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The reduction of greenhouse gases is still a serious problem that is faced by all
industrialized countries and partly by emerging ones. In this regard, the transport sector
is one of the main responsible for €@missions, which must be subjected to substantial
improvements regarding environmental efficiency.

The electrification of vehicles is considered as the main choice for achieving this
objective; in fact, the most promigintechnology, from the point of view of
competitiveness, is that of hybrid/electric vehicles. In recent years, some changes in the
automotive industry are increasingly pushing scientific research into finding innovative
technical solutions to improve exigg) hybrid vehicle technology.

Even the European Commission, in addressing the problem of the use of energy and
greenhouse gas emissions, has acknowledged that to improve efficiency and energy
savings it is necessary to adopt appropriate strategiestirattsport sector. To this end,
the European Commission has recently published two packages related to road transport:
"Europe on the move" (proposal for clean, competitive and connected mobility, May 2017
[1]) and "Guide to clean mobility" (proposal toestigthen global EU leadership in clean
vehicles, November 2017 [2]). In both proposals, the European Commission indicates
CO, emission reductions, in particular, both for cars and vans, averagerqi€sions
must be 30% lower in 2030, compared to 2021. darget for 2030 they are not only
meant to provide less polluting vehicles, but also to provide-femg stability to
producers' investments, as the new.G@ndards will have a significant impact on the
research and development expenditure of Europehitle manufacturers. In the US,
such an effort is driven by Vehicle Technologies Office of the Department of Energy.

The latest regulation issued by the European Parliament "COM (2017) 676" [3],
examines the types of light commercial vehicles (Light Dushicles - LDV) to
accelerate the production of lesmission vehicles, since these are responsible for
approximately 15% of total EU GQGemissions. To reach these emission levels it is
necessary to increase the level of electrification within the prapulsnit, i.e., by
developing increasingly electric hybrid engines. The specifications required for electrical
units are demanding in terms of power density, temperature, efficiency, fault tolerance,
material recycling and related cost. The electrificat@finthe vehicle requires an
integrated approach, including the advanced design of electronic power converters,
coupled with the development of appropriate control algorithms to overcome the current
technological barriers.

Limited space, efficiency and theahrequirements also influence the electric drive
design. In this regard, Wide Band Gap (WBG) devices are a very promising technology
[4]. The use of gallium nitride (GaN) or silicon carbide (SiC) devices, thanks to higher
switching frequencies (>> 100 kiHand junction temperature (> 150 ° C), compared to
silicon technology (Si), they allow the use of reduced cooling systems and increasingly
smaller filters, maintaining the highest possible levels of efficiency even for medium
power drives.

In Figures 1 ad 2, market trends and invested capital related to Wide Band Gap
technologies (SiC and GaN) are presented; while, in Figure 3, the market segments that
the WBG semiconductor devices will occupy compared to the existing silicon (Si)
technology are presented

XXXI



Figure 1 Market analysis conducted by research firm IHS Markit Technology which shows earnings
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Currently, both the Department of Energy (U.S.) and the European Gsiamare
providing significant funding for the development of WBG technology in automotive
applications [A8].

Another important aspect concerning the electrification of the vehicle is related to the
energy saving and the reduction of greenhouse gaselstained by using also high
performance electric machines.

Electric machines in electric vehicles (EVs) are expected to be high efficiency, have
high rated torque, high starting torque, wide speed range, high overload capacity, high
power at cruising sge&ls, high constant power speed range, high specific power and
power density, fast dynamic response, good flux weakening capability at high speeds,
high reliability, and good fault tolerance characteristics. These important requirements
are essential regdess of machine type. However, the topology and principle of
operation of the machine dictates the design and control measures that are needed to meet
these requirements. The machine that meets all these requirements must be at a cost that
is acceptable.dble 1 shows the specification parameters of recent vehicles, gleaned from
various sources. Even if some insight can be obtained, putting these data side by side, it
is difficult to compare these values without putting the vehicle traction drive system
architecture and/or hybridization strategy in perspective. Even then, the machines are
different in several respects including the fact that some vehicles use two machines while
others use one. It is therefore difficult to compare these machines in any gfglanay,
however, it is informative to see some trends including moving away from induction
machines (IMs) toward the use of permanent magnet (PM) machines for most of the
traction applications. However, there are a lot more machine types that canrtiaibote
applied in electric vehicles [10].

Table 1 Traction machine specifications [10].

Peak | Peak
Peak | Peak | Max o

Model | Year Motor Power | Torque| Speed| Poles Specifig POW?r

Type KWp NMm rpm Power | Density

kW/kg | KW/L
Roadste 2008 IM 215 370 | 14000 4 4.05 -
eS| 2013 | M| 225 | 430 | 14800 4 i i
Model 3 2017 | PM 192 410 | 18000 6 - -
Prius | 2004 | PM 50 400 | 6000 8 1.1 3
Prius | 2010 | PM 60 207 | 13500 8 1.6 4.8
Prius | 2017 | PM 53 163 | 17000 8 1.7 3.35
Accord| 2006 | PM 12 136 | 6000 16 0.53 | 2.83
Accord| 2014 | PM 124 - 14000 8 2.9 2.93
Spark | 2014 | PM 105 540 | 4500 12 - -
Volt | 2016 | PM 111 370 | 12000| 12 - -
Bolt | 2017 | PM 150 360 | 8810 8 - -
Leaf | 2012 | PM 80 280 | 10390 8 1.4 4.2
Leaf | 2017 | PM 80 280 | 10390 8 1.4 4.2
Camry| 2007 | PM 70 270 | 14000 8 1.7 5.9
Camry| 2013 | PM 70 270 | 14000 8 1.7 5.9
Lexus| 2008 | PM 110 300 | 10230 8 2.5 6.6
Sonata| 2011 | PM 30 205 | 6000 16 1.1 3.0
BMW i3] 2016 | PM 125 250 | 11400| 12 3 9.1
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Figure 4 shows the potential motor types and possible choices for EV applications.
The basic types of machines useeéliectric vehicles arenduction machines, permanent
magnet synchronous machines, switched reluctance machines and synchronous
reluctance machines. In most recent vehicles, three classes of machines have been applied
including induction machines, synchronous machines, permaragret machines and
reluctance machines. Various configurations of machines have been used or are potential
motors to be used, including radial flux and axial flux permanent magnet synchronous
machines, induction machines, switched reluctance machinesfladswitching
machines [10].

Electric Machines for EV/HEV

Induction Synchronous

I
[ [ |
- Cage induction Variable PM Salient
reluctance pole
Wound rotor Switched .
. . - I Brushed DC
induction reluctance
Doubly-fed Interior PM
Doubly-fed I Y | | 5
. 7. reluctance (IPM)
induction
|| Synch.
yneh Inset PM
reluctance
Surface PM
Hybrid and 1 (SI’M)
PM assisted

Figure 4 Motor types aviable for electric vehicles/hybrid electric vehicles (EV/HEVS) [10].

In this new general context, the vector controls in the electric drives are used to save
electric energy and increase the produttiin variableoutput work process of all new
and wellestablished industries such as: digital information gadgets, digital home
appliances, automotive and robotic electric actuators, pump compressors, hybrid and
electric vehicles, industrial processesdadistributed and renewable energy system
electric generators. With power levels that go from less then 1W to 100MW, VSDs have
become in the last 20 years a very dynamic worldwide industry/market [9].

Vector controls represents a very robust way to obrgfectrical machines in
alternating current (AC), in fact it are generally used in all those systems that require high
dynamics in terms of torque and speed and in particular in automotive systems. The basic
idea that guarantees a decoupled control@ftagnetic flux and electromagnetic torque.

Vector controls are used on AC electrical machines, both asynchronous and
synchronous and in both cases, it is necessary to measure or estimate the rotor flux
position, but in any case, it is necessary the q@osition measurement.

Then, when we talk about sensored control, we will indicate a vector control where it
exploits the position sensors to measure the rotor position. This type of control has been
widely used in electric drives for more than 20 years.

In recent decades, sensorless control techniques have been dewasogelll The
latter are used a wide application as they don't require mechanical sensors to measure the
rotor position and therefore allow to realize electrical drives with high dynamic
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pefformance but with reduced costs and sensors data transmission cables. Obviously,
since vector control relies on knowing the rotor position is necessary, sensorless controls
need an algorithm that allows to estimate the position of the rotor flux.

The advantages of a sensorless control allow to realize electric drives with good
dynamic performance, comparable with the sensored ones, or lower costs and high
reliability; on the contrary, the disadvantages are related to the type of the rotor position
estimation algorithm; in fact, many rotor
a good operating work in the whole operating range of the drive; moreover, many rotor
position estimation algorithms are sensitive to parametric variation and otiitsrdre
related to the signdb-noise ratio (SNR).

In most applications, where high dynamic performances are required, the measurement
of the rotor position is essentialFor example, in automotive applications, such as:
electric vehicles, avionics anarine applications, or aerospace applications, etc., for
safety reasons, the presence of the position sensor is necessary; while the sensorless
algorithms are mostly used when the position sensor fails; in fact, in order to maintain the
same performancd the drive, the control unit start the sensorless algorithm when a fault
in the position sensor is detect. Obviously, the control unit recommends replacing the
faulty position sensor, as it is necessary for safety reasons.

Also widespread are those applions in which it is necessary to vary the speed of
the drive; in fact, variable speed drives (VSDs) are widespread in many sectors, from
household appliances to large compressors, pumps and fans, wherever speed control is
required for energy saving orqmess control. Speed control requires speed feedback; on
the other hand, position feedback is mandatory for field orientation in frequency
converters, for switching in BLDC drives and for any application that requires position
control. Due to cost, relialty and space constraints, the only motion sensor used in
VSDs is the position sensor: the speed must be estimated from the position measurement.

Recently a particular interest in levost sensors has been considered, for instance,
high resolution lineaand magnetoresistive Hall effect sensdt§] [ [14]. The main
concern with these technologies is their limited accuracy, in fact several methods have
been proposed to improve itJ. In other cases, it has focused on the effect of low
resolution binanHall effect sensors.

The main concern is related to quantization noise present in the measurement and ways
to reduce it have been investigated. Although it is known that when the resolution of the
position sensor decreases the speed estimate deteriohatesyer, a complete
understanding of the effects of position sensor resolution in VSDs has yet to be achieved.
A fundamental but open problem is: how does a specific resolution of the position sensor
affect the performance of the drive in the event ofquici torque disturbances? Such
knowledge would be of great help to a technician when selecting the resolution of the
position sensor, in order to minimize costs while at the same time achieve the desired
command tracking and the required disturbance rieject

The main of this thesis are to contribute to the improvement of performances of electric
drives, by reducing the costs, reducing the assessment volume, increasing energy
efficiency and improving the dynamic performance both with low resolution positio
sensors and also sensorless algorithms and at the same time guaranteeing some key
aspectgelated to theeliability of AC motor drives such as fault tolerant, overheating
protection, rotor position sensor failure and unexpected shutdowns. These ebjantiv
achieved by exploiting the presence of thermistors for thermal monitoring of the AC
motor for the development of sensorless algorithms able of replacing the position sensor,
but also by reducing costs on the position sensor by selecting its @sdiated on the
application and desired dynamic performance. Furthermore, the combination between the
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multilevel converter topologies and opend winding motors allows to achieve fault
tolerant solutions, increasing the energy efficiency and improvingdiver quality.

The thesis is composed of five chapters:

1.

The chapter 1 deals with a review on state of art existing sensorless algorithms,
examining the history of sensorless algorithms and focusing on one kind of
sensorless algorithm based on b&dkF which will be used in the chapter 2;

The chapter 2 deals an alternative way to estimate the rotor position in AC motors,
exploiting the wiring of thermistor embedded in the stator winding for
temperature monitoring purposes. Specifically, thermistor garembedded in

the stator winding are suitably modified in order to turn them in a set of search
coils. Since these coils can be connected to the drive control system exploiting
existing Thermistor cablings, only a minimal departure from a standard reachin
design is required. A suitable rotor position estimation technique fully
independent from motor parameters will be presented by using the obtained set of
search coils. Such a technique can be used alone or to improve the performance
of conventional BaclEMF based sensorless techniques. In the proposed approach
as well as the compatibility between rotor position estimation and temperature
monitoring have been assessed.

The chapter 3 introduces the different technologies of the position sensors and
their pioperties; in particular, the chapter involves the development of
mathematical models through spatial Fourier approach to descript the effects of a
finite resolution in a position sensor. Since in most applications it is preferred to
estimate the speed frothe measurement of the rotor position, chapter 3 will
continue with the introduction of the main speed estimation algorithms used both
electric drives with position sensors and electric drives with sensorless algorithms.
In those applications where safetgmes first, the use of the position sensor is
essential. In this chapter 4, the main contribution was to provide guidelines for the
best selection of the position sensor based on the specifications and dynamic
performance required for the drive. Theseédglines will be addressed for two
different types of speed estimation algorithms.

Finally, the chapter 5 summarizes the other research actidéesloped to
improve theenergy efficiency, power quality and fault tolerarapability of
electric drivesIn particular, the research activities focusadhe investigation of
technical solutions fodouble thregophase winding motors and/or opend
winding motors solutionsby using multilevel power conversionopologies

These solutions allogd to increasethe energy efficiency, the power quality
improvement and the fault tolerant abildf/the drive
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Synchr omtornsi v s

1.1 Introduction

Today, permanent magnet (PM) synchronous motors are the dominant technologies
for many applications: industrial applications, household appliamtestric traction,
marine propulsion, aerospace, elevators and wind power generation [1]. The high
efficiency, high torque density, high overload capability, fast dynamic response and
desirable wide speed range performance of these motors have madehtiwdotgc
popular with manufacturers [2][4]. PM materials are the most important elements of
PMSMs. Two commonly applicable PM materials for PMSMs are neodymiurm iron
boron (NdFeB) and samariuatobalt (SmCo), both of which contain rare earth
elements [b- [6].

Although the excellent performance and high efficiencies of PMSMs have already
conquered much of the power application market, the dramatic rise and fall in the price
of permanent magnets has directed research towards raréreamhachines tp/] - [8].
Reliability issues in PMSM due to possible magnet failures arecalsidered

The rotor design of the SynchRel sets it apart from IM and PMSM. Compared to those
conventional motors, the SynchRel achieves higher reliability and easier maietenanc
(due to the very low temperature of the winding and bearing, and also missing the cage
rotor structure or PM) [9} [10], lower cost (due to lack of PM than PMSMs), faster
dynamic response (due to smaller size in the same power range and lower moment of
inertia), higher speed range (due to wide operation at constant power compared to |M)
[11] and higher efficiency in the same power range with the same size (due to cold rotor
operation compared to IM) [12][18], and higher power density and higher torgee
ampere with respect to IM [19]23]. In this sense, SynchRel offers the high performance
of a PMSM, while it can be as cheap, simple and easy to service as the IM. Therefore, the
attention paid to these motors in higbeed applications has seeroatmuous growth in
the literature which has convinced electric vehicle (EV) and hybrid electric vehicle (HEV)
manufacturers to apply SynchRel as an alternative to PMSM- [28]. That said, the
ability to drive with the same VSDs for IM and PMSM in wars newly designed VSDs
has provided a solid development base for SynchRel {2&hly, the high efficiency of
SynchRel versus IM has attracted attention for applications such as pumps and fans.
Furthermore, the ability to operate at high performancepartetularly wide speeds with
consideration of the lack of rare earth PMs compared to PMSMs prompted researchers to
study these motors for traction applications. It is worth mentioning that in some
applications such as pumps, fans and conveyors, IMsedsthinant motors, which can
be designed to be replaced by SynchRels.

Although SynchRel avoids PM in its structures, it sacrifices the efficiency, power
factor and torque density of PM motors. The torque produced by the SynchRel is purely
reluctance torque due to the salience and anisotropy of the rotor. This contributes to the
high saturation of this engine, which limits the flux den3ibe addiction of ferrite PM
to the rotor of the SynchRel allow to define a new synchronous motohtyetmanent



Magnet Assisted Reluctance Synchronous Machine (PMSynchRel) that exploits
simultaneously the unique rotor characteristics of the SynchRel and the high performance
of the PMSM, as shown in [63These motors have desirable performance at atasie

speeds while meeting the requirements of the constant power speed ran§2dR 1he
currents for the same pair are decreased in the PMSynchRel. As a result, losses also
decrease, especially for the partial loddsignificant variation of the pmer factor
increase®f about 10% for low currents and 6% for high currents is achiebadhe

other hand, in terms of maintenance, production and assembly, SynchR&/l and |
superior to PMSynchRel. Also, similar to SynchRels, PMSynchRels suffer figimarhi

torque ripple [29].

Nowadays, VSDs have been applied in many industries for efficient, high
performance, robust and precise control of electric motors. In particular, as discussed
above, these performances can be guaranteed by difégrestironous motor topologies
(PMSM, SynchRel and PMSynchRel). Without taking into account the strengths and
weaknesses of each synchronous motor technology, vector control is able to guarantee
the high performance discussed above.

There are several algdrins that are recognized as vector control methods, addressed
in theliterature and implemented in many industrial VSDs; among them we classify them
as: fieldoriented control (FOC), direct torque control (DTC) and predictive control (PC)
methods, includig modelbased DTC (MPDTC) and modehsed predictive control
(MPCC). The use of electric drigdor alternating current motors explioig vector
controk are widely used in various applications: industrial automation, transport sector,
automotive, electridraction and in the household appliances sector. Many of these
applications require a position or speed or torque control with high dynamic performance,
sturdiness and reliability are, in fact, guaranteed by vector control. However, in various
applicatiors where cost reduction, space reduction and greater robustness are required
with respect to position sensor failuresnsorless algorithms represent the most suitable
solution more than 20 years.

Meanwhile, sensorless controls (also knowrsel§sensing are becoming more and
more popular in many industrial but also domestic applications, presenting some
advantages in synchronous motors (PMSM, SynchRel or PMSynchRel) due to cost
reduction, scaling system and reliability. As shown in Fig.11dn enormas effort has
been made in the last 20 years to develop sensorless control techniques for a wide range
of speeds: from low speeds to high speeds.

Rotating Signal Injection Pulsating Sinusoidal Injection Active Flux Arbitrary Injection
1998 2003 2008 12013
OEp SmOmp SmOmp SmOmp SmOmp SEOmp SEOmp SmOmp S0 =
1996 2000 2006 2011 To Be
INFORM Extended EMF ZVCD SquareWave Injection Continued

Figure 1.1.1 Time Line of Sensorless Control on PMSM Motor Drives.

Sensorless control schemes can be classified into two main categories:
1 Model based sensorless (applieanadiunthigh-speed range)
9 Saliency based sensorless (appliedhalbwspeed range)
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Figure 1.1.2 Classification of 8nsorless Contrdor Synchronoudlotor Drives

The modelbased method can be implemented using the electromotive force (EMF) or
the flux associated with the fundamental excitation [3{0] and can be divided into
openloop and closedbop methods. The firgtategory ara@lerived from the integration
of the backEMF of the machine without any correction term; while the latter makes use
of the error betweesomeestimated and measured quantities as feedback to increase their
performance. Although modélased methadare first proposed and commercialized
they fail in the low-speed range due to low sigfiainoise ratio caused by model
uncertainty, inverter nehnearities, etc. To expand control sensorless for low speed or
zero speed, the method based on safienonitoring has been developed, including
methods based cadditional high frequency magnetic figldll] - [67] and excitation
based methods by PWM (FPE) [68F7].

Due to the growing expansion of sensorless control applications in PMSM drives, this
first chapter will describe some of theostknown sensorless algorithms. In particular,
the one based on the estimation of the Hakk will be describedn more detailsas a
modetbased sensorless algorithm; instead, the injedtased method will be deribed
in more detailsas a sensorless algibwin based on saliepc

1.2 Model-Based Sensorless Control Methods

Modeklbased sensorless controls can be easily derived frofutidamental wave
mathematical models of electrical machitiesy areused in various applications where
thedrives are operateat mediumhigh speeds.

In general, in moddbased sensorless methods, the rotor flux position estimation
procedure is conventionally divided into two parts, Fy 1 .state filteror observefor
EMF estimation and position/velocity observer for estimating the position of the rotor
flux and mechanical speed:

Vabes Qe
: EMF or Flux | EMF or FluX pgsition/Speed—"
labcs Estimation Observer | Wm_

Figure 1.2.1 GeneralStructure oModel Bases Sensorless Algorithm.

EMF or the flux associatedan be implemented using open loop methods and closed
loop methods. Generally closémbp methods are the most used and are preferred for
their strongrobushess and high precision. The estimatté¢he EMF or the Active Flux
can be achieved by exploiting the mathematical models of the synchronous machines
expressed in the stationary refereadeor in a synchronous referenge.



1.3 Synchronous Machine Model

The study of modetbased sensorless controls réquire the knowledge of the
mathematical models of the various synchronous machHimeg®neral,t is possible to
consider the mathematical model ofiateriorpermanent magnet synchronous machine
as areference mod€]78]. Therefore, the set ofoltage and fluxequationsare given
respectivelyin (1.3.1) and (1.3.2)

gVag elag e/ a@

dé, 0
eVb —Rselbu+dt /o4 (1.3.1)
evcu éicu e/cu
e/ag glag
é, U_ é u
é/cu éicu

whereRs, Lpm € Ls(gre) are the stator resistance matrix, the permanent magnet vector
and the inductance coefficients matrix respectively

eRs0 0g & singe) o
Rs=gO R0 Lom=/pmgSin(Gre - 20/3) §
A ListLalscoq2g,)  -0.5La-Lecog2ge-20/3) -0.5La-Lecog2ge+20/3) o

e
Ls(gre) = e -0.5La-Leco92ge-2p/3) ListLa-LecOS2Ge-4p/3) -0.5La-Lecoq Gret+2p) [‘J

é. 0.5La-Lecoq2Ge+2p/3) -0.5La-Lecoq2gret2p) ListLa-Lecoq2¢+4p/3) u

wherela is the magnetizing synchronous inductancelasid the saliency inductance

|, = Lmd* Lmg .. = Lmd- Lmg
A~ 3 B~ 3

The electromagnetic torquexmressionand the mechanical system equation are
defined in(1.33) and(1.3.4), respectively

¢ gia
Te= ppl [Ialblc] d 2[|a|b|c]%lg @ (133)

€lc

(1.34)

d_qF_m

FTe— L+J +FWm
!
[ Wm = "4t

Equations (1.3.1) (1.3.4) define the mathematical model of an IPMSM, neglecting
the effects of magnetic saturation, magnetic hysteresis, and cross saturation. In general,
in PMSM, the gaxis inductance is greater than thexs inductance, i.eL,q> Lq (0r L
< 0) this is due to théigh reluctance of the magnetic material in thaxa.

Whena synchronous machine with surface mounted permanent ,&PISM is
considered, i.e., an isotropic synchronous machine, the inductances of axis q and axis d



are identical, Ls = Lq simplifying the matrix of inductanceks and eliminating the
dependence with the position of rotor:

, ~ListLa -0.5la -o.5LAQ
La = é Lms Le=0 Ls= Q'OSLA ListLa -0.5La u
€-0.5la -0.51a ListLaU

This simplification will have repercussions in (1.3[®)ading tcan electromagnetic
torque dependent only on the flux vector of the permanent magnet

Finally, if we consider a synchronous reluctance machine (SynchRel), there are not
permanent magnets, i.e.pm = 0, and d-axis inductancas greater than the-gxis
inductance,Ls > Lg, and thus Lg >0. This implies that the equation (1.3.3) of the
electronagnetic torqués depenehg only on themagneticsaliencyof the machineand

therefore ordLs(gre)/dgre, beingLpm = 0.

