performed toward an OL technique.
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The weakness of using a CC and of performing the tracking of inverter
non-linearity before self-commissioning are outdated in [8]. In this method,
the stator resistance is extracted from the characteristic phase voltage-phase
current in an OL configuration. This allows using the same injected signal to
determine both stator resistance and inverter non-linearity tracking.

A benchmark for the chosen self-commissioning procedures is the stator
resistance measurement as suggested by the standard IEEE 112-2017 [3].

In conclusion, despite the results presented in [8] being more efficient in
terms of time consumption and result assessment, this project incorporates all
four methods, namely one-level, two-level, OL solution, and measurement.
This decision aims to evaluate the impact of both open-loop and closed-loop
procedures on resistance estimation, as well as to examine the influence of
inverter non-linearity across various injection levels.

3.1.2.2 IM leakage inductance

The references about leakage inductance identification are categorized in
Table 3.6.

Table 3.6: Literature overview for IM leakage inductance offline self-
commissioning identification

References Signal injected Control
configuration

Frequency depen-
dent characteris-
tic

Saturation
characteristic

[1], [34], [33],
[18], [2]

short voltage im-
pulses

OL No No

[2] current ramp with CC No No
[36] low and high

frequency
DC+AC current

with CC Yes No

[37] AC voltage with CC Yes No
[16] DC+AC current with CC No Yes
[8] DC+AC voltage OL No Yes

The research on leakage inductance aims to identify the saturation char-
acteristic, by respecting the automatic constraint of the self-commissioning
routine.

A widely developed solution in the literature is to inject short voltage
impulses in the system [1], [34], [33], [18], [2]. However, this procedure
provides only the unsaturated value and not a description of the saturation
behavior, which is of interest in this work. This method is hence not
implemented in this project and further research is performed.
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[36] addresses an identification in a closed loop configuration of the
leakage inductance by taking into account the influence of the frequency,
not considered in this work. It does not provide insight into the saturation
behavior, so it is not of interest for this project.

The influence of the frequency on the leakage inductance is studied in
[37] through sine-wave excitations in sequence. However, a solution for the
saturation characteristic is not proposed.

[16] follows the same method of two sinusoidal current signals in sequence
in [37] but in this case, stepped DC bias is introduced. The self-saturation
characteristic is then built. Even though this represents a possible path, this
method could be further simplified by considering just one injection frequency
and changing the data post-processing.

[15] studies the self and mutual saturation of the leakage inductance.
However, the experimental tests are performed by rotating the shaft. Hence,
the standstill constraint imposed by the self-commissioning definition is not
respected and this procedure is set aside.

[8] uses DC+AC voltage signals in OL, bypassing the need for CC tuning.
This method provides insights into the saturation behavior of the leakage
inductance. Due to its comprehensive and simple nature, this last method has
been selected for implementation in this study and described in Section 3.3.2.1.

A benchmark for the chosen self-commissioning procedure is the locked
rotor test, described in Section 3.3.2.2, from the standard IEEE 112-2017 [3],
which however provides insight only into the unsaturated leakage inductance
and not the saturation characteristic.

3.1.2.3 IM rotor resistance

In this study, the focus of the rotor resistance identification is related to
its identification around rated working conditions. The analysis of rotor
resistance based on frequency or current variations is not the objective
of this work because these characteristics are not used to improve control
performance in the literature. Instead, an online estimate is preferred to
achieve this improvement. The references related to the rotor resistance
identification are classified in Table 3.7.
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Table 3.7: Literature overview for IM rotor resistance offline self-
commissioning identification

References Signal injected Control
configuration

Frequency depen-
dent characteris-
tic

Current
dependent
characteristic

[1], [34], [33], [2] DC step with CC No No
[2] low-frequency

DC+AC current
with CC No No

[8], [36] low-frequency
DC+AC voltage

OL Yes No

[16] DC+AC
current at two
frequencies

with CC No Yes

[37] DC+AC
current at two
frequencies

with CC Yes No

[2] DC+AC
current at two
frequencies

with CC No No

The self-commissioning procedures for rotor resistance identification
involve:

• DC step through a CC. While [34], [33], and [2] present the
experimental results, [1] mainly presents the theory. However, the
accuracy of this method relies on the tuning of the CC, which is based
on parameters that still need to be estimated. This method is hence not
implemented in this project.

• two DC-biased sine-wave excitations in sequence with different
frequencies identifies the characteristics of the rotor resistance as a
function of the DC current [16]. [37] tests this method to identify the
rotor resistance characteristic varying the frequency. The frequency-
dependent and the current-dependent characteristics contribute to
machine knowledge at a standstill but are not in study in this project
because not considered for control performance optimization. So this
method is set aside.

• Low-frequency AC single-phase injection, implemented in this project
and described in Section 3.3.3. The literature proposes different
variations of these tests. [2] and [8] introduce a DC bias in the low-
frequency AC signal to mitigate inverter non-linearity, in contrast to
[18]. Hence, [18] is discarded. On the other side, [8] and [18] favor an
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OL procedure, differently from [2]. Hence [2] is discarded. [18] present
just the simulation results, instead, [2] and [8] validate the method on
an experimental setup. So [18] is set aside. The method exposed in
[8] is developed in this project because it allows to avoid the need for
CC tuning, validating the test on an experimental setup. The frequency
characteristic is studied also with this signal injection [8], [36], but it is
not considered in this work.

A benchmark for the chosen self-commissioning procedures is the locked
rotor test from the standard IEEE 112-2017 [3], described in Section 3.3.2.2.

3.1.2.4 IM magnetizing inductance

As seen for the leakage inductance in Section 3.1.2.2, the magnetizing
characteristic based on the current variations is interesting from a controller
point of view and it is an object of study in this project.

The references about the magnetizing inductance are classified in
Table 3.8.

Table 3.8: Literature overview for IM magnetizing inductance offline self-
commissioning identification

References Signal injected Control
configuration

Frequency depen-
dent characteris-
tic

Saturation
characteristic

[1], [2] Iterative
procedure from
τr

with CC No No

[2] Iterative
procedure from
τr

OL No No

[18] low-frequency
DC+AC current

with CC No No

[38] low-frequency
DC+AC current

with CC No Yes

[39] AC current with CC No Yes
[17], [16] voltage ramp OL No Yes
[8] step down voltage OL No Yes

The analyzed literature for magnetizing inductance identification involve:

• iterative procedures. An iterative procedure is addressed in [1].
However, this method uses the magnetizing current resulting from the
no-load test, which has to be performed before the self-commissioning
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procedure. Hence, the self-commissioning constraints are violated so
this procedure is not suggested as a solution for this work. To overcome
this limit, variations of this method are then proposed in [2]. It tests
two iterative methods based on both a sinusoidal current as well as a
DC current injected through CC. However, all the iterative procedures
addressed in [1] and [2] do not track the magnetizing characteristic
but only one value is identified. Hence they are excluded and further
research is performed.

• voltage ramp injection in OL [17], [16]. However [16] shows that,
despite the compensation of inverter non-linearity, this method is
sensitive to the voltage error caused by the inverter and the stator
resistance estimation. This method does not provide insight into the
saturation conditions so it is set aside.

• step down with single-phase OL procedure [8].This allows tracking the
saturation characteristic based on the current amplitude. However, this
method requires high accuracy of the voltage measurements to build a
good point of comparison for the magnetizing curve. This accuracy is
difficult to achieve by recording the measurement from a scope. Hence,
it is not suggested for this application due to a lack of adapted equipment
for the validation of this method.

• explicit functions [15]. It considers the mutual saturation effect.
Traditionally the self-saturation effect is modeled as a function of one
variable, instead with mutual saturation two variables are considered.
The magnetizing inductance may saturate as a function not only of
the stator flux but also as a function of the flux leakage. However,
this method allows shaft rotation, so it is not considered as a self-
commissioning procedure and hence not suggested for implementation.

• single-phase low-frequency AC test. [18] addresses an OL procedure.
Since it is based on simulation, the non-idealities are not considered,
such as compensation of voltage error due to inverter and saturation.
For this reason, it is not developed in this project.

[39] identify the magnetizing characteristic through a single-phase
test with CC without any DC bias, varying just the amplitude of the
sinusoidal reference signal.With its simple implementation, this is a
suitable procedure to be tested in this application.
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However, [38] asserts that the traditional single-phase test gives an
error. The inherent error above the rated saturation level comes from
the fact that the static magnetizing inductance is alternating in a wide
range. A direct numerical integration method is proposed to effectively
correct the differential inductance effect. Moreover, this is one of the
procedures that allow for building the magnetizing characteristic. This
method represents a possible path to investigate. In [38] the DC bias is
introduced in the traditional AC injection in single phase configuration
to change the saturation state of the machine. The injection current
signal is regulated through a CC.

These last two references represent a possible self-commissioning
procedure to be tested in simulation and experiment. However, due to
time constraints, this is not done in this project.

A benchmark for the chosen self-commissioning procedures is the no-load test
from the standard IEEE 112-2017 [3].
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3.2 Parameter Estimation for SPMSM
In this section, the theoretical explanation of the SPMSM parameter
identification procedures tested in this project is presented.

3.2.1 SPMSM stator resistance
Three different methods are used to estimate the resistive part, classified based
on the number of levels (i.e., steps).

1. One-level DC injection in dq0 reference frame proposed in [2].

2. Two-level DC injection in dq0 reference frame proposed in [2].

3. Multiple levels DC voltage injection in abc reference frame proposed in
[8] and adapted in this work to the SPMSM.

The following considerations are made:

• The estimated resistance (Rs) is not only the resistance of the machine
phase, but it also includes the resistance of the entire system, which
comprises the machine, cables, and inverter.

• The DC injection is suitable for resistance estimation because the
derivative of the constant current during the time is zero, so there is
no voltage drop on the inductors and the terminal voltage is equal to the
resistive drop.

• The test is at a standstill. As a consequence the rotor speed ωr, and so
the back-EMF, are zero.

• To prevent the generation of torque, a constant current is injected
solely in the d-axis (is,d), while the q-axis current remains at zero.
Additionally, the voltage of the equivalent circuit terminal in Figure 3.1
represents the reference voltage in the d-axis (vs,d), the output of the
controller.

Under these conditions, the equivalent circuit in the d-axis is drawn in
Figure 3.1.
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Figure 3.1: Equivalent circuit of the entire system under test in the d-axis for
one-level and two-level DC injection.

3.2.1.1 One-level DC injection

In the first method [2], the rated current of the machine is injected in the d-axis
in Figure 3.2 (a). The voltage output of the CC is recorded as in the simulation
in Figure 3.2 (b). The steady-state behavior of the machine is then evaluated.

(a) Reference currents. (b) Output voltages.

Figure 3.2: Simulation of one-level DC injection with CC, step at 0 s from
zero Ampere to the rated value Isn, ideal case, with no dead time simulation,
and so, no compensation.

The voltage equation can be derived from Figure 3.1 to calculate the stator
resistance Rs:

vs,d = Rsis,d ⇒ Rs =
vs,d
is,d

(3.1)

For this reason, the nameplate data of the machine has to be known before
performing this procedure. Moreover, the current is applied through a CC,
which needs to be tuned a priori. It can be tuned manually or, if the parameters
are available from the datasheet, with the magnitude optimum criterion, as in
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this case. On the other side, accurate parameters of the machine are still not
available, which can result in a long settling time for the controlled current.
For this reason, the time window in which the current step is performed needs
to be long enough to allow the current to stabilize. On the other side, if the
step lasts too long, for example, more than two minutes, the machine risks
heating up, leading to erroneous estimation. To ensure accurate testing, it is
necessary to perform the test with the rotor at ambient temperature since the
machine parameters are temperature-dependent. The machine should be at rest
for a sufficient amount of time to ensure that its windings are also at ambient
temperature. However, it is important to note that this work does not take into
account the influence of temperature, as stated in Section 1.5.

