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Abstract

AROS electronics produce Permanent Magnet Synchnronouakilts but the market for magnets
can be very volatile in that the prices may fluctuate signifilya The Induction machine is then
an attractive replacement. The robustness and simpleraatish makes it one of the most used
electrical drives in the industry. However, it is often amfied with a speed sensor or an open
loop configuration like the well known Volt/Hertz-contrd.field oriented sensorless control would
make the Induction machine even more attractive from an @odigal and maintenance point of
view, but the problem is that the flux and the speeds need tstimated. The largest drawback
with sensorless control is that the machine will eventualiyn unstable in the low speed region.
In order to reach speeds above rated speed, field weakniequered. A field oriented sensorless
control model with a flux estimator known as the Staticallyrensated Voltage Model has been
modelled and implemented together with field weakning in@®ROS’s electronics digital signal
processors. The control model was simulated in Matlab/IINNK to obtain information about the
system robustness and its limitations. The implementatemdone in a C-language environmenton
a 16-bit fixed point processor where tests showed that thermyis operating well at nominal speed
of 1400 RPM with a nominal torque of 7.5 Nm. The field weakeratgprithm made it possible
to reach twice the rated speed, 2800 RPM, with a load torgieSoRNm. At about 3100 RPM the
machine turns unstable because the maximum voltage thabtiverter can put out is reached and
the current therefore becomes uncontrollable.

Index Terms: Induction machine, Field weakening, Simulink, SCVM, Setess, \ector control,
Field oriented control
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Chapter 1

Introduction

This thesis has been conducted in cooperation with AROStiglgics. AROS Electronics pro-
duce permanent magnet synchronous machines (PMSM), lmuthedscontrollers that are used for
the PMSM. The magnets used in a PMSM can be made of a mixtureeofare-earth minerals
neodymium, iron and boron (NdFeB). During the past yearsptiice of these magnets has fluctu-
ated significantly, for instance during the summer of 20hé jrices were driven up as much as 30
times the originall[B]. Although prices have decreasedesthen, the market may cause the mag-
net price to increase even further. AROS Electronics beliat it is possible that the Induction
machine (IM) will become a cheaper alternative in the futamd they might start producing them.
Today there are several different methods of controllimglii, where one such method is known as
vector control or field oriented control (FOC) [2].

When using FOC as means of controlling an IM the flux in the rrecheeds to be estimated.
For that, one can either use a current or voltage based flimatst. The names refer to the electrical
equations that are describing the operating principlet®fitl. The current model flux estimator
uses the electrical rotor equation as means of estimatiedluik and the voltage model uses the
stator equation. The current model is always stable andteasyplement compared to the voltage
model. But it is lacking in performance at high rotor speeu$ must always use a speed sensor for
speed measurement [2].

In this work, the Statically Compensated Voltage Model (8QWill be used, which is a further
modification of the voltage model. It may turn unstable at &peeds but performs well at nominal
speeds and does not need a speed sensor in order to operBer{jving the need of a speed sensor
is of interest beacuse this decreases the cost of the mattroter.

Certain applications may require a machine to operate abase speed and this can be achieved
by implementing field weakning (FW). FW essentially meara the flux is weakened in the IM in
order to decrease the induced back-EMF. The back-EMF id &gjtree rotor flux times the electrical
rotor speed and if it reaches the voltage level that the tevean put out the speed may not increase
any further, without reducing the fluxI[4].

1.1 Aim

The aim of this work is to simulate the voltage model with figlelakening in a Matlab/SIMULINK
environment, and also to implement the control algorithme Digital signal processor (DSP). The
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goal of the implementation is to reach three times the nolsjpeed, with an arbitrary load torque.

1.2 Problem

In order to achieve the aim, the problem was divided into ttlewing sub problems:

e Simulating the model of the converter, IM, current congpdind speed controller
e Implementing the CM

e Simulating and testing the drive system

e Implementing the FW

e Simulating and testing the drive system with FW

e Implementing the SCVM

e Simulating the SCVM without/with FW

e Implementing the control system into the test bench

e Comparing the simulations with the measured data from tipdeimented system

The current model was implemented at first because it makdstblementation of the SCVM
So much easier.

1.3 Scope

The SCVM will be investigated thoroughly at nominal speedd speeds above. It is however of
interest to determine the operating point where the madiimes unstable in the low speed region.
There will be no theoretical stability analysis of the SCVihce this is an implementation study.
Furthermore the resistance and inductance of the machénsudnject to change during operation.
This will affect the drive system performance, but no inigegions will be made in order to deter-
mine the impact of these parameter errors.

1.4 Method

Simulations in MatLab/SIMULINK were made in order to give idea about how bandwidths and
controller parameters affected the system. When the stirantashowed that the system was stable
it was implemented in a fixed-point DSP. Since implementaiipa fixed-point processor is not
straightforward, the SCVM was implemented in steps. This @ane by first implementing the
current model which uses a speed sensor. The SCVM was theategealong the current model and
parameters such as estimated speed, estimated angle anddldxbe extracted. When it was seen
that all the estimates were calculated correctly, the SCdMdthen be used to run the IM. Finally
to verify that the implemented system was behaving as itlshomeasurements were performed and
compared with the simulations.
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1.5 Previous work

An earlier master thesis at AROS by H. Carlsson and J. Bénggil]] has evaulated the SCVM at
low speeds where known problems such as instability octidras also investigated the influence of
parameter errors. The motor used in this work is exactly éineesas the motor that the earlier master
thesis evaluated, except that this motor has one more pwolanmhits paramters differ slightly.
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Chapter 2

Technical background

The aim of this chapter is to supply the reader with knowledpeut the IM, vector control and
flux estimators. The reader is assumed to have at least salimentary knowledge about electric
drives, control theory and vector control. Thus this chaptay briefly explains these principles. A
more complete walkthrough of vector control and the dyndiienodel can be found ir ]2].

2.1 Review of the control methods

The basic working principles of the induction machine werealoped during the 19th century. New
discoveries in physics such as electromagnetism and th&emvention of the rotating magnetical
field were giving rise to a numerous of new electromechargqaipments, one of them being the
induction machine. Due to its simple construction, robestnand cheap manufacturing cost, the
induction machine is one of the most widely-used electmeathines. Through the years since its
invention it has been mostly used in fixed speed applicasaoh as driving fans, pumps, compres-
sors and more. During the recent decades, modern poweraglest has made it more popular in
variable-speed applications [5].

Today there are several different methods for controllimg speed of the machine, where one
of the most common control methods is thve/f’ -control, or volt/hertz control. This method uses
an open loop control and sets the stator voltage and freguadter a desired speed reference. The
'V / f'-control works well for applications where quick torquesppnse and precise control of the
speed is not importarit[2]. However, some applicationsirequrecision speed holding and accurate
torque control which can be accomplished with field oriergedtrol (FOC) [2]. During the 1960s,
a lot of research were done in the induction machine contea.dt was mainly due to the desire of
replacing the DC-machine in applications where quick termesponse was needéed [2].

The result of the research resulted in the development of .F{3 control method requires
knowledge about the stator- or rotor flux angle. In this wahle rotor flux angle is chosen. Mea-
surement of the flux angle tends to be difficult and expensidelaerefore most modern FOC drives
relies on flux estimation [2]. One common flux estimator kn@srthe Current Model (CM) uses the
speed feedback from a tachometer mounted on the rotor stafever, using a tachometer comes
with a few drawbacks |6]:

e Economic - The tachometer increases the cost of the dritersys



Chapter 2. Technical background

e Maintenance - A failure in the tachometer would cause the €Rit, thus a sensorless drive
would be more reliable in that respect.

e Environment - The tachometer is sensitive to the surrouneivironment. It could for exam-
ple not be used in chemical plants [6].

A removal of the tachometer would erase these drawbacks. viark will focus on speed-
sensorless control using a flux estimator called the Sthti€Campensated Voltage Model (SCVM)
which is a further development from the classic Voltage M¢u#1). Figure[2.1 Shows a FOC drive
system using the SCVM. The control structure used is a cascsgstem with a fast inner current
controller and an outer slower speed controller. In the MABLSimulink chapter, the blocks in
Figurd2.1 are described.
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Figure 2.1: Overview of the FOC drive system using the SCVigu@esy of Stefan Lundberg

2.2 Induction machine modeling

2.2.1 Mechanical construction of a three phase induction nzhine

An induction machine consists of a stator and a rotor. Theswindings consists of coils that are
located in slots and these coils make up three identicalimgsthat are distributed around the stator.
The three windings are shifted 120 degrees in respect tomoiher, and so they create a balanced
three phase system if a three phase ac supply is connecthd wairidings. The rotor is normally
constructed in the shape of a squirrel cage and so its roterana short circuited in both ends [5].

2.2.2 Operational principles

A rotating magnetic field is created when an alternatingdlpiease voltage source is connected to
the stator windings. Its rotational speea,, commonly known as the synchronous speed or stator
speed, depends on the frequency of the stator voltag&/hen the rotating magnetic field cuts the
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rotor bars, a voltage is induced in the rotor windings. Dudéoshort circuited windings, the induced
rotor voltage will drive a current in the rotor.

The machine produces torque when the induced currents motbebars interact with the rotat-
ing magnetic field. This torque is a result of the so calledeintz Force, and depends on the relative
motion between the rotating magnetic field and the curremyicey rotor bars. During motor oper-
ation, the electrical rotor speedy, will always lag the electrical stator speed. The relativation
between these two speeds defines the slip:

=2 2.1)

The slip is often expressed as a normalised quantity whelip @fsO means thaty, = & and a
slip of 1 corresponds to a stationary rotor. A larger slipl wduse the flux to cut the rotor bars
more frequently, inducing a higher voltage and thereby adridgorque is created. A slip of 0 would
induce zero voltage in the rotor and thus no torque is cre&tathermore, the angular slip frequency
is defined as

W =SW; = W1 — & (2.2)

The actual mechanical rotor speed is written as

Qr:

o
o (2.3)

whereny is the number of pole pairs.