1.4 Back-EMF State Filter

After having defined the mathematical modeafishesynchronous machinesowit is
possible torefer these modelsn a synchronous reference framgth the rotor flux
position @d) to build the backEMF estimator suitable reference franteansformation

matricesare requireq1.4.1):

o _28c08(ge) codGe2n3) codger2pld)g
= 3& sin(gre) sin(gre-2003) Sin(gre+213) U
(1.4.1
@ Codgr) sin(gre)
[Kqd ™= @codge20/3) sin(ge-2013) ]

€coqge+2p3) sin(ge+2p/3) U

It is possible to define thmathematical model of an IPMSM in the synchronous
reference frame with the rotor flux position:

grag g 0 ggag, dglag, guels O g
Eval €0 RsUGigl dt&/qu & 0 -we/ql

(1.4.2

g opg agm g0
€/qu €0 LgU€igu &/ pmu
By appropriatemanipulations of (1.4.2and writing the derivative operator with=

d/dt, obtain:

&Vag eRs O ggiqg € pPLq Weldggiqg eWte/ pmg
e U e u e U+ 1.43
évgu 80 Rgﬂeldu S-WELq pLg G€ildU € O ¥ ( )

Note that in the mathematical model of PMSM the csagsration phenomena has
been neglected and then the incremental inductances have been not considered in
(1.4.3) and in the following analysis.



In order to compute the ba&MF, (1.4.3)is rewrittenas:

e plLq VWeLngiqg_ epLq +pLd- pLd Weeld + Weelq - Wrelq 88 8_
06iqu

S'Wel_q pLd Heidu_g 'M/fel_q pLd d
(1.4.9

¢ pLd V"fel—qfaglqg gqu pLd  Wreld- VWeLqﬂelqﬂ

- g Welq pLag He|du e O 0 ueIdU

From the inductance matrdecompositionthe mathematical modedf the electrical

machinecan be rewritten as:

V, Rs O gai La Wrelqgel Wrel pm+ (Lqg - La) (Wrel [
eq&g ﬁgqﬂ_'_gpd eqﬂqu eme/ pm+ (Lq - Ld) (Weld - pq)ﬂ(145)
€vgl €0 RsU€igl é&-melq pla UEIAU € 0

whereEensis theextendedack EMF linked both permanent magnet flux asaliency

Eemi= M/fe/ pmt (Lq - Ld) (V’/feid - p|q) (146)

By applying thereference framdransform matdes Rqaar (1.4.7) and (1.4.8)the
previous model can be referred to an orthogonal statioresence framegb):

~1 0
p 1 1
kide &l
€ 2 2 U 143
ez 2 u
eCOS(C%e) -Sin(Gre) g
R Kqd[Ka 3=
at-a 5= Kaa [Ka & esm(q;) cos(qe)u (149
14.
eCOS(C%e) sin(gre) g
R = Ka f[Kqd 1 =
[Racra 4™ = Ka dKad e sin(gre) cos(qpe)u
gVaﬂ_ R bg 8 R eRstpLd Wrelq Q[ & ngemfﬁ[
Buptl "0 N BE Ll RerpLall Rada Rada s o 4

Then, by rearranging treboveset ofequationsthe mathematical model is rewritten as

gv.a;g ¢ Rstpld 'We(Ld'Lq)leag_l_ eEag g 8_ £
évpll gme(Ld-Lq) Retplg U8isl §Ep0 EEsU emfg-sin(qpe)ﬂ

Starting from thdPMSM model in astationary reference framieis possible to build

thea-axis andb-axisblock diagrarms of the state filter in order to estimate #@xis and

b-axisbackEMF, as shownn Fig. 1.41(a) and 1.4.1(b), respectively
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Figure 1.4.1 BackEMF State Filter: (a)a-axis and (b)b-axisand (c) stationary reference franab.

This state filter, allos to compute the baekMF written in (1.4.5); the state filter
defined in Fig. 1.4.1 is valid for IPMSM motor drive, but can bpl@ted for SPMSM
or SynchRel motor drivegn those caseshe equivalent models af&.4.10) and (1.4.11),

respectively:

&Vag eRstpls O raelara+ / ©CoYGre) @ (1.4.10
&l & 0 RepLsliotn P Esin(get o
&Vag € Retplad -We(Ld-Lq)zelaz 04 Gre) @

Lq-L 14.11
&vpll gme(Ld-Lq) Re+pLa U0t (La-La)(ela- plq)esm(qp)u ( )

In order to simplify thenathematical expressigrtbe reference frames models (1.4.5)
and (1.4.9can be rewritten in complex notatian factby placingfxy = fx 1 jfy (with xy
= gd in synchronous reference frame caseth xy = ab in stationary refemgce frame
casesthen themodelsdefined in (1.4.5) can be rewritten as:

qu: Rsiqd"‘ Ld piqd+j We Lqiqd+ Eemfejo (1413
while the(1.4.9 can be rewritteras

Vab= Rsiab+ Lapiab+ j Whe(Ld - Lq) iab + Eemte 1% (1.4.13
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Figure 1.4.2 Complex VectoBackEMF State Filter

In this way the complexectorequation systen(il.4.13 allow to replicate the block
diagrans shown inFig. 1.4.1 in an only complex vector block diagram shown in Fig.
1.4.2 whereEap = Eemre 7% is the backEMF complex vectar

Even the transform matrices defined(ih4.8) can be rewritten in complex vector
mode

Roda b= €17 [Rosa ' =e 0 (1.4.14)

1.5 SaliencyBased Sensorless Control Methods

Sensorless control schemes based on flux position estimiationwnas modebased
methods, generally compute the position of the rotor flux through an integration of the
back EMF. Such an approach is very simple, but effective only at a sufficiently high
speed. The baekEMF is, in fact, generally very small under 10%lué rated speed]],

[79], leading to incorrect estimations of the flux position, due to stator resistance
variations, or simply measurement noises, and preventing continuous stable low, or zero
speed, operations. Moreover, a generally accepted Safespriess Operating Area
(SSOA) has been defined to identify the speed and torque ranges where stable sensorless
operations are guaranteefll]. Signal injectionbased sensorless control is widely
adopted to obtain the position by tracking the saliencpwtspeed region for PMSM
drives p1]-[67]. According to the injection reference frame, the mainstream HF signal
injection can be roughly categorized into rotating and pulsating signal injection methods.
And pulsating injection can be further subdivideaiptilsating sinusoidal injection and
pulsating squargvave injection schemes. An intuitive comparison of different HF signal
injection schemes is shown in Fig5.1
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Figure 1.5.1 Comparison of different HF signal injection behaviour princifghd rotating signal
injection method, (b) pulsating sinusoidal injection methodpt3ating squaravave injection method.
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Figure 1.5.2 High Frequency current response and its envelope.

Although the high frequency signals injection methodsediective to estimate the
rotor position of IPMSMsa high frequency signal is injected and extra observers for
signal processing are required to achieve accurate position tracking. Then, Fundamental
PWM Excitation (FPE) based sensorless control methodsntraduced to simplify the
sensorless control structy&s] - [77].

The FPEbased sensorless control methods estimate the rotor flux position by
measurement of the current or voltage response of a sequence of test voltage vectors
applied in the PWM inuwéer and by calculating the leakage inductance which varies due
to the main path and leakage saturation. The main concept is based on modified slightly
the fundamental PWM signals switching by extending the duration of selected inherent
switching vectors.

In this thesis the operating principle of fhdsatingsinusoidakignal injection will be
mentioned in the next paragraph.

1.6 High Frequency Pulsaing Sinusoidal Signal Injection Method

Starting from the synchronous reference frame model of a IPM&Med in (1.43)
the analytical basis of the Hpulsding sinusoidalsignal injection method can be
developed in this paragraph.

Since the injection angular frequenigyy is much highethanthe operation speed, the
voltage drops on the stator resistaacel the term associated with the electrical rotor
speedwse are assumed negligibl&@hen the HAmodel IPMSM at lowspeed region can
be obtained in synchronous reference frahé.f) with the rotor positionge and in
stationary reference fram#.6.2:
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where the subscript h iadicates HF component.
The HFpulsding sinusoidainjection voltagevectorvqd inj, With angular frequencus,
is injected ingd-axis reference voltage

&Vah_inj @ elg
Vad inj = € u=Vhco t)e.u 1.6.3
qd_inj €Vah injU h cog{uh )eOu ( )

where Vs is the injected HF voltage amplitude. In order to ensure a good shape of the
sinusoidal signal of injected voltages, the injection angular frequency cannot be set to
high (usually lower than orenth of the PWM switching frequency).
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. —plabc /] ia 4 Product -,
| b » » i » N
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LA
e jé:e 4 é qe
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Figure 1.6.1 Block Diagram of thelemodulation algorithm

Transforming the injection voltage vecigg _injto the stationary reference frame with
the estimated rotor positior’fre, obtain:

g cod Gre) g
& sin( £\7re) U

By substituting (1.8!) in (1.6.2), the HF measured currenits stationary reference
frame,under HF voltage injection can be obtained in g):6.

€Va

h
Va binj = 8Vbh§: Vh coq 1k t) (1.6.4)

glahg glA cos(f\/re) -l cos(2qpe- ?/re) 8
U=sin(unt) é A _ A \U (1.65)
b & lasin( gre) + 15 sin(2gre - Gre) U

£20000)

where the currents amplitudiesandls are defined as follow expressions:

Vi La Vh Ls

= - U = - U (1.6.6)

Finally, the daxis component of the high frequency current in synchronous reference
frame with the estimated rotor positiorgisen by:
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From (1.6.7) it is possible to extract the rotor position dvetween the actual rotor
position and estimated rotor position. By using a baass digital filter and by
demodulation process will be provided a signal proportional to the position error and then
this error should be processed into an observer in cvdestimate the rotor position by
forcing the position error to zero.

Typically, in the HF signal injection methods &dfor Tracking Observer (VTO)is
often used as an observer, in order to guarantee high rotor position estimation reliability
and better dynamic performance.

1.7 Estimation of Rotor Position andAngular Speed

Once the baclEMF estimation has been obtained by means of the state filteg.of Fi
1.42, it is possible to estimate the rotor positioha rotating vectoby considering
different method$80]:

1 By using the functiomrctangent.

1 By using aPLL algorithm.

1 By using state observers.

Rotor position estimation by arctangent, Figill, dlows to obtain the angular

position cly\re in a very simple way; obviously, the speed estimatigywill have to be

done by an observer or directly by PLL. Therefore pifgsence of noise on the measured
signals results in noisy position estimates when using direct calculation methods such as
the arctangent To reduce the noise problem, filters haverbepplied to either the
estimated position or the inputs signals, adding lag to the esti@te [

VAV E. E, oy

ey, MV ——
ac g e

— | Estimator | atan2——> PLL —»

e

Figure 1.7.1 Rotor Position Estimation through Arctangent method

Theaccuracy of the position/speed estimattian be improved by consideriagstate
filter or observer. The positioarrorsignal is an input of thalgorithm which could be
extracted through a vector cross product. Therefore, the Pl type phase locki(Rjlbpp
Fig. 17.2, or the PID type Luenberger observéig. 17.3, can be used to force the
position error signal to zero and extract the position and speed inforrf&@jon
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Figure 1.7.2 Rotor Position Estimation througPhase Locked Loop (PLL)

Compared to the PLLthe Luenberger observaithough the moment of inertia is
required, can provide better dynamic performance. One type of state observer used is th
so-called Vector Tracking Observer (VTO), Fig7B, which is obtained starting fromn
nonlinear Luenberger observer structure.
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Figure 1.7.3 Rotor PositionEstimation through/ector Tracking Observer (VTO).
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Chap2Raot or Posi ti on
Through Search C

2.1 Introduction

Today, the most common sensorless control techniques are those bamsssorement
of fundamental component of stator voltages and currents, estimating the rotor flux actual
position through a mathematical model of the macHii¢4]. These techniques generally
provide an effective estimation of the rotor position whenecowalues of motor electrical
parameters are used in the model[@] For instance, errors in estimating the winding
resistance may strongly affect the performance of the sensorless control in the low speed
region, especially at high load. Moreovesimilar effect may occur at high speeds due to
errors in setting the inductance values. In order to improve the control performances in motor
drives by reducing the effects of parameter and model uncertainties, different nonlinear
control methods have be adopted, e.g., robust controls, sliegmgde controls (SMC),
adaptive controls, predictive controls, intelligent controls, and so §h3P] However, the
complexity of these approaches may remarkably increase the computational burden of control
algoiithms, making unpractical their implementation.

These technigues however must cope with the effects of magnetic saturation and cross
coupling, temperature variation and inverter nonlinearitneleed, thideads in many cases
to a heavy computational bl the need of setfommissioning procedures and/or accurate
finite element analysis [4}], [13]-[17].

For this reason, the basic concept, for the development of new sensorless algorithms
is to be able to eliminate the effects related to saturatiomamtinearity phenomena
Search Coils (SC) represent a viable solution to perform a direct measurement of stator flux
amplitude and angular position. SC have
improve the performance of direiaeld-orientedcontrol techniques on sensorless or-self
sensing induction motor drivesgJt[20]. Subsequently, they have been also successfully
exploited on sensorless permanent synchronous motor drives (PNEIMsHearch coils
make possible the estimation of the rdhax position through a direct evaluation of the stator
flux amplitude and angular position, free from effects of stator resistance voltage drops and
inverter noAlinearities R2], [23]. However, SC are actually additional devices, normally not
presenton standard machines. Their introduction requires some departures from
conventional AC motor designs, as well as changes in the coil winding process, thus
increasing the drive complexity. Moreover, their introduction is in contrast with a basic goal
of sensorless control techniques, which consists in removing from motor drives as many
components as possible, in order to increase the reliability and reduce tf&dcos$C
became thus wunpopular at t he sepemntodefelopp80s,
sensorless control algorithms based on the mathematical model of the electrical machines, or
on the injection of additional high frequency signal§{34], which provide a satisfactory
behavior in a wide operating range, while avoiding enodification of the conventional
machine design.

A key aspect of AC motor drives reliability deals with overheating protection, to prevent
failures and unexpected shutdowns, while extending the machine lifeBEh¢43.
Temperature monitoring is thusccomplished through Thermistors, which are
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semiconductebased temperature transducers, normally installed in the end turns of the
motor stator winding. On three phase AC motors a set of three Thermilsidiis To) is
generally used, each one allezhin a phase windingnd connected to the drive control
system by external cablesThermistors can be wired either in series, or according to a
common lead circuit, as shown in Fig. 2.1.1.

Ta Tb Tc Ta Tb Tc

(@) (b)

Figure 2.1.1 Thermistors connection: (a) series and (b) common lead.

In the first case, only an average stator winding temperature is obtained, while in the
second case the temperature of each phase winding can be individually deteffhieed.
exploitation of Thermistor wirings to build up search coils for rotor positibmaton and
existing cables to connect them to the drive control system is investigatecharthisviore
precisely, search coils can be obtained by modifying the shape of Thermistor wirings. These
search coils can be connected to the drive contrarsyskploiting only existing cables if
Thermistor are connected according to a common lead configuration. If Thermistors are
instead series connected a single additional cable is required. According to such an approach,
the realization of a set of SC slwrequire a very small extra cost, therefore, a rotor position
tracking technique has been developed exploiting the voltages induced in the obtained search
coils. Such a technique is fully independent from motor parameters and overcomes some
typical dravbbacks of sensorless position estimation techniques based on the manipulation of
fundamental components of stator voltages and currents, such as those related to inverter non
linearities and stator resistance voltage drops. Moreover, effects of maguestcsaand
crosscoupling effects are quite reduced, as verified by experimental testing.

Although of general use, the proposed technique is appli€fLidaace Permanent Magnet
Synchronous Mtor (SPMSM) and Synchronous Reluctandéotor (SynchRel)drives. A
theoretical analysis of the technique is first provided, followed by an exhaustive experimental
validation.

2.2 Model of the Synchronous Machine with Search CoiléSCs)

A set of search coils can be obtained by modifying the wiring of three Thermistors
featuring a common lead configuration placed on the stator winding of a three phase
SynchRel, as shown in Fig. 2.2.1.

Figure 2.21 Modified common lead thermistor installation.

The Thermistors must be supplied with a DC current to monitor the temperature, by actual
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resistance measurement. On the other hand, the voltage across at least two of the three search
coils must be sampled tietect the rotor flux position. Thupt sensingan be easily made
fully unaffected by temperature monitoring and wegsa, by using in turn one of the three
Thermistorsfor temperature monitoringand the search coils connected to the other two
Themistors to estimate the rotor flux positidhen the Thermistors are not supplied, the
current flowing into thesearch coils is ideally null, due to the very high input impedance of
the acquisition system used to sample the voltage at cabling terntitaise, the voltage
drop caused by the Thermistors can be neglected for flux sensing purQusése other
hand, AC voltages induced in the search coils can be eliminated througipasteilter for
temperature monitoring purposes.

If the three Thermtsrs are series connected, or if only two Thermistors are used, two
search coils can be obtained, according to Fig. 2.2.2.

(b)

Figure 2.2.2 (a) Modified series thermistors installation and (b) two thermistors arrangement.

In this case, if not present, an additional cable is required to independently measure the
voltages induced into the two search coils. Temperature measurement is accomplished at
regular time intervals, whose length is suitably computed as functionrobtttene thermal
time constant, in order to prevent dangerous overheating. When performing a temperature
measurement, a straightforward procedure can be adopted to sample the voltage induced into
the search coils. More precisely, alternatively the voltdgme of the search coils is turn
sampled while the current flowing through the Thermistor, or the two Thermistors, connected
in series to the other search coil is measured. This makes possible an independent measure
of the temperature and the voltageduced in to the search coils, although the last is
accomplished asynchronously. However, if the voltage sampling time is sufficiently high,
the delay introduced does not affect the rotor position estimation, at least in the low and
medium speed operatial range. For the sake of clarity, Fig. 2.2.3 shows the results achieved
by simulating the Thermistors configuration of Fig. 2.2.2a in which a 5V DC supply voltage
is applied to the voltage loops including the Thermistors and the SCs. The waltagks
measuring the connection between SCs and Thermistors are sampled and sequentially
acquired at 20kHz, and then a high pass filter followed by a stationary reference frame
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transformatiorgd/ab are used to extract only the AC components exploited toastithe
rotor position, as will be discussed in the nextagraph. Low pass filters are instead used
to isolate the DC voltage components allowing to estimate the Thermistor values.

1o—005 01 015 O 025 03 035 04

0 005 01 015 FT 025 03 035 04
S

Figure 2.23 Voltages at the terminal of the series connection of thermistors and SCs, AC and DC
voltage components.

A modified common lead installation is considered, where the Thermistors wirings are
wound around the stator teeth. Thepatial distribution of the main winding
magnetomotivdorce is unmodified, as shown in Fig. 2.2.4

A typical thermistor installation ~ An example of modified thermistor installati

Search Coil

Main Winding
Figure 2.24 Search coll installation utilized in this study.

Thermistors feature very small size and mass and a medium impedance, hence the
wires connecting the motor arttie thermistorcan be of inexpensive light gauge.
Thermistors are physically placed inside the machine to sense the temperature of likely
hot spds, whose location depends on the motor design. In some cases, the optimum
location of these sensors may have to be determined from test experience.

In order to introduce the theoretical study on the proposed sensorless algorithms based
on the SCs, it isiseful to generalize the mathematical model with an IPMSM where the
additional SC winding, characterized by a very low number of coils, has been included in
the stator cave. In generahder the hypotheses that the SCs are operated at zero current
(ixy=0), the mathematical model of the machine including the set of search coils is given in
thea,b,cstationary reference frame by the following equatichd; [
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whereva, Wb, V; Ia, ib, ic € /4, /b, /c are the phase voltaggshase currentand phase
fluxesof the main windingrespectivelywhile v, v, V5 ix, iy, iz€/x, /'y, / ; are the phase
voltages, phase currents and phase fluofethe SCs windingrespectively The stator
resistance matriis, inductancematrix Ls(gre) and the permanent magnet flux vedtgn
are identical to those tieed in paragraphl.3, M«(g) is the inductance matrix of the SC
set, which deals only with the magnetic coupling between the SCs amdathestator
winding, as the current flowing through the search coils is supposeanoidlpmscis the
permanent magnet flubknkage vector induced in th&earchCoils, depenéhg by the
product betweet ,m and the ratio between the number of coils of tlaénmvindingsNs
and the number of coils of tIBCsNssc

For the same reason, the voltage drop across the Thermistors is neglected.

pN Ma-Mscoq24,) -0.5Ma-Mgcoq2ge-20/3) -0.5Ma-Mgcoq2G+2,0/3)
Ms(qe)=Q—O.5MA—MBcos(2qe—2p/3) Ma-Mgcoq2G-4p/3)  -0.5Ma-MsCOH Get+20) u
€-0.5Ma-MeCoK2Gic+20/3) -0.5Ma-MeCOL2Gte+2) Ma-Meco(2ge+4p3) U

whereMa is the synchronousnutual inductance coefficient anills is the saliency
mutualinductance coefficient, between the main windings and the Search Coils

M_M M_M
A= 3 B= 3

where Mnq and Mng are the gebxis mutual inductance coefficients, respectivéty
particular,the synchronous and saliency inductantésand Mg respectively, have been
evaluated by considering the measurement system setup presebfdHig[1).

Voltages induced in the SCdefined in(2.2.1) and(2.2.2, encompass a component
which isfunction of the phase currents and a component related to the anisotropy of the
machine, thus preventing a direct measuremetiteofotor position from the last one.

The previous model can be also referred to an orthogonal reference frame qd
synchronousvith the electrical rotor positiogre and at electrical spead., with d-axis
aligned with the rotor flux vectoBy exploiting thetransformationmatrix defined in
(1.4.8, the equations of the mathematical model (2.2(2)2.2)can berewritten

QVarg_ gVag L Siqig d & e/ 180
q It 1 )
evdlu =Kqd g eVb = Kqd Rs [Kqd ™ 8 H+ Kod dt %qu] /o|1H9
chU
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By developing the computation of tladove relationships, the model of synchronous
machine with Search Coils is considenedd-axis:
AV, Rs O gai Lqg Welagel Wre/
glug g ) ggang, § Po Welaggug, gk long (229
€varll €0 RsU€iaiU  é-upelgq ply UEIaaU € O

AV M WeMmdgel /
8q2z € PMmgq WeMm Qg q18+ eWe pmSCﬂ 227
eVa2l  €-WeMmgq pMmg U€IaaU € 0 ¥

where/ pmscis the permanent magnet fllinkageamplitude in the SCs
Nssc
/pmsc— /pm
As already desthed above, the SCs phase currents are in steady state conditipns null
therefore the electromagnetic torque will depend by the main winding currentstonly
using the generic expression of the electromagnetic torque defipadagraptl.3 and
by applying the synchronousferencdrame transformatiarthe electromagnetic torque
in qd-axis for a generic IPMSM is givey:

3 : .
Te= > Pp [/ pmiqr+ (Ld- L) iqrida] (2.2.9

The equivalent circuibf the IPMSM including SCsn the synchronous reference
frameis shown in Fig. 2.2:5

Re W | Mg Wrﬁiz =0
II

Figure 2.2.5 Equivalent circuit of théPMSMin the synchronous reference frame.
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2.3 Rotor Flux Position Estimation

After having described the mathematical model of the IPM&Miding the €s, both
in a stationary reference framab), and inorthogonalreference framsynchronougo
the rotor flux positiondd), it is now necessary to find a way to estimate the rotor flux
position through the direct measurement of the indwodtages on the SCs

Referring toFig. 2.3.1, it is possible to define several synchronous reference frame
systems

/\

N
Ko Kad Kadg

Figure 2.31 Considered Synchronous reference frames

- Synchronous reference franadigned torotor flux position g, i.e., qd-axes
reference frame.

- Synchronous reference fraraBgned tothe estimated rotor flux positio&\re, I.
e., q’a-ax&s reference frame.

N
- Synchronous reference framalégned tathe angular positiorl/y\re - g i.e.,qdgaxes
reference frame.