In this case, to avoid the influence of the CC, the measured current
is considered in the calculation, and not the reference one, so that any
difference between the two values does not affect the estimation of the machine
parameters.

The test is conducted both with and without the inclusion of dead time to
assess its impact.

The voltage at the output terminals of the inverter is lower than the
reference voltage due to the internal voltage drop (in the simulation caused by
the dead time), as explained in Section 2.4. As a consequence, the current rise
is slower than the ideal one (see Figure 3.3 (a)). When dead time is integrated
into the system, the output voltage of the CC (vsd with t∆) is higher than the
voltage drop on just the resistance of the system (vsd ideal), as depicted in
Figure 3.3 (b). The mismatch between the reference voltage and the actual
voltage represents a drawback. There are usually no voltage sensors installed at
the output of the inverter to measure the actual voltage applied to the stator. For
this reason, the output voltage must be estimated from the voltage reference,
taking into account the effect of non-linearities, by using the LUT generated
with the method in Section 3.2.1.3.
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(a) Reference currents. (b) Output voltages.

Figure 3.3: Effect of simulated dead time t∆ on control performances in the
d-axis.

3.2.1.2 Two-levels DC injection

The second method [2] uses two levels of direct current in the d-axis. The
slope of the characteristic voltage-current of the machine represents the stator
resistance in the linear region and is computed with the Equation (3.2).

The CC is still used to set the current references, so the considerations
regarding it, done for the first case, are still valid. The two-level DC injection
method has a drawback in that the selection of set points is random. The
choice of the second set point relies on the expert who performs the self-
commissioning procedure. The main feature to take in mind is to remain
at current levels close to the nominal value to avoid the nonlinear region of
the characteristic phase current-phase voltage (vph(iph)) in Figure 3.4. In this
work, the first set point isd,1 is half of the rated current and the second one is
the rated current isd,2. The simulated signals are shown in Figure 3.5.

Rs =
vsd,2 − vsd,1
isd,2 − isd,1

=
∆vsd
∆isd

(3.2)
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Figure 3.4: Characteristic iph − vph.

(a) Reference currents. (b) Output voltages.

Figure 3.5: Two levels DC injection with CC, step at 1 s from 0.5Isn to Isn,
ideal case, without t∆ simulation.

3.2.1.3 Multiple levels DC injection

This last procedure is performed in [8] and it consists of the characterization of
the phase voltage-phase current to identify the inverter non-linearities. This is
an OL method, so no CC is used and no tuning of it is done before performing
this procedure. A set of reference values of phase voltage is chosen to span
the range between zero and the rated phase current of the machine. For this
reason, the nameplate data needs to be known as in the previous methods.
Per each step of voltage, the phase current is measured, to finally create the
map voltage-current of the system under study, similarly as in the example
waveform in Figure 3.4.

The maximum phase voltage that can be applied needs to be carefully
known to avoid damaging the machine phase. One way is to increase the
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voltage by small steps until the measured current reaches the rated value.
Another difference to the previous methods is the reference frame of the

equivalent circuit. In fact, for the first two cases the calculations are performed
in the dq0 reference frame, in this last procedure the abc reference frame is
considered.

The goal of this method is to create a single-phase circuit by applying no
voltage in phase c, so the voltage in phase a is going to be equal in the module
and opposite in sign to that in phase b. The inverter acts as a full-bridge
converter. The advantage is that phase c is virtually open, but the physical
configuration does not change. This feature makes the procedure feasible
for machines placed already on site. The resulting equivalent electrical
configuration is shown in Figure 3.6.

vs,b = −vs,a, vs,c = 0

is,b = −is,a, is,c = 0
(3.3)

Figure 3.6: Selected single-phase topology for IM voltage supply with phase
c ”virtually” opened.

The other element that has to be carefully chosen is the number of voltage
steps. The voltage is stepped very finely when the current approaches zero.
the steps are wider at higher values of currents. This allows an accurate
characterization of the knee of the curve at low currents (see Figure 3.4).
Moreover, as for the previous methods, the duration of a step should be long
enough (for instance one second) to allow the current to settle per each set
point, removing the inductive component. This is also the reason why current
steps are chosen to identify the set points and not a current ramp, where the
time derivative of the current is not null. As a consequence, the impedance
becomes partly inductive.

To further reduce the noise influence on the resistance estimation, a linear
least square is performed on the last five samples, making sure to be far enough
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away from the nonlinear area. The slope of the linearization represents the
stator resistance.

The voltage error is due to the difference between the reference phase
voltage vrefs,a and the linear componentRsIs,a, as in Equation (3.4). If the curve
of verr presents some irregularities (for instance due to noise, especially at low
currents), a linear least square is performed to maintain the monotonicity.

verr = vrefs,a −RsIs,a (3.4)

The verr data are used to build the LUT to compensate for the voltage
difference. The LUT takes the current as input and it outputs the voltage error
verr. This error is added to the voltage reference vs,a, output of the current
controller. If the phase current is positive the error is added, if the current is
negative it is subtracted. The LUT corrects the three phases a, b, and c.

Figure 3.7: Schematic of the inverter non-linearity compensation.

After recording the experimental voltage and current values, the data is
averaged within a specified window of observation, in this work arbitrarily
one-twentieth of the sampling rate of 20 kHz. In this way, the transient of the
voltage step is avoided and just the steady-state behavior is considered. On
the other side, the number of samples for the average allows accurate results
without requiring big computational efforts from the CPU.

In the final analysis, Rs is estimated from vrefsa and the measured current
isa. Subsequently, verr is computed to construct the LUT. This implies that the
LUT is not required specifically for Rs estimation; instead, it proves valuable
for other testing purposes.

In this work, the characterization of the inverter is performed before
starting the self-commissioning routine. The last presented method is chosen
for resistance estimation as it directly extracts resistance from the LUT without
applying any further methods.
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3.2.2 SPMSM synchronous inductance
3.2.2.1 AC method

The high-frequency injection is used to estimate the impedance of the
equivalent circuit in the d-axis. The AC method is based on the reference [2].
A sinusoidal current of known magnitude and known frequency is injected in
the d-axis, keeping to zero the q-axis current, as in Equation (3.5).

irefsd = Isd,ac cos(ωht)
irefsq = 0

(3.5)

In this way, the rotor is kept in a steady state ωr = 0, so the equivalent
circuit under study is presented in Figure 3.8. The Discrete Fourier Transform
(DFT) is used to extract the fundamental voltage and current from the
waveform in the d axis (v̇fundsd , i̇fundsd ). According to Kirchhoff’s law:

v̇fundsd = Żsi̇
fund
sd ⇒ Żs =

v̇fundsd

i̇fundsd

(3.6)

Figure 3.8: Vector equivalent circuit in case of AC injection in dq0 reference
frame.

Knowing the circuit impedance Żs and the phase shift between the
voltage and the current θh, the resistance and the reactance are calculated
as projections to the real and imaginary axes. From which the synchronous
inductance Ls is known:

Rs = |Żs| cos θh

Xs = |Żs| sin θh ⇒ Ls =
Xs

2πfh

(3.7)

A PI controller is not able to track a sinusoidal reference. To overcome this
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problem, a Proportional Resonant (PR) is used instead. The PR controller is
provided by imperix and it is available in the knowledge base website [40].

Even though this method can estimate both the resistance and the
inductance, it is not accurate for the resistance. Skin and proximity effects
increase the resistances at high frequency, giving erroneous results for the
estimation.

How to choose the injection frequency?
The chosen value should be close to the machine’s rated operating. A too-
high injection frequency can alter the resistance due to the skin effect of the
conductor. This causes a displacement of the test results from the normal
operating conditions of the machine. In this work, 300 Hz is arbitrarily chosen.

However, the AC method is only valid in linear work conditions. In case of
saturation, linearity is lost and the Thévenin impedance becomes irrelevant due
to current distortion. The behavior of the inductance in saturation condition is
studied in Section 3.2.2.2.

(a) Actual and reference currents. (b) Reference voltages.

Figure 3.9: Current injection with frequency of 300 Hz in dq0 reference frame,
ideal case with no dead time simulation.

3.2.2.2 DC+AC method for SPMSM

The DC+AC injection presented in the reference [8] is based on the theory
in Section 2.3. This method was developed for IM, but it can be adapted to
synchronous machines. Some differences are applied, for instance, for the IM
the method is OL: voltage references are injected and currents are measured.
Control is not explicitly applied over the flux vector orientation in synchronous
machines operated in OL. For this reason, the current is controlled in a closed
loop with a PR controller. Hence, the DC+AC signal is applied in the dq0
reference frame, as in Equation (3.8).
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It consists of a small sinusoidal current (isd,ac(t)) superimposed to a
predefined set of increasing DC levels (isd,dc) in the d-axis. The q-axis current
is kept to zero to avoid torque production and maintain stationary conditions.

irefsd = isd,dc + isd,ac(t) = isd,dc + Isd,ac cos(ωht)
irefsq = 0

(3.8)

The DC component is chosen to cover the entire current range based on
prior knowledge of Rs, and it establishes the operating point (marked as P
in Figure 2.8). The AC signal’s low amplitude nature allows for using small-
signal theory, assuming linearity around the operating point P. AC voltages
and currents are utilized to determine the instantaneous inductance Ls(i). The
amplitude (Isd,ac) and frequency (fh) of the current are predetermined and
known, while the voltage is obtained from the output of the CC. Moreover, the
inverter non-linearity is compensated through the LUT from Section 3.2.1.3,
such that the actual phase voltage can be estimated from the reference voltage
from the CC. The DFT is used to extract the fundamentals of voltage and
current, so the synchronous inductance Ls is calculated as in Equation (3.7).

3.2.2.3 Hysteresis control

The DC+AC method in Section 3.2.2.2 is very sensitive to phase shift error
caused by time delays introduced by the Pulse Width Modulation (PWM) and
the experimental setup. Furthermore, a good compensation of the inverter
non-linearity has to be achieved due to the low voltages. This section aims to
analyze a more robust method for estimating the saturation characteristic of
SPMSM using hysteresis control. The corresponding reference is N. Bedetti
[21].

From Equation (2.13), if the saturation is considered in the model, the
inductance is a function of the current and so it is considered inside the flux.
The equations are

vsd = Rsisd +
dψsd
dt

− ωeψsq

vsq = Rsisq +
dψsq
dt

+ ωeψsd

(3.9)

The square wave reference voltage is applied on the d-axis, keeping to
zero the voltage in the q-axis, following Equation (3.10) (see Figure 3.11 (a)).
Zero q-current results in no torque production and stand-still condition of the
machine (ωe = 0).
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vrefd (t) =


Vd if id(t) < −imax

d

−Vd if id(t) > imax
d

vrefd (t− 1) otherwise

vrefq (t) = 0

(3.10)

where Vd is the test-voltage magnitude, imax
d is the current limit.

Applying the assumption of stand-still condition ωe = 0 to Equation (3.9)
and considering just the d-axis circuit, since vrefq (t) = 0, the flux in the d-axis
is found from the inverse formula.

