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VYSKUM’NOVYCH BEZSNfMACOVYCH RYCHLOSTNE
RIADENYCH POHONOV S ASYNCHRONNYMI MOTORMI

PRE TRAKCNE APLIKACIE

RESEARCH OF NEW SENSORLESS SPEED CONTROLLED DRIVES
WITH INDUCTION MOTORS FOR TRACTION APPLICATIONS

Wskum zamerany do oblasti elektrickych pohonov pre elektrickui
trakciu je zaloZeny na novom pristupe k riadeniu rychlosti elektrickych
pohonov, ktoré pouzivajii asynchronne motory bez pomoci snimaca
rychlosti montovaného na hriadeli. Novou ¢rtou navrhnutého riadia-
ceho systému je, Ze odozvy na referencny zaddvaci signdl rychlosti
a referencny vstup normy magnetického toku st vzdjomne nezdvislé.
Navrhnutd struktiira riadenia pozostdva z vniitornej slucky, ktord shizi
na riadenie priidu statora a vonkajsej slucky, ktord je pre riadenie
rychlosti bez snimaca na hriadeli. Pévodny riadiaci algoritmus je
odvodeny na zdklade predpisanej linedrnej odozvy prvého radu
v uzavretej slucke, ktord je zakladom pre linearizdaciu spdtnej vizby.
Tento povodny algoritmus bol neskorsie doplneny o dalsie dva riadia-
ce algoritmy, ktoré poniikajii moznost priameho riadenia momentu
pri konstantom zrychleni a riadenie rychlosti a zrychlenia tak, ako je
to predpisané diferencidlnou rovnicou druhého rdadu, kde zrychlenie
plynule narastd z nuly na maximum a potom sa plynule zniZuje. Aby
sa dosiahlo bezsnimacové riadenie rychlosti riadiaci systém pohonu
riadenie obsahuje skupinu troch pozorovatelov pre odhad rotorového
magnetického toku, rychlosti rotora a zdtaZového momentu. Prezen-
tované experimentdlne vysledky ukazujii dobrii zhodu s teoretickymi
predpovedami.

Riadiaci system tak, ako je dnes vyvinuty, sa velmi dobre hodi
pre aplikdcie, ktoré vyZaduji bezsnimacové riadenie rychlosti strednej
presnosti (= 5 %). Zaujimavou aplikacnou oblastou by mohla byt
novd generdcia riadenych pomocnych pohonov vozidiel elektrickej
trakcie, ¢o by malo zlepsit hlavne ich spolahlivost tym, Ze sa predpi-
sujui podmienky hladkého Startu. TaktieZ spotreba energie takychto
pomocnych pohonov by mala byt podstatne niZsia, pretoZe tieto sa
mozu lahko a velmi ii¢inne prisposobit zatazovym podmienkam hlay-
ného pohonuu.

1. Uvod

Na rozdiel od konvenénych pristupov k elektrickym pohonom
s asynchronnymi motormi (AM), na kombinovany asynchréonny
motor so zataZou sa tu nazera ako na nelinearny systém s viace-

The research, aimed at an area of electric drives for electric trac-
tion, is based on a new approach to the speed control of electric drives
employing induction motors without the aid of a shaft-mounted speed
sensor. A novel feature of the proposed control system is that respon-
ses to the reference speed demand and the rotor magnetic flux norm
reference input are mutually independent. The design control struc-
ture consists of an inner loop, which is a stator current control loop
and outer loop, which is a shaft sensor-less speed control loop. A first
order linear closed-loop response based on feedback linearization was
chosen to derive basic control law. This original control law was later
completed with other two control algorithms, which offer possibility of
direct torque control with constant acceleration and control of speed
and acceleration as it is prescribed with differential equation of the
second order where acceleration fluently grows from zero to its
maximum and then fluently decreases. To achieve sensorless speed
control, the drive control system contains a set of three observers for
estimation of the rotor magnetic flux, rotor speed and the load torque.
Experimental results presented indicate good agreement with the the-
oretical predictions.