Wheregis the angular phase shift between the stator current \eatut the estimated
g-axis, i.e.c’q\ . By defining with @, the rotor position estimation error, it can be written

Ge= G+ & (2.312)

Henceforth the mathematical model of the IPMSM machine, define@.26( 1
(2.2.7) will be analyzed step by step in order to find the most suitable reference frame
system to estimate the rotor flux position. In any case, the following hypotheses will be
considered:

- First hypothesis: theurrents flowing in the stator winding are considered in steady

state condition.
- Second hypothesigg= constanj.
Furthermoreby supposing that the estimation ergpis constant or slowly variable, we

can approximate the estimate electrical rotor svﬁ\wdith the real electrical rotor speeaeg:

e & Wte (2.32)
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2.3.1 IPMSM Mathematical Model in gdaxes Reference Frame

When a synchronous reference frame with the real rotor flux pogiticsmconsidered
the transformation matrikqq and its inverse matrikKqd %, are already defined in the
paragraph.3,are given:

Ko = Zg 04gre) COYGe-20/3) cOGet2pI3) g
7 3 & sin(gre) sin(Gre-2013) S|n(qpe+2p/3)3
(2.3.3)
a coY Gre) sin(gre)
[Kod ™t = écos(qe-ZpIS) sin(gre-20/3) u
€coqge+23) sin(gre+2p/3) U

In fact,the IPMSM mathematical model in @xis reference frame is already defined

in (2.2.6) and (2.2.7)By considering the abovst hypothesighe currents flowing in
the stator winding can be expressed as:

ia=lsCcoqGre-9 ib = ls cOq Gre- 210/ 3) ic = Iscoqge-g 20/3) (2.34)

Theexpressions (2.8) can be rewrittein qd-axis reference frames:

ela;z;
elqlfa ecod9 g
= 2.35
8iq.l qu bu Isgsm(QH (2.35)

Geometrically, the current vector can be decomposed along #hegily means the
following Fig. 2.3.2:

Figure 2.3.2 Main Winding Stator Current Vector in qd Synchronous Reference Frame

In these conditions and under teecondhypothesis § = constanj, the qd-axes
currents and its derivativesin be computed if2.36):

iqr=Iscog9 id1=lsSin(g piqr=0 piag1=0 (2.36)

By substituting the expressions (BJ3.in the (2.2.6) and (2.2.7), th®PMSM

mathematical model igd-axisreference framean be rewritten as:
FVqlszsCOE(Q"' Wee La IsSIN(Q + Wee / pm (2.37)
| Va1 = Rs s Sin(g) - wte Lq |s cog9) o
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Vg2 = We Mmd ls sin(g + We /pmSC

(2.38)
Vd2 = - We Mmq Is COiQ

——

From theequations systems (283, the induced voltages in the SCs, expressed in the
synchronous reference frame with the real rotor flux position, are very simple but
impractical for the angular rotor position estimatitd@cause in a generic sensorless
control dgorithm the rotor flux position must be estimated and thus the analytical
approach should be change as well as in the nexpatagraph.

2.3.2 IPMSM Mathematical Model in o ®axis Reference Frame

For this reason, starting from the mathematical model (2.8dl(2a2.2) it is necessary
to consider anodel of the machine in synchronous reference franadigned to the

estimated rotor flux position, i.eﬁqd and its inverse matriﬁqud] . furthermore, since it
is a sensorless algorithm, the rotor position must be estimated and therefore the
transformation angle used in vector control is precisely the estimated angular rotor position

A
Gre.

N N N N
2 &coq gre) cOH Gre-20/3) cO Gre+213) §

k\qd -3¢ A A A u
esin(gre) SiN(gre-20/3) sin(gret2p/3) U
(2.39)
e coGr) sin(ge) Q@
[Kod*= gcos( Gre-2013) Sin( Gre-2013) 3

ecos( é\/re+2:0/3) sin( é\/re+2,0/3) l',j

The IPMSM mathematical model dﬁj-axis reference frame is obtained by applying the
transformation matrices (29.in (2.2.1) and (2.2.2):

N =\ 3 5 0
e0qm_, 88 wl n d&n  efqe0
e, u= que b= qu RS[qu] e U+ qua$qu] e, uo
(SAVAERY éVcU e| a1U c é/ g1+
(2.310)
o/
e/\ n2 A ¢ o8 eA
e/ U= Kgd e/bu_ qu Ls(gre) [qu] €A
e/ ad &/l ef dlu
\ Y ; YT
0a8_n &G n ddn 600
e, u= qué Yo~ qud_t$qu] e, uo
évgol &v,0 ¢ €/ a2l +
(2.3.1)
R o/
e//\ng € Xﬂ A
é, u= qu /yu— qu My(gre) [qu] e
é/ d2u e/ e| d1U
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0
) (2.3.12
u

where Vqa1, |Aqd1 and /\qdl are the main winding voltagesurrents and fluxes in the
estimated synchronous reference fraﬁj,erespectivelywhile Vaazand I qd2 are the SCs

voltages and currenis the estimated synchronous reference frq’ﬂ]e
By manipulatingthe expression$2.3.1) and (2.3.12, the following results are
obtained

60018 eRs 0gei'qo & p Wegl/ g1
en k& Ue A u+e
Va0 €0 RsUgiyi e-We p uaf qid
(2.3.13
eL R 3 ssin(2 [1,]
of o Ghetohaplecod2e) - Glesina)  Bep o asine) g
&€ 3 3 .3 Ugp /8o
Clal 4 Slesine)  Litslatslecof2e)(]”
N\
EVged & p Weﬂe/\ng
é “y=¢é ué, u
&0ql &We p Uaf 40
(2.3.19
gf\ng_ggMA-MBcos(Zay) Mg sin(2&y) Sgl’\qlg_ gsin(a;)ﬁ;
alwl 26 Mesin2a) Ma+Mecog2e)Ué .0 PMSCEcog @) U

By further mathematicamanipulations the final expressions of the main winding
voltages and SCs voltages in the estimated synchronous referencq’c\ﬂrame

3 3 .
g eL'5+2LA ghecos2a)  Slesina) ot o
le"'Q 3 3 .3 ugpl H+
@ lesine) List5La+5 Ls cog2ey) |°P'a
(2.3.15

3 . 3 3
5Lssin(2 Lis+5Lat5Ls cOoq2
€ 2esnia) Leplaplecolla Gol g ecose) g

* e @ UG U+ Whe /om S
<. 3 3 T San é-sin(e)u
@Llisplatslecod2e)  -Slssine) UEI au (&)

MaMacos2a)  Mesin2e) geplad
Mg sin(2&) MA+MBC05(237)Hép/i\dll:l
3 @& MBsm(Zeb) MA+MBcos(Zay)gé|Aq1ﬂ ecoy&) g

+5 . é U+ e/
ZWeg-MA+MBCOS(2&7) -Ms sin(2&) Héf\dlu Whe TpmSCE sin(ey Ul

(2.3.19

where, the position errag is given
&= CGo- (’,\re (2.3.1%
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From the expressiorn(2.3.19 e .3.19 it is evident that the resulting model is quite
complex,and it is difficult to extract any information on the angular position.

However,even in the follow estimated synchronous reference freﬁhwes it is
possible to assume that the stator currents, in steady state conditions, are written as

ia=ls COS( C//\re'g ib=ls COS( Ll7\re-9‘2,0/3) ic=ls COi cly\re-g 2;0/3) (2.3.19

In this case, the expressions of the stator current (2.3.18) are depending by the estimate
rotor position C//\re. Even in this case the follow results are given:

AN elag
€lqi2 »
&, 0= Ko Jofj= Ise grod9g (2.3.19
€141 &i esin(g U
Geometrically, the current vector can be decomposed alomﬁj-m«as by means the

following Fig. 2.3.3:

C
q
A =,
PRy
L \Gre |Gre
g a

Figure 2.3.3 Main winding currentvector in estimatedd Synchronous Reference Frame

By considering the second hypothegjs: constani the q’él—ax&s currents and its
derivatives can be computed in (2@:

|Aq1: |sC0iQ IAd1: |sSin(Q plAq1=0 pIAd;L:O (2.3.20)
By substituting the conditions (2.3.19) and (2.3.20) in th@ressiong2.3.15) and
(2.3.16), the equatiorizecame
e Va=Rsls cos(g+g We Is[(ListLa) SIN(Q+Le SiN2ey + 9]+ Wte / pmcOL &)

N\

| R 3 (2.3.2)
| Var=Relssin(g-5 nte Is[(ListL ) cog9-Le coq2e;+ 9] -Wte / pmSin(&y)
@ Vo= g e Is [Ma SIN(Q+Mp sin(2e; + 9]+ Wte / pmsccog &)
1 (2.3.29
I’ 3

Va2 = - 5 Wels [Ma cog9-Me coq2e; + 9] -We / pmscsin(ey)

Considering the expressions (2.3.22atedto the inducted voltages on the SCs, it is
easy to observe thétte magnitude ofqq2 dependon the mutual inductance coefficients
Ma, Mg and by the permanent magnet flinkageon the SCs/ pmsc

Through this estimated synchronous reference frame it is not possible to directly detect

the rotor flux position independently from the paramedss Mg ed / pmsg both for
SPMSM and SynchRel mmt drives.
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2.3.3 ,IPMSM Mathematical Model in Mz-axis Reference Frame
In order to obtain a direct information on the estimated rotor flux position completely
independent of the motor parameters, it is necessary to consider a further reference frame
N
synchronasto é\re - g which is denoted bgdgaxes
AN N\
Starting fom the transformation matricé&ggand its inverse matrig qad * (2.3.2)

|2 B gg Oi(ﬁe 9 COS((]re g2p3) COS(Qre Q“‘Z,O/?))Q
=3e
SSIH(Qre‘Q S|n(qre-92p/3) sm(qre-g+2p/3) u
2.3.3
] . . ( )
€ co{Gre9 sin(Gre-9) ﬂ
e
[Kaed ™ = écos(qre g2013) sm(qre g2013) l:l
Ecoq Gie-g+2013) sin( Gre-g213) U
it is possible to obtain the followingguations:
N Vag N o
&( g el » dda  efqe0
&, "= RS -qugRs[qudleAq% K qaggy 8K aad 16 Rt
éVaigl evcu €1 digl C ef d1gd+
(2.3.2)
/aﬂ
e/\ 199 A € 19«0
/A“ quge/bu-quaLs(qe)[qug] g
e/ a1t &/ .0 e|d1gU
~ ng
e\ll\ 28 A & A d a A e/\
9,\0' u= quggvyu— qugth’Equ] e/\ UO
EVaol év,U d2gU+
(2.3.5)
A /xﬂ
efwf_n g e
€, = quge/yu—qung(qe)[qug] g
€/ 4200 &/,u |dlgU
el clag
& = Koo Sy (2.3.3)
€1 al éicu

where Vqdig |Aqd1g and /Aqdlg are the mainwinding voltages, currents and fluxes
N
respectively, in the new estimated reference frajhg while Vqd20 and A qizg are the
N
voltages and fluxesf the SCs in the new estimated reference frqdge

(2.3.27)



N 3 3 3 .

éf\qlgﬁ eL|S+2LA SLecoq2et2g ELBsm(Zaﬁzg \élf\qlgg asin(er+ 9
Er U=€ 3 3 3 UEn U/oma qarg
ladl @  Slesin2er2g  List3larslecos2er2g)(]” @

€028 & p Whe @€/ 208

en U= e, u

EVaod €-Whe P UE[pu

(2.3.8)

gf\ngg_ggMA—MBcos(ZaﬁZg) Mgsin(2e+29 géf\qlg&/ %:in(eﬁgﬁ;
é//\dzgl]_ze Mgsin(2e+29 MA+MBcos(29q+29)ug|’\dlgg PMSCEcog gt gU

By considering the appropriate substitutions, the final voltages expressions of the main
N
winding and SCs, in thgdg reference frame, are given respectively:

3 3 3
List5lasle coq2e/29 ole sin2e/t29

Y

g\ll\qlgﬂ éF@ 0 1) qlg8+
U

AN
I
U
\I/\dlgu €0 RU IAdlg

D>~ (DD

§LB sin2ef29 List+ gLA+3LB coq2ert2g)

N 3 3 3

e = H ﬂ N

¢ SLesiner29 List5Latsle cog2er29 & F 0@ acogerg g
I/\

gel
8 H WE/pme-sin(aﬁgu

3 3 3 u
é-Lls-ELA+§LBcos(2a,+2g) -ELBSII’I(Z&#’ZQ a

_3¢&Ma aMgcog2e+2g Mesin(2e+29 geplqlgﬂ
H_Zé Mgsin2e42g9 Ma+Mgcog2e+29 uep|d1gu (2.330)
3 @ Mesin2ef2g MatMscoq2et29 zelqwﬂ ‘e /pmSCeCOS(a#Qz '

2™ & MatMacot2er29  -Masin2er29 U800 E-sin(ar+ g U

Also in this case, based on the expressions @.22d (2.330), the mathematical

N
model obtained in thgdg reference frame is quite complard it is very difficult to see
the possibility of being able to extract some information on the rotor flux pasition

N
Considering steady state conditiptise qdaxis currents in the new reference franolg
can be written:

<A é

€lg2 n & elsg

é ™=K Qq%bg:e u (2.3.3)
<N 7 a9 &g &ou

€l dg éicu

In this case, fron(2.3.3l), the decomposition of the current vector along the new
N
estimated synchronous reference fraydgwith the angular positiom’y\re - g provides that

N
the current vectdk is aligned with the axiq/\g therefore the @xis currenti g1 IS equato
the current vector amplitude. Geometrically can beepresentedby the following Fig.

234
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Figure 2.34 Main Winding Stator Current Vector in géstimated Synchronous Reference Frame

By considering thehypotheses orsteady state conditions argl= constant the
equations systems (23B) and (2.3.3) can be rewritten as (2.23and (2.3.3):

. A 3 .
F Vqig= Rs |S+§ We lsLi Sln(2a7+ 29'*‘ We /pm Coq&]‘"‘g
| 2.3.2)

A A 3 .
[ Vag= 5 e Is[(ListLa)-Le cog2er+29)] -Whe / pmsin(ert 9

3
F qug 5 We |s M sin(2es+ 29+ Wee / pmsccod et 9
I (2.3.8)
[v

20= - 2m,fel s[Ma-Ms cog2es+29)] e / pmscsin(er+ 9

The final expressions obtained in (23.3llow to derive the induced voltages on the

SCs througlthe new reference frarrqﬂ\g In partialar, (2.3.2) and(2.3.3) are valid in

the generic case ah IPMSM in this type of synchronous machine is more difficult to extract
the information on the rotor flux position by using the induced voltages on th&i8iar
expressions can be obtained f@RMSM wherethe saliency coefficients are null atne
current vectoangle is nullg= 0) because the-dxis current is nulfiq: = 0):

i‘e’ \//\qlg: Rs Ist+ Wfe /pm COS(QJ)
|

i . (2.3.30)
Vdig= - W |sLs Wfe / pmSin(&)

3 Va29=
i Vq2g= We / pmscCOY &) (2.3.%)
|

i \I/\dZ_l?: - We |s Mms Wte / pmscSin(&y)

From the expressions (2.3)3as will be seen belowt is very easy to extract the
information on the rotor flux positidoy using the induced voltages on the SCshould
be noted that the saliductive and mutual inductive coefficients have been grouped into
two simple coefficientsLs=3/2(ListL a) is the main winding selinductive coefficient
andMms=3/2Ma is the SCs mutual inductive coefficient

Similar simplification can be consideréd case ofSynchRelwhere the permanent
magnets nulk

(2.3.3)

w

F \//\qlg: Rs |s+g We |IsLe Sin(2e+29
I
T \//\dlg: 5 Wte Is [(Lls"'LA)'LB COiZ&ﬁ'ZQ]
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19 (qo0= g We |sMg Sin(2e7+29)
| (2.3.37)
[

Vazg= - 2|/bfe| s[Ma-Ms coq2e+2 9]

In the following paragraph the sensorless algorithms will be developed folake
two synchronous machine types: SPMSM and SynchRel, where the expressios$ (2.3.3
and (2.3.3) aresuitably manipulated to extract the rotor flux position.

In particular, in this study, new sensorless algorithms implemented for SPMSM and
SynchRel, are caed out on a classic filedriented control where the induced voltages
on the SCs are first acquired by an appropriate conditioning circuit and subsequently
processed by the microcontroller for the realization of the aforementioned algorithms.

2.4 Rotor Flux Position Estimation Through SCsfor SPMSMs

According to the expression (2.3.35), in a SPMSM motor drive, the estimated rotor

position can be computed by bajh-axis voltage components'qdzy proposed again in
(2.4.1) and (2.4.2):
V2o = We / pmsccoq &) (2.4.1)

V2g= - Whe ls Mims- We / pmscsin(&y) (2.4.2)

In general, for a SPMSM motor drive the control structure including the signals

acquisition of the induced voltages on the SCs, is shown in Fig. 2.4.1:
VSI

N

Speed Loop Current Loop S
* i Vi -
o T} P o . i L 4
t N
O] G PWM sy
» Modulator 2‘;: T
o qd\[ Sl %KI— =
X A >
§ e
lgr\abg+
la1<{d ;
3
N
n _Vazg L Vi
@e*] Tracking abg™ S
W< Algorith Yt conitioni
re gorithm 0 < Conditioning
ftm<«—based on SCg*®29|qd \ | v, | Circuit

Figure 2.4.1 Block diagram of the sensorless SPMSM motor drive including the SCs.

In Fig. 2.4.1 the blocknamgdTr ac ki ng Al g or représemts bree sfe d
the generic rotor flux position estimation algorithm used for a SPMSM motor drive and
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that they will be described in the following sphragraphsin particular, the estimation
algorithmsexploitthe two expressions (2.4.1) and (2)4®estimate the rotor position
The rotor position estimation algorithms have been validated by preliminary
simulationsas well The results are referred to a SPMSM motor drive whose
characteristics are shown in Tab. Il. The control algorithm shown irRHdL has been
implemented in Simulink, where the SPMSM mathematical model and ther pow
conversion has been executed with a sampling Tymel /7s.
The rotor position estimation algorithms have been validated experimentally by steady

state and dynamiests accomplished on a test rig, which, according to Fig. 2ah&ists
of a SMPMSM, whose data are listed in Tab. I, mechanically coupled to a 2.6 kW IPM
synchronous motor drive to emulate the mechanical |ohe twolGBT-based three phase
Voltage Sarce Inverters (VSIs) areperated with a standard spaeetor pulse width
modulation (SVPWM) method 200VDC bus voltagend10 kHzswitching frequency. The
control system schematized in Fig. 2.3.5 is implemented on a dSPACE DS1103 DSP board,
where the execution times of the current loop and speed lodpark00r% and Tsw= 200178
respectively Technical specifications of the sehrcoils and embedded thermistors are
listed in Tab. IIl. A torque transducer is placed in the mechanical coupling between the two
electrical machines and two 2048 ppr encoders are exploited to measure the rotor positions of
both motors.

IPM Motor Drive

lgcp  PC Power Supply j, SPM Motor Drive

************** |

+
e — - |
& — I_ ‘Vdc
N .U ® ‘
T ' [ |
I Vsl Vdc nyzf
T’ I iabe1 > A4 r e
173 (s . p
b 1 2™ control Unit Signal
¢ Grm1> Cond.
Grm1 (] W _IA_L Gm
Encoder Encoder
Torque Meter

Figure 2.4.2 Experimental Setup: SPM motor under test, IPM mechanical load.

Tablell SPMSM Motor Data

Parameter Value

Rated torque 5 Nm

Rated speed 6000 rpm
Inertia 0.0025 kg rh
Pole pairs 3

Rated voltage 565 V

Rated current 5A

Rs 0.84 q
Ls 4.7 mH

Tablelll Technical specification of the Search Coils and Thermistors.

Parameter

Value

Search Coils Mutual inductancenM

0.2 mH
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Thermistor resistance value at 25 °GsR 210 kaq

A signal conditioning circuit is used to process the voltage induced on eagh GC,
andv;, respectivelyin order to remove the PWM high frequency components in each SC,
by using a filtering stage cascaded connected to a buffer and a further filter for level
adaption,w, Wi and vz, respectively The electric scheme of the signal conditioning
system isshown in Fig. 2.4.3, while an example of the signal waveforms sampled in
different testing points are shown in Fig. 2.4¥he deviation of the rotor position
estimation from the measured one, due to the signal conditioning circuit, is mitigated by an
off-line generated lockp table.

S
NTC om
1 _ +15V GND -15V
SC TVX T E=10V J L
L 60MW I_ .
22nA ¢ £ ' =
T V(_:'_C \(;C Vo_buffe 1 (l)
\- GNDFCVA
20Mw |1V INA
L L TLO82 BPOA

PWK/I fiIt;r s BUFFER \ LPIA
Voltage Divider L STAGE rvg‘— BPIA
° ADC L&-EMMI| b

FILTER STAGE MAX274

Figure 2.4.3 Signal conditioning circuit used for SCs voltages acquisition and temperature
monitoring. switch SW1: (0) SC is used for rotor positstimation, (1) SC is used for temperature
monitoring.
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Figure 2.4.4 Signal conditioning system waveforms for each SC stage. Test performed at 50 rad/s and
100% of rated torque.
In order to assess the consistence of the proposed sensorless position estimation technique,

some steady state tests have been performed atdiffetational speeds and load conditions,
as shown in Figs. 25-24.7.
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Figure 2.4.5 Steady state tests: g and d axis SCs voltages in estimated synchronous reference frame
measured atvm = 10 rad/s and at different load conditions.
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Figure 2.4.6 Steady state testq and d axis SCs voltages in estimated synchronous reference frame
measured atm = 40 rad/s and at different load conditions.
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Figure 2.4.7 Steady state tests: q and d axissS@ltages in estimated synchronous reference frame
measured atsm = 70 rad/s and at different load conditions.

Obtained results confirm that the rotor flux position error is null wéenonsidering the
equation (2.4.2) we obtaifigy,+ e Mms!9 is null, and wherby considering the equation
(2.4.1) Vqag is maximum. By tracking these two conditions it is possible to obtain an
estimation of the rotor flux position theoretically independent from motor parameters.

Below are the simulations and experimental results regarding the various tracking
algorithms.

2.4.1 Rotor Position and Speed Estimatiata aMaximum Point Tracking Algorithm

A first possible implementation has beenddsind shown in Fig. 2.8.in which a Pl
controller is used to process the error between the reference and measured induced voltage

on the SCS’/\ng along the estimated axis. Integration of the output of the PI controller
provides the estimatedtor position.

?reebmSC ‘Qrm
| fe 1
1) % i)

Pl Controller

Figure 2.4.8 Block Diagram of th6&PMSMRotor Position and Speed Estimatialgorithm
exploiting aPIl-basedmaximum point tracking

The proposed approach, Fig. 2.4.1, atovestimate the rotor position and rotor speed
by mathematical manipulation of th’é,zg defined in (24.1):
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Va2g- Whe / pmsc= Whe / pmsc[cog&)-1] (2.43)

The induced voltagelqxy provides a straightforward information about the estimation
error; in fact,g can be driven to zero by tracking the maximum valué§. The voltage

Vq20 has to be forced to zero, by using a PI controllerrderoto drive the estimation error
g to zero. In fact, if the estimation errey is force to zero by the PI controller, then the
cosirusoidaltermcos(g;) would tend to one.

This first solution is quite easy implementation but is sensitive to the permanent magnet
flux /pmsc variations in fact, a slight variation of the permanent magnet flux could
compromise the stability of the sensorless control system

This sensorless control based on Maximum Point Tracking Algorithm has been
validated by Matlab/Simulink environmerdccording to the schematic of the control
algorithms shown in Fig. 28. Figs. 24.9-2.4.10 deal with the dynamic response of
SPMSM drive to ssequence of torque and speed variations when the drive is current
controlled.

In particular, Figs.2.9 and 24.10 display the rotational speedum, the

electromagnetic torquBs, the currentsqs, idi, the rotor position errog and Vg for the
sensorless implementation in a SPMSM drive. Note that on the drive the tracking
algorithm shown in Fig2.4.8is able to keep quite low the estimation error, either at
steady state and during transients.