2.2.3 Space vectors

It is often adequate to use phasor diagrams and the equiatenit, in order to analyse the IM
during steady state operation. However, in a variablepkeire the IM cannot be described by
these methods when the frequency, phase or amplitude ofater soltage is changed. Therefore
space vectors must be used. The purpose of vector contgalidiag the IM is to mathematically
transform it into a separately magnetized DC machine, stigenuch easier to implement a control
system for a DC machine.

A 3-phase induction machine is constructed such that eaakepis shifted 120 degrees @?
radians in respect to one another. Thus the stator voltagesch phase can be described as

Va = Ucogwt) (2.4)

Vp = Ucos(wt—%n)

Ve

N 4
Ucos(oot—?n)

For an arbitrary chosen timg,, the sum ol,, V,, and\; will be zero.

Va(to) + Vb(to) 4 Ve(to) = OVt (2.5)

This results in that one of the phases can be expressed bysragtne other two,

Va(t) = ~Vo(t) — Velt) (2.6)
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The system can now be described as a 2-phase system in théeggiigme as such

V() = Vo + jVg = %K[va(t) +eFvy(t) + & T ve(t)] 2.7)

whereK is a scaling factor that can be choosen depending on thecafipli. HereafteK = 1 will be
used, this is called amplitude invariant transformatidin The complex stator voltage vectef(t),

is called a space vector and is rotating with the angulaueqgy,w, . Furthermore, the superscript
"s” shows thatvS(t) is referred to the stator reference frame. The 3-phase twa8eptransformation
matrix can be expressed as

T =K Vo(t)
v o % -% | o (2.:8)
T32

This transformation is known as the Clarke transformafiartransform back to 3-phase the inverse
matrix, To," = Tzs, is used according to

Va(t) 1 0
) _1l L Va
wt) |=x| 2 2 v | . 2.9)
w | “13 g
T3

In order to be able to use the DC-quantities in vector cortinel reference frame needs to rotate
with the same angular frequency as. This will give DC-quantities in steady state and ease both
analysis and control algorithm implementation. To rothtereference fram, the space vector needs
to be multiplied with opposite rotation @ according to

v=vie (@) — kyell@te I (@) — KV = v4 + jvq (2.10)

This is called a Park transformation or dg-transformatfince the purpose of vector control is to
control variable speed driveay will not be constant. In the FOC drive system the dg-coor@ina
system is aligned with the field in the machine. In this worls ialigned with the rotor flux vector
and the angle of the rotor flux space vectrjs used as transformation angle. The transformation
betweenn 3- anddg-coordinates are then given by

v=yvse 0 (2.11)

and the transformation between dq an are given by

=ve (2.12)

2.2.4 The dynamic T-model for the IM in stationary coordinates

By assuming that the sum of all instantaneous voltages amdrdg are zero, space vectors can be
used to model the IM. The representation in figuré 2.2 is eeféo as the T-model and includes

the stator, rotor and magnetizing impedances. Here thelasses are neglected, leaving only the
magnetizing inductance to represent the core.
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_ +
jar@?
S —

Figure 2.2: The dynamic T-model of the induction machine

The dynamic electrical and mechanical behaviour of the IMhia stationarya 3 coordinate
system is described ihl[7]. Starting with the electrical&gans for the stator and rotor

S
v§:RSi§+% (2.13)
N (17
v =Rig+ L iy (2.19)

whereRs is the winding resistance of the stator aRdis the winding resistance of the rotor. The
stator- and rotor flux linkage are described as

WS =LeiS+ L (2.15)

WS = LyiS+ LS (2.16)

The self inductance of the stator and rotor are composededétdkage and mutual inductance as

since it is assumed that the leakage is equal in the statoraod i.eL;s = Lj,. The dynamic
mechanical equations for the rotor speed and rotor posatierescribed as

J dwx

= =TT 2.18

o e (2.18)
doe
— = 2.19
i (2.19)

where J is the moment of inertiap is the number of pole pairsy is the electrical speed arttlis
the rotor position. The torque produced by the IM can be esga@ as

3n . 3n oo -
TeZTplm{ §|§}:7me(|ralsg—lrglw) (2.20)

The load torqud, is assumed to have a linear friction dependency on the spebds

oy
TL = er + TL,extra = bn— +TL,extra (2-21)
p
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where b is the viscous damping coefficieft, is the mechanical speed afidetra is the extra load
torque.

2.2.5 The dynamic inverse gamma model for the IM in stationay coordinates

The disadvantage with the T-model is that it is overparaizesdt leading to more complicated con-
trol implementation. Another circuit representation ie thverseF model, where the rotor leakage
inductance is transfered to the stator side, forming a tetddage inductancg][7], see figlirel2.3. The
transformation from the T-model to the inverBamnodel is given by the transformation coefficient
y = £ and the equations

Yr = Gy (2.22)
Lo = Ls—v (2.23)
v = vlm (2.24)
RR = RY? (2.25)

whereLy, Ly, Rr. andyr are the new variables for the inverBenodel.

iS
M
=R
5 Lm
_ +
oY EAQY;
—0 —

Figure 2.3: Dynamic inversB-model

Note that the rotor flux vector has the same angle in the T-ivattbthe inversd- model. The
transformation coefficieny is chosen so it only changes the length of the vector. The dima
governing equations for the inver§emodel in the stationarg 3 coordinate system are

Vi—RdS—L OI—igfL %—o (2.26)
sTSsT RO T Mg T '
g < di$,
J(’-)rWR*RFﬂR*LME:O (2.27)
where
s = Loid+ Luiy (2.28)

10
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P = Lviy = Lm(ig+id) (2.29)
andiy, is the magnetizing current. Expressing the rotor current as
ws
ip=iy—is=R—i} (2.30)
Lm
the change in the rotor flux linkage can be described by uEIR#) as
dyi . di$
dtR =VvS—RdS— Lad—tS (2.31)
~—~—
E$
or by using[(2.27) as
dy? . .
Y2 _ Ras— (72— jan (2:32)
dt Lm
N~

Ef
Equation[(2.31) introduces a new symbol for the stator-flepivative, the flux EMF. It is important
to separate the back EMEJ) and the flux EMF E3), because they are not equal. Combilng (2.31)

with (2.32) gives
dig _
Tdt

VE— (Re-+ RR)iS+ (% e (2.33)

—_—————
ES

which introduces the back EMF. Equati¢n (2.32) dnd (2.33gdbes the dynamic behavior of the
electrical system of the IM. The mechanical system canistiltlescribed with the same equations
that are used for the T-model with two exceptions. The sujstor the rotor current should be
changed from r to R and the subscript for the magnetizingdtahce should be changed from m to
M.

2.2.6 The dynamic inverse gamma model for the IM in rotating oordinates

As mentioned before the rotating coordinate system is atigmith the rotor flux vector and the
transformation angle is choosen so that the rotor flux besaea valuedipr = Yy + jPq = Yr.
This is called perfect field orientation and is essentiabfmod performance of the vector controlled
system.

The dynamic governing equations for the invefserodel in the rotatinglg-coordinate system
can be derived froni{2.82) arld (2133) by using (2.12) andrésalts in

d _ .
TR Rels— (2 + (0 — @) (234)
M
and
di . . .
Vs:Lod_ltSJF(Rs*FRR*FJMLG)'S*(IjE*wa)wR (2.35)
- E

Controlling the IM would not be so complicated if the flux aglas easily measured. Unfortunately,
perfect field orientation is not realistic without measgrthe flux angle. Since the control method

11
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that will be used is based on sensorless control, this intresla problem, namely that the flux angle
must be estimated. This also means that when the flux angtgrig bstimated it is not possible to
achieve perfect field orientation. However if the accuracgaod enough the field orientation will
hardly suffer.

2.3 Flux estimators

2.3.1 The current model (CM)

The current model is quite straightforward and can be realditived from the rotor equation ig-
coordinates. Splittindg (2.84) into its real and imaginaaytp and assuming perfect field orientation,
yields

dgrp . Rr
ot RRrig — mWR (2.36)
RRiq_(wl_wr)LpR:RRiq—wZLpR:O (2-37)

whereigq is the flux producing current component agdbs the torque producing current component.
Rewriting [2.37), a relation between thecurrent and the angular slip speed can be expressed as

=

Yr

which can be used to calculate the angular speed of the ratovdictor, if the rotor speed is known
as

(2.38)

0 = @ + 6 = o + R (2.39)
YR

The CM flux observer is obtained by integratifig (2.36) an89pas

Re

dr= [ (Rl o)t (2.40)
él/(wr+%)dt (2.41)
R

where (iR is the estimated rotor flux linkage magnitude ahdis the estimated rotor flux vector
angle. The current model flux observer then requires meammeof the rotor speed,, in order

to estimate the angle . The hat on the parameters are usedi¢atmthat the measured parameters
of the IM are used in the estimator. But the real parametetiseofM will differ from the measured
parameters. The resistances will increase due to heatihghaninductances may decrease due to
magnetic saturation. Equatidn (2139) is used to estimatéréyuency. The current models greatest
advantage is that it is the only flux estimator that giveslstaperation at low speeds [2].

2.3.2 The Statically Compensated Voltage Model (SCVM) in DB

There are two different ways of implementing the flux estmnabDirect Field Orientation (DFO)
or Indirect Field Orientation (IFO). DFO directly estimatthe rotor flux space vector directly in
the stator-reference frame §-coordinates) and does not need any computation of trigetrien

12
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functions. This was a benefit two decades ago when impleri@mia analog electronics were used.
However, todays digital implementation on DSPs can easihdte trigonometric functions and, as
will be shown later, IFO adds an extra degree of freedom t&SBEM [2]. The SCVM in DFO is
derived from the traditional voltage model which is basedtanrelation between the rotor flux and
the flux-EMF. This relation is described Hy (2131) and it canititegrated in order to express the
rotor flux as

@8 — / ESdt (2.42)

Inserting the expression of the rotor flux EMF frdm (2.31pif#.42), the rotor flux can be expressed
as

B2 = [ (32— Raet - Lois (2.43)

Note thatRs andLy now are estimates and that they are the critical parameaieted SCVM. The
voltage model uses open-loop integration and is therefaeimally stable[[B]. To gain stability,
modifications need to be made.