The control system as developed to date would be suited very well
to the applications requiring sensorless speed control with moderate
accuracy (= 5 %). An interesting application area would be a new
generation of low-cost controlled auxiliary drives for vehicles of elec-
tric traction which can mainly improve their reliability due to pre-
scribed soft-start conditions. Also energy consumption of such kinds
of auxiliary drives can be substantially decreased because they can
easily and very efficiently accept changes connected with load condi-
tions of the main drive.

1. Introduction

In contrast with conventional approaches to electric drives
with induction motors (IM), the combined induction motor and
load are viewed as a multivariable non-linear plant. The feedback
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rymi premennymi. Principy linearizacie spatnej vazby [1], bloko-
vého riadenia [2] a princip separacie pohybu [3] si skombinované
tak, aby pre pohon vytvorili novy nelinearny riadiaci algoritmus
s viacerymi premennymi. Vysledkom je potom novy riadiaci algo-
ritmus, ktory moze pracovat v ktoromkolvek z nasledujucich troch
rezimov:

a) Priame riadenie zrychlenia, kedy pohon na hriadeli motora
produkuje uhlové zrychlenie, ktoré sleduje Ziadané zrychlenie
so zanedbatelnym dynamickym oneskorenim.

Linearna odozva rychlosti prvého radu, kedy sa pohon chova
ako linearny systém s predpisanou Casovou konsStantou, ¢o
moze byt vyuzité ako prvok pre iné aplikacie riadenia.
Odozva rychlosti druhého radu, kedy je predpisané zrychle-
nie pohonu tak, Ze systém v uzavretej slucke sa sprava podla
charakteristickej rovnice druhého radu.

b)

c)

Riadiaci systém pohonu ma Strukturu zaznamenanu na obr. 1,
ktora obsahuje vnutornu prudovu riadiacu slu¢ku a vonkajsiu ria-
diacu sluc¢ku, ktora realizuje vybraté dynamické spravania v uzav-
retej slucke pre dany operacny rezim. Prvy raz bol tento systém
popisany v [4] a doplneny s predbeznymi experimentalnymi vysled-
kami v [5] a [6]. Pretoze jediné merané veliCiny su napitie j.s.
medziobvodu a statorové prudy, je pouZzity taky pozorovatel uhlovej
rychlosti rotora, ktory vyzaduje len tieto merania spolu s odhadom
zloziek magnetického toku z pozorovatela magnetického toku.
Pozorovatel, ktorého model v realnom Case pracuje na zaklade
elektro-mechanickej rovnice motora vytvara filtrovanu verziu rych-
losti rotora a odhad zatazového momentu, ktoré sa vyzaduju pre
‘master’ riadiaci algoritmus.

linearization principle [1], the block control principle [2] and
motion separation principle [3] are combined to form a new, non-
linear multivariable drive control algorithm. The result is then
a new control law, which may be operated in any one of the
following three modes:

a) Direct acceleration control, where the drive produces a motor
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, which
could be used as an element for other control applications.

¢) Second order speed response, where the drive acceleration is
prescribed so that the closed-loop system has a second order
characteristic equation.

The drive control system has a structure, shown in Fig. 1,
comprising an inner current control loop and an outer control
loop realizing the closed-loop dynamic behavior of the selected
operational mode. In the first instance the system was described
in [4] and completed with preliminary experimental results in [5]
and [6]. Since the only measurement variables are the dc circuit
voltage and stator currents, an angular rotor speed estimator is
employed which requires just these measurements together with
the estimated magnetic flux components from a magnetic flux
estimator. An observer whose real-time model is based on the
motor electro-mechanical equation produces a filtered version of
rotor speed and load torque estimate required by the master
control law.
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Obr. 1. Zdkladnd struktiira pre riadenie rychlosti asynchronneho motora s vniitenymi dynamikami
Fig. 1. Basic structure of the forced dynamics speed control system for induction motor
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2. Navrh riadiaceho algoritmu

V zaujme zjednodusenia je riadiaci systém upraveny do hierar-
chicke;j struktury [2], v ktorej Ziadané hodnoty statorovych prudov
su generované ako primarne riadiace veliCiny ‘master riadiacim
algoritmom’, aby boli sledované slave riadiacim algoritmom’, ktory
vyuziva realne riadiace veli€iny, ktorymi su statorové napatia.