240 6
200 ¥'rm [rad/s] — 5
160 Te [Nm] | 4
120 / 3
80 2
40 1
0 0
0.8 1 12 14 16 1.8 2 22 24 26
time [s]
6 @ 1.3
5L iq1 [A] a1 ['A‘] 1
4+ 0.7
3r 0.4
2¢ 0.1
1t -0.2
0 -0.5

0.8 1 12 14 16 138 2 22 24 26
time [s]
(b)
Figure 2.4.9 Simulation Results: torque and speed transients for SPMSM drive, (a) mechanical speed
Wim and electromagnetic torque, Tb) gdaxes currentsqgi and 1.
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(b)
Figure 2.4.10 Simulation Results: torque and speed transients for SPMSM drive;afas goltage
induced on SCs in estimated reference frame (b) position error.

In Fig. 24.11 an experimental test is shown, whére SPMSM is driven according to
the classical vector control shown in Fig4.2.while performing a speed transient. A
quite satisfactory dynamic behavior is obtained in sensorless mode, with small estimation

errors.
“ﬁ%gﬂﬁ?L/ﬂ/w@@@@@@@@
) 20 rad/s
Wim -
//“

Enasnassnaer SN NI NI
- 2 A 50 ms

Figure 2.4.11 SPMSM: speed transient from, = 30 rad/s towm = 80 rad/s.

2.4.2 Rotor Position and Speed Estimation Based on Zero Crossing Tracking
Algorithm

A secondvay to carry out the rotor position information relies on exploiting a zero crossing
tracking algorithm, as the one shown in Fig.224to process the quantifuo,+ e Mg 9
which according to (2.4), is directly related to the sine of the estimation egprSpeed
estimation algorithrbased on phase locked loop has been usstitoate the electrical rotor

speed 45|, [46].
Vazg+ We |sMms= -Whe / pmscsin(&) (2.44)
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Pl Controller

Figure 2.4.12 Block Diagram of th&PMSMRotor Position and Speed Estimation baseder
Crossing Algorithm

This method is insensitive to stator resistance variations and thus giving a robust rotor
position estimation at low speed and high loads. Moreover, satisfactory dynamic performance
is achieved with small computational efforts.

Initially, in order to vaidate the rotor position estimation algorithm based on the zero
crossing tracking algorithm, has been implemented in Simulink by considering the control
structure of Fig. Z.1.

Figs. 24.13a and 24.13b deal with the dynamic response of #emsorless SMPMSM
algorithm in which the switch SW has been selected to 0.
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Figure 2.413 SW = 0: speed step at 1s and torque step at 2s: (a) reference and estimated rotor speed,
reference and measured torque component of the stator current vector, electromagnetic torque; (b)
control variable, rotor position and speed errors.

In particular, asequence of torque and speed variations have been applied to the speed
controlled drive. The machine is operastdym = 50rad/sand 100%of the rated torque
You can note limited rotor position estimation erggand rotor speed estimation ereng
during both transient conditions, whose entity is related to the dynamic of the tracking
algorithm. In this test it has been assumed a perfect match between the estimated and motor
parameters.

Fig. 24.14 highlights the effect of parameters variationsharotor position estimation. In
particular, a sequence of parameters variations has been imposed to the motor model and the
estimation errors on the rotor position and speed have been computed. Note that a significant
variation of the magnetizing indiancels (-50%) yield to a rotor position error = 10deg
while the same percentage variation (+50%) on the stator resistance does not produce
estimation errors [35] and [53].
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Figure 2.4.14 Steady state test: at the instanatvariation of Lsis imposed to the modeb0%), at
the instantithe initial value of k, is restored, and finally at instaniRs is changed of +50%.

The effectivity of the proposeator position estimation method has been evaluated
through experimental tests. In particular, the test shown in Fig. 2.4.15 deals with a step
from no load to rated load. The tested motor drive was torque controlled, while the IPM
motor drive held a cotsnt rotational speedtm = 50 rad/s Only negligible estimation
errors were recorded.

OQZQ
T
. 1V
> N\
Od2g+ ﬁ/reMsz
3+
WMWWMWWWW\M
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_
_ 2
gi Iql <=
g, 15 radfs
e 200 ms

Figure 2.4.15 Torque transient from ntwad condition to rated torque atm = 50 rad/s.

The test of Fig. 2.4.15 highlights the dynamic behavior of the sensorless control during
a speed variation fromm = 10 rad/sto wm = 50 rad/sat rated load. In this case the
tested motor drive was speed controlled while the IPM motor drive set a step load
variation. Also in this test a quite small estimation error was observed.
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Figure 2.4.16 Speed transient from¥m = 10 rad/s towm = 50 rad/s at rated torque.

2.4.3 Combined Zero Crossing Tracking Sensorless Control Approach with MVPT
Position Error Estimation Tracking Algorithm

However, the rotor position estimatids affected by the variation of the mutual
inductanceéM,s This can be mitigated by tracking the maximum ofbieage V'qzg, (2.4.),
which coincides with a@eroestimationerror g, = 0, independently from motor parameters
variations Hence, a maximum voltage point tracking (MVPT) based on the perturb and

observe (P&O) algorithm has been integrated into the zero crossing tracking algdithm
[48].

positive
increment

N
Yol counter i
@ +1 o

comparator

negative

increment
if statement

Figure 2.417 MVPT based on P&O algorithm for position error estimation.

In Fig. 2.417is shown the MVPT for position error estimati@g used in this study.
The classical twqpoint P&O block diagram is composefithree stages: the first stage is

a comparator betweehe actualq2y Sample andts previous samplethe second stage is
an if statementand finally the third stage is a counter. Obviously, the estimated position

error gydepend on the clock frequenteyk used for triggered the P&O algorithm.
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In this way he MVPT processe8q2, and provides thestimationof the positionerror
&4 between the estimate@ie andthe its correction by updating the rotor position estimation

5re-
~ N A
qre = qre + eq (243)
Also in this case a similar control block diagram has been adopted2ME1@, where

both rotor position estimation algorithms provided from the equatioad)2and (2.4.2)
are combined:

fCLK
0 ¥ @?SW ~
29 ) MVPT ST Ox— Gre
1 (G

0N
Vd2g|

e
P1 Controller QreH

Rotor Position & Speed Estimation

Figure 2.418 Combined Zer-Crossing Tracking Sensorless Control Approach with MVPT position
error estimation.

The MVPT is of simple implementation, but is characterized by a low dynamic, thus it is
used to compensate the parameters mismatching in the rotor position tracking algorithm of
Fig.2.4.18 Specifically, the MVPT can be exploited to build suitable compemsataps
(2D7 look up tables) with a small set of data, to provide a fast correction of the rotor position
estimation. The MVPT may also continuously performed to update the compensation maps.

Fig. 24.19 shows the results achieved by selecting SW=1arestimation algorithm of
Fig. 2.418, where the estimation error carried out by the MPVT algorithm is added to the

estimated anglely\re. The drive is initially working aism = 80rad/sand100% of theated,
SW=0, and a perfect match between the estimated and motor parameters is assumed. At the
instantt; a step variation dfs is imposed to the motor model yielding to an egorAt the
instantt, the P&O based MVPT sensorless algorithm is actiMéying the estimation error.

A sequence of torque and speed transients is applied at the iastadts, respectively.
Finally, a further step variation @tis imposed in the motor model.
It is worth noting that when both trackiimgplementations are active the estimation error is
always kept below a few degrees. Alternative technical solutions are under investigations in
order to improve the dynamic of the tracking method.
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Figure 2.419 SPMSM motor drive dynamic behaviours during combined zero tracking cross
algorithm sensorless approach with MVTP position error correction at different torque load conditions,
speed conditions and with &teps variation.

A remarkably smalleestimation error is obtained with the proposed approashb
paragraph 2.4,Z2ven at high load. A quite largariation of the mutual inductan®éms
with the load has been purposely included in the algorithm of Figl8td .assess the
operation of the@dditional MVPT tracking loop. In Fig.220a load step is first set with

SW=0. At timet” the switch SW is set to 1 and thgor &, is added toc’y\re, driving the
estimation error to zero.
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Figure 2.4.20 Activation of the MVPT algorithm on the estimated rotor position at the instant t*.

2.5 Rotor Flux Position Estimation Through SCsfor SynchRel
Drives

The detection of the Search Coils electromotive force related to the PM flux linkage
has been implementedh case of Surface Permanent Magnet Synchronous Motors
(SPMSM) as well explained in the previously paragraph 2.4.

Conversely, in this paragraph wilebexplained how it will be straightforward to
extract the Search Coils electromotive force associated to the salient magnetic structure
in Synchronous Reluctance motors (SynchRel)

In general, for a SynchRel motor drive the control structure includingigrals
acquisition of the induced voltages on the SCs, is shown in Fig. 2.5.1, where also in this
case the block namgdTr ac ki ng Al g or irepreasentsitha geaedicratan S Cs
flux position estimation algorithm used for SynchRel motor drive.

VSI
Speed Loop Current Loop S -
) PWM = -ty
> Modulator s’ T
- Sal sl
1> . )
i _|atan2—9g lar«{ Q0 \ |«
gl
N
qre'g
A _ ‘Oqu . ikt
/C\%e*_ Tracking [ abcg* Signal
We<— Algorithm M Cond?tioning
Mim<— based on SC§0d2g qd \ | v Circuit

Figure 2.5.1 Block diagram of the sensorless SynchRel motor drive with including the SCs.

According to the theoretical studies developed in thegaubgraph 2.3.3 the estimated
rotor position in SynchRel motor drive with including SCs can be computed by exploit

thegd-axisvoltage componentx’iqdzg, equations (2.5.1) and.B22).
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3 .
Va2g= 5 Ve Is Mg sin(2e+29) (2.5.1)

A 3
Vazg= - 5 Whe Is [Ma-Me cog2e7+29)] (2.5.2)

Compared to the rotor position estimation algorithm by using SCs for SPMSM in this
case onlythe gaxis component (2.5.1) will be used to implement the rotor position
estimation algoriti.

Initially, the rotor position estimation algorithms have been validated by preliminary
simulations. The results are referred to a SynchRel motor drive wharsethistics are
shown in Tab. IV. The control algorithm shown in Figh.2has been implemented in
Simulink, where the SynchRel mathematical model and the power conversion has been
executed with a sampling tinfle = 1/8.

A specific test bench, tailoreatound a SynchRel motor drive, has been realized to
accomplish a practical evaluation of the proposed approach. The block diagram of the
experimental setup is shown in Figs.2.

DC Motor Drive DC Power Supply jy, SyncRel Motor Drive
3~ Power Supply o
| || Ve _I_ 1
: ‘ : ' R VA nyzf
N trt
e B Signal
o is Cond
qrml () Q'm
Encoder 1 Torque Meter Encoder2

Figure 2.5.2 Experimental Setup: SynchRel motor under test. DC motor mechanical load.

The SynchRel machine is driven according to a quite conventional maximum torque
per ampere (MTPA) strategy, based on setting the ratio of d and g@xe®nents of
the stator current in order to minimize the magnitude of the current required to generate
a given motor torque value. Specifically, a consggn®5 degcurrent vector phase angle
has been set for experimental tests. Technical specifisatibthe SyncRel machine,
search coils and embedded thermistors are listed in Tab. IV, Tab. V and Tab. VI,

respectively.
TablelV SynchRel Motor Technical Specifications

Parameter Value

Rated torque 5Nm

Rated speed 1500 rpm
Inertia 0.0045 kg rh
Pole pairs 4

Rated voltage 400 V
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Rated current 8 A

Rs 1. 4 q
Lq 11 mH
Lg 57 mH

TableV Search Coils Technical Specifications

Parameter Value
Mq 2.3 mH
Mg 11.5mH
Coil Resistance 0.2W
Cablediameter 1 mm
Number of turns 5

TableVI Thermistors Technical Specifications

Parameter Value
Max. Power (at 25°C) 2 60 mW
Temperature tolZ®ranc %02
Rated TemperaturexT 25°C
Heat Capacity & 22.5 mJ/KK
Resistance value at 25 °CysR 30 kW

The experimental rig includes a thrplease 0’5 kWSyncRel motor, which is supplied
by a twelevel PWM inverter connected on the DC side &®@V/5Apower supply. The
current vector control system featuresfsa = 10 kHz sampling frequency and is
implemented on a dASPACE DS1104 DSP board. The AD ctamgearsed to acquire the
SCs voltages feature a 12 bits resolution with input voltages betd@€rand 10V. The
SyncRel motor is mechanically coupled to a DC motor drive used as controllable
mechanical load, whose inertia is 0.021 kg m

A 1024 ppr encoder is used to compare the estimated and measured mechanical quantities.
Thethermistor wirings have been modified according to Fig321 order to obtain a set of
three SCsThe search coils have been located before placing the maitingjrin the
bottom stator winding.Original external cables were retained for connection to the control
unit. Moreover, a further single SC not connected to any thermistor has been introduced in the
machine for testing purposes, as well as a conveligiovieed thermistor.

Each SC voltage is acquired by using the signal conditioning circuit shown ing=g. 2.
identically to Fig. 24.3.
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Figure 2.5.3 Signal conditioning circdiused for SCs voltages acquisition and temperature
monitoring. Switch SW1: (0) SC is used for rotor position estimation, (1) SC is used for temperature

It encompasses a freahd section including a PWM filter, a high impedance voltage divider
and AD convertersThe filter suppresséise high frequency components caused by PWM
operation, while the voltage divider suitably reduces the voltages of theTR€sutput
section is composed of a buffer stage arahatog Butterworth lovpass filte with a corner

BPIA
ADC L&V, 5oa

FILTER STAGE

MAX274

monitoring.

frequency of300Hzto improve the signal to noise ratio.

The rotor position estimation mode, or the temperature monitoring mode, can be
selected by acting on the switch WFig. 25.4 displays some signal waveforms
acquired in differenpoints of the conditioning circuit, while Fig.5% shows the filtered

SCs voltage signaisy+

Y 50V T
3
- © 10V
- o_buffer | 2 i
ao Vo N / m"‘\ 22 i mk\ ///w
S22\ M/ \x.w/ 20 ms K\w/

Figure 2.5.4 Signal conditioning circuit waveforms with the drive runningiat = 50 rad/s and T=

60% of the rated torque.
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Figure 2.55 Voltages induced in the SCs at the search coilsitedsof the SynchRel and after the
filtering process, with the drive running atn = 50 rad/s and T= 60% of the rated torque.

The consistence of the sensorless position estimation approach has been then assessed
through steady state tests, dealing @itferent values of the rotational speed and load. &Som
results are shown in Figs53, 25.7 and 25.8, whichconfirm that the rotor flux position

error is null when\'/\ngis approaching to zero, independently from operating conditions.
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Figure 2.5.6 Steady state qd axis SCs voltages in estimated reference frame=at0 rad/s and

different load conditions.
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Figure 2.5.7 Steady state qd axis SCs voltages in estimated reference frame=a50 rad/s and
different load conditions.

-60 40 20

Figure 2.5.8 Steady state qd axis SCs voltages in estimated reference frame=at00 rad/s and
different load conditions.

Previous experimental tests were accomplished according to the MTPA technique. In
order to assess the effect of magnetic comgpling in sboptimal operation some tests
were performed modifying the angie According to results shown in Figs5®-2.5.11
a constant rotor position estimation error is detected compared to the MTPA operations
of Figs. 25.6-2.5.8. Since this error is only r&tled to the current vector orientation, which
is known, it can be easily compensated through algmotable (LUT).
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Figure 2.59 Steady state qd axis SCs voltages in estimated reference frame=at0 rad/s and
different load and current vector orientation conditions.
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Figure 2.5.10 Steady state qd ax®Cs voltages in estimated reference framerat= 50 rad/s and
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53



= MTPAatk=7A
2 g:'50°at1:6A qug[\/]

[~ g=50"ati=7A

J —MTPAatk=7A |
1? —-g=45° ati=6A a2[V] )

e @15°

-0.8 05
- MTPAatL=7A —MTPAatk=7A
AN g=50°ati=6A Gazg[V] —g=45°atl=6 A 29 (V]
L2\ g=50°ati=7A T TN\ g=a5rati=7A

20 40 60 60 40 20 0 20 40 60
e [deg] e [deg]
Figure 2.5.11 Steady state qd axis SCs voltages in estitheeference frame ads, = 100 rad/s and
different load and current vector orientation conditions.

2.5.1 Rotor Position and Speed Estimatioexploiting a Zero Crossing Tracking
Algorithm

According to (2.5.1) the-gxis induced voltag€qzg is proportional tsin(2e+2g. This
suggests a straightforward approach to track the actual rotor position, taking into account
that the MTPA anglgis known.

Pl Controller
Figure 2.5.12 Block Diagram of the rotor position and speed estimation for SynchRel Motor Drive.

In fact, by assumingd Gandwel Qwhen forcing\’/\ngto zerq the estimation errogy
becomes equal to the known quantigy Such an approach can be easily integrated in a
standard current control vector (CVC) algorithm, as illustrated irRF8gL In practicegis

first computed fromé\yre and the angular position of the stator current vector erabit
stationary reference frame. The voltage induced in the search coils are then processed through

thereference frame transformatiqﬂ\gto obtain \’/\ng A PI regulator finally forces’/\ngto

zero by adjusting the estimated rotor positt’ﬁ}g Such a regulator acts as a digital PLL
system, as those used in some Aketwn sensorless control strategi],[[50].

A low pass filter is applied to the estimated speed estimation in order to obtain an
appropriate speed feedback signal for the skassodrive 1], [52).
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According to the proposed approach, the rotor position is tracked simply by (ﬁgﬂpg
to zero, thus no motor parameter estimation is required.

Experimental results shown in Fig2.3 deal with a test in which the drive operates in
torque control, being the rotational speed heltiCsad/sby the DC drive. The SyncRel
motor is tasked to increase the torque f@d%6to 120%o0f the rated value. A satisfactory
dynamic behavior is obsezd with a quite small speed estimation eapr
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Figure 2.5.13 Torque step from 60% to 120% of rated torque, at 10 rad/s.

A direct comparison between the behavior of the proposed approach and that of a well
known backEMF based sensorless control technidi4g, [defined in chapter 1s provided
in Fig. 25.14. Thedrive in the two cases is tasked to perform a speed transienirers0
rad/sto wmm=10 rad/sat no load. While the control is lost beld® rad/susing the back

EMF based solution, the proposed approach stably works even approaching the zero speed,
feauring an almost negligible estimation error
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Figure 2.5.14 Comparisons between baBMF based (a) and Sessed (b) sensorless techniques:
Speed variation from 50 rad/s to 10 rad/s, at no load condition.

A speed transient fror20to 100 rad/sis shown in Fig. &.15, confirming the ability
of the proposed approach to properly operate at high rotational speeds.
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Figure 2.5.15 Speed variation from 20 rad/s to 100 rad/s at 60% of the ratepliéor

2.5.2 Combined BackEMF Sensorless Control Approach with Zero Crossing
Tracking Error Estimation Algorithm

The proposed approach could be also integrated in fhadet observers to correct the
rotor position estimation, thus avoiding any kindodine motor parameters adjustment. A

combination of the proposed approach and a back EMF based sensorless algorithm is shown
in Fig. 2.516:

VabCH BackEMF
Based

. Sensorless|
labc— Estimation

PI Controller
Figure 2.5.16 Combined sensorlessmtrol approach.
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In this case, the estimation provided by the mbdsked estimator/observer is
continuously corrected tiqugis forced to zero.

The effectiveness of such a combined approach is confirmed in bij7.2.In this
low-speed test the rotor angular position provided by the-BaMk sensorless technique
is first used. At=t;the load is suddenly increased from 40% to 80% of the rated torque,
resulting in an increment of the rotor position estimation eeroAt t=t, the proposed
approach is successfully 'exploited to co'rrect the rotor position estimation.

WMWWW%MM
I |
eq I l 5°

2— l

Figure 2.5.17 Load transient from 40% to 80% of the rated torqueuat= 20 rad/s.

2.6 Temperature Monitoring Experimental Results

Finally, the temperature monitoring by using the Search Coils hagkpenmentally
developed both for SPMSM and for SynchRéle signal conditioning circuitlescribed
in paragraphs 2.4 and h&s been used to acquire each SC voltages in order to implement
the rotor position estimation algorithms when the swidkl = Oand the temperature
monitoring when the switcBW1 =1

The influence of thermistors on the induced voltages on the SCs hasnitesly
addressey evaluating the induced voltage on an additional SCs visiati connected
with the thermistors.

According to Figs. 2.8.1 and 2.812) appreciable variation due teetpresence of the
additional resistor or with a thermistor is observed in the amplitude and phase of the voltage
induced in the SCs.
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Figure 2.6.1 Voltage at the terminals of the series of the SC and the additional resistor.
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Figure 2.6.2 Voltage at the terminals of a SCs with and without Thermistor.

In particular, Fig. 2.& shows the voltage measured at the terminals of the series
connection of SCs an additional resistBssq;, Fig. 2.8.2 shows the voltage measured at
the terminal of the SC without and when a thermistor is connected in series with the SC.
No appreciable vation in the amplitude and phase of the voltage induced in the SCs is
observed in the range of resistance of commercially available thermistors.

Finally, the temperature estimated according to Fig. 2.8.3a has been compared with that
carried outby expldtng t he <c¢cl assi cal Ohmés | aw, suppl
DC voltage and measuring both voltage and current, Fig. 2.8.3b.
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Figure 2.6.3 Temperature monitoring in the synchronous motor driéNMiSMand SynchRel) via: (a)
DC supply of the series connection of the thermistor and SC; (b) typical temperature measurement by
exploiting a DC supply voltage.

In Figs. 2.8.4 2.8.5 he comparison has been execlitezhse of botsynchronous moter
(SPMSM orSynchRel initially operated at no load anaw=50 rad/s; soon after, a step
torque is applied and the temperature periodically estimated with both m&thadsn Fig.
2.8.3
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Figure 2.6.4 Temperature measurement through a simple Thermistor and am8€&dded
Thermistor inSPMSMmotor drive, atsm = 50 rad/s and 100% of the rated torque load.
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Figure 2.6.5 Temperature measurement through a simple Thermistor and an SC embedded

Thermistor in SynchRel motor drive, g, = 50 rad/s and 80% of the rated torque load.

It is worth noting that the measurement error is quite small, lowef et steady state.

After having evaluated the effectiveness of the rotor position estimation algorithm, some
further tests have beenrf@@med to investigate possible influence of the voltages induced in
the search coils to temperature monitoring. According to the conventional technique for
temperature measurement through a thermistor, an additional DC JbBlisg@xploited to
detect theesistance of the thermistor through measurement of the veltag#he terminals
of a search coil, as shown in Fig. 2.8.3a. The actual thermistor resistance thus is given by:

R

Rr="g 2.8.9

g Vit

Where g is the gain of the signal conditioning circuit. Since only the DC component
of the voltage should be taken into account, AC components due to the voltage induced
in the SC must be wiped out. This can be accomplished by computing the mean value of
vi. The same signal condition circuit is used to carry out this measure, by selecting the
switch SW=1. A low pass filter (LPF) is also required to cancel high frequency
components o¥, caused by PWM.

Fig. 2.8.6 shows the voltage acquired by the cdrol unit during a step torque while the
drive is operating under sensorless control. It is possible to note that the tracking algorithm
is still working properly.
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Figure 2.6.6 q axis SCs voltage in estimated reference framexnand i measured according to
Figure 56(a), with the drive operating in sensorless mode.

2.7 Conclusions

The contribution of my research in this topic regard an altematay to sensorless
estimate the rotor position in AC motors, exploiting the wiring of Thermistor embedded
in the stator winding for temperature monitoring purposes.

Specifically, thermistor wirings embedded in the stator winding are suitably modified
in order to turn them in a set of search coils. Since these coils can be connected to the
drive control system exploiting existing thermistor cablings, only a minimal departure
from a standard machine design is required.

A several suitable rotor position esation techniques fully independent from motor
parameters have been then developed using the obtained set of search coils. Such a
techniques can be used alone or to improve the performance of convention&hBack
based sensorless techniques. The comsistef the proposed approaches, as well as the
compatibility between rotor position estimation and temperature monitoring have been
assessed by experimental tests.

