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BEZSNIMACOVE RIADENIE POHONU SO SYNCHRONNYM
MOTOROM S VNUTENOU DYNAMIKOU

SENSORLESS CONTROL OF SYNCHRONOUS MOTOR

DRIVE WITH FORCED DYNAMICS

V ¢lanku je prezentovand metéda riadenia elektrickych pohonov
so synchronnymi motormi a s vniitenou dynamikou. Predpisand
odozva na referencnii Ziadanii rychlost moze byt volend ako priama
akcelerdcia, alebo ako odozva na skokovii zmenu vstupného signalu
pre systém prvého, alebo druhého radu. Spolu s tymto predpokladom
Jje dodrzand podmienka pre vektorové riadenie a to, Ze uhol medzi vek-
torom statorového priidu a vektorom magnetického toku bude pri-
blizne rovny 90°. Riadiaci systém pozostdva taktieZ zo sustavy dvoch
pozorovatelov pre odhad rychlosti rotora a momentu zdtaZe na hria-
deli motora. Experimentdlne vysledky pre vsetky tri spominane odozvy,
ktoré boli experimentdlne overené vykazujii velmi dobrii zhodu s teo-
retickymi predpokladmi. Takto navrhnuty riadiaci systém je vhodny
pre vyuZitie v aplikdcidch vyZadujiicich strednii triedu presnosti.

1. Uvod

Prezentovany sposob riadenia elektrickych pohonov pracuje
bez snimacov na hriadeli motora, priCom su merané len statorové
prudy a statorové napdtie je vypocCitavané zo spinacieho stavu pri
znamom napiti jednosmerného medziobvodu. Riadiaci algorit-
mus (CL) moze pracovat v jednom s nasledujucich modov, ktoré
su dané poziadavkami aplikacie.

a) Priama akceleracia, v tomto méde elektricky pohon akcele-
ruje s uhlovym zrychlenim, ktoré sleduje Ziadané zrychlenie

s minimalnym oneskorenim
b) Odozva prvého radu, kde sa pohon chova ako linearny systém

prvého radu s predpisanou ¢asovou konStantou.
¢) Odozva druhého radu, kde pohon akceleruje so zrychlenim,

ktorého priebeh odpoveda odozve systému popisaného cha-
rakteristickou rovnicou druhého radu.

Blokova schéma riadiaceho systému je zobrazena na obr. 1.
Obsahuje podradent prudovu riadiacu slu¢ku a nadradentu rych-
lostnu slucku. Podradena slucka udrzuje v motore trojfazovy sta-
torovy prud, ktory sleduje Ziadané hodnoty prudov predpisanych
nadradenym riadiacim algoritmom. To umoznuje, aby sme pova-
Zovali synchronny motor za nelinearnu viacpremennu sustavu,
v ktorej st riadiacimi velicinami dve zlozky vektora statorového
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A control method for electric drives employing synchronous motors
with forced closed-loop dynamics is presented. The prescribed response
to the reference speed demand can be chosen as direct acceleration
control, linear first order and second order speed response. In addition
to this, the angle between the stator current and magnetic flux vectors
can be mutually maintained perpendicular. The drive control system
also contains a set of two observers for estimation of rotor speed and
the load torque. The experimental results obtained for direct
acceleration, first order dynamic and second order dynamic indicate
good agreement with the theoretical. The control system, as developed
to date, would be suited very well to applications requiring control to
a moderate accuracy.

1. Introduction

A new approach has been taken to the control of synchronous
motor (SM) based electric drives. The system operates without
shaft sensors. Only the stator currents are measured, the applied
stator voltages are determined by the computed inverter switching
algorithm with a knowledge of the dc link voltage. The result is
a control law (CL) which may be operated in any one of the
following modes according to the application:

a) Direct acceleration control, where the drive produces a rotor
shaft angular acceleration following a demanded acceleration
with negligible dynamic lag.

b) Linear first order speed response, where the drive behaves as
a first order linear system with prescribed time constant, for
use as an element in control applications.

¢) Second order speed response, where the drive acceleration is
prescribed with the second order characteristic equation.