ψsd =

∫ (
vrefsd −Rsisd

)
dt (3.11)

where vrefsd can be approximated to the actual voltage because of the
compensation of inverter non-linearity. However, this method results in being
more robust than the presented method in Section 3.2.2.2. The high voltages
make the procedure less sensitive to errors in the stator resistance estimate and
dead-time compensation [27]. The block diagram of the hysteresis control and
the voltage integration is shown in Figure 3.10.

Figure 3.10: Block diagram of the hysteresis controller.

The simulated waveform of the reference voltage, measured current, and
estimated flux are shown in Figure 3.11. The saturation of the machine is not
simulated, for this reason, the d-axis current waveform has a triangular shape.
As a consequence the characteristic (isd, ψsd) results in a linear development.
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(a) Voltage.

(b) Current.

(c) Flux.

Figure 3.11: Hysteresis control simulation waveforms in dq0 reference frame.

From Figure 3.12, the flux and the current are zero at the same moment.
A possible problem that can be experienced is not seeing the flux null at the
same moment as the current. This offset is a consequence of the drift of the
flux integrator. This drift changes with the initial condition in the integrator.
The effect of the integrator offset is to translate the saturation characteristic on
the y-axis, but the slope of the curve is not affected by this.
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Figure 3.12: Current and flux in the d-axis in hysteresis control simulation.

The reference [21] uses Multiple Linear Regression (MLR) for the data
post-processing to reduce the computational weight of the algorithm. The
method is based on the identification of the slopes of two areas, saturation and
linear region. However, MLR applied on the saturation characteristic not as
curved as in a SynRM does not provide satisfying results because it is not able
to track the small variation of the inductance. On the other side, the definition
of the inductance in Equation (3.12) can not be used because once the current
goes towards zero, Ls diverges to infinity.

Ls =
ψsd
isd

(3.12)

For this reason, the discrete derivative in Equation (3.13) has been chosen to
identify the slope of the saturation characteristic.

Ls =
ψsd(k)− ψsd(k − 1)

isd(k)− isd(k − 1)
=

∆ψsd
∆isd

(3.13)

3.2.2.4 Short-circuit test

The short-circuit test is proposed by the standard IEEE 1812-2023 [5]. It is
not a self-commissioning procedure but it is used to find a benchmark for the
SPMSM synchronous inductance Ls.

In the short-circuit test, the SPMSM is driven to a desired speed with
the help of a prime mover (in this case, the IM), while short-circuiting its
phases. The steady-state Equation (2.15) are modified by imposing vdq0s = 0,
because of the short circuit. The steady-state short circuit equations are given
in Equation (3.14).

0 = Rsis,d − ωeLsis,q

0 = Rsis,q + ωe (Lsis,d + ψr)
(3.14)
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If the resistance Rs is negligible or if the rotational frequency is high, the
short-circuit equations can be simplified as in Equation (3.15).

0 = ωeLsis,q

0 = ωe (Lsis,d + ψr)
(3.15)

In conclusion, the current is null in the q-axis is,q = 0, and the short-circuit
current Isc is just in the d-axis.

Isc =
Voc√
3Xs

(3.16)

where the synchronous reactance at rated speed is Xs = ωsLs. Voc =√
3ωsψr is the line-to-line open circuit voltage.

The rotor excitation in a SPMSM is fixed due to the PM. As a consequence,
the short circuit current cannot be controlled or varied as in a wound-field
synchronous machine. For this reason, the steady-state short circuit current
is expected to be higher than the rated current of the SPMSM. This leads
to heating of the machine with risk of PM demagnetization and damages of
electrical insulation.

A prior analysis is performed to ensure safe operating conditions, avoiding
damage to the SPMSM. The short-circuit current is calculated with the
Equation (3.16). If the Isc exceeds the maximum allowable value for the
SPMSM, the current can be limited by adding an external impedance Żext.
Żext is reactive to avoid increasing the Isc. The new short circuit current can
be estimated by

Isc =
Voc

√
3
(
|jXs + Żext|

) (3.17)

Furthermore, the IM should be able to supply the necessary short-circuit
torque to the SPMSM. If yes, the short circuit is applied before starting the test.
If not, the short circuit is applied after the SPMSM reaches the desired speed
through an open-circuit test, which is described in Section 3.2.3.2. However,
in this case, the current may significantly exceed the rated value, even up to
five times higher than the rated value, which poses a high risk of damage to
the SPMSM. [7].

The test configuration in Figure 3.13 shows how the measurements are
performed. Three differential current probes measure the line-to-line voltage
of the SPMSM and three current sensors are used to measure the phase
currents. The short circuit is applied before the test begins. Knowing voltages,
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currents, and speed, the synchronous inductance is estimated:

Ls =
Voc√
3ωeIsc

(3.18)

Figure 3.13: Short-circuit test configuration [5].

3.2.3 SPMSM PM-flux
3.2.3.1 I-f startup + sensorless FOC

The PM-flux ψR is estimated using the voltage equation in the q-axis in
Equation (2.13), where it is related to the electrical rotor speed ωr. To create
a voltage drop in the q-axis due to the presence of the PM, the rotor speed
has to be different from zero. For this reason, the constraint of a standstill
procedure imposed by the self-commissioning definition cannot be respected.
On the other side, the drawback of accelerating the machine at high speed is the
temperature increment that can lead to a distortion in the PM-flux estimation
since the magnetization of the PM is temperature dependent.

The I-f start-up procedure is then chosen to accelerate the machine. Once
a constant speed is reached, a sensorless control is applied and the current is
set to zero with a CC. The block diagram for the control method is presented in
Figure 3.14. This method was already developed by imperix and it is available
on its online knowledge base [41].
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Figure 3.14: Block diagram of an Sliding-Mode Observer (SMO)-based
sensorless FOC with I-f startup for a PMSM.

The i-f start-up is an OL procedure based on a virtual reference rotating
frame. A speed ramp is set as a reference and integrated to find the position
of the virtual reference frame.

ωrefm =
dωrefm

dt
· t

θrefe =

∫ t

0

ωrefe dt = np

∫ t

0

ωrefm dt

(3.19)

The reference current irefsq in the q-axis is set around the rated value, to provide
enough power for the acceleration of the machine. Once the virtual ωrefm is
higher than a minimum speed, the reference speed is kept constant, and irefsq
starts decreasing. The simulated waveforms are shown in Figure 3.16.

How this minimum speed is selected?
The sensorless FOC is based on the knowledge of machine parameters to
perform the field alignment. Since the parameters are not accurately known
before the commissioning procedure, the inaccurate field alignment can result
in poor performance of the speed control. At low speeds, this method is more
sensitive to motor parameters. Moreover, at low currents, the measurements
are not accurate enough to estimate the back-EMF and extract the position.
To reduce the parameter sensitivity, the minimum constant speed is set ”high
enough”, as a rule of thumb between 1/3 and 1/2 of the nominal speed.

The second step is to align the virtual reference frame with the real
dq0 reference frame. This is achieved by canceling the error between their
respective speeds. The error alignment θerr and its variation are defined in
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Equation (3.20), respectively.

θerr = θe − θrefe

dθreferr
dt

= ωe − ωrefe

(3.20)

Figure 3.15: (left) rotational frame and current reference from the I-f method
(right) rotational frame and current reference from the sensorless FOC.

Once that θerr and irefsq are within a desired tolerance, the control is
switched to a sensorless FOC with the current references set to zero. If no
current flow in the dq0 equivalent circuit, there is no voltage drop on the
impedance of the machine and Equation (2.13) become:

vs,d = 0

vs,q = ωeψr
(3.21)

Finally, the PM-flux is calculated from Equation (3.21).

ψr =
vs,q
ωe

(3.22)
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(a) Actual and reference currents. (b) SPMSM mechanical speed ramp.

(c) Reference voltages.

Figure 3.16: Simulated I-f startup from t = 0s and sensorless FOC at null
references in dq0 reference frame introduced at t = 2s.

3.2.3.2 Open-circuit test

The second method is to accelerate the SPMSM up to a constant speed
thanks to a prime mover (in this work the IM), as in Figure 3.17 (a). The
reference speed is arbitrarily chosen following the same considerations as in
Section 3.2.3.1. The SPMSM is in an open circuit so the currents idq0s are
null and the Equation (3.21) is valid. The voltage measured at the phase of
the SPMSM represents the induced voltage due to the PM, which simulated
waveforms are in Figure 3.17 (b). Once the machine reaches steady-state
conditions, the PM-flux is estimated from Equation (3.21).

ψr =
vsq
ωe

(3.23)

The line-to-line voltage is measured since the neutral of the SPMSM is not
user accessible. Three differential voltage probes are placed as shown in the
schematic in Figure 3.17. The speed is known by derivating the measured
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position from the resolver described in Section 4.2.3. Figure 3.18 represent
the simulated mechanical IM speed and the SPMSM voltages.

Figure 3.17: Open circuit electrical configuration.

(a) IM mechanical speed. (b) SPMSM back-EMF measurements.

Figure 3.18: Simulation of the open-circuit test.

3.3 Parameter Estimation for IM
In all the IM self-commissioning procedures the single-phase configuration,
represented in Figure 3.6 and described in Section 3.2.1.3, is used.

3.3.1 IM stator resistance
The stator resistance is estimated with the same method used for the SPMSM
through the DC injection in section Section 3.2.1. The theory is the same,
the only difference is the equivalent circuit in which the voltage signals are
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injected. Because the electrical frequency ωe is null due to DC injection, the
inductances are short-circuited. Specifically, the magnetizing inductance is
short-circuited, so no current flow in the rotor branch. The only element in the
equivalent circuit that causes a voltage drop is the stator resistance Rs.

Figure 3.19: Electrical vector configuration in the abc three-phase reference
frame in case of DC injection at stand-still (ωr = 0).

3.3.2 IM leakage inductance
3.3.2.1 DC+AC method for IM

Figure 2.7 is the dynamic IM inverse-Γ equivalent circuit in case of linear
conditions. If the stator teeth and yoke of the machine saturate, the current
becomes a nonlinear function of the stator flux. If the iron saturation is
considered and at a standstill, Equation (2.40) in the three-phase reference
frame becomes: 

vs = Rsis + Lσ (is)
dis
dt

+ LM (iM)
diM
dt

0 = RRiR + LM (iM)
diM
dt

(3.24)

The saturation can be modeled by splitting its effect into two inductors:
the leakage inductance Lσ(is) and the magnetizing inductance LM(iM). At
standstill, the rotor angular speed ωr is zero, by adding saturation, the circuit
in Figure 2.7 becomes as in Figure 3.20.
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Figure 3.20: Inverse-Γ vector equivalent circuit including stator iron saturation
in abc reference frame, at standstill (ωr = 0).

At steady state, the Thévenin equivalent impedance of the circuit in
Figure 3.20 is:

Z (jωh) = Rs + jωhLσ +
jωhLMRR

jωhLM +RR

(3.25)

where ωh = 2πfh, with fh frequency of the injected signal. The last term
of Equation (3.25) converges to RR for sufficiently high values of frequency
[42]. Subsequently, the approximation of the Thévenin equivalent impedance
in Equation (3.25) is given in Equation (3.26).