Lowpass filter

The stability of the VM can be improved by using a first ordevpass filter instead of the direct
integration according to

E?

S _
"=
Generally, the Laplace operator is denogdulit to avoid confusion the slip it will from now on be
denotedp. Assuming perfect parameters whergis the true rotor flux and insertinEﬁ = pY;g into

(2.42) gives

(2.44)

s p s
P = Y 2.45
R P+ ay R ( )

Analyzing this equation during steady-stapes jw, yields

s ja}l s
R Jo + Ay R ( )

This introduces a large error whés | < a. However, this error could be reduced if the bandwidth,
ay is selected to be proportional to the stator speedigplccording to

ay = Aoy (2.47)

The flux estimator can now be written as

1

BR=Tr
1+ jAsignan)

w3 (2.48)
While the largest error has been removed, a smaller staticisrobtained for all stator frequencies.
However, ifA is choosen to be arbitrarily small, the error is limited amg~ (i could be assumed.
Though this reduces the static error, the system is stilsiciemed marginally stable and further
modificatons are needed. It needs to be mentioned that eigpdsioo small will give a poorly
damped system.

13
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Modification: Lowpass filter with compensation gain

To obtain both a small error and a stable systém, (2.44) camdokified to be perfectly compensated
during steady state operation. The compensation is peeig multiplying the estimator in(2.44)
by the inverse of the steady state error introduced by thedew filter, described in (ZK8) [2]. The
flux estimator can now be expressed as

1— jAsignw; -

Whereay in (2.44) is changed ta |y |. Transforming[(Z.49) back to the time domain yields

g o . di
dtR = (1— jAsignowy) (vE— RS — Lgd—ts

This is the Statically Compensated Voltage Model in DFO. &irtie assumption th&k, = Rs and
Ly = Lg, the estimated flux in steady state will be equal to the real flu

) — Alen| PR (2.50)

2.3.3 IFO implementation of the SCVM

The SCVM in IFO is obtained by transforming the DFO into théating dg-coordinate system.
Transforming[(Z.50) to IFO by using (Z2]11) gives

ddg
dt

A . . . A dis
+ iR = (1 jAsignun) (vi—Rd— janlois—Lo 22

€t

) = Alen| PR (2.51)

assuming that the current controller is much faster thafiulveestimator the stator current derivative
can be neglected][2] and furthermore two new voltages araatbés

&4 =g — Relg + M1 Lolq (2.52)

& = Vq— Rdgq— Anlolg (2.53)

splitting the real and imaginary parts 6f (2.51) and assgrperfect field orientation, gives

&+ Asign(an)ég
== oAl (2.54)
o — S ASION(@n)& (2.55)

PR
As mentioned earlier, the IFO implementation opens up foexna degree of freedom, without
adding additional errors to the estimation. Introducingeatra coefficienty, in (2.56) according
to [6], the flux modulus equation can be rewritten as

&y + Asign(c )&
Ve = P+Alw| (2:59)
Stability analysis of the SCVM has been conducted by bothaknidfors in[[3] and by R.Ottersten
in [6] . By chosingu = —1 andA = /2 a well damped system is created, with pole placements
according to
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2.4. Current controller derivation

A 3A2
p<§il\/H+T>|wr| (2.57)

With the recommended parameter selections the poles wil tte placed ap = — |« |e™174. The
electrical rotor speed can be estimated by combiing (2v&6)(2.2) and results in

éq —A Sign(a}l)éd - liRi’\sq,ref

=0 —p= - (2.58)
Yr
For easier implementation in a block diagrdm (2.56) can b&itten as
1 A A N
Pr= —p(ued+/\sgn(wl)eq—/\|wll$a) (2.59)

2.3.4 Parameter sensitivity of the CM and SCVM

To clarify, all parameters with hats are considered as eséim If it is assumed théf = 61, the ro-

tor flux will be perfectly aligned with thd-axis. If the accuracy of the estimated parameters would
be poor, thay-current would "spill over” from thed-direction into theg-direction and vice verse.
Inspecting[(Z.39) and(2.V76) one notices that the CM is tieadd the estimations of the rotor re-
sistance and the magnetizing inductance,RgandLy.The result of having estimation errors in
these parameters is that the field orientation becomes pberotor resistance of the machirf,
changes when the rotor gets hot and the magnetizing indeetafrthe machind,y, is affected by
magnetic saturation.

In [2] it has been shown that the error angle for the SCVM caaxpressed as

~ . Rdg  Loig
6, = arcsn(——— — — 2.60
! raT—— (2.60)

where this relation is valid for steady state. Furthermore
6=0,-6, (2.61)

and the same relation is true f8 andLy. From [2.6D) it can be concluded that the SCVM is not
stable atw;, = 0 and that it is sensitive to the estimatesRafandLy. The stator resistance of the
machineRs, can increase by as much as 60 percent and the leakage inceictethe maching, s,
varies with at least 15 perceit [6].

2.4 Current controller derivation

The system to be controlled by the current controller, caddse&ved by laplace transforminig (2135).
The termf—;ﬂe is small compared toy so it can be neglected. Furthermore, if perfect field origma
and linear power electronics are assumed, the system caqpbessed as

is = Gc(p)(Vs — jwrYRr) (2.62)

whereG¢(p) is the transfer function for the stator equation of the IM
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Chapter 2. Technical background

1
G = .
P = L T Re T Re T Jarl
The back emf termjax g and the cross coupling terjuwyLs can be removed. Also, an active
damping ternR, can be added. All of this can be achieved by setting the veltaghe machine
equalto

(2.63)

Vs = Vg + (jorlo — Ra)is+ jorPr (2.64)

wherevy is the voltage reference that will be realized by the Pl-gullgr andvs is the voltage that
will be "seen” by the IM . The transfer function fromj to is can now be expressed as
is 1
Gi(p)= = = 2.65
(P) Vi pLo+Rr+Rs+Ra (2.69)
The transfer function is now of order one, which means thdteoRtroller,that also is of order one,
can be used to eliminate the steady state error. The clospdistem is selected to he [2]

— ac
Coptac
whereaq. is the bandwidth in rad/s. The bandwidth of a first order systerelated to the rise time
t, according tol[2]

(2.66)

Gcl

c= 9 (2.67)
tr
The actual closed loop system is on the form
Fe(P)Ge(P)
Gy=—"=——"——"— 2.68
® = T+ Fu(p)GolP) (269
whereF(p) is the Pl-controller
ke
Fe(P) = kot - (269)
Combining [2.6B) with[(2.86) and solving f&¢(p) results in
- ~  0c(Rr+Rs+
Where the active damping resistance is selected as

Active dampingR; is added in order to make the system less sensitive to destags and parameter
errors. The cross coupling term is removed, because otbemvstep in the d-current would affect
the g-currentand vice verse. The back emfterm is removeglisedhis decreases the current control
error [2].

A voltage limiter needs to be added in order to consider ttedreoltage of the machine and the
converter. The voltage limiter limits the length of the vagje vector to rated voltage, if the current
controller is asking for a voltage that is too large. Thefadivoltage reference is selected according
to
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2.5. Field weakening

Veiim=1{ ¢ ff Vel < Vo (2.72)
[Vsmax| <Vs if  |Vs| > Vgmax

The addition of a voltage limiter may cause integrator windfithe reference voltage gets higher
than the voltage limit, there will be an error between thetkh voltage and the actual voltage. This
causes the current to increase slower, which leads to thahtbgrator integrates too much. When
the current reaches the reference the accumulated erddoenib large, causing an overshoot. To
negate this, a back calculation algoritm can be used. Thmitetl voltage reference to the machine
can be expressed as

Vs = kpce+ kicl + (jwiLs — Ra)is+ jax PR (2.73)

wheree = isref — is is the current error antlis the integrator state variable. A new error is now
introduced, so that the current controller now puts out édichvoltage as

Vslim = I(pcé‘i‘ kicI +(jwl|—o_Ra)is+jwr(pR (2-74)
wherevs)im is the limited voltage andis the new error that needs to be fed to the integrator in order
to avoid an overshoot. Subtracting the unlimited voltagenfithe limited and solving for the new
error results in

Vsim— Vs

e=e+t (2.75)

kpc
If this error signal is fed to the integrator, the windup of ihtegrator can be avoided.

2.4.1 Current reference calculation and current limiter

The current references can be derived from the torque and equations. Assuming steady state,
perfect field orientation and separating the real paft &4p.gives

M
whereyir et is the desired flux reference. The flux level is said to be gully controlled byigj ref,
through the magnetizing inductance. Assuming perfect telehtation for[(2.20) gives

isd,ref = (2-76)

isqref _ 2Te,ref

’ 3anllR

A current limiter needs to be added in order to consider tiedraurrent of the IM. The current

limiter is working on the absolute value of the current ve@nod can be derived by realizing that

12 aea = |is| =% +1i5;- The limiter should only limit théy current and this puts out a limited torque

referencelgim. The flux producing componentwill either be creating rated flux or lower than that
when the machine enters the field weakening region. This sibai ifiy decreasesg can increase

until the current vector has again reached its lim3jtyed.

(2.77)

2.5 Field weakening

The magnetic field needs to be weakened in order to reachiiggkeds than rated speed, if the sta-
tor voltage should be limited to rated voltage. This can ladized by inspectind (Z.35). In order to
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Chapter 2. Technical background

increase the rotor speed, the stator voltage magnitudes|, needs to increase. As a consequence
of increasing the rotor speed, the stator speadincreases. If the flux magnitudgyg|, is constant

it means that at a certaua, the voltage|vs| = vsjim. This is caused by the back emf terjioy Yr.