The drive control system has a nested loop structure, shown
in Figure 1, comprising an inner current control loop and an outer
control. The inner control loop forces the three-phase stator
currents to follow their demands with negligible lag. This enables
the SM to be treated as a non-linear multivariable plant in which
the control variables are the two stator current vector components
and the controlled variable is the rotor speed. Since there are two
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prudu a riadenou veli¢inou je uhlova rychlost. V tomto pripade st
riadiace veliCiny volené tak, aby bol dodrzany pravy uhol medzi
vektorom magnetického toku a vektorom statorového prudu, ako
je to u vektorového riadenia.

Ako uz bolo spominané meriame iba statorové prudy.
Magneticky tok a uhlova rychlost su odhadované pozorovatelmi,
k ¢omu je potrebné poznat okrem prudov aj statorové napitie,
ktoré je pocCitané zo spinacich stavov. Algoritmus pozorovatela
zatazového momentu je zaloZeny na mechanickej rovnici motora
a vyuziva sa v nadradenej riadiacej slucke. Vstupom tohto pozo-
rovatela je vystup pozorovatela uhlovej rychlosti, statorové prudy,
a vypocitané zlozky statorového napétia.

control variables and one controlled variable, there is one degree
of freedom to optimise the performance of the whole system as
the vector controlled. In this case, the control variables are chosen
to maintain the stator current vector and the magnetic flux vector
at right angles, as in conventional vector control.

Since the only measurement variables are the stator currents,
a rotor speed estimator is employed which requires just these
measurements together with the known stator voltages. An
observer whose real time model is based on the motor mechanical
equation produces a load torque estimate required by the outer
loop control law. This observer requires the output of the speed
estimator, the measured stator current components, and the
known stator voltage components as inputs.
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Obr. 1 Celkovd blokovd schéma pohonu so synchronnym motorom s vatitenou dynamikou
Fig. 1 Overall control system block diagram for SM drive with forced dynamics

2. Navrh riadiaceho algoritmu

Z dovodu zjednodusSenia je riadiaci systém usporiadany do
hierarchickej struktary [1], kde su Ziadané statorové prudy gene-
rované ako primarne riadiace veli¢iny nadradenym riadiacim algo-
ritmom, a na ich zaklade su podradenym riadiacim algoritmom
generované skutoc¢né riadiace veli€iny - statorové napdtia polovo-
di¢ovym vykonovym systémom.

Model synchronneho motora (SM)

Model SM je formulovany v d, q sustave orientovanej na
rotor. Pri transformadcii z ¢asovo premennej sustavy «, 8 do d,
q sustavy orientovanej na rotor je pouZity dvojfazovy oscilator [2],
produkujuci elementy sin(wt) a cos(wt) ktoré si potrebné k tejto
transformacii.

2. The Control Law (CL) Development

In the interests of simplification, the control system is
arranged in a hierarchical structure [ 1] in which the stator current
demands are generated as primary control variables by a master
CL, to be followed closely by a slave CL using the true control
variables - the stator voltages.

Model of Synchronous Motor

The SM model is formulated in the rotorfixed (d, q) co-
ordinate system. The time varying co-ordinate transformation is
realised by means of a two-phase oscillator [2], whose state
variables are automatically the time varying elements, sin(wt) and
cos(wt):
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Nadradeny riadiaci algoritmus

Nadradeny riadiaci algoritmus v uzavretej slucke bol formulo-

vany prepisanim rovnic definujucich spravanie systému, a to
nasledovne:

w, = acc, 4)
Y'Is=10 Q)

kde acc, je Ziadané uhlové zrychlenie. Tri opera¢né mody su rea-
lizované pouzitim troch réznych diferencialnych rovnic pre defi-
novanie accd. Rovnica (5) je rovnaka pre vSetky operacné mody
a je iba vyjadrenim zakladnej podmienky pre vektorové riadenie.
Rovnica vyjadrujica uhlové zrychlenie ad je dana pre kazdy ope-
racny mod zvlast, pricom prva ¢ast nadradeného riadiaceho algo-
ritmu vychadza z rovnic (2), (4) a spolu s podmienkou (5)
dostavame kompletny predpis riadiaceho algoritmu.

3
den = J*accd = {2p [l!/diq - l!/q[d] - FL} (6)
Barig+ W, i,=b, b= |uyllLs|cos(y)=0 7

Rovnica (7) je vo vSeobecnom tvare, kde b = | 1//| |IS | cos(7y)
a vy je uhol medzi vektorom statorového pridu a vektorom rotoro-
vého toku . Za predpokladu Ze I = Igy,, a nahradenim T'; jeho
odhadovanou hodnotou, z I'; pozorovatela zatazového momentu
dostavame kompletny riadiaci algoritmus pre vSetky opera¢né mody:

f
. 1 ¥ “
Lidem = m |:‘/’d b — Tq(rdyn + FL):|
< ,
. 1 ¥ S
lydem = W |:¢’d b+ ?_d(rdyn + 1-‘L)i|
.