The proposed techniques have been successfully applied on a Synchronous Reluctance
motor dive and Surface Mounted Permanent Magnet Synchronous Machine motor drive
however, it is of general use being exploitable on any kind of AC motor drive.

On the other hand, the proposed SCs based sensorless methods needs the placement of
some additional cts in the stator winding, which could be an issue for small and very
compact motors.

Moreover, even if the proposed methods requires onlypower and cheap circuitry
to acquire the SCs voltages, in low cost applications the cost of ¢hresés could
negatively affect the cost of the whole drive. Finally, the proposed approaches cannot be
exploited on already assembled machines.
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Chap3®peed Esti mat

Al gorfohma&aC Mot or

3.1 Introduction

AC servo drives require a rotor position feedback transducer to implement field
orientation and thus produeedecoupled torque and flux contriml a manner analogous
to DC machines]]], guarantemg optimal dynamic performances.

In addition,velocity transducer is both costly and mechanically difficult, most drive
developers prefer to estimate velocity from the position measurefdente one
feedback transduces enoughfor both the fieldoriented electromagnetic machine
control and for th electremechanical velocity and position feedback control lodps [

The usefulness of this approach is generally limited by the accuracy and quantization
limits of the velocity estimation approach. This occurs because the velocity loop is the
innermoststate loop, and its performance must generally be better than outer state loops.
Such performance implies that the state feedback gains for the velocity loop are higher
than for the position and integrated position error loops and that the errors thg/veloc
loop producers are not generally correctable by the lower performance position and
integrated position error loop§||

The higher gain requirement for the velocity loop will cause velocity quantization to
appear directly as a larger (and unnecessamyation (with significant RMS values) in
the torque producing current component command. This is especially critical for ac drives
because of the need for high current loop bandwidths to achieve proper instantaneous
field orientation of the flux and cwent vectorg1].

This chapter will describe the different rotor position sensors technologies used in
electrical motor drivesIn addition, the main metrics of a position sensor are identified
and finally the main techniques for estimating angular spééteviscussed.

3.2 Position Sensor Technologies
Different technologies exist for position measurement, Fig. 3.2.1, e. g. electromagnetic

resolvers, optical encoders, Halffect sensors, magnetoresistive sensors, proximity
switches [2].
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Figure 3.2.1 Different Optical Encodefechnologie$3].

Regardless of the specific technology, the quality of position measurement is fully
assessed by three independent metresolution, absolute accuracy and differential
accuracy, 4]. Resolution is defined as the smallest sensed position increment. It can be
indicated in angular units, in number of pulses per revolution, in number of bits or in the
number of discrete statesf t he send&@r 6s i nterface,

I' = Qideali) - Gideali-1) (3.2.)

Equivalently, it can be defined as the number of different angles the encoder can
distinguish between each other. Fig. 3.2.2 shows an encoder that can distinguish 8
different positions within a complete revolution; the resolution is therefore 45° or 3 bits
(22=18).

O Gdea ideal angle
® Gea real angle

Figure 3.22 Resolution, absolute accuracy and differential accuracy for encga8grs

Only the resolution is not sufficient to describe the performance of the position sensors
because it gives no information regarding the correctness of the measured angle. For
exampe, Fig. 3.2.2 shows two cases for 8ibit encoder; in both cases the ideal rotor
position shown by the encoder is different from the real rotor position, senstg
shaftedof the rotor Absolute accuracy is defined as the ratio of the maximum error
between the ideal and real position over. the

Maxreaki) - Gdeal(i-n) (3.2.2
r 2.

a=

67



According to the above definitiothe encoder on the lefif Fig. 3.2.2has a good
absolute accuracy compared to the encoder on the right; it is therefore better suited for
commutation or for position feedback in a position loop.

However, this encoder is not useful in a speed control loop because the distance
between the caecutive real angles much variable im whole revolution.

Average speed calculation would therefore produce evident errors even when the shaft
IS rotating at a constant speed, causing inevitable steady state speed ripple. On the
contrary, the encodemothe right would produce a good average speed measurement
because the variation in the distance between consecutive angpeallisrthenas the
left configurationshaft rotates. Differential accuracy is defined as the p.u. maximum
deviation between arctual position increment and the resolution of the encoder:

a= maxgreaii) r GQrealli-y)| - 1 (3.2.3

All three metrics have an impact on the quality of motion control, on the torque ripple
produced by the motor and on the efficiency of the drive. As recogniz8f jB][ a high
absolute accuracy is the key for precise position control, while a high differential accuracy
IS very important for precise speed control. Resolution affectsgusition and speed
control in VSDs. In other word#e resolution not only does it have an impact on position
controk, for example in terms of maximum position error at zgyeed, but also on speed
control, since it affects the quality of speed estiomat

3.2.1 Optical Encoders

Optical rotary encoders use a glass disk with a pattern of lines deposited on it, a metal
or plastic disk with slots Light from a LED shines through the disk or strip onto one or
more photodetectors as shown in Fig. 3.2.3, whichmraglu t he encoder 6s oL
one of the most common technologis®d in electric drives

Photodetector LED Light source

Stationary mask

r
—€|
-
-

| -
Y

Rotating
Encoder Disk

Figure3.23Basi ¢ Operating Principle of fAGeometri caea

Rotary encoders can be absolute or incremental. The incremental encoder detects
movement relative to a reference point. As a restdference signal is usually supplied
by the encodertaa fixed position in order to define a reference position. The current
position is then incremented (or decremented) as appropriate. Unfortunately, a loss of
count may not be detected until a reference point is reached. Furthermore, reading errors
may acamulate. On the other hand, absolute encoders produce a set of binary signals
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from which the absolute position can be deduced without the knowledge of the previous
motion history. The current position is known right from powesng In the case of
absolue rotary encoders, single and multiturn devices are available.

A fixed LED source is aimed at a rotating transparent disc coupled to the shaft, upon
whi ch opaque areas have been created arou
be coded in some pattilar fashion. The number of variations in transmittance on a

circumferenti al path is called Athe numbe
fixed grating which acts as an magnifier and creates magnified fringe patterns which
moveonefringepith f or every fAlineo of angul ar mot
are placed behind the moiré grating in order to catch the fringe patterns and produce
smooth, al most sinusoidal analog signal s i
signals & two and are in quadrature. The grating is important for encoders with a
significant number of | ines because withou

the line spacing.
The presence of coding on the rotating disc determines whether theeensod

incremental or absolute. In the first case the lines on the disc are not disposed in a coded

fashion, but opaque areas are simply alternated with transparent areas, as shown in Fig.

3.2.4; the encoder detects incremental angular motion, but is leotcameasure the

absolute angular shaft position. A very common digital interface for the sinusoidal

outputs in incremental encoders is thecatled A quad B interface: the signals are fed to

zero crossing detectors which convert them to square wavsigras, as shown in Fig.

3.2.4. This interface is very cheap but the downside is a greatly reduced resolution. Fig.

3.2.4 shows that by using both A and B signals it is possible to obtain a maximum

resolution equal to 4 times the number of lines of tieder. Differential accuracy can

often become an issue in average speed calculation due to phase errors between A and B;

when this is the case the entire line period must be used as the angular increment, so the

resolution then equals the number of linBgection of rotation is known by checking

whether the A channel signal leads or lags the B channel signal.

Ch. A

BSASAVESES

Ch.B

| Aqdadé O‘U'[pl‘.l'[‘

ARNRSRRARERRNARRERN}

Figure 3.24 Incremental Optical Encoder Disk Pattern and Output Signals.

Absolute encoders overcome these problems since the coded lines on the disc, as
shown inFig. 32.5, allow absolute position measurement. The coding is sensed by the
arc segment detectors andldmnal signal conditioning electronics transform the signal
into a digital word which contains the absolute measurement of the particular angle that
is being crossed by the shaft.
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Figure 3.25 Absolute @tical Encoder Disk with Gray Code Pattern.

The Gray code is generally used on the disk: the Gray code notoriously provides the
least uncertainty in case of wrong transmission because only 1 bit changes state for each
line transition; however, it requiresspecial interface to be read by the microprocessor.

To overcome this problem, most manufacturers include hardware interfaces within the

encoder housing, which transform Gray code into pure binary or decimal binary code

(BCD) signals; in this way the usean choose from a selection of three different types

of encoding, the one that best suits their interface. Analog sine quadrature signals are
sometimes also available as outputs. In this case, the resolution can be significantly
increased.

Another aspedhat must be taken into consideration is the relative lack of robustness
of optical encoders. Temperature, humidity and electromagnetic interference can affect
the signal conditioning electronics and mechanical shocks and vibrations can damage the
discs. Many manufacturers offer extragged encoders for operation in harsh
environments.

3.2.2 Electromagnetics Resolver

The resolver is a rotating transformer consisting of a fixed part the stator and a rotating
part the rotor, whose output voltages aetated to the rotation angle of the shaft.
Resolvers, in the past available with brushes and rotating collectors, are now of the
brushless type. The stator houses three windings: a coil wound on a lamination, which is
practically the primary winding of grotating transformer and is used to excite the rotor,
and two other windings fixed at right angles to each other. The rotor can have two or three
windings: one is the secondary coil of the rotating transformer, also wound on a sheet,
and the others areoapled to the twgphase windings on the stator. The basic resolvers
have two poles, so the angular information is the mechanical angle of the rotor; these
resolvers can reach an accuracy of up to 5 arc minutes. Multipole resolvers are also
available that &n provide better accuracy for mechanical angle measurement or be used
for commutation purposes with multipolar brushless mdijrs

There are two main ways to obtain information on the position cttheted rotofrom
resolvers. The first way, shown kg. 3.27, consists in energizing the twahase stator
windings (S1S3 and SZ4) with sinusoidal voltages in phase quadrature in order to
obtain an induced voltage at the primary winding of the rotating transformeiR@E1
whose phase varies with thegée of the shaft. In this case, the following equations are
valid whereK is the transformation ratio of the rotating transformer:

Vs1s3=V sin(uat) (3.2.4)
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Vs2s4=V coq 1) (3.2.5)

VR1R3 = K Vs1s3€09 Q) - K Vszsasin(g) = KV sin(uat - g) (3.2.6)
Rotating
—\ Transformer

S1
V51-s3§ ; H % VR1R2
S3
Stator two
phase Winding m
Excited S40—»0S2

S254
Figure 3.2.6 Stator Winding Excited Resolver.

A variant of resolver with excited stator winding is the one shown in Fig8 B2.
which the secondary winding is not on tieéor butis also placed on the stator. The rotor
is shaped in such a way that spatial information is conveyed to the secondary winding
thanks to the variation of the reluctance of the magnetic circuit. Ttaiens describing
this variant are identical to those described in (3.2(3)2.6).

Rotor
S1 S5
stss@ ’ gvssss
S3 S6
Stator two Secondary
p“aéic.vtvé';d'“%“ V52 yinding

Figure 3.2.7 Stator Windings Excited Resolver Variant.

The second way, shown in Figure 8,Zonsists in energizing the primary winding of
the rotating transformer (RR2) with a sinusoidal voltage in order to obtain two voltages
from the twephase windings (S$3 and SZ54) whose amplitudes vary with the angle
of the tree. In this case, thelfmking equations hold, with K previously defined:

Vrir2 =V sin(uet) (3.2.7)
Vs1s3= K Vrir2C0g () (3.2.8)
Vs2s4= K Vrirz2Sin(g) (3.2.9)
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Figure 3.2.8 Rotor Winding Excited Resolver.

Having obtained voltages that contain position information in the phase or amplitude,
it is necessary to extract this information and convert it from the analog domain to the
digital one usingADC (Analog Digital Converter) converters which are now widespread
in the market.

The main advantage of choosing resolvers as position sensors is that the position
measurement is absolute and is readily available atugiathis is the main reason fts i
widespread use in electric traction applications. Another reason is that the mechanical
structure of the resolvers is relatively robust and immune to environmental contamination.
Many ADCs offer high immunity to disturbances thanks to the double iniegef the
error signalnoise rejection is further enhanced by the detector rejection of any signal not
at the excitation frequency suchvaisieband noise.

Importantdisadvantages are both technical and economic. The performance of the
ADCs is limited bythe sampling frequency of the demodulator which must be sampled
at the excitation frequency of the rotor; this means that the dynamic content must be below
half the excitation frequency. Also, thdferentexcitationmodeis not synchronized with
the sped control sample rate. The resolver is a complex structure and therefore is destined
to be more expensive than other technolagies

3.2.3 Hall Effect Sensos

Hall-effect sensors are among the most widely used kinds of sensors: they are cheap,
rugged, practically maintenance free and easily integrated into virtually any kind of
application designg]. Typical examples of Hakffect sensing applications can be found
in crankshaft position or speed sensors, proximity sensors, office machine (copiers, fax
machines, printers) sensors, akid sensors, door interlock sensors, etc. -gfi#éct
plays an important role also in the electric drive industry: it is found as the sensing
principle in high bandwidth linear current sensors and both in binary (Jligrellinear
position sensors.

It is known that when a curreptirrying conductor is placed into a magnetic field, a
voltage will be generated perpendicular to both the current and the field. This principle is
known as the Hall effect. Fig. 3.2.9 illusiatthe basic principle of the Hall effect. It
shows a thin sheet of semiconducting material (Hall element) through which a current is
passed.
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Figure 3.2.9 Hall effect principle, o magnetic field.

Vy 7B

A AA AL

N B
Figure 3.210Hall effect principle, magnetic field present.

The output connections are perpendicular to the direction of current. When no
magnetic field ispresent, Fig. 3.20, current distribution is uniform anithe potential
difference across the outpist not observedWhen a perpendicular magnetic field is
present, as shown in Fig. 3.2,1a Lorentz force is exerted on the current. This force
disturbs tle current distribution, resulting in a potential difference (voltage) across the
output. This voltage is the Hall voltaya.

Hall effect sensors can be applied in many types of sensing devices. If the quantity
(parameter) to be sensed incorporatesaorincorporate a magnetic field, a Hall sensor
will perform the task. The Hall voltage is proportional to the vector cross product of the
currenti and the flux densit§a.

The Hall voltage is a lovievel signal on the order & = 30 77V in the presencef@
flux densityB = 100i7T. This lowlevel output requires an amplifier with low noise, high
input impedance and moderate gain. A differential amplifier is used to amplify the Hall
voltage in order to make the output usable for most applications. Intordemage both
positive and negative flux densities without requiring two power supplies, the amplifier
is biased positively. The Hall voltage is also proportional to the input current, so a
regulator is needed to maintain this current constant and nmeih&output voltage only
proportional to the external magnetic field. A basic analog sensor is shown in Fig. 3.2.1
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Figure 3.211 Analog output Hakleffect sensor with internal regulator.

Digital or binary output Halkeffect sensors have an output that is just one of two states:
ON or OFF. An example of a binary Hall sensor configuration is shown in Fig33.2.1
where a Schmidt triger compares the output of the differential amplifier to a set reference
voltage in order to produce the binary output: when the amplifier output is greater than
the reference, the trigger turns on, on the contrary it turns off. Furthermore, most general
purpose digital Haleffect ICs have an internal regulatétysteresis, of the Schmidt
trigger, is used to avoid false triggering caused by noise in the input. As any digital circuit,
the binary HaHeffect sensor has a large immunity to noise. The traidis gliite heavy
and consists in having a 1 bit resolution,

Vee

Regulator ®
i Vout

Hall +
|7 Element TVH D

t ® ® GND
Figure 3.212 Binary output Haleffect sensor.

Position encoders can be obtained by gistiall-effect sensors. A typical example of
a binary sensor position encoder for a PM machine is shown in Fig4.3This low
resolution encoder is classically used to provide commutation for BLDC drives.
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Figure 3.213 Binary Hall-effect sensor shaft position encoder.

Three sensors are placed around the periphery of the stator, 120° electrical degrees
from each other, so that an encoder with a resolution equabktadhieved. The sensors
are typically glued onto the stator with epoxy resin or mounted on external supports. In
general, the position encoder will be displaced by an apglevith respect to the-axis
reference; this angle must be compensated for icdh&ol software. The accuracy of
this encoder is dependent on many factors: the way the sensors are mounted, the type of
PM machine that is being used, the number of pole pairs, the type of magnets etc. For
example, it is more difficult to space sensoosrectly on slotless machines than it is on
slotted machines because there are no teeth that can help as an angular reference. Another
difficulty arises in high pole number machines because the mechanical angle at which the
sensors must be spaced decregseportionally to the number of pole pairs. Even if the
sensors are correctly spaced there is no guarantee on the accuracy of the measurements:
variations in magnet flux levels between adjacent magnets or due to temperature effects
or variations in hystresis levels between sensors will decrease the accuracy of the
encoder. In addition, the armature reaction can be strong enough to cause an error in the
measurement that is dependent on the current density that is circulating in the stator
windings.

3.2.4 Capactive Encoders

A capacitive encoder uses the change in capacitance value of a capacitor as a means
to measure displacemert] | . Typically, t priecipatedepentsiare i ve s
arranged so that the capacitance changes as a moving elements deataeeto the
stationary plates of the capacitor. Capacitive encoders is a relatively new introduction,
there are only a handful of vendors for capacitive encoders, but their suitability for
applications requiring high precision and durability make thegood choice.
Transmitter Disk Reciver

Figure 3.2.14 Capacitive Encoder.
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Capacitive encoders work by transmitting a Higgguency signal through a rotor that
is etched with a sinusoidal pattei®i.[As the rotor moves, this pattern modulates the
signal in a predictable way. The receiver reads the modulations, dwhahelectronics
translate them into increments of rotary motion.

Optical Capacitive
Figure 3.2.15 Optical and Capacitive discs.

Optical encoders cannot work in harsh environments like those with dust, moisture,
frequent mechanical vibrations, and high temperature, because the optical disc inside the
encoder is easilaffected and damaged by ambient fact®is Furthermore optical
encoders have only a light beam focused at a certain point on optical disc, instead the
whole area of a capacitive encoder board contributes to the output signal. This makes
capacitive vergins more robust, less susceptible to contamination and less influenced by
temperature variations than optical encoders are. And with no LED to burn out, capacitive
encoders can achieve a much longer life than optical versions. They are also more
efficient, with current consumption typically less tha® mAas compared to tHg0 mA
or higher consumption of an optical encoder.

3.2.5 Magnetic Encoders

Magnetic encoders are inherently rugged and operate reliably under shock and
vibration and high temperature. Magiegiollution can degrade rotary magnetic encoder
performance, but other contaminants do not. Therefore, rotary magnetic encoders are
often used instead of optical encoder8][Passive variable reluctance or magnetized
strips on a rotating code rotor, wiheer band are sensed by either a kdfect or
magnetoresistive sensor. Motor speed and position accuracy dictate which of the two is
better suited for an application.

Among magnetic encoders we can distinguish several technologies which are using
this principle to convert magnetic field into a physical quantity useful in electronic
devices (typically current or tension). The most common are inductive encoder, rmagneto
resistive encoder and Hall effect encoddi [1

Based on the geometrical aspect ofrtegnetic encoder, it is possible to distinguish
two kinds of encoders:

1. Onaxis encoders: an encoder that is located on the rotation axis of a generic rotor.

2. Off-axis encoder: an encoder that is located outside of the rotation axis of the
rotor.

Whenthe motor shaft rotates, the magnetic field created by the ring magnet rotates. A
Hall element placed next to the ring magnet receives a magnetic field whose strength and
direction change simultaneously2]1 The Hall element detects this change in magnet
field distribution and converts it into an electrical signal. The Hall element is a magnetic
sensor that can only detect the strength of a magnetic field in a single direction. Therefore,
in order to detect the rotational position, Hall elements argremtjto detect the magnetic
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field strengths of the Xaxis component (Bx) and the-akis component (By) of the
rotating surface.

Magnetic Flux Densi
Motor Shaft P, t

B, By

Fa /
Magnet \ / \ / Angle 8 [deg]
AN,
By ~Bx \
‘ \/ “

Two hall elements
in a magnetic sensor

Figure 3.216 On axis configuration magnetic encoder and magnetic flux density strength detected by
Hall element [2].

Magnetic

Sensor
Magnetic Field
Lines
—
| —
Magnet \ /
By 1
g =450 0 = 90° 0 =135° 0=180°

Figure 3.217 Magnetic density field input to Hall element in-@ffis configuration 12].

3.3 Mathematical Formulations of the Quantized Rotor Position
and Angular Speed

Recently, particular interest has arisen fordoogt position sensors. For example,
magneteresistive and linear Habéiffect sensors have been investigated 3j-[16]. The
mainconcern of these technologies is their limited accuracy and ways to improve it have
been proposenh [15]. Other contributions have focused on {eegolution binary Hall
effect sensors1/]-[22]. In these contributionthe main concern is the quantizatiooise
present in the measurement and ways to reduce it have been investigated.

Although it is known that as the sensor resolution decreases speed estimation
deteriorates, 43]-[24], a complete understanding of the effects of position sensor
resolution inVSDs has yet to be obtained. One fundamental, yet open issue is: how does
a specific sensor resolution impact the performance of the drive under periodic torque
disturbances? Such knowledge would be of great help to an engineer when selecting the
resoluton of the position sensor, in order to minimize the cost and achieve the required
disturbance rejection at the same tiBeme studies have analyzed the torque ripple
induced by the resolution of the rotor position sens2s}-[28]. However, the main
limitation in these papers is that the effect of finite resolution is modeled as an error in
the rotor position measurement; this approc
resolution and therefore gives limited insight into the effects of resolatione.
Conversely, a much more insightful way to model resolution is via spatial Fourier analysis
of the rotor position space vectaty] and R9]. Although it is known that these-salled
spatial quantization harmonics generate ripple in the spettha&sn, no direct
theoretical connection has ever been derived.
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These contribution intends to complete the spatial Fourier approach by deriving the
missing link between the spatial quantization harmonics in the measured rotor position
and the time harmanripple in the estimated speed. It is shown that this link resides in
a new concept, i.e. the instantaneous quantized speed, which constitutes the effective
input to any speed estimation algorithm. Time harmonic expressions for both quantized
position ad instantaneous quantized speed that are valid under periodic torque
disturbances are also derived. Numerically verified analytic expressions are provided for
a welkknown observer structure to quantify its filtering action on the instantaneous
quantizedspeed.

The measured, spatially quantized rotor electrical aggfé can be interpreted as a
quasirotating space vectaPas9(ge) in the stationary reference plane, whegegis the
instantaneous rotor electrical angle. Its locus corresponds to the vertices of a regular

polygon with Nps sides. As an example, Fig. 3.3.1 depicts @@ (ge) loci for two
different resolutions.

ND5:6 NDs:32
Figure 3.3.1 Qa5 (gte) loci for Nps= 6 and Nos= 32.

Such a spatial representation is valid for &y and its analytical formulation, in
terms of a spatial Fourier series, was derive@# and is reported i(3.3.1), wherege
is the instantaneous rotor position. In addition to the fundamental space vector, which
would be the only vector present foriafinitely high resolution, there are positively and
negatively rotating quantization harmonic vectors produced by the finite resolution of the

position sensor interfac&he harmonic order and amplitude of these vectors both depend
on Nps.

Quiay = ). a% L () (g gy

3.3.1 Formulations Under Constant Speed

In general, any temporal formulation &.8.1) is obtained by specifying howe
depends on time. The simplest case is for a constant electrical angular frequency

Weo=2 tfre0, i.€. @ constant speed of rotation. The reathtical formulation ofDas9(t)
in this case is given b)8(32) by substitutinge= Wseot.

0wy =l 7E) a &

((NDskl)We0t+ ) +NDSlk+leJ((NDsk+1)"”e°t'dLos) (3.32
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Though straightforward, this models an ideal scenario since it implies the absence of
any torque disturbance on the shaft.