If the voltage has reached its limit, the only way to incretigespeed is then to decrease the flux
magnitude. The machine is then said to be operating in trebiebkening region. As the magnetic
flux decreases, so does the torque. Thus when an IM is opgedimve nominal speed will produce
less torque, as can be seen frém (2.20).

The used fieldweakening algorithm can be foundIn [4] as

. YRrrated
YRref = / K(Vhase — VA ref — Vg ref) dt (2.78)

YRmin
Wherevy ref andvgrer are the ideal references from the current controller. Tgerthm weakens
the field when the voltage reference from the current coletralpproaches the maximum voltage,
Vhase, that the power electronics can put out. This margin is neé@d®rder to be able to control
the current. It is important to limit the algorithm so thated flux is achieved at nominal speed
and speeds below. It is also recommended to have a lower dionthat the machine cannot be
demagnetized[4]. By choosing k as

asl
- M (2.79)
2wsLgVsrated
a constant bandwidtlw; of the field weakening algorithm is obtainéd [4]. The frequem; should

be chosen according to

if <
o — W1 rated || < w1 rated (2.80)

lon| if || > Wi rated

wherew, req IS the rated synchronous speed of the machine.

2.6 Speed controller derivation

The entire system in figute 2.1 is cascade controlled, wherspeed controller is part of the outer
and slower loop with respect to the current controller. Tieesl controller is designed according to
the same principles as the current controller. It also dostactive damping and a limit to the torque
reference that comes from the limit in current, that is seidi@ the current reference calculation
block. It turns out as

- o b+B
Fw(S) - kpw+ kl_SO) - aw\]+ w (281)

whereJ is the inertia of the total mechanical systenkgm?, b s the viscous damping coefficient of
the total mechanical system kgm?/s and the active damping is selectedBas= awd—b, to give
better load disturbance rejectian [2].
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Chapter 3

MATLAB/Simulink implementation
of the models

Before implementing the control system in a microcontrallés convenient to do simulations in
order to test the performance of the control strategy. Itise aiseful to know how sensitive the
system will be to parameter errors, especiallyRin andLy. This is however not in the scope of
the report because the previous master thesis at AROSaiartrevaluated the effects of parameter
errors|[1].

3.1 Overview of the matlab model

The induction machine is controlled by a cascaded speedwamneint controller as shown in Figure
[B.1. First, a speed reference is given to the speed conttblé puts out a torque reference to the
current reference calculation block. This block recalrddhe torque reference into a current refer-
ence and passes it to the current controller. The curreritadtar then puts out the required voltage
to the machine in order to reach the current reference. lardadsimplify the model, it is assumed
that the voltage is created by an ideal power electroniaitirAnother part of the model is the field
weakening algorithm that reduces the magnetic field in thehin&, allowing it to reach speeds
above rated speed. This algorithm is set up to have constadididth, equal to the speed controller
bandwidth. Finally, the statically compensated voltageleids used to estima®,, &, (ir andé;.
When using a cascade controlled system, the inner loopsheuaster than the outer loops in order
for it to work. The most inner loop is the converter that sldodalize the voltage references, then
comes the current controller, SCVM, speed controller arld fieeakening algorithm. A complete
overview of the matlab model can be found in Appendix A.4.He following chapters, the blocks
in Figure[3.1 are described.
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Chapter 3. MATLAB/Simulink implementation of the models
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Fig. 3.1 overview of the system, courtesy of Stefan Lundberg
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3.2. Machine Model

3.2 Machine Model

In order to implement the machine model in the MATLAB/Sinmklienvironment it needs to be
written on state space form. Combining equati¢ns (2.1B)YE4)2 splitting the real and imaginary
parts and assuming a short circuited rotpr= 0, yield

Ve Rs 0 0 0 s ls 0 Ln O ‘(}'j—i“
. I

Vs | 0 Rs 0 0 g | | O L O Lm s

0 0 wrlm R wl, ira Lm O L 0 d&%

0 —wlm 0 —awl R ivg 0 Lm O L &y

—— ——
u R X L X
(3.1)

The equations are then rearranged and written on state Bpatewvhere the states can be obtained
as

x=—-L *Rx+Llu=Ax+Bu (3.2)
and [2.18) -[(Z.21) results in
. b n n
W = —jwr + jpTe— jpTL,extra (3.3)
ér = G (3.4)

This gives that there are six states for the model. The forreats in [3.1), the electrical speed of
the rotor and its angle. The rotor flux in3 can be expressed frofn (Z2116) by splitting it into its real
and imaginary parts and the magnitude and angle of the ratocfin now be calculated. Now these
equations can be implemented in a S-function block in MATLBignulink. The inputs to the model
are the stator voltage in 3 and the extra load torquk ecra, that is the part of the load torque that
is not described by the viscous damping. The outputs fronmtbdel are the stator currents, rotor
currents, electrical speed, rotor position, electrodyicahtorque, rotor flux magnitude and the rotor
flux angle. The implemented S-function can be found in AppeAdL.1.

3.3 The current controller block

The block diagram of the current controller is constructétth welp from [2.70) and it is shown in
figure[3.2. Since active damping and the decoupling ofdleediy currents were not implemented
in the DSP, the gain block®, and jL, were disconnected. The lim block should limit the voltage
to what the power electronics can put out. The maximum veltagt can be generated by the power
electronics is depending on the DC-link voltage of the cot@ereand the modulation used. Space
vector modulation is used in the DSP, which gives that theimasa length of the voltage vector is
limited to [2]

Vel = 22
whereVy, is the DC-link voltage of the converter ang| e is the maximum length of the voltage
vector that can be generated. The converter has a DC-lirthg®lof 540 V and the maximum

(3.5)

21



Chapter 3. MATLAB/Simulink implementation of the models

duty cycle is 95 percent. But in order to prevent overmodartah factor of 0.55 is used instead
of % This means that the maximum value of the phase voltage #mabe generated i$3|max =
282V peak. This gives a RMS-value of about 200 V. The machine that wakiated in([#4] had very
similar parameters and ratings to the one that was evaluatdds work. The bandwidth for the
current controller was for that reason, putag= 1500rad/s, which is the bandwidth used ini[4].
The measured motor parameters in table A.4 in Appendix Ai2wseed, together with (Z63) and
resulted inkpc = 27 andKjc = 6400.

Reakimag to
complex

Us_dqglim

Complex to Magnitude-Angle
Magnitude-Angle to Complex

Product
wr_hat

w_hat Gang Productt

1rLsigma_hat

Figure 3.2: Simulink implementation of the current corgpblock
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3.4. The reference current calculation block

3.4 The reference current calculation block

The current reference calculation block is derived fronf@®2 - (2.77). The current reference block
has a current limiter that is set to 9 A which is a little higtteain the rated peak current of 6.7 A of
the machine, (the ratings of the machine that was used cavubéd fn Appendix A.2). The limiter is
chosen like this because during the implementation it wasied that the system performed better
during large speed steps with a slightly higher permissibkeent. The saturation block fay is put

to limit the current between 0 and Israted. The current ezfeg block can be seen in Figlrel3.3.

<> + <
Psi_Rref _ | im
Saturation 2

Gain3 u Real-Imag to
Complex
Math
Function1
Israted p u? _>©'> sart > i _»P"OdUCt is,ref
Math Math X e
Constant1 a? at. Min
Function2 Function
C X
Te,ref  Jc lul
_ ol 1
Divide » _|
@—. Gain1 i
Psi_R_hat Sign
- Product1
X
Kie— > | 3npi2 |

Te,lim

Gain
Figure 3.3: Simulink implementation of the reference catralculation block, with current limiter.
The current limiter works on the absolute value of the curnehich means that it will limit both

negative and positive currents. In order to change the otiireit, a new peak value can be given to
the variable called Israted in the matlab code. The code edaund in Appendix A.1.2.
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Chapter 3. MATLAB/Simulink implementation of the models

3.5 The statically compensated voltage model block

The SCVM block diagram is constructed from (2.55) - (2.59) @nshown in Figurg3l4. There are
three things that are different, compared to the derivedatiod2.53) - (2.5D). First of all, the switch
block needs to be there in order for the simulation to worlwit= —1. Because the terméy in
(2.59) is very negative in the beginning when = 0, the estimated flux will become very negative
fast and the simulation will hang up. A negative flux does wetnecorrespond to anything physical,
it is just a result of the added term. The switch block makes the&; term appear aftejy | has
increased to 1 rad/s. Untidy | reaches this speed, it is only thgtérm that is used. This solves the
problem. Secondly, in order to break the algebraic loop ithateated(y can be lowpass filtered
with a bandwidth equal to the current controller, that is@E&d/s [8]. During the implementation it
was noted that having a bandwidth of 5000 rad/s worked ble¢tesiuse it made the estimated speed
to oscillate less. Thirdly a small term needs to be addeddcettimated flux magnitude output,
otherwise there will be a division by zero before the machémagnetized in the beginning of
the simulation. In this work 106 is added to prevent this. The selection of the vajues —1 and

A = /2 is explained in the theory chapter of the SCVM.
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3.6. The speed controller block

Figure 3.4: Simulink implementation of the statically coengated voltage model block.