Z (jωh) ≈ Rs +RR + jωhLσ (3.26)

As for the SPMSM, the DC+AC method explained in Section 3.2.2.2 is
employed to estimate the instantaneous inductance. All the considerations
already done in Section 3.2.2.2 are valid. The difference is the reference
frame in which the procedure is performed. The single-phase configuration
in Figure 3.6 is considered. Since it is an OL method, the injected signal in
Equation (3.27) is the sum of a small sinusoidal voltage with a predefined set
of increasing DC voltage levels while measuring the phase currents at each
stage.

vsa(t) = vsa,dc + vsa,ac(t) = vsa,dc + Vsa,ac cos(ωht) (3.27)

Applying the DFT on the reference phase voltage vsa and phase current isa,
measured from the current sensor in the PEB 8038, the fundamental compo-
nent is extracted. Knowing the Thévenin impedance with Equation (3.28), the
instantaneous leakage inductance is calculated using Equation (3.29).

vfundsa = Ż (jωh) i
fund
sa ⇒ Ż (jωh) =

vfundsa

ifundsa

(3.28)
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Xσ = |Ż (jωh) | sin θh ⇒ Lσ =
Xσ

2πfh
(3.29)

The leakage inductance is calculated per each set point defined bu the direct
current so that the characteristic curveLσ (isa). Notice that the injected voltage
in the system is corrected by applying the compensation to the reference
voltage with the apposite lookup table to overcome inverter non-linearity.

As for the SPMSM in Section 3.2.2.1, the high-frequency test is not
indicated for the resistance estimation. The rotor resistance RR can be
extracted from the real part of the Thévenin impedance Ż (jωh), by subtracting
the stator resistance Rs. However, the high frequency can result in increasing
resistance due to the skin effect and proximity effect.

3.3.2.2 Locked rotor test

The locked rotor test is performed by following the standard IEEE 112-2017
[3]. It is used to estimate the leakage impedance and the rotor resistance of
the IM. This test is not a self-commissioning procedure, but it represents a
benchmark for the self-commissioning method explained in Section 3.3.2.1.

The rotor of the IM is locked by a mechanical mean. It contrasts with self-
commissioning techniques that ensure the standstill condition through control.
The phase voltage at the rated frequency is increased until the phase currents
reach the rated load value. This allows to have the same saturation condition
as normal operation. In locked rotor condition the phase voltage is below
its rated value. Special care should be taken when increasing the voltage as
there is a risk of damaging the machine due to the low value of the machine
impedance resulting in high currents and so overheating. Once the steady-state
condition is reached, the measurements of the phase voltages are taken with
three differential voltage probes. The current is measured with a current probe
directly at the IM phases.In the post process, the DFT is applied to the current
and voltage waveform, finding the real and imaginary part of the impedance.

vfunds = Z (jωe) i
fund
s ⇒ Z (jωe) =

vfunds

ifunds

(3.30)

Z (jωe) ≈ Rs +RR + jωeLσ (3.31)

The magnetizing inductance LM is neglected because It is much higher than
leakage phase inductanceLσ. As a consequence, it can be assumed that there is
no current floating to LM parallel branch. The vector electrical configuration
of the locked rotor test is given in Figure 3.21.
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Figure 3.21: Vector electrical equivalent circuit for locked rotor test in the
three-phase reference frame.

The reactive impedance is directly related to the leakage inductance Lσ,
as shown in Equation (3.31). Instead, the resistive impedance represents the
rotor and stator resistance RR +Rs.

Rs +RR = |Z (jωe) | cos θe ⇒ RR = |Z (jωe) | cos θe −Rs

Xσ = |Z (jωe) | sin θe ⇒ Lσ =
Xσ

2πfe

(3.32)

The stator resistance is already known from the DC test described in
Section 3.2.1.

3.3.3 IM rotor resistance
In this section, the method by L. Peretti in [8] for the rotor resistance estimation
is studied. The rotor resistance is calculated by knowing the voltage drop over
it and the corresponding rotor current. First, the current is found. A single-
phase OL voltage at low frequency fl is injected into the IM circuit. The
configuration is the same already used for the multiple DC injection shown in
Figure 3.6. Since it is a single-phase injection, just phase a is considered, with
its corresponding equivalent circuit. A single-phase injection does not create a
rotating magnetic field, so the machine is not rotating, the rotor angular speed
(ωr) is null and the slip is one.

The injected voltage is

vsa = Vsa,dc + Vsa,ac cos (ωlt) (3.33)

Under normal working conditions, the frequency of the injected signal is
below its rated slip value. Furthermore, at low frequencies, the skin effect of
rotor bars is limited.For these reasons, the frequency is arbitrarily chosen to
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be 5% of the nominal slip fslip = fe − fr.

fl = 0.05fslip (3.34)

Looking at the inverse-Γ equivalent circuit at a standstill in Figure 3.22, the
rotor side is composed of just the rotor resistance RR, since the rotor leakage
inductance Llr is shifted on the stator side.

Figure 3.22: Single phase electrical equivalent circuit in phase a for locked
rotor test.

As a consequence, the rotor current iR is a resistive current in phase with
the voltage in phase a. The magnetizing inductance is neglected for the same
reason as in Section 3.3.2.2. So, the α (or a) component of the rotor current
corresponds to the α (or a) component of the stator current. Moreover, the
a-axis overlaps with the α-axis, as shown in the transformation.

iR = iRa = isa = isα (3.35)

The voltage on the stator is assigned. To find the voltage on the rotor resistance,
the inverse formula from Equation (3.24). In the case of a sinusoidal constant
frequency injection, the Equation (3.24) is written in phasor form.

V̇Ra = (VRα + jVRβ) = V̇sa − (Rs + jωlLσ) İsa =

= Vsα − (Rs + jωlLσ) (Isα + jIsβ)
(3.36)

where the stator resistance and the leakage inductance were previously
estimated.

Knowing the voltage on the rotor resistance and the rotor current, the rotor
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resistance of the inverse-Γ equivalent circuit is:

RR =

∣∣∣V̇Ra∣∣∣∣∣∣İRa∣∣∣ (3.37)

cos (θR) =
VRαIsα + VRβIsβ∣∣∣V̇Ra∣∣∣ ∣∣∣İsa∣∣∣ (3.38)

RR =
V 2
Rα + V 2

Rβ

VRαIsα + VRβIsβ
(3.39)

The rotor resistance, as the stator resistance, is very sensitive to
temperature variation. For this reason, an online estimate is suggested also
in this case.

From the standard IEEE 112-2017 in [3], the rotor resistance is found by
performing the locked rotor test described in Section 3.3.2.2, whose result
represents a benchmark for RR.
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Chapter 4

Practical implementation

4.1 Software tools
The first step to applying the methods chosen from the state-of-the-art self-
commissioning in Section 3.1 is by creating simulation models for each of
the electrical machines in analysis. These are later validated through the
experimental setup, described in Section 4.2.

The primary software used is Matlab Simulink, which is directly linked
with the Imperix Software Development Kit (SDK). With the help of the
SDK, a unified development environment is created that can be used to
simulate the control and generate code for experiments through the Automated
Code Generation (ACG). This highlights the ability to easily switch between
simulations and experiments. Each simulation file comprises a Controller
block and a Plant model block. A typical scheme of the simulation model
is presented in Figure 4.1.
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Figure 4.1: Simulink model of dual Imperix motor testbench.

4.1.1 Full self-commissioning routine
Imperix provided files in which some control strategies, used in this work, are
developed, for instance, RFOC for IM, FOC for SPMSM, PR controller for
AC injection and I-f start-up (employed for PM-flux estimation). Figure 4.2
represent the flowchart of the entire self-commissioning routine for the
SPMSM (a) and the IM (b). The procedure is composed of a set of sequential
steps, since the estimation of a parameter depends on the knowledge of another
one, for instance, to estimate the magnetizing inductance LM the leakage
inductance Lσ has to be known. Once the parameters are found, the control
gains of the CC for the FOC are tuned. The only information that has to be
entered into the algorithm by the user is the rated values from the nameplate
data.
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(a) SPMSM. (b) IM.

Figure 4.2: Algorithm flowchart of self-commissioning routine.

4.2 Hardware tools
The motor drive bundle, presented in the knowledge base section [43] of the
Imperix website, is employed to experimentally verify the state-of-the-art self-
commissioning. The motor drive bundle in Figure 4.3 is composed, from
top to bottom, of the control stage and the power stage. The control stage
is represented by a B-Box RCP and its motor interface. The power stage is
composed of two inverters, in this project 4U Closed Rack – Type C, and a
reversible DC supply.
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Figure 4.3: Default configuration of the motor drive bundle (front view).

4.2.1 Control stage
The first element of the control stage is the B-Box Rapid Control Prototyping
(RCP).

The B-Box controller generates the control signals for the converter (PWM
gate signals), based on the feedback of motor currents and DC bus voltage,
measured with the embedded sensors on the PEB 8038. The gate signals
are transmitted to the PEB 8038 modules through optical fibers, where the
switches apply the signal by adjusting the duty cycle of the machine phase
current waveform. The motor currents and the DC bus voltage are then fed
back to the controller through RJ45 optical cables. To complete the loop the
signal employs a delay time (Td) equal to one switching period (Ts) and a half
(Td = 1.5Ts) due to PWM time delay.

The second element of the control stage is the Motor Interface. The Motor
Interface is an extension of the B-Box RCP and supports a wide variety of
sensors relevant to motor control applications. It is designed for use with a
dual motor setup such as the Imperix Motor Testbench. The position and speed
of each motor can be measured either by an incremental encoder, a resolver,
hall sensors, or a sin/cos encoder.
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4.2.2 Power stage
The electrical equivalent circuit in Figure 4.4 shows the entire system
composed of the motor testbench, two inverters, and a DC bus. One machine
is the Device Under Test (DUT), working as a motor (M) or as a generator (G),
while the other one acts as a controllable load.

Figure 4.4: Dual-motor configuration with a shared DC bus.

The wiring of the power stage to the motor testbench is depicted in
Figure 4.5.

Figure 4.5: Wiring of the power stage and earthing connection (rear view).
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4.2.3 Dual Motor testbench
The Motor Testbench shown in Figure 4.6 is composed of:

1. IM terminal box, in which the stator winding ends are connected to a
terminal block for the IM power supply.

2. Squirrel cage DRN112M4 IM from SEW Eurodrive [44], consisting of
a laminated rotor core attached to a steel shaft. The stator winding,
encapsulated with synthetic resin, is inserted into the half-closed slot on
the laminated stator core. This laminated core and the motor housing
form the stator. The stator is star-connected at the factory. However,
since the windings (and the neutral) are user-accessible, it is possible
to wire them in a double-star or delta configuration. The temperature
feedback is provided by a 4-wire PT1000 sensor installed on one of its
windings. The main specifications are given in Table A.1.

3. Flexible couplings. Both machines are coupled to the torque
sensor using KB4HC/80-89-N14-N28 bellows couplings from KBK
Antriebstechnik GmbH. They provide a high torsional stiffness while
allowing shaft misalignments. The use of flexible couplings allows a
small misalignment of the shafts. As a result, the torque sensor has
some backlash by design and can vibrate a little bit. This translates into
an oscillation in the measurement at the mechanical frequency of the
rotor.

4. Bidirectional torque sensor series 2200 from NCTE 2.

5. Mechanical brake, installed on the PMSM. It is activated by default to
hold the rotor in place, but it is also suitable for repetitive emergency
braking. The brake is released by energizing its coils with a 24 V signal.