Fig. 2 shows the harmonic spectrum@§s¥(t) for Nos= 6 andseo = 2p10rad/s. The
only physically meaningful harmonic containing the sotgjtér position information is
the fundamental, shown in red. All the other harmonics are an undesired effect of the
finite resolution of the position sensor interface. In Bi§2 the first order quantization
harmonic vectorsk(= 1) are the negatively rotating fifth and positively rotating seventh.
Each harmonic vector is separated\py times the fundamental frequency, i.e. six times
in this case.

l I ‘~ I
0.9- freO NDS =6
<08

P
o
=

PNWbhUo:

Sfreo
1 1f|:e 0 “‘\‘ l,"l l 3fre 0 B
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Figure 3.3.2 Harmonic spectra OQab(Q) for re0 = 205 rad/sandNps = 6.
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17hg ™, “] i 19t |

As an alternative to the space vector formulation, the quantized electrical rotor angle
G D(1), i.e. the phase angle Ghks(t), is equal to:
+o

2
GreD(t) = Wheot + a msm(NDskmeot) (333

k=1
It should be noted thaB(33) is not a Fourier series representatiomtef since the
term weot is not periodic, 30].
While the rotor rotates continuously at a constant sp@aff) rotates discontinuously
around its locus in the complgdane, like the ticking of a clock hand. Its speed,
henceforth named instantaneous quantized speéitt), is defined as the time derivative

of gre(t):
daO(t
We@(t) = —%—2 (3.34)
weD(t) is highly discontinuous and jumps between zero and infinity at each variation
in the position measurement. For the case of constant speed of rowmidit) is
obtained by differentiating3(3.3:
+a
WeD(t) = Wheo + A 21te0 COYNpKWfeot) (3.35)
k=1
The above is a Fourier series, indicating tha®(t) is a periodic waveform in these
operating conditions. An example, a reconstruete@(t) waveform withkmax= 100 is
shown in Fig3.3.3, for the same resolution and operating conditions of3=8)2 Weo
is also shown as a dashed line. As expeatedf)(t) features significant impulses every
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time the position measurement changes. FRj33shows its harmonic spectrum, which
has a infinite number of equally spaced quantization harmonickNatWeo, With
amplitude Zreo; the only physically meaningful harmonic, i.e. the dc component, is
shown in red.

Due to the speed dependent nature of the harmonic frequencies, the quantization
harmonics are spaced further apart from each other as speed increases.
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Figure 3.3.3 Instantaneous quantized spesd® for Nps= 6 and weo = 2p10 rad/s. (a)
reconstructed waveform fork= 100. (b) corresponding harmonic spectrum.

3.3.2 Formulations UnderSingle Sinusoidal Disturbance

So as to model a more realistic condition, it is now assumed that a single sinusoidal
torque disturbancd8y acts on the shaft, while it is spinning at an average speed
corresponding to an electrical angular frequemey. In this case, the instantaneous
electrical speed includes a-smusoidal oscillation with an amplituda., a frequency
we=2 pfq, and a phasgq:

Wee(t) = Wheo + D 1gCO WAL+ o) (3.36)
Its integral provides the instantaneous rotor position:
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t
Gre(t) = B Wre(/)d/ = Weot + sz%sin(mH / d) (3.37)
0
By substituting 8.37) into 3.3.1), a novel expression f@as%(t) is obtained,3.38),
in which a sinusoidal term is present in the phase angle of each harmonic space vector:
Q249 undergoes a process of phase modulation for each harmonic space vector, just like
in the renowned telecommunications techniqugd].[ Applying the JacobAnger
expansion to each harmonic space vectoBiBS) leads to the Fourier series B139),
where J» is the n-th order Bessel function of the first kind and its argument
(Npskt1)Dwse/ is thek-th order modulation index.

((NDSK 1) (Weot+_Sln(%I+j d)) +_p_)

Qa q)(t) — (meot+—sm(m,ﬂt -/ d)- NDS) a é_

Nbsk-1
(3.38)
((ND§<+1) (meot+—sm(wﬁt+/ d)) J)—) (%]
NDsk 1
+o @(
@ — &0 e J Wreo NG +n/ du
Quft) = G o g < a | NDSk 1 a Jna(NDsk 1)
k=1 =
n=-a " (3.39)
+a
-4 [(Nosk-1)nteo +nm]t+ﬁ—DS+nj d ~ = D_Mé('j ! [(ank+l)mso+nm6]tﬁ—ns+n/ a
e{ } Nosk+1a JngNngﬂ) " +e{ };
n=-o

To gain more insight into thishenomenon, Fig..3.4 shows the harmonic spectrum
of Qap® for Nps = 6, assuming that the rotor is rotatingiaé = 2p10 rad/s and is
subjected to a single sinusoidal torque disturbante=all Hz, which induces a speed
oscillation with amplitudedwse = 2p rad/s.
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Figure 3.3.4 Harmonic spectrum oas@ for useo = 2p10 rad/s,Dme = 2pradl/s,/ ¢ = 0 rad andug
=2p11 rad/s. (a) Ns= 6.

Compared to Fig3.3.1, additional harmonics are visibé freo + fq, -(Nps-1) freo % fq,
(Npst+1) freo £ fg, etc. All of these can be explained by a tdayrterm examination of
(3.39), as done in the following.

The JacobAnger expansion of the fundamental space vector produces an infinite
number of harmonics at frequencfes+nfq, with n varying in the range-a, +a {i. Each
harmonic has an amplitude, which depends on the ordeof the Bessel function and
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on Dwe/Wa, i.€. the modulation index fér= 0. In the event of a torque disturbance with

a small amplitude and/or a high frequenBys/a << 1, the only significant harmonics
produced by the modulation of the fundamental space vector &seatd a freo * fq,

with amplitudesJo(Dwe/i) and Ji(Dwe/in), respectively. This effect is known as
narrowband modulation. The modulation index for O is equal t00.0833 for the
spectrum in Fig. 3, confirming narreland modulation; this explains theepence of
harmonics afeo and affieo + fq in both spectra. Conversely, whenel®xe/ins >> 1, i.e.

in the event of a torque disturbance with a large amplitude and/or a low frequency, upper
and lower sidebands will appear arourg giving rise to wi@gband modulation. By
extending this analysis to the higher order space vectors, naeog and widdand
modulation will occur depending on whether the respective modulation indices,
(KNbst1)Dwse/, are much smaller or much greater than unity. In Bi§.4 the two
modulation indices fok = 1 are still small, thereby explainitige presence of harmonics
at-(Nps-1) freo £ fg and at Npst+1) freo + fg. For higher order harmonic space vectors, the
modulation becomes wideand and the harmonispread out.

For the same operating conditions, the scalar form of the quantized electrical rotor
angle is given in3.310) and its Bessel function equivalent representation is provided in
(3.311). The resulting#9(t) is reported in3.312) and isobtained by differentiating
(3.311) with respect to time.

Ge9(0) = mhect + 2 Esin(nit+/ ) + a 2 inBNo ket + Zsin( ) 9D

e e W Npsk g D. Q €0 W alt/ d — (33_10)
k=1

+a +a

GeO(t) = Wheot + D—s|n(Wdt+/ d)+a N ska JnMOSIn((N[)é(WeMan)Hn/ d) (3.311)

k=1 n=-o

+a +a
(1) = Wheo + D uecO WA+ o) + a NDsk a. (NDSKD Y (Noskuteonite) cog(NoskheoNuet+y o) (3.3.12)
k=1 n=-o

Fig. 3.3.5shows the spectrum of@. Compared to the case of constant speed, a
significant number of additional harmonics appear, featuring amplitudes comparable to
the average speeadeo. For instancesignificant harmonics are now found at frequencies
Nbsfreo-fa andNpsfreotfda. In sut a case it would be practically impossible to estimate the
actual speed alone, i.e. the red harmonics, without introducingaegtigible amount of
guantization harmonics into the estimate.

82



12

[rad/s] | 2Ny  3Nosoetfa
100
ZNDSfreO'fd 4N38fre0’fd 4N|?§fr90+fd 5l>bsfre0+fd
3NDSfre0' fd
80- Y » §
Weeo Nogfeotfa [V % ! ONoshreqfa
1 [y |
6d NDSerO'fd s !
ad- |7
fg 3
y
7 o | ToT nTw? ?ho L‘T { ‘[1 ]’?T
C0 50 100 150 200 250 300 350 400
[HZ]

Figure 3.3.5 Harmonic spectrum afe, using kax= 100 and tax= 28, for

Weo = 2010 rad/s,Dve = 2prad/s, i= 11 Hz,j4=0rad and Ns= 6

Resolution plays a key role in the spectral distributiomg®: by increasind\ps, all
the quantization harmonics move to higher frequencies, facilitating their filtering by
means of a speed estimation algorithm. This is confirmed imattmeonic spetca of @
shown in Fig3.3.6 which have been calculated for valuesleéranging from 32 to 1024,
under the same torque disturbance as in Fig§h Car s 82) 6am beruset te ,
predict the approximate bandwidth occupied by each harmonic sidéakd,
ANokD w5
e+

[0}
BU® 2age™, — + 10 (3.313)

Applying (3.313) fork = 1 givesBw1= 86 Hz for the bandwidth of the sideband shown
in Fig. 3.3.6a, Bw1 = 534 Hz for Fig.3.3.@ andBw: = 2070 Hz for Fig3.3.6c. Good
agreement between the predicted and actual bandwidths can be observed.
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Figure 3.3.6 Harmonic spectra ofe@, for weo = 2p10 rad/s,Duse = 2p rad/s,

fa= 11 Hz,j 4= 0 rad. (a) Nos= 32. (b) Nbs = 256. (C) Nos = 1024.

3.3.3 Formulations Under Periodic Disturbance

The previous case can be extended to the case of a generic periodic torque disturbance
composed ofh harmonic components. Analytical expressions@as@(t) and m.(9(t)
are obtained by following the same procedure as above, i.e. by integrating the
instantaneous electrical frequenmge(t) to obtain ge(t). Substitution of the resulting
ge(t) into (3.31) and application of JacobAnger expansions leads t@3.814).
Differentiating 8.3.14) with respect to time results in the expressionvigf)(t) shown
in (3.315).

+o +o h h
uu 2 ~ uu 2 ~ | (Weo +a@ Ninai)t+a N/ di
ave=g et g e sl
1~ h =

n=-a Nh=-a

D wag DWh { (NDSkl)WeO*'anMﬁ t+an/d+-
+ a { Nookcl a JnlgNDSk 1) O a JnthDsk 1= =0e [ ] (3.314)
np=-a np=-8
+o
+o JJ_ 0
D ¢ D e { (NDsk+1)meo+an,/,,ﬁ 1+an/d Ds} U
NDsk+1a Jnla(NDSk"'l) 10‘ a Jnhg(NDsk+1) th [ ] N ;
n=-a nh=-a
+o +o
@(t) = NosKD ey NoKD ey
)= o & Dot ) R AL 0. 3 3 BkDs
k=1 =0
n h o o M (3.315)
+ %Dé(meO'i'a N; %|O:()S%D§(Weo+a N M/d|8t +a nI/ dl8
i=1 - i=1 - =1 -

As an example, Fig3.3.7 displays the harmonic spectrum w&®@ for meo = 2p10
rad/s and\ps = 6, with the shaft subjected to a periodic disturbance consisting of two
harmonic components, leading to speed oscillations haWg = 2p rad/s,fa1 = 7 Hz,
Jd1 = 0 rad,and Dwsex= 2p rad/s,fq2 = 12 Hz,/ 42 = 0 rad. Compared to FB3.5 a
significant increase in the number of harmonics is clearly visible, as result of the
interaction between the two disturbance harmonics and the spatial quantization
harmonics.
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Figure 3.3.7 Harmonic spectrum ofite@, for useo = 2p10 rad/s,Duer = 2prad/s, fu=7 Hz,j ;1= 0
rad, Dwep = 2prad/s, fo=12 Hz,j 42 = 0 rad and Ns= 6.

3.3.4 Extension to NorPeriodic Disturbance

As demonstrated above, analytical expressionsuef)(t) can be obtained by
differentiation ofge™(t) with respect to time, provided that the quantized position can be
expressed in closed form. When this is not possible, for example in the event of
nonperiodic torque disturbancesue@(t) can still be calculated via numerical
differentiation if g9(t) is available from measurement or from simulation. F88
shows this for the case of two successive torque disturbance pulses which cause the rotor
speed to increase and then decrease linearly. The instantaneous quantized speed is
calculated using the forward Euler method:

@ 0@
me(q)(t) o Ge [(k+1)TI_SS] Gre [kTS] (3.316)
with Ts equal to the sampling period g&@(t).
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Figure 3.3.8 w(t), g9(t) and me¥(t) for the case of a nonperiodic torque disturbance wiss N6
and Ts= 1ns.

3.4 Speed Estimation Techniques

In an electric drive, rotor position measurement is required to ensure high dynamic
performances. In many applications, where the speed feedback is required, such as in
VSDs (Variable Speed Drives) widespread in many industmesufacturing industry,
automotive, naval, aerospace, atterever speed control is required for energy saving
or for process control.

The position transducer t®nsidered the best compromise in terms of preference and
costs for speed controlled drives. Tgusition transducer is sufficient both to realize the
vector control of the electric machine anddalize the speed and position control loops.

Different techniquesan be exploited to estimate thegular speed, starting from the
measurement of the rotor positjdhe choice of one technique rather than another may
depend on various factorsuch as he position sensor technology, position sensor
resolution, minimum and maximum speed, etc.

Regardless of the factors of choice the estimation techniques can be classified into
modetbased and nemodetbased methods33].

3.5 Model Based Speed Estimation Tdmiques

Among the former group, which require knowledge of the mechanical model of the
load, one can mention vector tracking observers and Kalman filt¢r$34]-[35]. The
main advantages of modeased methods are their performance and design fiexibil
Disadvantages arise for particular applications in which the mechanical proprieties of the
load are unknown. For these, it is quite common to usemadetbased methods, which
dondét require any additional ient or mati on
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3.5.1 LuenbergerObserve

Knowledge of the system's state is necessary to solve several control systems
problems; in the most feedback control systems is not possible to measure the system's
state directly, for instance the rotor speed estimation in elaties; or even when,
although it is possible to measure the system's state the measurement errors is greater than
the errors computed by system's state estimation, for instance when the rotor angular
position measurement is carried out by low resolusemsors.

If the system's state estimation to be possible, it is necessary that the system must be
observable. In this way it is possible to reconstruct the system's state from the system's
output observation. The observer characterization depends on its convesgjenitg.

In control theory, the soalled Luenberger observer, is a dynamic system that allows
to estimate the state evolution of the observable system.

Typically, when the characterization depends on the convergence velocity a
deterministic observer, such as Luenberger observer, is defined; when the
characterization depends on the uncertainty of measurement, -deteministic
observer, such as the Kalman filter, is defined.

Fig. 3.5.1 shows a typical control structure thasusstate observer:

* U(t)
U Controller —e—>| Process y(t)

Qt |
v
Luenberger

Observer
Figure 3.5.1 Typical control system structure with an observer.

Given a linear time invariant dynamic system (LTI), it is characterized by the
following equatons of state:

€3 =A X + B u) (35.

fy®) =Cxt) + D ut)
In Fig. 3.5.2 a general Luenberger observer structure is presented:

Q) y(®)

Luenberger Observer “}

A

Figure 3.5.2 Luenberger Observer: Typical Structure.

From Fig. 3.5.2 it is possible to compute the derivative of the estimatex@)ate

% =A% + B ut) + L (yt) - §10) (359
Starting from the definition (3.5.8) of t
lim J(®) - X(©)]1= 0 (353
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This limit (3.5.3) is also valid for the derivative of tegtimated state

im JK(0) - Loll=0 (3.5.9

Therefore

\ 3.5.
%0 -4 = A-L.0) (v - 90) (359
A necessary and sufficient condition {8t5.3 is that all eigenvalues of the matig
= (AT L C)have a negative real pafthis matrix is called the state matrix of the dynamic
system of the (3.5.1) with included Luenberger obsefivsz.Luenberger gains matiix
exits if and only if the system is completely observable. A necessary and sufficient
condition for an LTI dynamic system to be completely observable is that the observability
matrix O has maximum rank
~ C
€cald
o=@ - U (3.5.9
& il
Since it is necessary to estimate the rotor speed of an electric motor, the mechanical
system to be considered is:

I (3.5.7
[ Whn =gt
By rewriting the (3.5.7) in matrix form:
ek g, elg
d enmg &7 ORews
wtEgnie ) ulgit el ™) @59
U &1 04 amt &0i
In (3.5.9) can beummarize the matrices related to the above model (3.5.8).
0@ elg
- e u éju _ -
A= eJ B=¢gJy C=[01] D=0 (3.5.9
el Ou éou

Theobservability condition is computed and vexdin (3.5.10:

0= §CCA§: giéﬁ de(0) i 0 (3.5.10

Starting from (3.5.10) the state matrix of the dynamic system wiluded the
Luenberger observer is given:

eF 1.9

I, (3.5.1)

gl -|23

F~ o F~ o F ~
BB T R58 5512
12 — 2

From (3.5.12) it ipossible to choosing appropriately the desired eigenvalues desired
/1,2 from choosing the Luenberger mattixgainsl e l».

Finally, the control speed structure with estimated speed by Luenberger observer is
shown in Fig.3.5.3

Ao=A-LC=;
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Figure 3.5.3 Control System with the Luenberger Observer

3.5.2 Vector Tracking Observer

The Vector Tracking Observer (VTO) is a nlamear adaptation of a Luenberger
observer, in which ector crosgproduct phase detection is used, similar to that used in a
PLL (phase locked loopYypically, this observer is used in several areas concerning the
position sensorless control of AC machines

Fig. 3.5.4 shows the continuctime block diagramof a VTO: the observer is
estimating a generic rotating vect@ss and produces estimates of the angular position,
or phase, and of the input speed. Four constructive parts of the VTO are highlighted: the
phase detector of the vector cross product, a controller, a physical system model and a
vector model.

\Vector Cross Controller Mechanical System Model
Product 1 P R
i e Test > Vel
N
N
b +|| - 4F Qe
Qx X NI + L;é ,&3 ;i ;i—o—»e
; aL J | |
A 1S
Qap i » b,
Unit Vector
ejé\el <

Figure 3.54 NonLinear Vector Tracking Observer (VTO) block diagram.

The vector crosproduct is responsible for the observer's-hoearity and its nature
of vector tracking, which makes xteemely similar to a PLL. The controller is essentially
a proportional, integral and derivative regulator (PID) and is present to force the
convergence of the estimated vector towards the input vector; the estimated vector is
formed using the estimate die outermost state in combination with an appropriate
vector model: in Fig. 3.5.4 the vector model was formed by assuming an input vector in
continuous rotation. Finally, a physical system model must also be present because an
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adequately trained obsenadrould produce consistent estimates of the physical states: in
Fig. 3.5.4 the physical system is assumed to be a rigidly coupled mechanical system, with

zero damping, wherep is the number of polar pairs of the machine ahds the
estimated total inertia of the system. A feedforward input can also be recognized in the
physical system: a correct feedforward helps to maintain good tracking properties above
the observer's bandwidth. In addition, the controller output can lzk asse limited
bandwidth noise estimate, as shown in Fig 3.5.4. The quality of the noise estimate
depends on many factors, including the quality of the feedforward signal, the bandwidth
of the observer and also the feedback vector model. If the feedfanpatds not present,
the structure becomes that of a state filter and will have reduced tracking properties above
the filter bandwidth.

An alternative structure which avoids the unrealizable derivative present in Fig. 3.5.4
is shown for this particularhysical system model in Fig. 3.5.5.

\Vector Cross Controller Mechanical System Model
Product 1 'h\/el_unenh
» N
™~ I_ " Ka l ch'f ﬁél_enl*
N
Cab +| L v el
=% > koo O ﬁ) > 1 o>
aF J |
N AN
Qa b » b .| PP
a N
J
Unit Vector
eifll\el <

Figure 3.5.5 Alternative Structure of a VTO.

The general input/output characteristics remain unchanged, however there are two
important internechanges. The first is that, since the derivative action is shifted to the
speed state, the output of the PI controller cannot be considered a coherent disturbance
estimate. Secondly, two speed estimates are now available, one that comes directly from
the state integrator and is referred to as the "unenhanced" estimate, the other that also
contains the term of the derivative action and is therefore an "enhanced" estimate ". Both
estimates can be used, although fha n e n h aensore id Bot consistent witthe
estimated position and the two signals have different dynamic properties. In particular,
since the enhanced signal is the same as the speed estimated in Fig 3.5.5, it has the same
properties in terms of noise rejection; fheit n e n h signal iaste@ has reduced noise
rejection properties because it is formed without the contribution of the derivative action
of the controller.

The analysis of the operating point of the VTO was performed for the first tir@g]in [

The operating point model @btained using a first order Taylor series approximation
around a specific equilibrium point; this requires taking the partial derivative of each state
with respect to all the states and inputs of the system.

Assuming the both input vector and the estedatector have unit amplitude, and

defining gy as:

N
€= Ge- Gre (3.5.13
the result of the vector crepsoduct at the VTO input is:
|Qa 5% Qa b= sin(qe X c?re) = sin@) (3.5.19

Theopen loop transfer function is:
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ksa  Kia
(3.5.15

ba pp s+ ba> " ba
C(s) = 3
So the estimated position, i. e. phase of the estimated vegtas, obtained as
|%a k.a
b IOPSZ " ba> " ba 3.5.1
o sine) (3:519

Gre = C(9) sin(ey) = ""J
By considering the position error defined in (3.5.13) the expression (3cah®)e

rewritten as:
ba ppS. +%S+ l;a
a PP a asin(a,) = G- & (3.5.1%

J
By applying the derivative ir3(5.17 and rearranging this equation obtain
(3.5.18

_99%2 s+—8sm(ay) S3 Gre

If the acceleration is assumed constant, the right parB&.1§ is zero and by

transforming the equatio.6.19 into the time domain yields
d?
= —JEPCOS( ) T 7 falPsin(e) (3.5.19

ae sm(ar)%a’gz+ R 005(37)

This is the global notinear differential equation for the VTO as a function of the

position estimation errog,.
The only partial derivatives that differ from the observer's actual gains are those
relating to the result of the vector prod(®@t.14. These partial derivatives are:
(3.5.20

3sin(ey) A
T &, |qreO1 greo = CCB(QeO - qreo)
(3.5.2)

Te

3sin(ey)
T = |qreOy 3reo =- COS(QeO - é\reo)

Te
wheregeo and g'reo are the rotor position and estimated rotor position values in an operating

point condition, respectively
ere_unenhO
';\Vre_enho

N

N
In Fig. 3.5.6 shows the resulting small signal model, formed using the equations

(3.5.20 and 8.5.2):

1
™ |_ 4 k|a chfO
N
o Ll ot P T Lol T e
AT J i
qeo pp
» b, » JT

Figure 3.5.6 Small Signal Model of VTO
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Starting from the small signal model of VTO it is possible to define the closed loop

transfer function, defined as a ratio between the estimated rotor poqll\iﬂ@and input
measured rotor positiogeo:

Qo kif+kestk
WATA(S) = Greo(S) TStk E+kis+ ke (3.5.21)

However, as the estimated speeakried outof the VTO, is required in closed loop
speed control it is possible to rewrite the VTO closed loop transfer function as:

JreolS)  Mreols) kit ks + ks
Geo(S) ~ Wheo(s) ~ S+ S+ kos + ks

Wro(s) = (3.5.22)

Since the VTO provides two different estimated speed it is necessary to write two
different closed loop transfer function. By considering the transfer function (3.5.22) it

would be noted that the estimate spéid coincides with therhanced estimated speed
/\
Wre_enhG

_lh\/feenh((S)_ k152+k25+K;
VVVTOenl(S) = Vl/feO(S) < k1$2+ ks + ks (3.5.23)

while the transfer function related to the unenhanced estimated speed is given by:

_ l;’\/fe unenh€S) _ ks + ks
VVVTOunenﬂS) = l/bfeo(S) g ke 2+ kzs + ks (3.5.24)

In Fig. 3.5.7 the step time responses are shown of the both enhanced and un enhanced
closed loop transfer functions of the VTO.
1.2

W

0.8

— WiroenkS)
— VV\/TOunenﬂS),
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Figure 3.57 Step Time Response of the VTO closed loop transfer functions.