3.6 The speed controller block

The speed controller is constructed with help frdm (P.81J enshown in Figuré_3]5. The DSP
implementation of active damping was however not succéssfthe gain block Ba is put to zero.
The gain parameters of the controller were calculated f2&1). The total inertia of the system
was obtained from data sheets and can be found in Appendia#\J2= 0.004kgn?. The friction
coefficient of the IM was measured bo= 0.003. The details of the friction measurement can be
found in the implementation chapter. [n [4] a bandwidth of&@/s was recommended and this gave
thatKpe = 0.175 andK, = 1.5.
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Chapter 3. MATLAB/Simulink implementation of the models

G

Gain5

Te,ref
wmech,ref

wmech_hat

Gain3

Figure 3.5: Simulink implementation of the speed contrdileck diagram with active damping and
back calculation to prevent integrator windup
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3.7. The field weakening block

3.7 The field weakening block

The field weakening block is constructed frdm (2.78) - (2.&Ml the implementation for simulink
is shown in figur&316. The lower limit of the saturation bled& put tow rareq @and the higher limit
is put to infinity. The limited integrator has its upper sation limit put slightly above rated flux,
0.72 Wb, and the lower limit is put to 0.4 Wb. These limits metthe machine from getting either
over or undermagnetized and can be foundin [4].

u2

psi_R_ref
Uq,ref
Math 1
. | .

Function (= /—

s

Integrator

Limited

(400*sqrt(2)/sqrt(3))*2 >

Constant1

u2

Ud,ref

Math

Function1
K| i —> A
w1_hat

Abs1 Saturation1

Figure 3.6: field weakening block

Vphase IS Selected as the maximum peak voltage that the power efécsrcan put out. I [4] it
is recommended that the bandwidth should be equal tar,. In Figure[3.6, the speed controller
bandwidth is called alphev.
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Chapter 4

Test setup and controller
Implementation

4.1 Testbench

The motor bench that the motor was used in was rated for caurgispeeds of 3000 RPM. The
induction machine (1) was mounted in the motor bench acuogrtti figurd 4.R2. On one side of the
machine, an encoder (2) was mounted and on the other sidettiteshaft was connected to an axial
coupling (3). Between the two axial couplings, a torque se(ts) was installed which is connected
to a Panasonic MSMA402A1G AC servo motor (4).

- \ \
B

|
e

Figure 4.1: Photo of the experimental setup. 1. Inductiochiree 2. Encoder 3. One of the axial
couplings 4. The AC servo machine 5. Torque sensor
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Chapter 4. Test setup and controller implementation

The induction machine used in the test bench is from the Blioifigsroup and the type is a
BNB8OC. Itis connected in delta. A no-load and locked-ro¢st tvere performed to aquire the circuit
parameters and these can be found in appendix A.3.

The servo is operated through a control panel that can diéhgut in speed control or torque
control mode. Since it was of interest to see which loadsitheduld handle, torque mode was used.
The maximum torque production for the servo motor is 37.9 Mh he maximum speed is 4500
RPM.

The converter is of standard design and uses a diode bridtieare which is a 36MT120 from
International Rectifier rated 35A continously and 1200 Vlpealtage. The DC link voltage is
operating at 540 V and the inverter on the control board istdichto a duty cycle of 95 percent.
Furthermore, the max output is limited in the DSP to 55 peroétine DC-link voltage. This value is
set to prevent overmodulation from the converter. Usinglthty cycle percentage and the maximum
voltage output limit, the maximum voltage supplying the 18/640« 0.95x 0.55= 28365 V peak.
This gives a RMS value of about 200 V. Only the phase curreritsd inverter and DC-link voltage
is measured. Moreover, the switching frequency is 4 kHz.

4.1.1 Friction measurement of the IM

The friction of the IM was measured in a simple and straigitéod way. The servo was put in
speed control mode and it was then used to drive the motoriasseoperating points, namely rated
speed, half rated speed and a third of the rated speed. Tipgetaras then read from the torque
sensor and equatioh (2]121) gives that 0.003, but because of the low resolution of the torque
sensor the friction measurement is probably not that ateufdso, with this method it is only the
friction of the IM that is obtained. It is assumed that thetidn of the servo motor and the torque
sensor is small, compared to the friction of the inductiorciize.

4.1.2 Startup procedure

At first the torque of the AC servo machine is set to the refegeralue. The counteracting torque
form the servo machine is not produced until the the indanati@chine starts to rotate. Before that
happens, a brake is applied on the servo. How the torquemssgmm the servo motor behaves is
not known but it will not match the ideal constant torque usethe simulations. In order to start
the drive system, the boolean variables responsible foadhieation of the PWM switching and the
current controller is set. This causes the machine to be etagua. After a second or two, a manual
speed step is set that activates the speed controller arastingator and the whole drive system is
initiated. In other words, this manual speed step is set tiftemachine has been magnetized.

4.2 Implementation of the controller structure

4.2.1 Fixed point DSP

The control system was implemented in a fixed point DSP, depdithandling 32-bit variables. It is
operating at a switching frequency of 4kHz. The larges&sghben it comes to programming in fixed
point DSPs is that decimal numbers can not be used. This ntleainsll values must be scaled with
an arbitrarily choosen constant in order for the implemigmtao succeed. For example, the integer
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0.4999 will be seen as 0 for a fixed point DSP. To keep the réealas high as possible, this integer
could be scaled with a constant of 1000. The new value of tiegér would then be 4999 and all the
information is kept. However, a too large scaling constamitght result in a overflow because of the
limitations imposed by the 16- and 32-bit limit. The limitais for the 16-and 32-bit integers used
in the DSP can be found in Talile ¥.1. The scaling constantsingbe implementation were times
100 for current, times 10 for voltage, times 1000 for flux,&s11.0000 for inductance and times 100
for speed in Hz.

Unfortunately the data aquisition logging tool could nohdlke variables larger than 16-bits.
A simple workaround was simply to always use 32-bit varialdecause this made sure that no
overflow occured and in the end the 32-bit variables wereateddo 16-bit variables that could be
read from the PC interface. This means that the code is ntly gatimized, in general it is also
written as to ease the comprehension of the code. In all, di@hlas could be read and plotted at
the same times. Another limitation that the logging tool aapd was that the sample frequency was
quite low. This depended on how many variables that was glatel read out, but normally the
sample rate seemed to be about 5 samples per second. This tina&the resolution of the transient
behavior will be poor and conclusions concerning currentt @oltage step responses can not be
drawn.

Table 4.1: Maximum values for different integers.

Integer type| Signed/unsigned Max value

16-bit Unsigned 65,535

16-bit Signed —32,76810 32767

32-bit Unsigned 4,294,967,295

32-bit Signed —21474836481t0 2147483647

4.2.2 Software implementation

Aros Electronics already had written code modules that weesl for controlling PMSMs. The
speed and current controllers were already in place, an&\® algorithm was already written.
Due to company secrecy, the exact function of the softwanmenoabe explained here but a principle
flow chart could be seen in Figure %.2. The PWM algorithm astimeed previously uses space
vector modulation but with power invariant transformati@mnce the simulations were done with
amplitude invariant transformation, the code was changerlamplitude invariant tranformation.
There was also an encoder module that were used. Finallg thas also a module with Volt/Hz
control that could be used for running the motor. The cumeadel algorithm was first implemented
and the SCVM could then be executed along the current modsmidier to verify if the estimated
speeds were equal to the true speeds, and also if the edstifhatenvas equal to the rated flux of
the machine. One important part to mention is that neithiveadamping or decoupling of the-
andg-currents were used. The speed controller directly putsaautrrent reference to the current
controller. In the simulations however, the speed corgrgilits out a torque reference first, but this
is simply not necessary and can be avoided in order to siynpiéf code.
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PWM interupt handling routine

|

Save all registers on the stack
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PWM Hardware Read back all data to the registers
from the stack

Return

Control signals for the switches
in the converter

Figure 4.2: Principle for the PWM interupt handling.

The code that was written correspond well to the algorithessdbed in[[2], also, forward euler
discretization is used. There are a few discrepancies leettree algorithms though. In the imple-
mented control system there is no transition from the ctimerdel at low speed to the SCVM at
nominal or higher speeds. The voltages and currents uséé IBEVM algorithm are also lowpass-
filtered because they are otherwise quite noisy. This isgisytbecause of the PWM-switching and
other equipment that are located in the motor lab. Theresislalvpassfiltering oty andc, in the
SCVM algorithm because of their otherwise oscillatory hétia It was also noted that filtering the
voltages and currents in the SCVM certainly helped to sugptiee oscillations because they are
used to compute the back emf that in turn is used to com@utend 3,. However an even better
result could be observed by also filtering the speeds. Thdviidth of the lowpass filter was set
to 1500 rad/s. It needs to be mentioned ttatis supposed to be lowpassfiltered in the algorithm
from [2] and experiments showed that it worked good to havaradividth of around 5000 rad/s.
The noise is removed by the filters but the signals themseaeeprobably affected.
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Results

The results aquired in the simulation and the motor bencloispared to verify the model and

to check if the system is working as it should. Both the CM dmel YM was executed with the

controller parameters presented in Tdblé 5.1 and the mehsuachine parameters from Table A.4.
This corresponds to a bandwidth of the current controllet 00 rad/s and a bandwidth for the
speed controller of about 30 rad/s.

Table 5.1: Controller parameters for the speed and curraritaller

Variable | Value
Kpc 27
Kic 6400
Kpw 0.175
Kiw 15
Ba 0

Ra 0

A V2

u -1
as Ay
Israted | 9A

V3| max 28
Valtw 325/

5.1 Drive system using the current model flux observer

In this section, the performance of the drive system usiegGM flux observer is evaluated. The
implemented control system is the same as shown in Figuleighlthe difference that the CM is

used as a flux observer instead of the SCVM. The CM is impleetkat first, because it is easier
to implement compared to the SCVM. After the CM has been impleted, the SCVM estimations
can then be executed together with the CM. It is then possibgee if the SCVM estimates the
speed correctly. If the SCVM estimates the speeds corréotpuld indicate that the flux observer
is working as it should.
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The setup of the the CM drive system is tested at nominal tamal speed. Figuke .1 shows the
mechanical rotorspeed and Figlrel 5.2 shows the estimatadiik, measured currents and voltage
references inlg-coordinates. The solid line in the voltage graph islgeroltage and the dashed line
is theUq voltage. During the measurement, data was sampled at 5a02dlas per second. This is
considered much too low for detecting the step responserandiént behaviour in the current and
voltage measurements.