6. CM3C80L PMSM from SEW Eurodrive [45] with a star connection.
The three-phase stator winding is user accessible but, unlike the IM, not
the neutral cable. The rotor is characterized by surface mounted PM.
Like the IM, it features a 2-wire PT1000 sensor for temperature feedback
directly installed on the motor winding. The main specifications are
given in Table A.3.

7. Power and signals plugs for PMSM.

8. Resolver, installed on the PMSM for the measurements of absolute
mechanical rotor angular position. Since PMSM and IM are coupled
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on the same shaft, the resolver provides the position of both machines.
Following IEC 60034-8 [46], the position angle increases when the shaft
rotates in the clockwise direction of the PMSM. The resolver has to be
aligned with the pole of the machine. For this reason, the resolver offset
is found with the apposite calibration procedure before starting the self-
commissioning routine. A direct current is injected into phase a of the
PMSM to force the alignment of the rotor and stator fluxes. Once the
rotor reaches a steady state, the measured mechanical angle representing
the resolver offset is registered. This procedure is performed only once
since the absolute zero of the resolver is fixed, consequently the offset
angle is constant.

Figure 4.6: Overview of the dual motor testbench.
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Chapter 5

Results and Analysis

In this chapter, the results from the method described in Chapter 3 are
presented and discussed. They are performed using the experimental setup
in Section 4.2, mated with the software environment in Section 4.1. The
differences between the ideal case and the real case are highlighted.

During all the experimental tests, these values are set:

• the DC bus voltage is 300V.

• the value of deadtime of the MOSFET shown in Section 4.2.2 is t∆ =
500 ns.

• the switching frequency is 20 kHz.

5.1 Results for SPMSM

5.1.1 SPMSM stator resistance
5.1.1.1 One-level DC injection and effect of inverter non-linearity

5.1.1.1.1 Test description The signal employed for the one-level DC
injection method is depicted in Figure 5.1. No dead-time compensation is
applied in this experiment. The corresponding theory of this method is in
Section 3.2.1.1. From Equation (3.1) the system resistance estimate is 0.94 Ω

without correcting the reference voltage.
This setup can be compared with the corresponding simulation presented

in Figure 3.2, which lacks any dead time. This comparison aims to demonstrate
the extent to which the d-axis component of the reference voltage in Figure 5.1
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(b) increases compared to the ideal scenario in Figure 3.2 (b) (indicated by the
red curves).

(a) Reference currents. (b) Output voltages.

Figure 5.1: One level DC injection with CC, step at 0 s from zero Ampere to
the rated value Isn without dead time compensation.

5.1.1.1.2 Test analysis In both instances, the actual currents accurately
follow their respective references. However, in the ideal scenario depicted
in Figure 3.2 (b), the voltage is lower than in the experimental test shown
in Figure 5.1 (b) (as indicated by the red curves, approximately half). This
discrepancy arises because, in the ideal case, only the machine resistance
contributes to the voltage drop. Conversely, in the experimental scenario, the
total resistance is higher due to external factors such as the setup outside the
machine and the non-linearity of the inverter.

5.1.1.1.3 Test description Following this, compensation for the inverter
non-linearity is introduced by incorporating the LUT depicted in Figure 5.6
into the system. The effect of this compensation is demonstrated in Figure 5.2.
The corresponding simulated scenario is shown in Figure 3.3.

In this case, from Equation (3.1) the system resistance estimate is 0.73 Ω.
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(a) Reference currents. (b) Output voltages.

Figure 5.2: Effect of the LUT on control performances in the d-axis.

5.1.1.1.4 Test analysis

1. Initially, the voltages with and without compensation for inverter non-
linearity are compared (represented by the red and blue curves in
Figure 5.2 respectively). When the LUT is integrated into the system,
the voltage (vrefsd (LUT)) is lower compared to the case where no LUT
is employed (vrefsd (No LUT)). With the inclusion of the LUT, the
reference voltage more closely aligns with the actual phase voltage as
it compensates for the non-linear drop (vsd ≈ vrefsd ). This allows using
of the reference voltage for the estimation of the stator resistance from
Equation (3.1).

2. Subsequently, the comparison between the simulated waveform (Fig-
ure 3.2) and the experimental waveform with compensated inverter
non-linearity (Figure 5.2) is examined. Despite compensating for the
inverter’s non-linearity, the experimental voltage slightly exceeds the
ideal case. This discrepancy arises because the resistance of the system
in the experimental setup is higher than the simulated resistance, which
only considers the machine resistance.

5.1.1.2 Two-level DC injection

5.1.1.2.1 Test description The theory in Section 3.2.1.2 is subsequently
analyzed in the experimental setup. The signal utilized for the two-level DC
injection method is displayed in Figure 5.3. The corresponding simulation is
presented in Figure 3.5. In Figure 5.3 (a), the dq currents accurately adhere
to their references. The system resistance is identified with Equation (3.2). In
this method, there is no need to apply the LUT for the Rs estimate because
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Equation (3.2) gives directly the slope in the linear region of the characteristic
voltage-current in Figure 3.4. As a result, the system resistance estimate is
0.76 Ω.

(a) Reference currents. (b) Output voltages.

Figure 5.3: Two levels DC injection with CC, step at 1 s from 0.5Isn to Isn,
without t∆ compensation.

5.1.1.2.2 Test analysis In the experimental setup shown in Figure 5.3
(b), the voltage on the d-axis appears higher compared to the ideal scenario
depicted in Figure 3.5 (b), as expected. This difference stems from the fact
that, in the former case, the voltage drop is influenced by both the system’s
overall resistance and the inverter’s non-linearity, whereas in the latter case, it
is primarily governed by the machine’s resistance.

5.1.1.3 Multiple-level DC injection and LUT identification

5.1.1.3.1 Test description For the multiple-level DC injection, the
reference voltage and the measured current are shown in Figure 5.4. The
number of steps is determined visually. Initially, 30 steps are taken between
zero and a phase voltage of 5 V, followed by 12 steps until reaching the
maximum value of 12 V, which corresponds to the rated current.
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(a) Reference voltages. (b) Measured currents.

Figure 5.4: Multiple levels DC injection in OL, steps of 1 s.

For each step, the current and voltage values are recorded by averaging
the samples within an observation window once the signals reach a steady
state. These recorded data points are represented as dots in Figure 5.5 and
Figure 5.6. Figure 5.5 reports the characteristic phase voltage-phase current
(vrefs,a , Is,a) and the ideal linear curve RsIs,a.

The system resistance extracted from the characteristic in Figure 5.5
through the Linear least-squares (LLS) is 0.72 Ω.

Figure 5.5: vrefsa = f(Is,a) for Rs estimation.

The voltage error verr = vrefs,a −RsIs,a is then shown in Figure 5.6, where
the blue dots are the data and the red curve represents the fit.



80 | Results and Analysis

Figure 5.6: verr,a = f(Is,a) for inverter non-linearity compensation.

5.1.1.3.2 Test analysis

1. In Figure 5.5, the slope of the curve in the linear region represents the
motor and cables’ linear resistive elements. The difference between the
ideal (RsIs,a) and the reference curve (vrefs,a ) represents the non-linearity,
and it is used to compensate for the voltage reference values generated
by the control algorithm, to obtain a close match between the reference
and the real phase voltage.

2. Figure 5.6 demonstrates that the error due to inverter non-linearity
stabilizes at around 1.8 V. However, the expected theoretical value is
around 3 V. The compensation of inverter non-linearity is achieved at
60% of the expected value. Further investigation is required to ascertain
the reason for this discrepancy.

5.1.1.4 Stator resistance benchmark measurement

The standard IEEE 1812-2023 proposes using a multimeter for measurements
[5]. This is the benchmark for the self-commissioning procedures for stator
resistance estimate. The comparison between the identification techniques is
performed in Table 5.1.

The line-to-line system resistance is measured at the inverter input and
halved to determine a phase resistance of 0.705 Ω. However, two digits after
the decimal point for all comparisons are considered (0.70 Ω) because of the
resolution of the multimeter. A Brymen BM785 multimeter is employed in this
project, with its datasheet accessible in [47]. With an uncertainty of 0.03%,
the measurement is deemed reliable and repeatable.
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5.1.1.5 Discussion on the SPMSM stator resistance

The numerical results of the system resistance for the three estimation methods
are given in Table 5.1 (second column).

The accuracy of the estimates is a consequence of the accuracy of the
reference voltage and the measured current, which are subsequently discussed.

The measured current is taken from the current sensor embedded in the
power module PEB8038 [43] of the inverter, with a sensitivity uncertainty of
1.1% to the actual value. This error can be reflected in the resistance estimate
obtained from self-commissioning, leading to an error range of approximately
±0.008Ω in the stator resistance estimate. Consequently, the error stemming
from current measurements does not significantly impact the estimate.

The impact of noise on current measurement is assumed to be attenuated
by considering the average value within an observation window.

As stated in Section 5.1.1.4, the measurement from a multimeter is
considered in this work as a benchmark for the stator resistance estimate.

The errors relative to the measured value are calculated in the third column
of Table 5.1.

Table 5.1: Comparison between stator resistance resulting from different
methods, measured value of 0.70 Ω

Method Estimate ( Ω) estmate−benchmark
benchmark

(%)
One-level DC current injection (No LUT) 0.94 34.3
One-level DC current injection (With LUT) 0.73 4.3
Two-level DC current injection 0.76 8.6
Multiple-level DC voltage injection 0.72 2.8

Upon reviewing Table 5.1, it is inferred that the introduction of the LUT in
the one-level current injection decreases the error to the benchmark of 30%.

The two-level DC injection method exhibits the highest error among the
last three identification methods, with an error of 8.6%. This can be attributed
to its consideration of the slope of the characteristic phase voltage-phase
current (Figure 5.5) between half of the rated current and the rated current. In
contrast, the multiple-level DC injection method only considers the last part
of this characteristic (i.e., between 0.7Isn and Isn) for resistance estimation.
It can be inferred that the closer the data used for the slope calculation are
to zero current, the greater the effect of inverter non-linearity, leading to a
higher deviation from the measured benchmark. Consequently, the two-level
DC current injection method is deemed less accurate compared to the one-
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level and multiple-level DC injection methods, whose results are consistent
with the measurement uncertainties.

Additionally, the one-level DC injection is less accurate than the multiple-
level case. A possible explanation for this is that the resistance estimate
relies on the accuracy of the inverter non-linearity compensation. Instead, this
dependency is eliminated by the LLS used with the multiple-level injection.

As a result, the last method outperforms the others, since the error to the
measurement is less than 3%, resulting in being the more accurate.

5.1.2 SPMSM synchronous inductance
5.1.2.1 AC method

5.1.2.1.1 Test description The AC method detailed in Section 3.2.2.1
involves injecting a high-frequency (300 Hz) signal of d-axis current, with
a peak current value equal to the rated value of 11.2

√
2 A. The q-current is

kept to zero to avoid torque generation. Voltage compensation is performed
using the LUT depicted in Figure 5.6. The actual current follows the sinusoidal
reference in the d-axis thanks to the PR controller, as shown in Figure 5.7 (a).
The action of the PR controller results in a distorted output voltage (vrefsd ) in
Figure 5.7 (b). Its fundamental component (vfundsd ), used in the calculation of
the synchronous inductance, is hence extracted with the DFT. Using eq. (3.6),
the result of the synchronous inductance with the AC method is Ls = 5.5 mH.

(a) Measured and reference currents. (b) Reference voltages.

Figure 5.7: Current injection at a frequency of 300 Hz in dq0 reference frame.