Predpis uhlového zrychlenia a dynamického momentu

pre konstantné zrychlenie pre priamu akceleraciu

V tomto pripade je Ziadana akceleracia urena ziadanou uh-
lovou rychlostou w,(f) a poZadovanou dobou rozbehu ako je to
vyjadrené v rovnici (9). Dynamicky moment je ureny rovnicou
(10)
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The Master Control Law

The control algorithm is formulated by first writing down the
equations defining the desired closed-loop performance as
follows:

®, = acc, 4
¥l =0 (%)

where acc, is the demanded output angular acceleration. The
three operational modes are realised by means of three differential
equations for accd. Equation (5) is the same for all three
operational modes and is merely a statement of the basic
condition of vector control. Before the operational mode
equations for ad are given, a general CL will be derived on the
comparison of equations (2) and (4) and completing by condition

(5):

3
den = J*accd = {217 [d/diq - ll/qid] - FL} (6)
Yy iyt i,=b, b:|¢f||ls|cos(y):0 @)

Equation (7) is in a general form where b = | 1p| |IS | cos(y)
and vy is the angle between the two vectors. Thus, assuming
I = I, and replacing I'; with its estimate, [, from the load
torque observer, the complete control algorithm for all the
operational modes has the form:

kde W] =w2+ w2, c=15.p (8)

The acceleration and dynamic torque

for direct acceleration control

In this case, demanded acceleration is determined by a deman-
ded angular velocity, w,(), and demanded acceleration time, 7 as
described by equation (9). Dynamic torque is then determined by
the signum function for error of angular velocity (10).
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Wy
accy; = 7 %)

Ty = J - acc, - sign(w, — &,) (10)

Predpis uhlového zrychlenia a dynamického momentu

pre dynamiku prvého radu

V tomto pripade, ako to bolo uvedené [4], pozadovana dife-
rencialna rovnica pre uhlovu rychlost rotora je formulovana tak,
aby bola dosiahnuta dynamicka odozva prvého radu pre ziadanu
uhlovu rychlost w,(?) s ¢asovou konstantou T

accd:?(wd— ®,) (11)
(12)

J
den =J acc, = —(0;— &)
T

Predpis uhlového zrychlenia a dynamického momentu

pre dynamiku druhého radu

V tomto pripade pozadovana diferencialna rovnica pre uhlovu
rychlost rotora je formulovana tak, aby bola dosiahnuta dyna-
micka odozva druhého radu podla rovnice (13). Integracny
predpis je pouzity pre ziskanie Ziadaného zrychlenia

b= —20,0+ 0y (0, — &)

Ly,=J"ac, (13)
accy , = accy + [P, (wy — &,) - 2éw,acc,) - h

accy — accy , (14)

V pripade, Ze je Cas ustalenia predpisany zjednodusenym
vztahom, je mozné urit w,,, tak, aby odozva Ziadanej uhlovej
rychlosti w,(t) odpovedala predpisanej dobe ustalenia 7,

Podradeny riadiaci algoritmus

Riadenie podradenej sustavy je realizované nizsie uvedenymi
rovnicami spolu s potrebnymi transformaciami. Podradeny riadia-
ci algoritmus je zaloZeny na principe kizavého riadenia [3]

Us = Umax Sig”[lsd - Id] (15)
. Al+1L,x=0
sign(x) ={_1 x<0 (16)

To umoziiuje pracovat v kizavom reZime s vysokou rychlostou
prepinania riadiacej velic¢iny tak, aby sme udrzali [, = I, to je
v§ak mozné len v idealnom pripade, kedy je spinacia frekvencia
neobmedzena. V skutocnosti je vSak spinacia frekvencia obmedze-
na a digitalny procesor nastavi hodnotu spinacej frekvencie tak,
aby neprekrocila povolenu spinaciu frekvenciu pouzitych spina-
cich prvkov. Takyto podradeny riadiaci systém pracuje s relativne
nizkou spinacou frekvenciou tak, ako je to u hysterézneho regula-
tora.