At t=2.5 seconds, the flux reference is stepped up to 0.5 Wb spbed reference step is applied
at t=4 seconds, with a value of the nominal speed of 1400 RHM. Servo motor is applying a
constant braking torque of 7.5 Nm. At t=11 seconds the spefedance is set to 0 RPM. The machine
then deaccelerates down 0 RPM and a small negative speedasurad at t=11.8 seconds. The
negative speed is probably caused by the servo motors toegpense which continues to apply a
counteracting torque some time after the machine reach&\ R

With ag, = 30 rad/s, the rise time should be equal to 73 ms. Insteadistéme is equal to 630
ms. This might be caused by the constant braking torque fnemérvo of 7.5 Nm that the integrator
needs to integrate up when the machine starts. Becauseishaseactive damping, the integrator
is weak and it takes more time. Again it needs to be mentiohatlithe voltages are actually the
references from the current controller. It is then simplsumsed that the power electronics realize
these voltage references to the machine.

Comparing the current references with their respectivesoremnents, it can be seen that the
current controllers are almost working as they should. ioblpm is that they current does not
reach its reference until after the speed step (which cahsestep iniq current), has been given.
The reason for this, might have something to do with that ttteve damping and cross coupling
terms are missing. Secondly, it can be seen that there is lh@raeshoot in théq current which is
probably caused by the missing active damping component.
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Figure 5.1: Measured speed step response up to hominal spdd®0 RPM with nominal load
torque of 7.5 Nm for the implemented drive system using the CM
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Figure 5.2: Measured speed reference step up to hominadl sgelel00 RPM with nominal load
torque of 7.5Nm for the implemented drive system using the @Mhe voltage plot, the solid line
is theUq reference voltage and the dashed line isllheeference voltage. In thig andig plots, the
dashed line is the current reference and the solid line isnd@sured current.

36



5.2. Drive system using the SCVM flux observer

5.2 Drive system using the SCVM flux observer

In this section the performance of the implemented drivéesyswvith the SCVM flux observer is
evaluated and compared with both simulations and the maoctimplementation of the current
model flux observer. The implemented control system is theesas the one shown in Figurel3.1,
with the parameters from Table 5.1 and Table A.4.

5.2.1 Nominal speed and torque

This measurement was performed with one speed referenrest® nominal speed at 4 s and a
step down to 0 RPM at 13 s, with a load torque & Rim. Figurd 5.B presents the estimated and
measured speed from the motor bench measurements, whileEig@ presents the simulated values.
The number of samples per second for the measurements iswhih is too small for detecting
current step response and transient behaviour for the mezhsalues. The simulated speed step
response is not a first order response. This is believed talrsed by the torque step that is applied
in the simulations. This differs from the load that the sempresents in that the servo is applying a
braking torque that the integrator needs to integrate upwihe IM starts.
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Figure 5.3: Implementation results for a speed referereqetst 1400 RPM at 4 s and a step down
to 0 RPM at 13 s, with a load torque of 7.5 Nm. Solid line is eatiad mechanical rotor speed and
dashed line is measured speed.

In the simulation, the speed reference is reached in arolsngb@onds while the measured speed
reaches its reference at around 1 seconds. This differemcéapend on several factors. One reason
for this difference could be the torque response from the A&@emotor. Since the servo motor
is applying a brake until the IM starts to rotate, the AC semator is already applying a torque.
When the IM starts to rotate the servo will release its braké the torque reference is reached. This
will cause a different load torque compared to the constad torque used in the simulations. The
load torque in the simulation is applied and reaches nomdmglie exactly when the speed step is
applied. This will cause a higher load torque for the motardiemplementation during some time.

Comparing Figur€5]5 and Figure b.6 shows that the estintated flux and the voltages are
virtually the same. The largest difference can be found @ighcurrents, where the simulation
puts out slightly more current than the implementation. igf@urrent in the simulation reaches25
A while theiq current in the implementation reaches abo@d A. This indicates that the steady
state load torque of the motor bench implementation is leas the load torque simulation. The
explanation for this might be that the servo motor is not altyifollowing its reference value and
puts out less load torque than what is expected. The fadtatimri peaks in Figure 516 are too fast
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Figure 5.4: Simulation results for a speed reference stdg® RPM at 4 s and a step down at 14
s, with a constant load torque of6/Nm for the time the speed reference is greater than 0 RPM. The
solid line is the estimated mechanical rotor speed. Theahattor speed is so close to this estimated
speed that they are virtually identical and therefore itncame seen.

to be seen in the measurements. Also, the simulated flux looets in the simulation due to the
neglected current derivative in (2.51). This is not seem@érheasurements because the estimator is
locked, until the speed step is set. This is done in orderdwegnt the estimator from "drifting away”
in the time window between the magnetization and the spegd st

The same analysis that was done for the current controliettsei CM drive system chapter 5.1
can also be made here.
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Figure 5.5: Implementation results for a speed step to 1404 Rith a torque of 5 Nm. TheUqy
reference voltage is represented by a dashed line arldgtheference voltage with a solid line. In
theig andiq plots, the dashed line is the current reference and the lendids the measured current.
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Figure 5.6: Simulation results for a speed step to 1400 RPM witorque of 5 Nm. TheUqy
reference voltage is represented by a dashed line andgtheference voltage with a solid line. It
is impossible to distinguish the current references froairtestimated values because they follow
each other so well.
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5.2.2 Twice the nominal speed with a 5.5 Nm load torque

A speed step to twice the nominal speed is applied and the s&iset to produce a load torque
of 5.5 Nm. Figurd 5.l presents the measured data while Flgulers@pts the simulated data. It
is possible, during shorter periods of time, to increasepiwer in the machine thus achieving a
higher torque compared to only using rated power. A torque®Nm gives about B kW which

is a bit higher compared to the rated power df kW. The drawback of overloading the IM will
be that critical parameters suchRsandL will change more due to the larger current which will
heat resistances and saturate inductances. This will dargsr estimation errors than running the
machine at nominal power. During the motor bench testing@8CVM, it was found that.5 Nm
was the highest torque with stable operations up to twicetimeinal speed.

The estimated flux is kept at 0 before the speed step is appieduse the estimator is being
locked on purpose. This is done in order to prevent the estinflaom "drifting away” in the time pe-
riod between the magnetization and the speed step. In theations, the speed reference is reached
in about 1 second, while the motor bench implementatiornesthe speed reference in about 2 sec-
onds. It can also be seen that the simulated speed step sesigarot a first order response. This is
believed to be caused by the torque step that is applied isit@ations. This differs from the load
that the servo represents in that the servo is applying aryakrque that the integrator needs to
integrate up. Furthermore, it can be seen in Figure 5.9 agat€i5. 10 that the estimated rotor flux
hits the lower limit at 04 Wh. In this test both thigj- and theq current from the simulation is higher
than the measured currents. Examinihgandiq in the simulation and the motor bench implemen-
tation, it can be noticed that thgcurrent is about ® A in the simulation while it is about 5 A in the
implementation. Th&Jg voltage is about the same in both, about 27830 V. Furthermore, thgy
voltage is slighty larger in the simulations70 V, where as in the implementation it is arounB0
V. This causes a lowey current in the implementation which together with the lowesurrent will
cause a lower torque and slower acceleration. The lgparrrent in the implementation is believed
to be caused by the FW algorithm. It is probably not workingnéasnded. The reason for the lower
ig current might be because the servo is incapable of credteégeuested load torque. There might
be an error between the actual torque and the referencéefumdre there might be some error in
the friction measurement that contributes to this differen
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Figure 5.7: Implementation results for a speed step to 2804 Rith a load torque of 5.5 Nm. Solid
line is estimated mechanical rotor speed and dashed limeader speed.
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Figure 5.8: Simulation results for a speed step to 2800 RPt avioad torque of 5.5 Nm for the
time the speed reference is greater than 0 RPM.
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5.2. Drive system using the SCVM flux observer

Figure[5.9 presents the measured data while figuré 5.10mssbe simulated data.
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Figure 5.9: Implementation results: A speed step is set @ FPM and a load torque of 5.5 Nm is
applied. TheJy reference voltage is represented by a dashed line andytheference voltage with
a solid line. In theiy andiq plots, the dashed line is the current reference and the koéids the
measured current.

Figure 5.11 shows thds voltage for the simulation and the implementation. The fieddkning
algorithm tries to keep thids voltage constant during speeds above nominal speed. limtléetion
the field weakening algorithm keeps the voltage constaritewhthe implementation thes voltage
is fluctuating more. Still, the voltage is more or less comisthuring the test. It is interesting to note
thatUs reaches its maximum amplitude, which is about 280 V.
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Figure 5.10: Simulation results: A speed step is set to 28PPIRnd a load torque of 5.5 Nm is
applied Uy is represented by a dashed line ahdwith a solid line.
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Figure 5.11: The left picture shows the stator magnitudeagelJs for the simulation and the picture
to the right shows the same voltage, but for the implemeontati
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5.2. Drive system using the SCVM flux observer

5.2.3 Testing the FW-algorithm with several speed steps

To test the field weakning algorithm and see that the flux ¥adltheiy current, several speed steps
were applied up to twice the nominal speed and the down agd@irRPM. Figuré 5.72 shows the
various speedsteps and figlire .13 shows the current, fluxdatagie responses.
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Figure 5.12: Various speed steps to test FW algorithm

The purpose of the field weakning algorithm is to lower the flightly before the voltage output
from the converter has reached its maximum value. Lookirgigire 5.13 it can be seen that the
estimated flux is decreased before the maximum voltage o¥/28Geached|vg|ty is set to 325V,
which means that the flux should not start to decrease |quﬁfiI| exceeddvi| tw [2]. This indicates
that the field weakning algorithm is not working as intendBde reason for these errors must be
that mistakes have been made when implementing the alggrsince it determines thig reference
and when the field weakening should start. However, duriegirtiplemention it was found that
Vhase = 325 V worked, and was therefore chosen.