5.1.2.1.2 Test analysis In this test, the reference voltage is used for the
inductance estimation. However, the reference is applied with a delay due to
the drive system that needs to be compensated to satisfy the identification of
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reference and measurement voltage. Hence, this test is particularly sensitive
to PWM phase delay compensation.

An additional drawback is that this test does not provide insights into the
saturation behavior of the machine.

5.1.2.2 DC+AC method

5.1.2.2.1 Test description This section presents the experimental out-
comes corresponding to the theory outlined in Section 3.2.2.2. The DC
component of the reference current undergoes nine arbitrary steps, ranging
from zero to the rated peak value of 11.2

√
2 A. To ensure steady-state

conditions, each step is maintained for three seconds. Additionally, an AC
component, with a peak of 2 A, is superimposed onto the DC current. For each
DC step, the synchronous inductance is computed, which data are represented
as blue dots in the characteristic (isd, Ls) in Figure 5.8.

From Figure 5.8, the inductance at zero current is 5.5 mH, this is called
the ”unsaturated value”.

Figure 5.8: d-axis saturation characteristic with AC+DC injection at frequency
of 300 Hz.

5.1.2.2.2 Test analysis Observing the saturation characteristic in Fig-
ure 5.8, a reduction of the inductance of around 35% is registered in the rated
current range, unlike the IM with its 60% reduction (Figure 5.19). The less
sensitivity of the SPMSM to saturation is due to its mostly isotropic structure,
allowing the flux to primarily travel through the air gap.

This work shows that even if SPMSM saturation is low compared to other
AC machines (such as for the IM), it cannot be assumed constant in the entire
rated range.
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5.1.2.3 Hysteresis control

5.1.2.3.1 Test description The outcomes of the theory discussed in
Section 3.2.2.3 are outlined in this section. The square wave reference voltage
injected into the d-axis is depicted in Figure 5.9 (a). The output voltage of the
hysteresis controller is arbitrarily chosen as ±230 V for the d-axis and zero for
the q-axis, intended to prevent torque generation and hence rotor movement.
Subsequently, the corresponding measured current in the dq0 reference frame
is presented in Figure 5.9 (b). Lastly, the flux resulting from the voltage
integrator is illustrated in Figure 5.9 (c).

(a) Voltage.

(b) Current.

(c) Flux.

Figure 5.9: Hysteresis control experimental waveform in dq0 reference frame.

Subsequently, the saturation characteristic in Figure 5.10 (a) is obtained
by plotting the flux versus current in the d-axis. The synchronous inductance,
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extracted using Equation (3.13), represents the slope of the saturation
characteristic and it is plotted versus the d-axis current in Figure 5.10 (b).

From Figure 5.10 (b), the unsaturated value of synchronous inductance,
taken at zero current, is 6.7 mH.

(a) d-axis saturation characteristics at
is,q = 0.

(b) Slope of the d-axis saturation
characteristics at is,q = 0.

Figure 5.10: Hysteresis control on the d-axis.

5.1.2.3.2 Test analysis

1. Figure 5.9 (b) can be juxtaposed with the simulated current depicted in
Figure 3.11 (b), where constant inductance is assumed. This comparison
highlights the effect of saturation on the rising fronts of the triangular
waveform becomes evident, marking an inflection point at zero current.
This comparison shows that even with this test the saturation effect
affects the behavior of the machine and it cannot be neglected.

2. As observed in the simulation conducted in Section 3.2.2.3, the drift
of the voltage integrator is also evident in the experimental tests. The
drift worsens with increasing time, necessitating the limitation of the
acquisition window. In this study, the voltage is injected for a duration
of 100 ms. This duration corresponds to 2000 time samples based on the
switching period. Following the 100 ms period, the reference voltage
is reset to zero. The effect of the integrator offset is to translate the
saturation characteristic on the y-axis. However, the slope of the curve is
not affected by this. For this reason, the extracted inductance is assumed
accurate.
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5.1.2.4 Short-circuit benchmark test

5.1.2.4.1 Test description The experimental results corresponding to the
theory exposed in Section 3.2.2.4 are subsequently presented.

The prior analysis is done subsequently.

• First, the safety conditions are verified by calculating the short circuit
current, which results to be double the maximum allowed current value
from the datasheet in Table A.3 (ImaxN = 34.9 Apk, Isc = 67 Apk). For
this reason, a mainly inductive external impedance is placed in series
to each machine phase. However, they are slightly unbalanced, so
the average value between the phases is computed resulting in 4 mH.
From the datasheet, the SPMSM impedance is 4.24 mH. As a result,
the impedance of the entire system is almost doubled and the safety
conditions are satisfied by computing the new short circuit current.
The peak phase current in Figure 5.11 (b) matches the theoretical
calculations. To prevent the SPMSM from over-current, the protection
system in the B-Box is set to the maximum allowed current.

• By testing, the torque capability of the IM is enough to supply the short-
circuit torque to the SPMSM. Hence, the short circuit is applied before
the start of the experiment. For this reason, the high currents at the start
of the machine are avoided, as shown in Figure 5.11 (b).

The shown test in this section is performed by accelerating the IM up to
2000 rpm, which corresponds to the rated speed of the SPMSM. Once the IM is
accelerated, the induced voltages in Figure 5.12 are recorded with differential
voltage probes and visualized on the oscilloscope.

Using Equation (3.18), the short circuit inductance is 4.28 mH.
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(a) SPMSM currents in dq0 reference
frame.

(b) SPMSM currents in the abc
reference frame.

Figure 5.11: Measured current with DIN50 at rated frequency during the short
circuit test.

Figure 5.12: Short circuit test SPMSM line-to-line induced voltages at rated
speed in the abc reference frame recorded with differential voltage probes and
visualized on the oscilloscope.

5.1.2.4.2 Test analysis
1. The possible risk of demagnetization is confirmed by the negative d-axis

current in Figure 5.11 (a). The negative current of around 35 A is close
to the threshold set by the machine manufacturer of 0.5 the maximum
current. However, the test is performed for a limited amount of time
(less than 5 seconds) so the machine does not demagnetize.

5.1.2.5 Discussion on the SPMSM synchronous inductance

In this section, the results from the three estimation methods are summarized
in Table 5.2. The estimates of the unsaturated synchronous inductance are in
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the second column. In particular, the unsaturated inductance corresponds to
a specific point on the saturation characteristic from the self-commissioning
procedures where the current approaches zero.

The result of the short-circuit test is selected as a reference point. When the
stator winding is short-circuited, the stator magnetic field is nearly neutralized
by the rotor’s reaction. This cancellation would be complete without any
resistors. Consequently, under these circumstances, the magnetic material
demonstrates almost linear behavior, even at the rated current.

Hence, the unsaturated inductance estimate from the self-commissioning
procedures is compared to the short-circuit inductance. The resulting errors
to the datasheet value and the short circuit value are calculated in the third and
fourth columns respectively.

Table 5.2: Comparison between the unsaturated values of the synchronous
inductance resulting from different methods, the result from the short circuit
test is 4.28 mH.

Method Estimate ( mH) estmate−benchmark
benchmark

(%)
AC injection 5.5 28.5
AC+DC injection 5.5 28.5
Hysteresis control 6.7 56.5

The confidence in the outcome of the short-circuit test is increased by the
correspondence with the measure from the LCR Matrix MCR-5200, which
datasheet [48] shows an uncertainty of 0.1%.

Examining Table 5.2, all the self-commissioning procedures yield a higher
inductance estimate compared to the benchmark. A possible explanation
for this discrepancy could be found considering that the SPMSM is a low
reactance machine. Hence the SPMSM inductance is very sensitive to
compensation of PWM phase delay introduced by the experimental drive
system.

A first observation is that the sinusoidal injections (AC and DC+AC
methods) exhibit half the error recorded when using hysteresis control. The
reason for this discrepancy needs to be further investigated in future works.

Additionally, from the comparison in Table 5.2, the finding of the AC+DC
injection matches that of the AC method. This suggests that the amplitude of
the injected sinusoidal signal does not affect the machine saturation state and
so the estimation of the synchronous inductance.
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5.1.3 SPMSM PM-flux
5.1.3.1 I-f startup + sensorless FOC

5.1.3.1.1 Test description In this section, the results related to the
theory presented in Section 3.2.3.1 are described. The experimental test in
Figure 5.13 matches the corresponding simulation in Figure 3.16.

First, a reference mechanical ramp speed ωm,est is set at t=0 s. The
measured mechanical speed ωm,real rises in OL. As a consequence, the
tracking of the reference results in high oscillations of real speed. During
the speed ramp, the q-axis current is controlled close to the rated peak value
to provide the power necessary to the SPMSM to speed up. The rated value
is not set as a reference of the CC because the current oscillations trigger the
protection system in the B-Box set to 1.2 the rated value of the current.

At 0.8 s, the constant speed of 800 rpm is reached. This value is arbitrarily
chosen because it allows for a reduction of the amplitude of the speed
oscillations at constant speed. These oscillations are due to a misalignment
of the shafts in the test bench. This choice of speed prevents the SPMSM
from heating up. Additionally, sensorless control mainly relies on the estimate
of machine parameters for the back-EMF estimate. At higher speeds, the
sensorless control is less sensitive to errors in the machine parameter estimate.
As a consequence, the tracking of the estimated speed better matches the real
one.

After 0.8 s the q-axis current starts to decrease, while the speed is kept
constant.

At t=2 s the reference current and the angle of the alignment error between
the real and the virtual rotating reference frame are close to zero. So the control
is switched to a sensorless FOC. The machine is not OL controlled anymore.
Since the current is zero, the speed starts decreasing, as well as the phase
voltage.

Their ratio in Equation (3.22) results in the PM-flux estimate of
0.2814 Wb.
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(a) Measured and reference currents. (b) SPMSM mechanical speed ramp.

(c) Reference voltages.

Figure 5.13: Experimental I-f startup from t = 0 s and sensorless FOC at null
references in dq0 reference frame introduced at t = 2 s.

5.1.3.1.2 Test analysis

1. For this calculation, the speed in Equation (3.22) is the estimated one.
At high speed the sensorless FOC is less sensitive to errors in parameter
estimate. Hence, the estimated speed tracks the real speed with good
performance, as seen in Figure 5.13 (b) (after 2 s). Using the estimated
speed instead of the real one does not introduce any further significant
inaccuracy in the system.

2. The PM-flux is estimated in Equation (3.22) using the reference voltage,
instead of the measured one. This choice is justified by the inclusion
of the LUT in the control algorithm to compensate for inverter non-
linearity. Moreover, due to the high voltages, this test has low sensitivity
to inverter non-linearity. As a consequence, inverter non-linearity does
not represent a possible source of inaccuracies for the PM-flux estimate.
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5.1.3.2 Open-circuit benchmark test

5.1.3.2.1 Test description The experimental results corresponding to the
theory in Section 3.2.3.2 are shown in Figure 5.14. These match with the
corresponding simulated test is in Figure 3.18.

In Figure 5.14 (a), the IM mechanical speedωIM follows the referenceωrefIM

of 800 rpm. This value is chosen following the same reasoning presented in
Section 5.1.3.1. The SPMSM line-to-line voltages are shown in Figure 5.14
(b). The PM-flux is estimated 0.2843 Wb using Equation (3.23).

(a) IM mechanical speed. (b) SPMSM back-EMF measurements.

Figure 5.14: Open-circuit test.