It can be noted that the enhanced estimated speed has a better dynamic transient then
the unenhanced estated speed considering the same VTO model parameters and
controller gains.
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By exploiting the small signal model of the VTO, it is possible to tune the observer
and choose its dynamic performance and position estimation, speed enhanced and
unenhanced. Thening procedure of the VTO will be fully described in the next chapter.

3.6 Non-Model Based Speed Estimation Techniques

When the mechanical load is unknown, it is often convenient to useadal based
methods. In general, in these models, the signals cofrongthe position sensor are
processed to estimate the speed.

Severalalgorithms have been presented in literature, based on the Taylor series
expansion24], [33], [37]-[41], the backward difference expansid8], [42] and the
leastsquares fit]], [33], [41].

Non-modelbasedalgorithms can be classified into two broad types of velocity
estimators, according to how time and position information is acquired.

An encoder typically produces two square waves in quadrature. Each transition of both
waves is dtected as an encoder line, so it is possible to count the number of encoder lines
in a given period or the to measure the time between two lines of the encodeth
cases, only one variable is measured and the other variable is assumed to be constant,
which leads to a class definition of the speed estim&f@ed estimators implementing a
“fixed time method (FTM), those in which the time between successive samples is
known (at least approximately) and the distance traveled in this fixed time interval
measured by counting the encoder linecase ofi f i x e d mptlooe (FPM) speed
estimators, the estimate is based on measuring the time required to travel two fixed lines
of the encoder

QEPA

QEPB B

Tw

S

Figure 3.6.1 Speed Estimation from Encoder Pulses and witi.

QEPA —,—
QEPB

[
TCLK

Figure 3.6.2 Speed Estimation from Encoder Pulses and #iRIM.

Any numercal method that calculates a derivative from discrete position data as a
function of time can be used for a velocity estimator.

The simplestspeed estimatoris based on the first order approximation, i.e.,
incremental ratio33]; in fact, by considering wh Dgre = gre(K) - Gre(k-1) the different
between two rotor position instaobunted in time intervabt = t(k)-t(k-1), the speed
estimate for thé&-th interval iswe(k)= Dge/ . Thespeed estimators with FT&hdwith
FPM are mathematically equivalent, although (at first glance) these estimators appear to
be different. The speed estimates Age/ 1 for both methods, with constabtye for the
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FPM and constanfx for theFTM. Assuming accurate data measurements, bothestt
methods provide an estimate of the rate for the current sample that corresponds to the
average rate in the sampling interval. During a speed transient, the "true" speed at the
sampling instant will be different from the average speed; this speededdée is
equivalent to a time delay that can degrade the performance of a control system and can
lead to instability. In general, the addition of higloeder terms should improve the
transient responsgB3]. For velocity estimators, higherder approximagons than the
derivative are obtained by combining the present and previous velocity estimates.

3.6.1 Taylor Series Expansion (TSE) Speed Estimator Method

Speed estimation methods introduced previously (FPM and FTM) are based on the
first orderapproximation of an extensive formulation that will be described below. It is
possible to estimate the velocity using Taylor series expansion of veld8jtyThe
estimated speedi<(k) at the instant timex can be estimated by the TSE from the

estimated average speiflo, during the most recently measured sampling interval, at the
instant timeto:

N N ~ 1 d(j) é’\/feo ;
Wre(K) = Wreo + a J_' TCH (t - to)! (3.6.1)
j=0
The estimated average spego is estimated to occur at the center of the sampling

interval then
Dare(K) (k)

N\ o (S o
If the TSE is truncated after the first term, the estimated spréd is given:
/\ o Eg e( kz
re(K) @ ) (3.6.3)

Note that the estimated speed in (3.6.3) is the same eecthcaltime estimator for
fixed position method data and is the same as theflieegeriod estimator for fixed time
method dataA comparison between the rotor shaft measured speed and the estimated
speed with first order approximation of the TSEhswn in Fig. 3.6.3:
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estimated speed
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Time [s]
Figure 3.6.3 First order approximation of the TSE speed estimatith Nos= 32.
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When (K) is estimated from thie-th period as (3.6.3) anée(k-1) is estimated from
(k-1)-th period asDgre(k-1)/ x(k-1), the first derivative of the velocity at the middle of the
k-th period can be approximated by:

dlh\éeo(k) é D;’\ée é ﬁéeo(k) - ';\Weo(k‘l)
dt o (k)

Higher order derivatives afteo(k) are also approximated in a similar expression of the

(3.6.4) by:

(3.6.4)

dOfteo(k) o DMIY , el D(K) - Mreo’ (k-1
viedlld 5 —— ( )a(k; (k) (3.6.5)
Somesimple examples of the different TSE order approximation are preseted
The first order approximation is already presented in (3.6.3), then the second order TSE
approximation is computed in (3.6.6):

N\ _ A id'h\/feo
Wre(K) = Wreo + 1 dt (tx - to) (3.6.6)
Starting from the approximations defined in (3.6.2) it is possible to define the second order
TSE approximation of the estimated speed at the irtgknt
noor o Dge(K)  (K) 8Dgre(K)  Dgre(k-1)
we(k) a oK) +5 é“a(k) k1) 2 (3.6.7)
The estimated speed in (3.6.7) when the fixed position method data are considered
e. the rotor position is constant during the position sensor signal acquiSitigk) =
Dge = constant is given:

N o é 1 l é. 1 1 &
We(K) @ Dgre ga(k) + 2 gh(k) - a(k-l)% (3.68)
The estimated speed in (3.6.7) when the fixed time method data are considered, i.e.
the timeperiodis constanix(k) = Tw = constant is givenby:

Ih\ﬁe(k) a %v %me(k) + % (m‘e(k) - me(k'l))ﬁ (3.6.9)

In Fig. 3.6.4 is shown the estimated speed with second order approximation of the TSE
compared with rotor shaft measured speed:
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Figure 3.6.4 Second order approximation of the TSE speed estimion 32.

The third order TSE approximation of the estimated speed is computedrasttmg
t(k); in particular,the third order approximation with FPM is presented3r6.10) is
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presented the third order approximation when FPM is considered, théiltdird order

approximation with FTMs consideredh (3.6.1

1):

& 31 1 1 1 &g
A 81 131 1 5 OKBK Okl Okl ok)H
98 D1 2 a0 kD= 8 & &l oGy 010

Mro(K) & T—lw E001e(9 + 3 (Dpe09 - DgeeD)) + 3 (Do) - 205D) + Dege(2))? (3.6.11)

In Fig. 3.6.5 is shown the comparisons between the rotor shaft measured speed and the
third order TSE approximation speed estimation:
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Figure 3.6.5 Third order approximation of the TSE speed estimahipg= 32.
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Finally, a comparison between the average speed value and the estimatstgpeed
the three differenTSE approximations defined aboeshown in Fig. 3.6.6Although
the higher order of the TSE approximat&ightly increases the dynamperformancef
the estimated speed, such as shown in Figs.-3.6.8, thespeed ripples increase with
the TSE order approximation increasement.
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Figure 3.6.6 TSE speed estimator comparison
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3.6.2 Backward Difference Expansion (BSE) Speed Estimator Methad]

The BDE method for obtaining the derivative of the functi@r(k)) or ge(t(K)) is
developed by assuming that the actual function can be replaced by an interpolating
polynomial that exactly fits the data points. The first and higher order derivatives of the
function are obtained in terms of the appropriate finite difference apptmmsdor the
derivatives of the approximating polynomial. For fixed position method data, the backward
difference equation is obtained by expanding the funttieh) in Taylor series arounidk)
and then solving fadt(k)/dge:

) dOt(K)
te) =t + a G g (3.6.12)
j=1
The first order BDE for is obtained by expandingijkusing (3.6.12) and then truncating
the expansion after the first term on the Figanhd side as shown in (3.6.13):

(t(k) t(k-1)) + a LL'L%(_@) (3.6.13)
Then the estimated speed can be computed by éh; following expression:
Mre(K) = gt‘(;{f) = 1 (3.6.14)
0~ 16en) + 5 G- g

j=2

The first order BDE is identical to the first order TSBen the FPM and FTM
approximation are the same

. D Da®
el 3 g - 1)) - k)

(3.6.15)

The second order BDE is obtained when b@t1) andt(k-2) are expanded in the Taylor
series of (3.6.12), and the resulting two equations are solved fodtletl)/dge anddt’(k-
1)/dge®> with third order derivative terms neglected. Then, #ezond order BDE
approximation for FPM and FTM are presented in (3.6.16) and (3.6.17) respectively:

Mre(K) & T e (3.6.16)
o) +3 (2K - kD)

g+ 5 (e - Delk)

I/We(k) a Tw (3617)

In Fig. 3.6.7 is shown the estimated speed with second order approximation of the
BDE compared with rotor shaft measured speed:
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Figure 3.6.7 Secondrder approximation of the BDE speed estimatig = 32.

This procedure is continued to include terms contait{kag). Then the third order BDE
approximation for FPM and FTM a(8.6.18) and (3.6.19) respectively:

Mre(k) & 28 (3.6.18)

(k) +% (K - o(k-1)) +% (K - 20(k-1) + (k-2))

D) + 5 (Dhe(K) - DGe(k)) + 5 (De(k) - 205e(kc1) + Dope(-2)
Mre(k) & e (3.6.19)

In Fig. 3.6.8 is shown the comparisons between the rotor shaft measured speed and the
third order BDE approximation speed estimation:
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Figure 3.6.8 Third order approximation of the BDE speed estimatiag = 32.

Although when the BDE order approximation increase the dynamic performance slightly
increases, as well as for TSE approximations. Thalgggses increase with the BDE order
approximation increasement, but they are bigger then the respective speed ripples obtained
with the TSE approximations.
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Figure 3.6.9 BDE speed estimator comparisons

3.7 Conclusions

In this chapter the contributions of my research regard the paragraph 3.3 relating on
the Mathematical Formulations of the Quantized Rotor Position and Angular Speed. The
theory deeloped in this paragraph completes the spatial Fourier approach to the modeling
of position sensor resolution by connecting the spatial quantization harmonics to the time
harmonic ripple in speed estimation. At the heart of the theory lies the concept of
instantaneous quantized speed, defined as the time derivative of the quantized electrical
rotor angle. This quantity plays a key role in the performance of any pesition
measuremerbased speed estimation algorithm since it constitutes its effective speed
input.

In particular, at a constant speed of rotation, the instantaneous quantized speed
contains quantization time harmonics at multiples of NDSfre0; while, when the drive is
subjected to periodic torque disturbances, the interaction between these and the
guantization space harmonics produces additional time harmonics in both the measured
position and in the instantaneous quantized speed, the amplitude of which can be obtained
from phase modulation theory.
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Variable Speed Drives (VSDs) are popular in manaustries applications, wherever
speed control is required for energy saving or process control. Closed loop speed control
requires speed feedback, although position feedback is also mandatory for field
orientation in AC inverters and for switching in BCdrives. Due to cost, reliability and
space constraints, the only motion sensor used in VSDs is the position sensor, so the speed
must be estimated from the position measurenfighf2]. Although speed estimation is
known to deteriorate as sensesolution decreaseg]{[4], there is a lack of methods in
the literature for correct selection of position sensor resolution. These should allow the
designer to choose the position sensor based on the drive performance specifications, with
the aim of mmimizing the cost. Té@following research intends to fill this gap. Thlea
is toapproach allows to identify the minimuwtor position sensor resolutidibs starting
from the analysis of the filtering action provided by any speed estimation algorithm on
the quantized instantaneous speed input. Appropriate system modeling is derived to link
the minimumrotor position sensaesolution with the required performance of the drive
which could be expressed in terms of maximum allowed speed ripple at minimum
operating speed, speed control bandwidth and robustnessdrfteexpressed by means
of the phase margin.

The procedure adopted to select the resolution of the rotor position sensor will be
applied for two types of speed estimation algorithms: the sistnodebased algorithm,
theVTO; the second concerns a roodetbased method, the FPM.

This chaptelis composed as follows: a firgplaragraphdefines the desired dynamic
performances for a VSBhen theselectiorof the bandwidtlandthe robustness bypeans
of phase marginsecond third and fourthparagraphk will introduces the tuning of the
current loop (the innermost), the speed loop (the outermost) and the speed estimator
respectivelyafifth paragraptwill introduce the impact of the resolution the quantized
position measurement and in the speed estimation algorithms, for a-lnaseel speed
estimation algorithm; finallysixth and seventlparagraphswill show the selection
procedures of the minimum rotor position resolution that guarantedssired designed
performance.

4.1 Desired Performance in a Variable Speed Drive

In control system design it is necessary to define some desired specifications, these
can be expressed in terms of time domain specifications or through frequency domain
specifications, oby meanghe roots locus specifications]{[6]. Whatevers the type of
specificationthey consideredyuarantee specific dynamic performances in terms of
command tracking and robustngks example, the rise time (time domain specific) is
related to the bandwidth (frequency domain specific) which is also relatedrattiral
pulsation (roots locus specifia)hile the overshoot (time domain specific) is related to
the phase margin (frequency domain specific) which is also related to the damping (roots
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locus specific)A summarythe three ways to define the desired dpetions for the
control systems design.

4.1.1 Time-Domain Specifications

The closed loop control system design specifications for the design often involve
certain requirements associated with the response time of the system. The requirements
for a step resp@e are expressed in terms of standard quantities shown in Fig. 4.1.1:
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Figure 4.1.1 Generic time response of a closed loop control system.

where, the rise time is the time required for the output to pass from 10% to 90% of the
final value; the overshodd, is the maximum amount that the system overshoots its final
value divided by itdinal value (and often expressed in percentage); the settlingstisne
the time required for the output to remain witkit®6 of the final value.

4.1.2 FrequencyDomain Specifications

Generally,the time domain specifications defined in gudragraph4.1.1 can be
referred tofrequency domairspecifications andised for closed loop control system
design andor stability and robustnesmalysis

A natural specification for system performance in terms of frequency response is the
bandwidthfsw, defined as the maximum frequency at which the output of a system will
track an input sinusoid in a satisfactory manbgrBy convention, for the systemahin
in Fig.4.12 with sinusoidal input(t), the bandwidth is the frequencyrdf) at which the

outputy(t) is attenuated by a factdv‘\/ié O .titheé>s The inputdr -3dB). Fig. 4.1.3
graphically illustrates the idea for the frequency respofisg@eoclosedoop transfer
function defined by equatiod (11):

W(s) = ﬁFF%) (4.11)
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Figure 4.1.3 Definitions of bandwidthsfy.

In addition to the bandwidth, another specification to be defined in the frequency
domain concerns the concept of stability. In general, referring t@l Bi, if the closed
loop transfer functioV(s)is known, the stability of the system can be deteeahisimply
by inspecting the poles of the closed loop transfer function: if the closed loop poles values
are all with negative real part the systewi(s) is stable (RoothHurwitz Criterion).
However,arigorous way to evaluate the stability condition of the closed loop funistion
the evaluation ofhe frequency response of the open loop transfer function based on the
Nyquist Criterion which it is possible to measure the stability margins directlytiwom
quantities defined as gain mardity and phase margim .

In general, the frequency domain specifications of a control system atesbd loop
bandwidth and the gain and phase stability margins; in particular, these stability margins
can be definely means of a single vector stability margin.

4.1.3 Robustness

The robustness indicates the ability of a control system to guarantee stability and
precision even in the presence of unknown variations of system model pardirgters
The unknow variations are welly divided into two groups:

A Structured uncertainties

A Unstructured uncertainties

The structured uncertainties are due to parametersdeftied within the model, an
example, for an electric motor, are the stator resistance and the magnetizingnoeluct

Unstructured uncertainties are perturbations due tenmaateled phenomenan case
of an electric motor, saturation, cresaturation, not#iinearity can be included among
these types of phenomena that are often not modeled to simplify the dynalystsasfa
the system.
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Therefore, the robust stability of the clodedp system provides both the stability of
the system under normal conditions and the stability wiegturbationsare present in
the operoop function also.

There are several methods tooyide an indication on the stability margins and
robustness, but techniques of a graphic nature such as the Nyquist criterion or the roots
locus provide some simple relationships.

4.1.4 Robustness by Nyquist Theory

A robushessmetric is defined by the swalled vector stability margin (4.1.2) which
represent the distance between the curve represented in Fig. 4.1.4, relative to the system
of Fig. 4.1.2, and the critical point of coordinafek j0):

d = min|1+#(w)| (4.12)
2 ‘

o
T

Imaginary Axis
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1
s

Real Axis
Figure 4.1.4 Vector Margin Stability Condition.

The vector stability margin gives a numerical valued <1, where0 is an unstable
system. Engineers familiar with the classic stability margin, gain margin and phase
margin metrics cabeeasily derived from the Nyquist diagram, Fig. 4.1.5:
2 T T T
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1- — 4

o
T

Imaginary Axis
=

1
R

Real Axis
Figure 4.15 Gain Margin and Phase Margin Definitions.

106



1 Gain Margin Mg: is the maximum tolerable perturbation on the magnitude of
the open loop transfer function before the closed loop system becomes
unstable

1

°T F(w)l

1 Phase Marginm;: is the maximum tolerable perturbation on the phase of the
openloop transfer functiomefore the closetbop system becomes unstable
my =1 F(jue)+180° 4)
wherew is the angular frequency at the polinE(jup) = 180°% while ut is the angular

crossover frequency, when the magnitude of the open loop function isR{pit)||= 1.

Once these quantities have been defined, it is possible to write the stabiiiiyns in
terms of gain margin and phase margin.

When the gain margirs considered

1 If Mg> 1 the closed loop system is stable.
1 If Mg < 1 the closed loop system is unstable

When the phase margin is considered:

1 If my >0 the closed loop systemsgable.
1 If mi <0 the closed loop system is unstable

The same stability condition provided above can be evaluated by means of the Bode
plot.

The conditions provided by the phase and gain margins are of a point nature, i.e. they
concern the behavior &f(j W) only in two points of its frequency respons® € ). The
fulfillment of the requirements on the phase and gain margins does not generally
guarantee that the Nyquiptot of F(ju) remains between the frequencies and e
"sufficiently far" from the critical poin¢-1, jO); for this reason is necessary to define the
safety margins.

Considering the closed loop transfer function of the system niedg) and suppose
that it is affected by uncertaintyf=(s), such that the effective open loop functie(s),
definedin Fig. 4.1.2is written

F(s) = Fm(s) + OF(s) (4.15)

M (4.13)

Figure 4.1.6 Uncertainty on the open loop transfer function.

Generally, the uncertainty functiab~(s) is unknown but from somedentification
pr oc e d passEbiyknowtitd rature:
LF(s): [Fm(in)| Ogiw) Og (4.16)
Since the information on the phase of l€s) is not generallyavailable the generic
point in the Nyquist plot oF(jw), at the frequencyv, is transformed into a circle
centeredn Fn(jw) and withradiusg(jw), Fig.4.17:
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Figure 4.17 Generic frequency point in Nyquist plot and uncertain circle.
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The corresponding point #(j /) can lie in any points inside on the circle with center
Fm(jw) and radiusgjw). In this way the Nyquist plot is transformed into an circles
envelope:
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Figure 4.1.8 Uncertain inNyquist plot.

The system is robust when the condition on the vector stability margin

|1 +Fn(jw)| > gjw) (4.127)
Therefore, it 6s p-callesl isdnsiteity turcctiondés)f whose t he
magnitude is
— 1 1
|Sm(j w)| T1L +Fu(jw)] < diw) (4.18)

By defining with S, the resonance peak of the sensitivity functBxjw), then the
resonance peals, represent a measure of the robust stability of the systefow
resonance ped value, corresponding to a highercertaintyrejection capabilityf the
system:
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_.1
$=<7 (4.19)

However,the uncertainty is located in the transfer function of the plant syB{ein
Fig. 4.1.9 since the controlle€(s) chosen and implemented by the designer is assumed
to be free of uncertainties.

rt) +

Figure 4.1.9 Closed Loop Block Diagram: Controller and Plant.

There are two rapresentation of uncertainty on piRs} additive uncertainty and
multiplicative uncertainty. In both cases, a transfer function of the plant Re(®lis
represented, while the uncertainty effects are represented by the fube(sin

1 Additive Uncertainty Model

The additive uncertaintyFig. 11,is represented by means the follow expression:

P(s) = Pu(s) + LP(s) with aP(in) | (@) goO (4.110)

Lo -

Figure 4.1.10 Additive uncertainty model.

In this way the open loop transfer function become:
F(s) = C(s)P(s) =C(s)[R(s) + LP(s)] (4.1121)
The robust stability is given by the following expression:
11 +FEmiw)| > djw) (4.112)
|11 +Fm(w)| > |C( W)l (W) (4.113)
Where the sensitivity function is given

. 1 L
IS0 =5 FnGw)] < ICw)l G w)

(4.114)

Also in this casewith a low resonance pea&f the sensitiity function magnitude,
wider stability margins arebtained.
1 Multiplicative Uncertainty Model
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The multiplicative uncertainty, Fig. 4.1.11, is represented by means the follow
expression:

P(s) = Pn(s)[1+LP(s)] with PG | g™ g© (4.115)

- Pm(S)ﬂ(S%*

Figure 4.1.11 Multiplicative Uncertainty Model.

F(s) = C(s)P(s) =C(s)R(s)[1+LP(s)] (4.116)

The robust stability is given by the following expression:
11 +Fu(w)| > jw) (4.117)
11 +Fa(iw)| > |C(w)Pw(j )| gu( W) = |Fm(iw)| gu( W) (4.118)

From (4.1.18) the transfer function obtained is coincident with the closed loop function
relating to theFm(j w/):

Folw) __1
LR = W)

|Win(jw)| = (4.119)

Also in this case, the resonance p®ék of the closed loop transfer functi®vin(j ),
is a measure of the robust stability of the syst&mow resonance peaW, value,
corresponding to a higher rejection capability to multiplicative uncertainty fronnatont
system

1 Safety Stability Margins

Starting from the vector stability margin it is possible to define the relationships of the
gain margin and phase margjid].

For additive uncertainty the stability margins (4.1.21) are linked to resonance peak of
the sensitivity functiorsm(s):

1 . 1
Sn(s) = T+Em with Og\ = Smax (4.120
~ Shax - a1 5.
Mg Og 27 mo 2 a%ﬂg—n—aﬁu n (4.121)

While, for multiplicative uncertainty the stability margins (4.1.23) are linked to
resonance peak of the closed loop funciéfs):

Fm(S . L1
Win(S) =1—+”“F%n)@ with  Wp O = Winax (4.122)
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. 1 . o 1 ~
MgO T+ m O Zamﬁ n (4.123)

From these conditions, (4.1.22) and (4.1.23), it is possible to define a general condition
on the robust stability margins in terms of gain margin and phase margin, in order to take
into account simultaneously the additive and multiplicative uncertainty requirements:

Z, 3 ax 1
My O w%nax' 1 +Wma§ (4.124)

m O n‘%arcsir%s:ﬁg 2arcsir§§wlfm§ (4.125)

4.1.5 Robustness by Root Locus

The roots locus is a particularly effective tool in the controller design when the
specifications of the control system can be expressed directly by means the position of
the closedoop poles. The constraints of the poles posiéicn

1 Damping Constraintx= x

It allows to impose the closed loop poles in a particular region of the complex plane
Fig. 4.112:
Ima

arcsin(v)

A\ 4

Figure 4.1.12 Dampingconstraint in complex plane.

The step time response of a stable contindivos system can have oscillations
depending on the damping value of the dominant péleshermore, in a closed loop
system, thelamping value of the dominant poles is strongly related to the phase margin
and therefore to the robust stability of the systenfact, if the poles move along the
negative real axis, i.&.=1 orarcsin(x) = 0, higher robustness of the system is e,

i.e. higher phase margin and less oscillations are presented in the step resporige time |
By requiring that the damping valuebe higher than a certain value is equivalent to
requiring that the transients of the system do not persist excessive oscillations before
reaching the steady state condition.