The estimated flux increases to above rated flux at about 28 thaefy current increases to a
value that is about 4.7 A, which is above the value of 4.55 Anda Figure 5.5.
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Figure 5.13: Responses in current, flux and voltage. Oheeference voltage is represented by a
dashed line and thigq reference voltage with a solid line. In th@andiq plots, the dashed line is

the current reference and the solid line is the measureeémurr
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5.2. Drive system using the SCVM flux observer

5.2.4 Maximum speed with a load torque of 5.5 Nm

The motor was accelerated up to twice the nominal speed andhle speed was increased to 3000
RPM. At t=10 s, a final speed step to 3120 RPM is set, and thag®lteference reaches 296 V
which is higher than the maximum voltage the converter caropti This makes the the current
uncontrollable and the motor turns unstable and operatids. fThis instability is characterized
by large oscillation swings in the estimated mechanicalrrspeed and so the actual rotor starts to
oscillate. Flux, currents and voltages also start to ageillThe AC servo machine was set to produce
a load torque of 5.5 Nm. In this test, the lower limit of the flwas set to 0 Wb. Figufe 5.114 shows

the speeds ald 5115 shows the flux, currents and voltages.
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Figure 5.14: The SCVM turns unstable at 3060 RPM with a loagiue of 5.5Nm
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Figure 5.15: The voltage, current and flux as the SCVM turrstabie at 3060 RPM. THdy refer-
ence voltage is represented by a dashed line andgheference voltage with a solid line. In tige
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Chapter 6

Discussion and conclusions

6.1 Discussion

Tests in the motor bench and simulations showed that the SS\ghsitive to changes in controller
parameters. These parameters need to be adjusted to thingdoad torque and the speed at which
it should operate at in order to attain good performanceh k¢ parameters in talile 5.1 the system
works well at nominal speed and up to twice the nominal sp¢ite machine is to be run at lower
speeds than nominal speed all the gain parameters in[fdblebd to be decreased, otherwise the
machine will have trouble starting.

It was also noted that the SCVM was sensitive to what bandiviitt lowpassfiltering ofy, was
done with. Lower than 5000 rad/s and the machine would nobhleta start. Higher than that and
the estimated values would oscillate a great deal. Thetsad@vpassfiltering ofo, andwy in order
to further supress oscillations. By trial and error, thedwidth of these filters was set to 1500 rad/s.

The simulation and implementation were not in close agreefioe the speed step up to twice
the nominal speed. Comparing Figure 5.9 and Figure 5.18,ribted that théy andiq currents
differed a lot. We believe that the differenceigcurrents are caused by different mechanical loads
in the simulation and the implementation. The mechanieal ia the simulation is an ideal constant
torque which is applied together with the speed step, whileAC Servo motor applies a brake,
that is released when the IM starts. After the brake has beleased, the AC servo motor starts
producing the torque that has been requested.

Furthermore it can be seen by comparing the results fromteh&p2.1 and 5.2.2 that thg
current differs more when the speed was increased to twadminal speed compared to tiqe
current at nominal speed. An explanation for this could lz the friction measurement is wrong
and it is probably nonlinear, meaning that it changes withgbeed. The friction seems to be larger
than what it actually is, since thg current in the motor bench implementation is lower than & th
simulation. If the friction is lower, the load torque will oburse be lower and a lowgycurrent will
then be needed. Another explanation could be that there dffset between the reference and the
actual value for the servo and that it in fact produces lesgithan what is requested.

From Figure 5.13 it can be seen that the field weakening akgoris working, but not as in-
tended. Althoughvg|+w was set to 325V, the field weakening algorithm starts to deeréhe flux at
200 V. Theiq currents also differ, especially for twice the nominal shee
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6.2 Conclusion

Both the current model and voltage model was implementedesistully. The SCVM works well
at nominal speed with a nominal load torque of 7.5 Nm. It alsoks well at twice the nominal
speed with a load torque of 5.5 Nm. If the speed then is inec&grther, it turns unstable and
operation fails at 3060 RPM, thus the goal of reaching 420MRRs not met. From figure 5.15
it can be concluded that the maximum voltage is reached whigkes the current uncontrollable.
This causes the controller to turn unstable and operatitm fa

At nominal speed and load torque, the simulation reachepéed reference aboutlseconds
faster than the implementation while thgcurrent is about @ A higher in the simulation. When
applying a speed step to twice the nominal speed step, thdation is faster and reaches its speed
reference about 1 seconds faster than the implementatios difference is most probably caused
by the non-ideal load torque produced by the AC servo motdrthe way it operates, where in
the simulation the load torque is a constant torque. The figdkning algorithm did not work as
intended, because it started to decrease the flux beforemaxivoltage output was reached. This
means that there is an error in the c-code implementation.

6.3 Future work

Implementing active damping could be done. This would makeslystem less sensitive to distur-
bances by effectively increasing the integrating part efdbntrollers. The system would also be less
sensitive to parameter errors. Adding decoupling ofigfendiq currents would also be a good idea.
As it is now, a step in the d-current affects the g-currentaod versel[2]. Furthermore, precise
measurements and calculations of the friction would befhkip order to better tune the controller
gain parameters. Using the test setup in a real applicatmridibe of use. This could be done in
order to test the SCVM together with the FW in application®réthe speed is above rated speed.
In order to thoroughly evaluate the FW algorithm, the setupud be used with a control board
where measurements of the rélaglandUq voltages are possible. As of now, it is assumed that their
respective references from the current controller, aneghealized by the inverter. This might not be
the case. Also, it would be of interest to make a mechanicaahaof the servo. Unfortunately, this
is not possible with the torque sensor that is being usedtdrgee sensor signal can only be routed
to the control panel that controls the servo, and the resolig quite bad. It is also not possible to
sample the data to a graph.
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Appendix A

Appendix

A.1 Matlab code

A.

1.1 Machine model

function [sys,x0,str ,ts] = asymach3(t,x,u,flag,Rs,Rm,ls,np,J,b, xi)
%CSFUNC An example Mfile S—function for defining a continuous system.

%
%
%
%

Example Mfile S—function implementing continuous equations:
X' = AX + Bu
y = Cx + Du

See sfuntmpl.m for a general-$unction template.

switch flag,

VB8V 8Y 888/ S/
% Initialization %
O8Y8Y8Y8Y 88/ 8/ 8/ 88/
case O,
[sys,x0, str ,ts]=mdlInitializeSizes (t,x,u,flag ,Rs,Rm,Ls,np,J,b, xi);

V8V 8Y8Y 88/ 8/ S/
% Derivatives %
VS S/
case 1,
sys=mdlDerivatives (t,x,u, flag ,Rs,Rr,Lm,Ls,np,J,b )xi

VB8
% Outputs %
VS S8/8/8/8/8
case 3,
sys=mdlOutputs(t,x,u, flag ,Rs,Rr,Lm,Ls,np,J,b, xi)

/S8 S8/ S/ o
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% Unhandled flags %
O8Y8Y8Y8/ 8/ 8/ 8/ /888886
case{ 2, 4, 9},
sys = [I;

88V 8/ 88/ 8/ 88/ 8/8/8/8%e
% Unexpected flags %
VS S S8/8/8/ 88/ S/8/8/8/8e
otherwise
error (['Unhandled flag = ’,num2str(flag)]);
end
% end csfunc

% mdllnitializeSizes
% Return the sizes, initial conditions, and sample times fdre S-function.

%
function [sys,x0, str ,ts]=mdllnitializeSizes (t,x,u,dy ,Rs,Rr,Lm,Ls,np,J,b, xi)

sizes = simsizes;

sizes.NumContStates = 6;
sizes.NumDiscStates = O0;
sizes . NumOutputs = 8;
sizes .Numlnputs = 3;
sizes.DirFeedthrough = 0;

sizes.NumSampleTimes = 1;

sys = simsizes(sizes);

x0 = Xi;

str = [];

ts = [0 0];

% end mdllnitializeSizes

%

=== ==—=— === ———————————-—-—--—————————-—--—-————————————————-———————————=——=====

% mdlDerivatives
% Return the derivatives for the continuous states.

%
function sys=mdIDerivatives (t,x,u, flag ,Rs,Rr,Lm,LspnJ,b, xi)

%state variables: stator and rotor currents in alphabetaeclmanical speed,

%rotor position(angle)
isa=x(1);
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isbh=x(2);
ira=x(3);
irb=x(4);
wrat=x(5);
theta=x(6);

% input signals from mfile

Usalpha=u(1);

Usbeta=u(2);

Tlextra=u(3);

%defining resistance matrix

RMAT=[Rs 0 0 0;0 Rs 0 0; O wratlm Rr wratxLs; —wratxLm 0 —wratxLs Rr];
%defining inductance matrix

LMAT=[Ls O Lm O; O Ls O Lm; Lm O Ls O; O Lm O Ls];
%forming the state space A and B matrixes
BMAT=inv (LMAT);

AMAT=—inv (LMAT) xRMAT;

%formation of the 4 current derivatives
sys = AMATxx(1:4)+ BMATx[Usalpha;Usbeta;0;0];

%defining Te and TI
Te=3«np/2«Lmx(ira.xisb—isa .xirb);

TI=Tlextra+bxwrat/np;

%forming rotor speed derivative d/dt(wr)
sys(5)=np/ X (Te-TIl);

%forming of angle theta d/dt(theta)=wr
sys(6)=wrat;

% end mdlDerivatives

% mdlOutputs
% Return the block outputs.

function sys=mdlOutputs(t,x,u, flag,Rs,Rr,Lm,Ls,np pbJ, xi)

% the time t is already available in all function in the-function
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isa=x(1);
isb=x(2);
ira=x(3);
irb=x(4);
wrat=x(5);
theta=x(6);

%defining rotor flux
psi_-ra=Lsxira+tLm.xisa;
psi_-rb=Ls.xirb+Lm.xisb;

%calculating angle and magnitude of the rotor flux
psioimagnr=sqrt(psira“2+psirb”~2);
psi_angle=atan2(psirb , psi_ra);

sys = [isa,isb,ira ,irb ,wrat,theta,h psnagnr, psi_angle];
% end mdlOutputs

A.1.2 simulation file with parameters

%The motor simulated is the motor from AROS electronics.
%Delta—ratings: 230V, 1.1kW, cosfi=0.81, Trated=7.5Nm, psirated 6Wb,
%ls=4.7A rms, ratedspeed=1400rpm, 23.3Hz, 2 pole pairs

%Motor parameters were measured with a locked rotor and nadlotest.