5.1.3.2.2 Test analysis For the voltage measurements, a digital oscillo-
scope (RIGOL MSO5074 [49]) is used for the visualization of the waveforms.
The voltage waveforms are directly measured from the phase of the electrical
machine thanks to differential voltage probes (Micsig DP10013 [50]). The
differential voltage probes have a gain accuracy of ±2%, which gives an error
range of ±3 V out of around 150 V. This error range does not critically affect
the PM-flux estimate, which is then considered as a reliable benchmark.

5.1.3.3 Discussion on the SPMSM PM-flux

The result for the PM-flux is presented in table 5.3 where the estimated value
using the I-f startup + sensorless FOC is in the first column.

In the second column, the error between the outcome of the I-f startup +
sensorless FOC and the result from the open-circuit test is given.
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Table 5.3: Comparison between PM-flux estimates, the result from the open-
circuit benchmark test is 0.2843 Wb.

Method Estimate (Wb) estmate−benchmark
benchmark

(%)
I-f start-up+sensorless FOC 0.281 4 −1.0

Table 5.3 shows that the outcomes from the two identification methods
successfully align, technically validating the proposed procedure of I-f start-
up+sensorless FOC.

5.2 Results for IM

5.2.1 IM stator resistance
The same methods used for the SPMSM in section 5.1.1, namely one-level,
two-level, and multiple-level DC injection, are implemented for the IM. As for
the SPMSM, the last method performs better than the first two (see Table 5.4).
For this reason, only the waveforms related to the multiple-level DC injection
method are subsequently shown.

5.2.1.1 Multiple-level DC injection and LUT identification

5.2.1.1.1 Test description In Figure 5.15 (a), a total of 20 steps of
reference voltages are executed, ranging up to 10 V. Subsequently, the number
of steps is halved within the linear region between 10 V and 20 V. The number
of steps is visually chosen. The phase currents, measured with the current
sensors embedded in the power modules, are shown in Figure 5.15 (b).

(a) Reference voltages. (b) Measured currents.

Figure 5.15: Multiple levels DC injection in OL, steps of 1 s.
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The system resistance estimate is 1.13 Ω, extracted from the characteristic
phase current-phase voltage in Figure 5.16 using the LLS.

Figure 5.16: vrefsa = f(Is,a) for Rs estimation.

The voltage error versus phase current characteristic, used to build the LUT
for the inverter non-linearity compensation, is finally shown in Figure 5.17.

Figure 5.17: verr,a = f(Is,a) for inverter non-linearity compensation.

5.2.1.1.2 Test analysis Different power modules are utilized for the IM
and the SPMSM, potentially introducing different non-linear behaviors into
the system. Hence, the LUT is re-estimated for the IM. Upon comparing the
LUT constructed for the SPMSM in Figure 5.6 with that built for the IM in
Figure 5.17, it becomes apparent that the voltage error trend is similar. This
observation enhances confidence in these experimental findings.
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5.2.1.2 Stator resistance benchmark measurement

As seen for the SPMSM in Section 5.1.1.4, the chosen benchmark for the
self-commissioning procedures is the stator resistance measurement. The
line-to-line resistance is measured and subsequently halved to estimate a
phase resistance of 1.115 Ω. Two decimal digits are considered because of
the multimeter resolution (Brymen BM785), which is the same used for the
SPMSM. With an uncertainty of 0.03%, the measurement is deemed reliable
and repeatable.

5.2.1.3 Discussion on the IM stator resistance

The numerical results of the system resistance for the three estimation methods
are given in Table 5.4 (second column). The errors to the measured value are
calculated in the third column.

Table 5.4: Comparison between stator resistance resulting from different
methods, measured value of 1.11 Ω (Brymen BM785 multimeter).

Method Estimate ( Ω) estmate−benchmark
benchmark

(%)
One level DC current injection (No LUT) 1.36 22.5
Two-level DC current injection 1.14 2.7
Multiple-level DC voltage injection 1.13 1.8

As for the SPMSM in Section 5.1.1.5, the multiple-level injection is the
more accurate between the self-commissioning procedures. The two-level DC
injection performs better in the IM than in the SPMSM. Since the test features
are not changed, it can be deduced that the two-level DC injection performs
better on machines with higher resistance.

5.2.2 IM leakage inductance
5.2.2.1 DC+AC method

5.2.2.1.1 Test description The first method to estimate the leakage
inductance is the DC+AC injection presented in Section 3.3.2.1. The reference
voltages, shown in Figure 5.18 (a), are injected in OL to create a single-phase
configuration, ensuring a balanced load. The frequency of the injected signal
is 300 Hz, chosen because of the reasons given in Section 3.3.2.1. An AC
voltage component of arbitrarily 4 V peak is overlapped on 12 steps of the DC
component. Each step lasts for 3 seconds, ensuring the inductance estimation
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is performed in steady state condition. The maximum voltage is chosen to
give the rated peak current. The IM phase currents in Figure 5.18 (b) are then
measured through the sensors in the power modules .

(a) Reference voltage. (b) Measured current.

Figure 5.18: High frequency injection at 300 Hz.

For each set point the inductance is calculated from the fundamental
components of voltage and current. The saturation characteristic of the leakage
inductance is shown in Figure 5.19.

Figure 5.19: Saturation characteristic at a frequency of 300 Hz by DC+AC
method.

5.2.2.1.2 Test analysis Unlike the SPMSM, the IM is more sensitive to the
saturation effect, as shown by the reduction of its leakage inductance of around
60% between zero and rated current.

The saturation behavior of the machine is related to the structure of the
rotor. Specifically, the IM stator windings are inserted into the half-closed
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slot on the laminated stator core, as stated by the machine’s manufacturer
SEW Eurodrive [44]. In the case of a semi-closed slot, the bridges saturate by
increasing the current, so its permeability becomes similar to that of the air.
This phenomenon is modeled from a magnetic point of view by an increase in
the openings.

Hence, a semi-closed slot design is sensitive to saturation and the behavior
shown in Figure 5.19 is compatible with the theory presented in Electrical
Machine by Cavagnino in [7].

5.2.2.2 Locked rotor benchmark test

5.2.2.2.1 Test description The second method used to identify the leakage
inductance is the locked rotor test presented in Section 3.3.2.2. The current is
measured through a current probe and the phase voltage with a differential
voltage probe placed at the output of the inverter. The DFT is used to
extract the fundamental component of phase voltage and current. The
harmonic spectrum of the measured voltage and current is in Figure 5.20.
The fundamental components are used in Equation (3.30) to calculate the
impedance of the IM, which imaginary part is 16.7 mH. The real component
of the IM impedance is 0.59 Ω.

(a) Harmonic content of the measured
voltage in the a-axis (vsa).

(b) Harmonic content of the measured
current in the a-axis (isa).

Figure 5.20: Harmonic content resulting from the DFT of current and voltage
measurement in phase a.

5.2.2.2.2 Test analysis During the locked rotor test, the magnetizing
inductance is neglected because it is assumed to be much larger than the
leakage inductance. However, in the experimental test, there may be
some magnetic saturation, depending on the profile of the magnetization
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inductance. Despite this, the result from the locked rotor test is assumed to
be the unsaturated value, since this eventual effect of magnetic saturation
is negligible. The error range introduced by the voltage measurement
instruments is ±2%, so ±1,5 V out of 75 V, that is acceptable.

A current probe Micsig CP2100B [51] is used for the current measurement.
Its uncertainty of around 4% can be translated to the estimation.

The locked rotor test outcome is then characterized by an uncertainty of
around ±6%.

5.2.2.3 Discussion on the IM leakage inductance

The results from the two identification procedures are summarized in
Table 5.5. The estimate of the unsaturated leakage inductance, from the self-
commissioning method, is in the second column. This value corresponds to
the set point of the characteristic in Figure 5.19 at zero current. The accuracy
of this estimate relies on the current measurement and the reference voltages.
The currents are measured with the embedded sensor in the power module
PEB8038 [43], which is 1.1%. The locked rotor test result, with an uncertainty
of around ±6%, is considered a benchmark and it is compared to the self-
commissioning outcome. The error between the two identification techniques
is presented in the third column.

Table 5.5: Comparison between the unsaturated values of the leakage
inductance resulting from different methods, the locked rotor test result is 16.7
mH.

Method Estimate ( mH) estmate−benchmark
benchmark

(%)
DC+AC injection 16.4 −2.3

Given the uncertainties, Table 5.5 shows that the two analyzed identifi-
cation procedures successfully align. Other possible explanations that could
introduce discrepancies between the two tests are subsequently investigated.

The primary distinction between the tests is the voltage source used:
self-commissioning employs the reference voltage, while the locked rotor
test directly measures voltage. A potential discrepancy may arise between
them due to inaccuracies in compensating for inverter non-linearity. This
discrepancy is particularly pronounced given the low voltages involved in this
test (less than 20 V), rendering it highly sensitive to compensate for voltage
drop attributable to the inverter.
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A further difference between the tests is the use of different current sensors,
characterized by different uncertainties; the current probe for the locked rotor
test and the sensor in the power module PEB8038 for the self-commissioning
procedure.

Another source of error can come from the compensation of the PWM
phase delay introduced from the drive system. However, the IM in this project
is not considered a low-reactance machine. For this reason, it is not as sensitive
as the SPMSM to PWM phase delay compensation.

5.2.3 IM rotor resistance
5.2.3.1 DC+AC method

5.2.3.1.1 Test description The results corresponding to the theory in
Section 3.3.3 are presented. The three-phase reference voltages are injected in
OL in a single-phase configuration. As shown in Figure 5.21 (a), the voltage in
phase a is equal and opposite to the voltage in phase c. The amplitude of the DC
component of the injected signal is arbitrarily chosen as 7 V to shift the signal
to the linear region of the characteristic current - voltage. The AC component
of the injected signal is arbitrarily chosen as 2 V. The measured current in the
three-phase reference frame is finally given in Figure 5.21 (b). The waveforms
are presented in the αβ0 reference frame, where the calculation for the rotor
resistance estimation in Equation (3.39) is performed.

The rotor resistance estimated with this method is 0.63 Ω.

(a) Reference voltage. (b) Measured current.

Figure 5.21: Single phase injection at a frequency of fl = 0.6 Hz, Vsa,dc =
7 V, Vsa,ac = 2 Vpk in the abc reference frame.
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(a) Reference voltage. (b) Measured current.

Figure 5.22: Single phase injection at a frequency of fl = 0.6 Hz, Vdc = 7 V,
Vac = 2 Vpk in the αβ0 reference frame.

5.2.3.1.2 Test analysis In this analysis, just one arbitrary frequency is
considered. However, the rotor resistance referred to the stator side (RR)
changes with the slip, and hence with the frequency of the injected signal.
For a more complete analysis, the characteristic (RR, fl) could be analyzed as
in [8].

The current is measured from the sensor embedded in the power module
PEB8038. Its uncertainty of 1.1% is translated to the self-commissioning
outcome. Other possible uncertainties could be introduced by the difference
between the reference voltage used for the self-commissioning procedure and
the measured voltage in the locked rotor test due to inaccuracy introduced by
the non-linearity compensation.

5.2.3.2 Locked rotor benchmark test

The second identification method of rotor resistance is the standard locked
rotor test from IEEE 112-2017 [3] given in Section 3.3.2.2. The total value
of the machine resistance Rtot is given by this test. By subtracting the stator
resistance Rs, the rotor resistance referred to the stator side in the inverse-
gamma equivalent circuit is RR = Rtot −Rs = 0.59 Ω.