- ©)
acc; = —
4T
Ly, =J"acc,  sign(w, — @,) (10)

The acceleration and dynamic torque for first order dynamic

In this case, as it was already described in [4], the desired
closed-loop differential equation for the rotor speed is chosen to
yield a first order dynamic response to a demanded angular
velocity, w,(¢), with a time constant, T;.

1
accd:?(wd— @,) (11)

J
Ly =J - acc, = ?(wd - @) (12)
1

The acceleration and dynamic torque

for second order dynamic

In this case, the desired closed-loop differential equation for
the rotor speed is chosen to yield a second order dynamic
response done by equation (13). An integration formula is used to
gain the demanded acceleration as:

&= —26w,0+ 0y (0, — @)

Ly, =J"ac, (13)
accy , = accy + [0 (0, — &) - 2éw,acc,) - h

acey _ acey , (14)

When the settling time is determined from this simplified
formula it is possible to determine w,,, in such a way, that the

response to a demanded angular velocity, w,(f) will be with the
design settling time.

Slave Control Law

The sub-plants to be controlled here are defined by equations
(1) together with the necessary transformations. The slave CL is
a form of sliding mode CL [3]:

Uv = Umax Sign[]sd - Id] (15)
Al+Lx=0
sign(x) —{_1 £ <0 (16)

This is intended to operate in the sliding mode with rapidly
switching control variables which ideally maintains /,;, = I, with
an infinite switching frequency. In practice, the switching
frequency is finite and is limited by the digital processor
according to the allowed switching frequency of the particular
semiconductor elements being used. Thus, the slave CL maintains
a relatively low limit cycle and the function is the same as
hysteresis controller.
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3. Odhad a filtracia stavovych premennych

Pozorovatel pracujici v pseudokizavom rezime

a extraktor uhlovej rychlosti

Magneticky tok SM s permanentnymi magnetmi je pocitany
zo znamych parametrov v sulade s rovnicou (3). Zakladom tohto
pozorovatela pracujuceho v pseudokizavom rezime su rovnice pre
zlozky statorového prudu transformované do d, q sustavy ako
model pocitany v realnom Case so zamerne vynechanymi vztahmi
obsahujucimi w,.

1 0
S P RO (an
dt| g _ u, Veg q

0 L,
Veg = = Vinay SENLT* — 1] (18)

kde v, 4 av,, , si korekcie modelu, i; a iy su odhady skutocnych
velicin i, a i,, ako je to u konvencnych pozorovatelov. Vystupmi
tohto pozorovatela su nasledovné ekvivalentné hodnoty [3],

veli¢in prepinanych s vysokou frekvenciou.

S
Vega | _ Ig = 1lg
- Kwn s P %
h 1, —1
Veq q 9 g

= L‘Ivt’tll'l — Rsiq (20)
P (Lyiy+ opy)

(19)

r

Ekvivalentné hodnoty nemozeme ziskaf priamo pouzitim
rovnice (18). Pseudokizavy pozorovatel je vytvoreny tak [4], [5],
Ze signum funkcia je nahradend vysokym zosilnenim K, (19).
Nefiltrovana odhadovana uhlova rychlost moéze byt ziskana
pomocou rovnice (20).

Pozorovatel' zatazového momentu

a filtracny pozorovatel' uhlovej rychlosti

Odhad zafazového momentu je realizovany pomocou
bezného pozorovatela. Model, ktory je zaloZeny na momentovej
rovnici motora (2).

- w,

e=aoF—d

.13 .

w, = — 7[%1 i — Ly + ke,
e

ﬁ=hw Q@

ko = 2J|T;, ko = JIT} (22)

Zafazovy moment je povazovany za stavovlil premennu.
Princip tohto pozorovatela spociva v tom, Ze v kazdom kroku je
porovnavana odchylka medzi odhadom uhlovej rychlosti a filtro-
vanou hodnotou tohto odhadu, ktoru privadzame z vystupu.
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3. State Estimation and Filtering

The Pseudo Sliding Mode Observer and Angular Velocity

Extractor

The magnetic flux of a permanent magnet SM is calculated
from the known parameters according to equation (3). The basic
stator current vector pseudo sliding-mode observer is based on
equations (la, b) as a real time model but purposely omitting terms
containing ,:

10
NET S
LR . ] | e (17)
dt | g i u, Veq q
0 L,
Vog = = Ve SEALT* = 1] (18)

where v,, , and, v,, ,, are the model corrections, i and iy, are
estimates of id and iq, as in conventional observers. The useful
observer outputs here, however, are the continuous equivalent
values [3], (i.e., the short term mean values) of the rapidly
switching variables:

ig—if
Veq d =K - d— 'd
y sm l — l'*
eq q q q

_ Ly, ,— Ri,

q-eq49

P (Lyiy+ opy)

(19)

(20)

'

Equation (18) cannot directly generate the equivalent values.
Instead, pseudo-sliding-mode observers may be formed (described
in [4] and [5]) by replacing the signum functions by high gain K,
(19). An unfiltered angular velocity estimate, ¥, can be extracted
from equation (20).

Torque Estimation and Rotor

Speed Estimate Filtering

The load torque estimate is provided here by a standard
observer, the real time model of which is based on motor torque
equation (2):

) Vr
w,

\IH

0,
/4 R .
{7 (baiy — Wyial — FL} + ke,
kre,, (21)

ko = 2T, ko = JIT} (22)

The load torque is treated as a state variable. The observer
correction loop is actuated by the error between the rotor speed
estimate, @}, from the angular velocity extractor of the previous
section and the estimate, @,, from the real time model.
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Tento pozorovatel poskytuje na vystupe filtrovanu, odhadovanu
uhlovu rychlost a zataZzovy moment.

4. Experimentalne vysledky

Parametre synchronneho motora s permanentnymi magnetmi
a pouZzité zariadenia pre zostavenie fyzikalneho modelu su
uvedené v dodatku. Riadiaci algoritmus bol realizovany pouzitim
PC Pentium P166, ktorého stucastou bola meracia karta PC Lab
Card PCL 814. Statorovy prud bol merany pomocou LEM sni-
macov. Pri riadeni bola dosiahnuta vzorkovacia frekvencia 20 kHz
pre vSetky uvedené dynamiky.

0.6 1.5
0.4 4
o.
0.5] A
0
oy Hd
0. L W\M
04 = 0.5 ‘ U
0.6 El
4 05 0 05 1 1.5 0 005 01 015 02 025

al) Prud v komplex. rovine b1) Casovd zdvislost priidu

al) Complex current bl) Currents as f(t)
0.15 0.15
0.1 01—
0.05 ( \ 0.05
0 0]
-0.05 L / -0.05
-0.1 -0.1
-0.15 -0.15
-0.1 0] 0.1 0 0.05 0.1 0.15 0.2 0.25

d1) Casovd zdvislost toku
dl) Mg. Flux as f{t)

cl) Tok v komplex. rovine
cl) Complex flux

5 25
20 MW 20 P WMV
15 M(u 15 vM
10 ! 10
alll 7

5 Tr

0 0.2 0.4 0.6 0.8 1 .2 0 0.2 0.4 06 038

f1) Rotorovd rychlost
f1) Rotor speed

el) Pozorov. uhlova rychlost
el) Obs. speed

4. Experimental Results

The parameters of the permanent magnet SM and ancillary
devices used for experiments are listed in the Appendix. The CL
was implemented via a Pentium computer PC166, the stator
currents being measured through LEM transformers and
evaluated using a PC Lab Card PCL 814 built into the PC. The
sampling frequency achieved for control was 20 kHz for all three
previously described dynamics.
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Obr. 2 Experimentdlne vysledky pre SM riadeny s priamou akcelerdciou
pri rozbehu kde wg,,, = 20 rad/s a w,,,, =40 rad/s s T,= 0,1 a 0,2 s.
Figure 2. Experimental results for SM controlled in direct acceleration mode when
Wyory = 20 rad/s and wy,,,, = 40 rad/s with T, = 0.1 and 0.2 s.

Experimentalne vysledky pre elektricky pohon riadeny v mode
s priamou akceleraciou su prezentované na obrazku 2. Rozsah
uhlovej rychlosti, ktory bol dosiahnuty je w,,, = 20 - 80 rad/s
s predpisanou ¢asovou konstantou predpisujucou dynamiku v roz-
medzi 7,=05 - 0,2 s. Pomocou tohto riadiaceho algoritmu
moZeme predpisat nielen sposob akceleracie pohonu, ale taktiez
Cas, za ktory sa ma uhlova rychlost ustalif na ziadanej hodnote.