% Rs=2.3 ohm

% Rr = 2.4 ohm

% Lls=LIr = 9.6mH

% Lm = 118.5mH

%no cross coupling, feedforward of the backemf or active @amg is used
%since the implemented system is using neither

clear all, close all, clc

% PART1 Parameter definitions

K=1; %amplitude invariant transformation, (K=sqrt(3/2)ives power invariant)
np=2; %pole pair

Israted =8.7; %4.7A rms rated current for the machinre6.65 A peak
%(however in the lab it performed a lot better during startsithw this limit)
wl_rated=2pix50/np;

psi_R_rated=0.56; %psir_rated=0.605 %psiR_rated = 0.56

Lambda = sqrt(2); % leakage term for the observer

mu=—1; %1 according to harnefors

LIs=0.0096; %stator leakage inductance Lls=LIr

Lm=0.118; %magnetizing inductance
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Ls=Lm+LIs;%Ls=Lr

Lr=Ls;

Rs=2.3; %stator resistance

Rr=2.4; %rotor resistance

RR=Rr«(Lm/Lr)"2; %rotor resistance in inverse gamma
RR_hat=RR; %

Rs_hat=Rs; %

J=0.0025+0.00152+0.00127;

%inertia for IM, servo, and axial couplings

b=0.003; %measured friction coefficient

LM=(Lm~2/Lr); %magnetizing inductance in inverse gamma
alphac=1500; %bandwidth for currentcontroller in rad/s
alphaw=30; %bandwidth for speedcontroller in rad/s
Lsigmahat = (LsLM); %inverse gamma inductance
Ba=(alphawxJ-b)x0;%active damping, put to O
Ra=(Lsigmahatxalphac—Rs-RR)«0; %see above
Kpc=alphacx«Lsigmahat; %prop gain for cc

Kic=alpha c*(RR+Rs+Ra); %integral gain for cc
Kpw=alphawxJ; %prop gain for sc

Kiw=alpha wx(b+Ba)x15;%integral gain for sc

% setting up the simulation time and time step
Tstart=0; % Starting time of the simulation
Tstop=3; % End time of the simulation
xi=[0;0;0;0;0;0]; %initial conditions,

TstepTime=0.5; % The time when the torque step is applied
TstepValue =5.0;%7.5Nm rated torque
%7.1tstep ger 7.5ish Te vid 1400rpm
%4.6tstep ger 5.5ish Te vid 2800rpm

% PART 2 simulation call

sim (’Asynchmach3’ ,[ Tstart , Tstop]);

postprocessinglM3

% Call for the mfile that plots the results of the simulation

A.1.3 plotfile

%calculate torque and power using alpha and beta voltagefemt and
%amplitude invariant transformation K=1

wmech=wr/np;

Te=3«np/2«Lmx(ira.xisb—isa .xirb);

R L A L i 2 MM N W R & T T T T 0 L DL Ll
figure (1)
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subplot(3,4,1) % subplot 3

plot(time,PsiR_hat,’b’,time, Psiref,'r’, time, psimagnr,’'g’)
grid on

xlabel("time (s)’)

ylabel (" Rotor flux [Wb]")

legend ('Psi hat’,’Psi ref’,’psi magn’)

subplot(3,4,2)
plot(time,thetahatx(180/pi),’'b’,time,thetax(180/pi),’'g’)
grid on

xlabel("time (s)’)

ylabel (" Rotor flux angle[deg]’)

subplot(3,4,3)

plot(time ,wlhat«60/(2xpi),’b")
grid on

xlabel('time (s)’)
ylabel (' Stator frequency [RPM]’)

subplot(3,4,4) % subplot 2

plot(time ,wmechhat«60/(2xpi),'b’,time ,wmechre&60/(2«xpi),’'r’,
time, wmechk60/(2«pi),’'g’)

grid on

xlabel("time (s)’)

ylabel (" Rotor speed [RPM]’)

subplot(3,4,5) % subplot 2
plot(time, Psiret-Psi_R_hat,’b")
grid on

xlabel('time (s)’)
ylabel (" Rotor flux error [Wh]")

subplot(3,4,6) % subplot 2

plot(time ,unwrap(psiangle)thetahat,’'b’)
grid on

xlabel('time (s)’)

ylabel (" Rotor flux angle error [deg]’)

subplot(3,4,7) % subplot 2

plot(time ,wlhat«x60/(2«pi)—wr_hat«60/(2«xpi),’'b")
grid on

xlabel("time (s)’)

ylabel (" Slip [RPM]")
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subplot(3,4,8) % subplot 2

plot(time ,wmeck60/(2« pi)—wmechref60/(2« pi),’'b’)
grid on

xlabel("time (s)’)

ylabel (’Speed error [RPM]’)

subplot(3,4,9) % subplot 3
plot(time,real(isdqg_est),’b’,time,real(isref),’'r’,
time,real(isdg.real),’'g’)

grid on

xlabel("time (s)’)

ylabel (’id [A]")

subplot(3,4,10) % subplot 3
plot(time ,Te, g’ ,time, Teref,'r’)

grid on

xlabel('time (s)’)
ylabel(’Electrodynamical torque [Nm]’)

subplot(3,4,11) % subplot 3

plot(time ,imag(isdqg_est),’b’,time ,imag(isref),’'r’,
time ,imag(isdqg.real),’'g’)

grid on

xlabel("time (s)’)

ylabel(’ig [A]")

subplot(3,4,12) % subplot 3
plot(time,real(Usdqglim_ref),’b’,time ,imag(Usdqglim_ref),’'g’)
grid on

xlabel('time (s)’)

ylabel ("U.s (abs)’)
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A.2 IMratings

The ratings of the IM can be found in tatple A.1

Table A.1: The IM ratings
VAIY | Hz| kW | AA/Y | rpm | cos(@)
230/400| 50 | 1.1 | 4.7/2.7 | 1400 0.8

The motor wag coupled and the rated torque and rated flux can be calculgtasibhg

P
=4 (A.2)
P
Yr = iy (A.3)

wherenp is the number of pole pairs which is 2 for this motor dgds the peak value of the
current. Using the parameters from tablelA.1 the rated impcomes 7.5 Nm and the rated flux
becomes 0.56 Wb. The inertia for the motor shaft was accgriditits data sheet.0025kgn? and
for the servo motor it is ©0152kgn?.

A.3 Induction machine parameter measurements and calcula-
tions

The stator resistanc&s, was measured with a multimeter and the value Ras 2.3Q. The rest
of the parameters of the induction machine was measuredanitinfratek 106 A power analyzer
during a locked-rotor and a no-load test. TdblelA.2 showsrtkasured values for the no-load test
and tablé_A.B shows the measured values from the lockedtestb

Table A.2: Measured parameters from no-load test

lo Uo Roto | Qoo cos(¢) 0
3.46ARMS | 13527V RMS | 261W | 1400VAr | 0.183

Table A.3: Measured parameters from locked-rotor test

Ik Uy Rok | Qeotk cos(9) k
4.75ARMS | 288V RMS | 320W | 409VAr | 0.616

By neglecting the magnetizing inductance, the leakagediaheces can be calculated from the
locked-rotor test as
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Qtat k 409
Lir +Lis= = = =19.2mH A4
1 THST 32~ 34,7525 271450 m (A-4)
AssumingL,=L,s the value of the inductances become
L L
Ly = Lis = ”er 's _ 9.6mH (A.5)
The rotor resistance is given by
~ Roatk B
R = =2 Rs=2.43Q (A.6)
k

With the measured parameters from the no-load test, the etiagng inductance is calculated as

Qtot,0 2
0 (200Ls
Lp=——50 " A7
wherelm = lpsin(@) = 3.46sin(79) = 3.4A. This gives
190 3.46°%314%9.6x10°3
Lm= =11855mH (A.8)

3.42x 314
Using the transformation coefficient, and equations 2.22- 25, the Inverse gamma parameters
can be calculated. All values are given in tdblelA.4

Table A.4: The IM parameters

Variable | Value
R 24Q
Rs 2.3Q
Rr 2.05Q
Lo 185mH
Lir 9.6mH
Lis 9.6mH
Ly 128mH
Ls 128mH
Lm 1186mH
Lm 110mH
UR 0.52Wb
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A.4 Overview of the Matlab block diagram

64

To Workspace

To Workspace2

To Workspace3

S-Function
To Workspaces

To Workspaces

To Workspace7

To Workspace8

To Workspace9

Function Black Parameters; S-Fu

S-Function

User-definable block. Blocks can be written in C, MATLAB
(Level-1), and Fortran and must conform to S-function
standards. The variables t, x, u, and flag are automatically
passed to the S-function by Simulink. You can specify
additional parameters in the 'S-function parameters' field. If
the S-function block requires additional source files for building
generated code, specify the filenames in the 'S-function 3
modules' field. Enter the filenames only; do not use extensions
or full pathnames, e.g., enter 'src srcl', not 'src.c srel.c'.

Parameters

S-function name:  asymach3|

S-function parameters: Rs,RrLm,Ls,np,J.b,xi

" —

S-function modules:

[ox ][ cencel ][

Help

Fig. A.1 The Induction Machine block
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Fig. A.2 The entire simulink model
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