5.2.3.3 Discussion on the IM rotor resistance

The results for the rotor resistance are summarized in Table 5.6. The estimated
value with the self-commissioning procedure is presented in the first column.
The uncertainty from the self-commissioning result is 1.1%. The locked rotor
test result, with an uncertainty of around ±6%, is considered a benchmark.
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In the second column, the error between this estimate and the result from the
locked rotor test is given.

Table 5.6: Comparison between rotor resistance resulting from different
methods, the locked rotor test result is 0.59 Ω.

Method Estimate (Ω) estmate−benchmark
benchmark

(%)
DC+AC injection 0.63 6.8

Given the uncertainties on the results, Table 5.5 shows that the two
analyzed identification procedures successfully align.
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Chapter 6

Conclusions and Future work

6.1 Conclusions
In industrial settings, a common challenge associated with electrical machines
is the unavailability of machine parameters, which are not always provided by
the manufacturer. These parameters play a crucial role in tuning the control
gains, notably for Field Oriented Control (FOC).

Traditional parameter identification methods often rely on standard IEEE
tests. However, implementing these tests can be impractical as they
necessitate additional equipment that may be costly and not readily accessible.
Additionally, they may require specific configurations, such as coupling with
the load, which can be challenging for machines already installed on-site.

The self-commissioning procedures propose a solution to this problem.
Self-commissioning for AC motor drives, addressed in this thesis, typically
refers to the process of calibration, identification of machine parameters, and
automatic tuning of control gains for a motor drive system. It is a standstill
procedure that utilizes signal injection through a power converter and the
available sensors with minimal operator intervention. It can be performed
when the machine is operated (online) or one time before it starts up (offline).

This thesis aims to answer the research question of how can a state-of-the-
art automatic identification procedure of parameters be implemented for the
Imperix motor testbench, which is composed of Induction Machine (IM) and
Surface Mounted Permanent Magnet Synchronous Machine (SPMSM).

To answer this research question the following goals were reached.
First, the electrical parameters to be identified were selected, based

on the machine equivalent circuit used for the FOC. For the SPMSM the
studied parameters were the stator resistance, the synchronous inductance,



102 | Conclusions and Future work

and the Permanent Magnets (PM)-flux. For the IM the stator resistance, the
leakage inductance, the rotor resistance, and the magnetizing inductance were
identified.

A literature review regarding the parameter identification was performed.
The references were analyzed and categorized based on the control
configuration (open or closed-loop), and whether the method considers non-
idealities on parameter identification, such as the effects of inverter non-
linearity, saturation, or frequency.

Per each parameter, suitable methods were selected and implemented
in simulation first, and then experimentally tested. To validate the self-
commissioning procedure, the obtained results had to conform to those
obtained following the IEEE standards, which were chosen as a benchmark.

The stator resistance was identified with one-level, two-level, and multiple-
level DC steps. This parameter is sensitive to inverter non-linearity, whose
effect was compensated through the characteristic voltage error-phase current
used to build the Lookup Table (LUT) inserted in the control algorithm. The
obtained value from the self-commissioning was compared to that from the
corresponding standard test, which identified the stator resistance through
measurements from the multimeter.

The result of the stator resistance analysis is that the multiple-level DC
identification method aligned better with the standard than the first two
estimation procedures. This is because the stator resistance is extracted
from the phase voltage-phase current characteristic using the LLS, avoiding
possible inaccuracies from the inverter non-linearity compensation. Other
benefits of the multiple-level DC injection were that both stator resistance
and inverter non-linearity characteristic were identified from the same signal
injected and its Open Loop (OL) nature. Furthermore, unlike the one and
two-level injection, the multiple-level injection avoids the necessary Current
Controller (CC) tuning, leading to a more time-efficient identification routine.

Then, the high-frequency sinusoidal injection, with and without the DC
bias, and the square wave voltage injection through hysteresis control were
used to identify the synchronous inductance and its saturation characteristic.
As a reference value, the corresponding IEEE standard implements a short
circuit test to obtain the unsaturated synchronous inductance.

In all cases, a considerable mismatch was observed between the outcomes
from the standard and the self-commissioning tests.

The last SPMSM parameter under study was the PM-flux, which was
identified by rotating the SPMSM using the IM as a prime mover in open
circuit configuration. This deviation from the standstill constraint of the self-
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commissioning procedure was necessary as the PM’s effect becomes visible
only when the rotor speed is non-zero. The result of this procedure aligns with
the result from the IEEE standard open circuit test.

Regarding the SPMSM, it can be concluded that the self-commissioning
procedure allows parameter identification with results almost aligned with the
standard tests, except for discrepancies in unsaturated SPMSM synchronous
inductance estimation. The confidence in the benchmark value from the
standard tests is increased by the LCR measurement instrument, which has
very high accuracy. A possible explanation for the discrepancy in inductance
identification could be that the self-commissioning method applied to low
reactance machines is very sensitive to the PWM phase delay introduced by
the experimental drive system.

Subsequently, the IM parameters were discussed. The stator resistance
was identified with the same procedures as for the SPMSM. The conclusions
drawn for the SPMSM were confirmed also for the IM.

The leakage inductance of the IM was identified with the high-frequency
sinusoidal injection with stepped DC bias to build the saturation characteristic.
The unsaturated value, corresponding to the set point of the characteristic at
zero direct current, aligned with the imaginary part of the impedance obtained
from the locked rotor test, as recommended by the IEEE standard.

The rotor resistance referred to the stator side was estimated with
low-frequency sinusoidal injection with DC bias. The outcome of this
identification method matched with the real part of the impedance identified
from the locked rotor test.

The magnetizing inductance was not determined in this work because of
the extensive nature of the problem and time constraints.

It can be inferred that the self-commissioning strategies tested on the
IM are technically relevant because their outcomes are comparable with the
IEEE standard tests, widely accepted by the scientific community. Unlike the
SPMSM, the IM is more sensitive to the saturation effect. For this reason, the
effect of saturation on control performance could result in larger variations of
the control gains than in the SPMSM applications.

Overall, the following general conclusions are raised.

• This work largely addresses the research question, comprehensively
outlining the self-commissioning identification process for six out of
seven parameters. Among these six, five align with the results obtained
from the IEEE standard tests, making them technically relevant.

• This research reinforces the widely accepted idea in the literature
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that utilizing a reference voltage for parameter estimation is viable
with careful compensation of inverter non-linearity, eliminating the
requirement for extra voltage measurements.

• This study inaugurates the application of DC-biased high-frequency
injection and square-wave injection on SPMSM for saturation charac-
teristic estimation. The resulting saturation characteristic significantly
advances parameter identification knowledge.

• In the studied literature, saturation is frequently overlooked in self-
commissioning algorithms, especially in the case of SPMSM analysis.
However, this study reveals that the influence of saturation on
inductance identification cannot be disregarded, even for isotropic
machines like the SPMSM.

• Based on the outcome of this work, the implementation of high-
frequency sinusoidal injection aligns more closely with the IEEE
standard test when applied to machines with high reactance, rather than
those with low reactance.

6.2 Limitations
This section discusses the limitations of the results presented in Chapter 5.

• Investigate why the compensation of the inverter non-linearity is
achieved at around 60% of the expected theoretical drop (1.8 V instead
of 3 V).

• Investigate the reason why the inductance results in higher values if
estimated with the self-commissioning algorithms.

6.3 Future work
This section addresses the possible improvements that should be prioritized in
future work.

• Estimate the magnetizing inductance. The corresponding literature
review is given in Section 3.1.2.4 in which some potential methods are
proposed. The traditional sinusoidal single-phase test with ([52]) or
without ([39]) the DC bias is a possible self-commissioning procedure
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to be tested in simulation and experiment. A benchmark for the
magnetizing inductance estimate is given by the no-load test from the
Standard IEEE 112-2017 [3].

• Automate the procedure. Once the parameters are identified with good
accuracy, the procedure should be automated for both machines. The
signals are sequentially injected into the electrical drive. This can be
done with a state machine in Simulink. A prototype is created for
the SPMSM. However, the estimation for the SPMSM synchronous
inductance can be improved. So the final version of the procedure
could be further developed. Similarly, the procedure can be automatized
for the IM once all the techniques for the parameter identification are
defined.

Notice that, once the self-commissioning algorithm becomes more
complex, the states and their interaction would result in a chaotic vision.
A directly coded function is for this reason suggested in place of the state
machine.

• Validate the effectiveness of the FOC utilizing the newly identified ma-
chine parameters obtained through the self-commissioning procedure.
Next, contrast this performance with that achieved using gains tuned
based on parameters provided by the manufacturer. Finally, assess
whether there is an enhancement in control performance.

• Extension to the online estimation of machine parameters, especially
for the resistances. As already stated in this report, the temperature
considerably affects the value of the resistance, which is a key parameter
for control performance. For instance, its variations can be tracked by a
resistance observer like in [53].

• Extension to other machines. In this work, both machines have a similar
power rating of around 4 kW. A possible future analysis would be to
validate the proposed self-commissioning procedure on machines of
different power ratings.

• Extension to mechanical parameters identification, important for the
tuning of the SC in the FOC strategy. This project focuses on the
electrical parameters as said in Section 1.5. However, the control
performance can be further improved if the mechanical aspects are taken
into account. Some already existing works present a solution for this
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problem such as in [19], which uses signal injection for the parameters
estimation.

• Evaluate the impact of the frequency variations on control performance.
Possible solutions are proposed in [8] by analyzing the characteristic
rotor resistance-slip frequency, or considering the influence on the
impedance due to current distribution in the rotor bars like in [36].

• Investigate the effect on control performance of saturation characteristic,
if it is considered as a two-variable function of both flux and current such
as in [15].

• Test the feasibility of the quasi-steady state technique for the PM-flux
identification on the SPMSM, normally developed for the SynRM like
in [32].
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Appendix A

Electrical machines specifica-
tions

Table A.1: Main specifications of the IM.

Characteristic Symbol @50 Hz Unit
Pole pairs np 2 -
Rated line voltage VLL, N 380 V
Rated power PN 4 kW
Rated torque τN 26 Nm
Rated speed nN 1464 rpm
Rated current IN 8.4 A
Power factor cosφ 0.81 -
Starting torque ratio τA/τN 2.4 -
Starting current ratio IA/IN 8.2 -
Moment of inertia J 178 kg cm2

Table A.2: Parameters of the IM steady-state T-equivalent circuit.

Characteristic Symbol Value Unit
Stator resistance Rs 1.24 Ω
Stator leakage inductance Lls 11.5 mH
Mutual inductance Lm 183 mH
Rotor resistance Rr 0.73 Ω
Rotor leakage inductance Llr 11.5 mH
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Table A.3: Main specifications of the SPMSM.

Characteristic Symbol @50 Hz Unit
Pole pairs np 4 -
Rated line voltage VLL, N 400 V
Rated power PN 4.8 kW
Rated torque τN 22.8 Nm
Rated speed nN 2000 rpm
Rated current IN 11.2 A
Maximum torque τmaxm 68.4 Nm
Maximum speed nmaxm 2750 rpm
Maximum current ImaxN 34.9 A
Moment of inertia J 40.6 kg cm2

Table A.4: Parameters of the SPMSM steady-state equivalent circuit.

Characteristic Symbol Value Unit
Stator resistance Rs 0.559 Ω
Synchronous inductance Ls 4.24 mH
PM-flux ψr 0.2748 Wb
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