The experimental results for the electric drive with the
permanent magnet SM and direct acceleration control are shown
in Figure 2. The range of angular rotor speeds achieved is
Wzem = 20 - 80 rad/s with prescribed time constants 7, = 0.05 -
0.2 s. This control law enables the electric drive user not only
acceleration of drive with ramp but also time for steady state to be
achieved.
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Obr. 3 Experimentdlne vysledky pre SM riadeny s dynamikou prvého rddu pri rozbehu kde
Wyepn = 20 rad/s a wy,, = 80 rad/s s T;= 0,05 a 0,1 s.
Figure 3 Experimental results for SM controlled with first order dynamic when
Wyorm = 20 rad/s and wy,,,, = 80 rad/s with T;= 0.05 and 0.1 s.

Experimentalne vysledky pre elektricky pohon riadeny
v méde s dynamikou prvého radu bez zataze su prezentované na
obrazku 3. Rozsah uhlovej rychlosti, ktory bol dosiahnuty je
Wz, = 20 - 80 rad/s s predpisanou Casovou konstantou predpi-
sujucou dynamiku v rozmedzi 7, = 0,05 a 0,1 s. Pomocou tohto
riadiaceho algoritmu moézZeme predpisat nielen druh dynamiky
(v tomto pripade prvého radu), ale taktiez Cas za ktory sa ma
uhlova rychlost ustalit na Ziadanej hodnote (7).

Predbezné experimentalne vysledky pre synchronny motor
riadeny s dynamikou druhého radu bez zataze su uvedené
na obrazku 4. Rozsah uhlovej rychlosti, ktory bol dosiahnuty je
g, = 20-80 rad/s s predpisanou ¢asovou konStantou predpisu-
jucou dynamiku v rozmedzi 7}, = 0,05 a 0,1 s. Pomocou tohto ria-
diaceho algoritmu je mozné riadit akceleraciu pocas rozbehu
takych elektrickych pohonov, aké su pouzité v aplikaciach pre
Zeriavy a vytahy. V tychto aplikaciach mozeme plne vyuzit vyhody
tohto typu riadenia.

Odozva uhlovej rychlosti s dynamikou druhého radu odpo-
veda funkcii s premenlivym tlmiacim koeficientom pre pretlmeny
& = 2, kriticky timeny & = 1 a podtlmeny & = 0,5 riadiaci systém
ako je to zrejmé z obrazku 5, kde w,,,, = 40 rad/sa T} = 0,1 s.

The experimental results for the idle running permanent
magnet SM and first order dynamic are shown in Figure 3. The
achieved control range of shaft angular speed is w,,,, = 20 - 80
rad/s with prescribed time constant 7} = 0.05 and 0.1 s. This
control law enables the electric drive user to not only prescribe the
first order dynamic till steady state is achieved but also time for
steady state to be achieved can be prescribed.

The preliminary experimental results for the idle running
permanent magnet SM and second order dynamic are shown in
Figure 4. The achieved control range of shaft angular speed is
Wg,,, = 20-80 rad/s with prescribed time constant 7 = 0.05 and
0.1 s. This control law enables controling of acceleration during
starting conditions and is very desirable for such electric drives
such as cranes and lifts which can benefit from this kind of
control.

The second order dynamic speed responses as a function of
various damping factor & for over-damped, &= 2, critically
damped, £ = 1 and under-damped & = 0.5 control system can be
clearly followed from Figure 5, where = 40 rad/s and = 0.1 s.
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Obr. 4 Experimentdlne vysledky pre SM riadeny s dvnamikou druhého radu pri rozbehu kde
Wyery = 20 rad/s a wy,, = 80 rad/s s T;= 0,05 a 0,1 s.
Figure 4 Experimental results for SM controlled with second order dynamic when
Wyorm = 20 rad/s and wg,,, = 80 rad/s with T; = 0.05 and 0.1s.
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Obr. 5 Experimentdlne vysledky pre SM riadeny s dynamikou druhého rddu a roznymi
tlmiacimi koeficientmi, wg,,, =40 [rad/s], T, = 01s é= 21a0,5.
Figure 5 Experimental results for SM controlled with second order dynamic and various damping factor,
Wyorm =40 [rad/s], T, = 0.1 s £ = 2,1 and 0.5.