Therefore, it is a constraint on the robustness and dynamic precision of the system. A
typical damping valuenat guarantees robustness and dynamic precision @66 which
corresponds, for a second order system, at phase margin ofiabo60°.
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f Natural Angular Frequency Constrainu = uh

Theconstraint on theatural angular frequencypresponds to impeghe closed loop

poles outside of the circle of radius andcenter of the originFig.4.113:
Ima

JIn

A ,
R}\

430

Figure 4.1.13 Natural Angular Frequency Constraint in complex plane.

In a closed loop system, the natural angular frequency of the dominant poles is
approximately equal to the crossover angular frequency of the open loop syisféin [
It is therefore strictly connected to they closed loop system bandwidfi]-[6]. By
requiring that the natural angular frequency valée higher than an assigned value
, IS equivalent to requiring that the bandwidth of th&tesyy has an upper limit.

Therefore, it is a constraint on the response speed of the system and is linked to the
rise time and the bandwidth

. Maximum Settling Time Constraints O-s

This constraint allow to imposing the real partted absolute value of the closed loop
poles is higher then an assigned value of the negative realsaxitis constraint

corresponds to place the poles in the follow pkwes, Fig. 15
Ima

\4

Figure 4.114 Maximum Settling Time Constraint in complex plane.

This condition is strictly linked to the settling time of the system and therefore to the
steadystate errorAlso, in this case it is a constraint on the speed of the system to reach
the steady state cdition.

4.1.6 Performances and Specification®f a Variable Speed Drive
Regarding an electric drive, in order to guarantees specific dynamic performances, by

means of arectorcontrol, the controllers used in the current, speed and position control
loops must b@roperlydesignedT].
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Two of the main concerns when designing the controllers used in the various control
loops of an electric drive are the dynamics and robustness of the closed loops system
which depend on th&ind of application and operating pointratitions.Generally, the
controllers used in most motor drive applications are proportiotegral (Pl)
controllers, as their versatility and simplicity of design allows them to be used in the most
motor drive applications.

In the speed controlledrives the only control loops teedesigrs are the current loop
and the speed loop Fig. 4.1.15

Control Side

Wi Te
G Culs) R’

'h\/rm Speed Loop Contr

Mechanical System
1 | Gm

Electromagnetic System

s

|
\4

4 current LoopA
Control

] e _Decoupling of
> Pp CrossCoupling

Speed |,
Estimator |

Electromechanical System Model Side
Figure 4.1.15 Typical nested control structure: speed loop and current tif@gpgenericmotor drive

As the current loop is intrinsically related to a faster dynamic due to the simplified
ohmicinductive equivalent circuit of a generic electric mo8)#[P], Fig. 4.1.15, a higher
current loop bandwidth is selected, generally ten times larger than thelepeecdhich
is instead correlated to a slower dynamiétatedto the frictiorinertial mechanical
system, Fig. 4.1.15.

4.2 Current Control Loop Design

The torque control loop is the innermost loogha electric drives. This control loop
allows the motor to @duce an electromagnetic torque that closely follows the torque
reference that comes from the outermost motion control loops. In most drives, torque
control is obtained indirectly frorthe current control. Thigaragraptwill describe the
calibration of he current loop using the zepole cancellation method and will be
described in both continuous time domain and discrete time domain; in addition, it will
be necessary to dedicate a-pavagrapho the secalled decoupling of crossoupling,
which playsa key role in the calibration of the current loop using the -pete
cancellation method.

Before introducing the current control loop design methodologies, it is necessary to
define the mathematical model gia-axesregarding the current loop for a gemeliM
synchronous moto#(2.1), from the block diagram of Figj2.1

g
Uéig

&Vqg eRs 0

g € Q@
N 4.2.
&gl 60 RlGigl " &- y (423
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Control System IPM Motor Drive

A

Decoupling of
CrossCoupling

Figure 4.2.1 Current Control Loop Block Diagram fomdPM Motor Drive.

4.2.1 Decoupling of theCrossCoupling

The soecalled decoupling of crossoupling is often performed in order to make the
action of the current loop PI controllers more efficient in a synchronous reference frame,
Ciq(s) and Cig(s) for the gd-axes currents respectively. The decding action of cross
coupling is carried out starting from the knowledge of the terms of-coagding related
to the fuxes ofqd-axes

e/qg_ elq Oggiag €0 g
= U+ 422
S/dﬂ eO Ldueldu 8/pmH ( )

As it is difficult and very expensive to carried outlisgectmeasurement of the stator

fluxes, often the voltage crossuplingare computed agie(La iat /om) andittelq iq, for
g-axis and eaxis respectiveltherefore it is necessary to know the inductive coefficients and
the permanent magnet flux, which in general must be estivdgiplying the decoupling of
the crosscoupling, as shown in Fig. 4.2.1, at the equation sysded Y and by assuming

that the estimated speed is approximately equal to the realgpeek., the mathematical
model of a IPM with the decoupling of the crasgipling is given by:

Nog ¢ sieg € pL La-{a) Baiqg ¢ A
&vag  éRs 0 ggigg pLq Wel\Ld-Ld)iag Cute(/pm- 7 om) @
a@_ equ+, ( )uequ+el/’/fe( pm pm)lﬁI

e u=e ue. = <
evqu €0 Rsueigu g-me(Lq-ﬁq) pLq Heldu é 0

(4.23)

Based on the equation system (4.2.3), obtained by decoupling thecoupdmg, it

shows that if the estimate of the parameﬁarﬁd, I pmarevery similar to the actual values
(4.24):

Cqé. qL ﬁdé dL /Apmé./pm (424)

Then it can be considered that the cromspling terms areanceled by the decoupling
terms, and therefore the equations systeth3 becomes
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AV, oRs 0 gei epLq O gel
gVag_¢g gelag ePLq gelag (4.25)
evglu €0 Rsu€eiqgu é 0 plLgu€iqu

pau
1]

The equation system (4.2.5) shawat whenevethe decoupling of the cros®upling
is carried out correctly, it is possible to consider a simple olmadigctive circuit forqd-
axes this allows to simplify the design of the current loop.

4.2.2 Continuous Time Current Control Loop Design

Starting from the equation systerhZ5) referred to thelbck diagram of Fig4.2.],
it is possible toeasily compute the Laplace transformatimnreplacing the derivative
coefficientp = d/dtwith the Laplacecoefficients:

eVa()g_eRs O gelo(S)g . eskq O geélu(Sg
= 4.26
&Vt~ 80 RUBI«(9U T & 0 sLyliBla(s)l (4.26)
From @.26) it is possible to write the transfer functions of the curpdanit for each
gd axes separately, as the effects of comagpling have been neglected as explained in
subparagraph#.2.1.:

s 1 O
PV s R P9V TS R

(4.27)

Sincethe current plant transfer functions have the same shape for both axes, then in
the subsequent analysis a generic ohmiictive circuit will be used as an example
(4.2.8):

Pi(s) :\I/i(%:SL]-I- R (4.28)

One of the most usadethods for the PI controller design for the current loop control
of an electric drive is the zeqmle cancellation metho@]F[9]. Although the zergole
cancellation method simplify the clos@mbp transfer function to a first order system,
practicallythe position of the pole to be cancelled is not exactly known and furthermore,
even assuming to know this pole precisely, it is not assured that the zero of the controller
designs is exactly in the same position of the plant pole. In both cases, thénefasze
pole cancellation is not exactly perfect. If the zpode cancellation, as often happens,
does not occur perfectly, ways are introduced in the time response of thelotmsed
system that caworsethe dynamic behavior of the system.

Fig. 4.2.2shows the block diagram of a current control loop with a generic plant
defined in (4.2.8)
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Figure 4.22 Current Closed Loop Control.
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where Ci(s) is the PI controller transfer function amgl, ki are the proportional and
integral gains of the Pl controller respectively:

C(9 = @ (4.29)
I—<P—is +1

Fi(s) = Ci(S)Pi(9) = kpiss+ ki SLi == SﬁR KL (4.210)
ﬁs +1

Starting from the open loop transfer functfa(s)and rewritten in Bode forn{4.210)
and(4.211)it is possible to cancel the pole of the plBits) by means the controller zero
Ci(s):

ki _ L
ki~ R (4.211)
In this way the open loop transfer function can be rewritten as:
Fi(s) = Ci(9)Pi(s) = ki (4.2.12
i 1 1 SR L. )

By computing the closed loop transfer function (4.2.13) it is possibiet&that the

zeropole cancellation methalow to simplify the closed loop transfer functidfi(s) at
afirst order systemwhere the current loop bandwidth is selecte@ifl14).

Kii
i R
Wi(s) = 159(3) :S K (4.213)
R
%: 2,UfBWi (4.214)

In conclusion, by imposing the current loop bandwidth in (4.2.14)eaptbitingthe
zercpole cancellation conditioof (4.2.11), the PI controller gains are:

ki = 20fswiR  kpi = 2pfewiL (4.215)
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The step response of the clodedp transfer functioiW(s) is shown in Fig. 4.2,3
where500Hzcurrent loop bandwidth is selected with the corresponded eimahictive
circuit parameter® = 0.84WandL = 4.7mH If duringthe current loop calibration, a
correct decoupling of the cressupling phenomena is guaranteed and if the-pete
cancellation method igerformedcorrectlythe closed loop stefame response coincides
with a steptime responsef afirst order system, Fig. 4.2.3.

1.L

1
0.8 1
0.6 1
0.4
0.2 1

00 0.5 1 15 2 2.5 3
Time [ms]
Figure 4.2.3 Step Response of the current closed loop transfer function.

The zerepole map of the open and closed loop transfer fungi®shown in Fig.
4.2.4, where it is possible to noted that the pole of the open loop function is well cancelled
from the zero of the controller, i.e., the zero of the open loop function.

In fact, the closed loop function (4.2.13) is characterized by oneapsteiated to the
desired closed loop bandwidth.

O OpenLoop Zero O Closed Loop Zero
X Open Loop Pole x Closed Loop Pole
T T

500 L [H T T T
0.088| 0976 é
400 0.955 i
~ 300 D.098 0.7 1
£ 2000 5 999 |
; 100 | 00 8
700 600 4p0 300 2b0 10
£ o | e |
2-100 1
g 0.990
£-200° .
-300- 9.998 | 0.7 -
400 0.995 ootg 089\ |
'500 0988 o097 Y
>-5000-4500 -4000 -3500 -3000-2500 -2000-1500 -1000 -500 0  50C
Real Axis (s)

Figure 4.24 Zero-Pole Map of the Current Loop.

4.2.3 Discrete Time Current Control Loop Design

Fig. 4.2.5 shows the discrete tinmeplementation of the current loop control. Inside
the PI regulator, the continuous time integrator has been replaced by a simple
accumulator. A latched voltage interface is present to model the effect of the digital
control system on the motor voltage plyp
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Figure 4.25 Discrete Time Current Loop Control Block Diagram.

As shown in Fig. 4.2.5 the plaRi(s) is a continuous time system but its information
is acquired by themicrocontroller, therefore it is necessary to transform the transfer
functionPi(s) in discrete time domain with a sampling tifiby using the Aransform.

The unilateral Aransform is the Laplace transform of an ideally sampled signal with the
following substitution:

z = eSh (4.216)

whereTsis the acquisition time of the microcontroller

There are several ways to approximate trieaAsform defined ir4.216). such ashe
Euler Forward EulerBackwardandthe Tustin or Bilinear approximatisfi6], but when
a physicalsignal is acquired by means of an ADC (analog digital converter), generally
the continuous time information is sampled evéry and is acquired by the
microcontroller. Since the sample is airtqd at each step, this type of acquisition is called
Zero Order Hold (ZOH) and the impulse response transfer function is defined:

1- eSTS 1-z1

f1(ZOH) = S (4.217)
wherez! = e T is defined as delay
A generic transfer functioH(s) that include th&OH is given
H@) = (1-27Y y/eﬂlﬂ (4.218)
Applying the (4.2.18) in (4.2.8) amlacing? = R/L obtain
L (1-eMyzt  (1-e)
P@= Ra-e7 79 " R(z-e ) (4.219)
While the transfer function of the PI controller can be rewritten as:
S K
k.T ki + ki T, z-d 4.220
Ci(2 = kpi + ; sl—(kpl'l'ku Ts) kpz_l S=Ki 7-1 ( )
where the controller gains adefined as
e+ ke ki
Ki = (koi + ki T) a= koi + Kii Ts (4.221)
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Now, it is possible to computbeopen loop transfer functidf(z):

Ki(1-e™) z-d
Riz-1) z-e™!

Fi(2 = Ci(2 Pi(2 = (4.222)

By cancelling the pole of the plant syst&t(z)through the zero of the controll€r(z)
this equation (4.2.23) is obtained

d=et (4.223)

Starting from the zerpole cancellation condition (4.2.23) the open loop transfer
function can be semplified i#.224):

. _a-Tdt
A2 = G0 P = (4.224)

Then, the closed loop transfer functidé(z) is given:

Fi@ Ki (1-e™0
1+Fi(2 R1-2+Ki(1-eT™)

Wi(2) = (4.225)

Starting from the first order closed loop transfer function (4.2.25) it is possible to
impose thédandwidth:

. _ - Tdt
1- MlRL) = @ 2AowTs (4.226)

Finally, in according to the zefmwole cancellation condition (4.2.23) and the
bandwidth condition (4.2.26), the PI controller gains are obtained:

_ LM -2pfBwWiTs _R -2pfBwiTs 22
= Ry g (1- %) k= % (1- ey @220

Generally, both the continuous time and discrete time designing, a rule of thumb is to
select the current loop bandwidth betwé&@d Hz e 1000 HZ1[0]-[11].
In Figs. 4.2.6 and 4.2.7 the step time response of the current closed loop transfer
functionWi(z) and its discrete time zeqmle map.
1.2

1
0.8 — Continuous Time Step Respol
06 — Discrete Time Step Response
0.4 1
0.2 1

>

00~ 0.5 1 15 2 2.5 3
Time [ms]

Figure 4.2.6 Step Time Response Comparison between the Continuous Time and Discrete Time closed
loop transfer function.
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Real Axis (z)
Figure 4.2.7 Discrete Time Zerdole Map.

4.3 Speed Control Loop Design

In those electric drives where speed control is required a speed control loop is present
outermost than the current loop, that allow to maintain the reference speed value whatever
the load torqueThe electric drives that provide speed control are callecaMar Speed
Drives (VSD) or Variable Frequency Drives (VFD), where the MaxinrTlorgueper
Ampere (MTPA) and Flux Weakening (FW) algorithms are typically implemented.
However, both in MTPA (until rated speed) and in FW (until allowed maximum speed)

a good gnamic performance and allowed torque load rejection must be provided by the
speed control loopl2]-[13].

This paragraphwill describe the speed control loop tuning using two methods: the
pole-placementnethod and the Nyquist stability theory. In particular, the-p@eement
method will be defined in both continuous and disctiete domain while the tuning
according tdNyquist theory will be done only in continuous tihemain

In Fig. 4.1.15 a generic speed control loop structure is shown, where the nested current
control loop can be neglected by assuming the fofiome c hat r oni ctheas s ump
current loop bandwidtfewiis much largewith respectad the speed loop bandwidtiww,
generallyfswi = 10 fawwj therefore it is possible to neglect the dynamics of the current
loop as it is much faster than the dynamic of the speed loop, Fig. 4.3.1:

Control [TL

Wi + Te 2 To + X% 1| Wm | 1 | Gm
> Cu(s) > al - > -
e (2 14— 3 i

Wim| Speed Loop Contrgjl Currerg Loop Mechanical System

\

Speed
Estimator |

Electromechanical System Model

Figure 4.3.1 Speed Closed Loop Control

In this analysis it is assumed that the physical system is a rigidly coupled mechanical
systemthuszero damping.
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. a dmm
Ble-T=0"5
(4.3.9

|
[ ™m="g

Another aspedhat cannobe neglected in Fig. 4.3.1 is that the control system includes
the speed estimator. Generally, the presence of the estimator, as we will see in the
following paragraph, modified the speed closed loop control transfer function and
introduces a delay ondhestimated spedbatleads to a worsen dynamic performance of
the speed loop. The effects due to the presence of the speed estimator will be analyzed in
the followingparagraph

4.3.1 Continuous Time Speed Control Loop Design with Pole Placement

Based orthe above hypotheses, the speed control loop block diagram, with imclude
the speed controlleZ,(s) and the mechanical systdPu(s), as shown irFig. 4.3.2

Culs) : T(s)

P.(s)

\ 4
|

i
- ;

Figure 4.3.2 Continuous Time Speed Control Loop

Pu(s) = é 4.3.2
Culs) = @ 4.3.3

where kpw and kiw are the proportional and integral gains of the speed controller
respectively. The open loop and closed loop transfer fundtie(s3 aregiven:

Fi(S) = CulS)Puls) = %” (4.3.9

_ Fu(9) _ KowS + kw
WW(S) 1+ Fw(S) TSI+ kaS + kw (435

Starting from the denominator of (4.3.H%)e poles can be placed in order to all have a
real negative parin particular,asit is a seconddegreepolynomial two poles will be
positioned. The poles placement must be donseas in suparagrapht.1.5, trying to
avoid unwanted oscillations during the step response, to avoid this it is good practice to
position the poles directly on the real negative axis (therefore with unitary damping) in
order to obtain a step responseesrdampeds possibleq]-[6]; moreover, if the farthest
pole piw, Which is related to fast dynamics, is ten times larger than the closegbpole
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which is related to slow dynamican excellent command tracking performance and
stability margin with aphase marginoughly equal t@&5 ° [5]-[6].

As the frequency of the farthest pole is approximately equal toclibeed loop
bandwidth then we can define:

Piw = 2 feww Pow = }11—8/ (4.3.9
&+ I—ELWS +|—(3LW:52+ (P1w+ P2w) S + Piw Paw (4.3.7

Starting from(3.4.7) is very easy to extract the speed controller gains.
Kow= (Paw+ p2n) J kv=p1wpowd (4.3.9

In Fig. 4.3.3 is shown the step time response of the closed speed loop transfer function
Wu(s), where20Hzspeed loop bandwidth is selected with the corresponded mechanical
inertiad = 0.0021kgrA It can be noted that from the conditions defined in (4.3.6), a step
response equivalent to that of an overdamped second order system is obtained,
characterized by a response time that depends on the chosen bandwidth amitéy a
overshoot.

1.2
1 ey

0.8 i
0.6° i
0.4 1
0.2 i

% 0.05 0.1 0.15 0.2 025 0.3
Time [s]
Figure 4.3.3 Speed Loop Step Response.

In Fig. 4.2.4 is shown the zepmle map of the open and closed speed loop transfer
functions, where the closed loop fastest pole is roughly nélae iosed loop bandwidth
while the closed loop slower pole is a quite near to the zero, in fact, thimste@sponse
of the Fig. 4.3.3 it is similar to a first order stidme response.
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Figure 4.3.4 Continuous Time ZerBole Map

4.3.2 Continuous Time Speed Control Loop Design with Nyquist Theory

Another way to tune the control speed closed loop is based on the Nyquist stability
theory, defined in the suparagraph 4.14.

Starting fromthe control speed closed loop system of Fig. 4.3.2 it is possible to define
the specifications on the open loop transfer fundiefs) in order to guarantee stability
and robustness on the closed loop transfer fun®ia(s).

As already defined in sybaragraph.1.6, the dynamic performances of a closed loop
system are provided by the follow specifications: the closed loop bandwidth, ishich
linked to the quick response of the closed loop system, and the phase margin, which
represents one of the many robustness metrics of the system.

Generally the bandwidth of the speed control Ide@«can be selectedom 10to 100
Hz [10]-[1]]; the phae margin will be chosen by means on the desired dynamic
performance of the closed loop time step response, in terms of overshoot and transient
oscillations b]-[6]; typically, a good robustness performance is guarangea phase
marginm; O 60°% in order to obtain excellenbbustness and to cancel the transient
oscillations, it is good practice to place the closed loop poM&s) on the negative real
axis, that is equivalent to impose the phase margi®75°[5]-[6].

According to the Nyqut's theory, the stability conditions of the closeop function
Wu(s) with unitary feedback can be done by studying the dépep functionF(s) [5]-

[6]; therefore, after defining the desired speed loop specifications, it is possible to write
the relatimships 4.3.9 that allow to determine the Pl speed controller g&h§d], [14].

IFu(jue)| = 1 I Fu(jue) = my - 180° (4.3.9
wherewt is the crossover frequency of the open loop fundtig(s). It is shown that for
a second order system the crossover frequency is approximately equivalent to the closed
loop bandwidth frequencyp]-[6]:
fawd ¢ f (4.3.10
therefore, by setting the speed closed loop band4dihand the phase margiry :
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| W Ko+ KZiw
wW2swiw J

[Fuli ve)| = 1

(4.3.1)

AW

I Fuljve) = atan _ ”8- 180°=ny - 180°
C Kiw =+

Starting from thepreviously expressions (4.3.11), the Pl speed controller gains are
given:

WswwJ tan (my
kiw = kazkiniW ﬂ

= tiw=
\/WZBWWI‘ Zw+ 1 T uww

(4.3.19

wheretiwis the integral constant time of tRé speed controller.

In Fig. 28 the time step response of the cldseg transfer functioWu(s) is shown
with the same closed loop bandwidth and mechanical inertia used jpasadraph 4.3.1.
A comparison between the closed loop function obtained l&ygdatement method and
by choosing a phase margin of 85 ° is equivalent to choosing the two pdlaéspbne
decade distant from each other (4.3.6).
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Figure 4.35 Time Step Response of the Closed Speed Loop Transfer Function
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Figure 4.3.6 Zero-Pole Maps of the Speed Loop Control System
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4.3.3 Discrete Time Speed Control Loop Design with Pole Placement

The block diagram of the speed control loop is shown in Fig. 4.3.7, where the speed
controller is modeled in discrete time domain and the mecHauéed in continuous time
domain.In order to model the effect of the digital control on the mechanical system, the
speed controller will be connected to the mechanical system through a "latched" torque
interface.

Cuk2) Ti(s) P.2)
e T NER NEYCS
A i g
W2)

Figure 4.3.7 Discrete Time Speed Loop Control Block Diagram.

The discrete time domain transfer function of the mechanical system is given by
(4.3.13:

<l

Pu(2) = 2_11 (4.3.13

while, the integral part of the PI controller is modeled as a discrete accumulator

kwTsz_\ z-dw

CW(Z) = kpw+ z-1 — w 7-1 (43149
where
Kw= (Kow+ KiwTs) aw= kp—w-llr(pI:V.T'l's (4.3.19

The discrete time domain open loég(z) and closed loojVu(z) transfer functions are
givenby:

ISKW(Z' dw) _ KIW(Z' 0{/,/)

Fuld) = CHd Pud = (17 = (oo 17 (4.3.16)
with K’y = TjSKW
W) = 42 Kl (z- di) (4.3.17)

1+Fu(2 ™ 22+ (K'w-2) z+ (1-K'wal)
According to the polglacement method it is possible to place the closed loop poles

by fixing the fastest polpiw as the closest to the closed loop bandwidth and the slowest
pole p2wwith a frequency ten times smaller than the frequengyof

plW —e -2 pfeww Ts pZW =e -2 pfBWw Tg)/10 (43 18

In this way theCw(z) speed controller gains are obtained:
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J J w
kow= T (L-puwpew)  kiw= 72 (2- Prw- Pas) K% (4.3.19

In Figs.4.3.84.3.9the time step responses of the continuous time and discrete time
closed loop transfer function and the zpale map are shown, respectively.
1.2 | | | | |

1 e

08 — Continuous Time Step Respons

0.6 — Discrete Time Step Response |

0.4 |
0.2 i

% 0.05 0.1 0.15 0.2 025 0.3

Time [s]
Figure 4.3.8 Step Time Response Caripon between the Continuous Time and Discrete Time closed
loop transfer function.

Figure 4.39 Discrete Time Domain ZefBole Map.
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