Vsetky experimenty su prezentované v celom dosiahnutom
rozsahu otacok. Na obrazkoch su ukazané statorové prudy v kom-
plexnej rovine a statorové prudy v zavislosti od ¢asu [priebehy a)
a b)], vypocitany rotorovy tok v komplexnej rovine a rotorovy tok
ako funkcia Casu je na obrazkoch oznaceny ako [c) a d)], odhad

All experiments are shown for the whole achieved speed
range. All figures show complex stator currents and stator
currents as a function of time [subplots a) and b)], computed
complex rotor flux and rotor flux as a function of time [subplots
¢) and d)], observed the speed form pseudo-sliding mode observer
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uhlovej rychlosti ziskany z pseudokizavého pozorovatela a tiez
i z filtraéného pozorovatela uhlovej rychlosti spolu s odhadova-
nym zataZznym momentom f) a skuto¢na rotorova uhlova rychlost
je oznacena ako e).

5. Zaver a odporucanie pre dalsi vyskum

Doterajsi vyskum navrhnutej metody pre riadenie pohonov so
SMPM s vnutenou dynamikou vykazuje dobru zhodu s teoretic-
kymi predpokladmi. Doteraz vSak nebolo overené spravanie
pohonu pri skokovej zmene zatazového momentu na hriadeli
motora. Doposial boli vSetky experimenty vykonané pre pohon so
SMPM bez zataze, avSak dosiahnuté vysledky su povzbudivé a je
velmi pravdepodobné, ze dojde pocas dalSieho vyvoja k dalsiemu
zlepSeniu parametrov pohonu. Nezanedbate[nym faktom je, Ze
vznika odchylka od idealneho chovania, ktora je dana hlavne
nenulovym iteraénym intervalom h, a ¢asovym oneskorenim pri
odhade zafazného momentu na hriadeli motora, ¢o je sposobené
hlavne chybou v urCeni parametrov motora a zataze.

Z vysledkov doterajsieho vyskumu je zrejmé, Ze tento typ ria-
denia je vhodny pre aplikacie vyZadujice bezsnimacové riadenie
otacok so strednou presnostou (= 5 %). Predmetom dalsieho
vyskumu by mala byt metoda pre nastavenie pociatocnej polohy
rotora pri rozbehu.

6. Dodatok

Parametre SM s permanent. magnetmi

Nominalny moment I', =2.3Nm,
menovita rychlost n, = 3000 rpm,
menovity prad I, =3A,
svorkové napitie U, =180V
napitie js. medziobvodu Uy =90V.
Parametre nahradnej schémy SMPM:

indukénost v osi d L, =6.06 mH,
indukénost v osi q L, =5.73mH,
tok permanent. magnetov ®,,,=0.119 Vs,
statorovy odpor R, =26Q,
moment zotrvacnosti J  =0.0035 kgm?
Parametre IGBT - SKiiP 32 NAB 12

Nominalne napétie 1200V
Nominalny prud (80 °C) 32A
Priidovy snima¢ LEM LTA 50P/SPI.
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and observed the speed together with the estimated torque from
the filtering observer - subplot f) and finally the real rotor speed
as subplot e).

5. Conclusions and Recommendations
for Further Research

The preliminary investigations of the proposed new control
method for electric drives employing SMs with forced dynamics
show good agreement with the theoretical predictions. The
arrangement of load torque step demand was not realised yet. In
spite of the experiments presented being achieved with an idle
running SM, the results are encouraging and further improvement
can be achieved. The significant, though not very large, departure
from the ideal performance is due mainly to the non-zero iteration
interval h, and time delay in load torque estimation as well as due
to errors in the motor and load parameter estimation.

The control system as developed to date would be suitable for
applications requiring sensorless speed control to moderate
accuracy (= 5 %). Further research is required to investigate
automatic shaft alignment for start-up conditions.

6. Appendix

Permanent Magnet SM parameters:

Nominal torque ', =23Nm,
nominal speed n, = 3000 rpm,
nominal current I, =3A,
terminal voltage U, =180V.

dc bus voltage U, =90V.
Parameters for equivalent circuit:

Direct inductance: L, =6.06 mH,
quadrature inductance: L, =5.73mH,
permanent magnet flux <Dp,,, = 0.119 Vs,
stator resistance R, =260,
momentum of inertia J  =0.0035 kgm?
Parameters of IGBT - SKiiP 32 NAB 12

Nominal voltage 1200 V
Nominal current (80 °C) 32A
Current sensors LEM LTA 50P/SPL
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