2.1. Model asynchronneho motora

Nasledujuci model AM pre statorové prudy a rotorové toky je
formulovany v («, B) sustave viazanej na stator:

I =c|[e,P(w)¥ — a,] + U] 2.1)

V= —Pw)¥ + ¢,/ (2.2)
1 1 ,

o, = 7 (T, —-T,)= 7(c5‘I'TTTI -TI). I, =0 (2.3)

kde W7= [W_, W] je rotorovy magneticky tok, I” = [I, Ig] je
statorovy prud, U" = [u,, ug] je statorové napitie, I',, je moment
vyvijany motorom, w, mechanicka rychlost rotora, a jednotlivé
konstanty su dané ako: ¢; = L,/(L,L, — L*m), ¢, = L,/L,, c; =
=RJL, = 1T, ¢, = L,T,, cs = 1.5p.L,/L, aa =R, +
+ (L>m/L*r)R,, kde L, L, a L,, st statorové a rotorové induké-
nosti a ich vzajomna indukénost. R, a R, su statorové a rotorové
odpory a p je pocet polparov statorového vinutia. Tiez,

_ 3 Pw,
(o
o -1

2.2. Master riadiaci algoritmus

(2.42)

(2.4b)

Na odvodenie riadiaceho algoritmu sa pouZiva princip linea-
rizacie spatnej vazby [1]. Linearizacné funkcie, ktoré nutia riadené
veli¢iny chovat sa podla Specifikovanych diferencialnych rovnic
pre uzavretu slucku st formulované pre rotorovii rychlost a normu
rotorového toku. Najskor sa tieto funkcie predpokladaju linearne,
prvého radu s Casovou konstantou 7, pre rotorova rychlost
a s Casovou konstantou Ty, pre Ziadanu normu rotorového toku.
Tieto dve premenné preto musia spifiat:

(2.5a)

1
r = T_(wd_ (1),) = accy

9]

. 1
| = —— (W, — 1w (2:5b)
B
Lineariza¢na funkcia pre o, sa dostane jednoducho porovna-
nim pravych stran rovnic (2.3) a (2.5a), nasledovne:

(2.6)

w

1| J
I7l = = [T (0, — 0) + I‘L}
5
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2. The Control Law Development

In the interests of simplification, the control system is arrang-
ed in a hierarchical structure [2] in which the stator current
demands are generated as primary control variables by a master
control law’, to be followed closely by a ‘slave control law’ using the
true control variables, i.e., the stator voltages.

2.1. Model of Induction Motor

The following IM model for stator currents and rotor fluxes is
formulated in the (e, ) stator fixed co-ordinate system.

I=c|le,P(w)¥ — a,] + U] 2.0

V= —Pw)¥ + ¢, (2.2)
1 1 X

o, = 7 (Tr,-T,)= 7(c5\I'TTTI -T).I,=0 (2.3)

where V7= [V, W ] is the rotor magnetic flux, r=1,I 5] is the
stator current, U'= [u, ug] is the stator voltage, T',, is the torque
developed by the motor, w, is the mechanical rotor speed, and
individual constants are given by: ¢, = L,/(L,L, — L*m), ¢, =
=L,/L,c;=RJL.=1/T,,c,=L,IT. cs=15pL,/L.aa, =
= R, + (L’m/L*F)R,, where L, L, and L, are, respectively, the
stator and rotor inductance and their mutual inductance. R, and
R, are, respectively, the stator and rotor resistance and p is the
number of stator pole pairs. Also,

B 3 Pw,
-] 2%
o -1

2.2. The Master Control Law

(2.42)

(2.4b)

The feedback linearization principles [1] are used for the
control law development. The linearizing functions, which force
the system variables to obey specified closed-loop differential
equations, are formulated for rotor speed and magnetic flux norm.
Firstly, these functions are assumed linear, first order with time
constant 7, for rotor speed and with time constant 7, for demand-
ed rotor flux norm. These two variables, therefore, satisfy:

(2.5a)

1
- T_(wd_ w,) = acey

w

. 1
] = —— (- 1) (2.5b)
4
Linearizing function for w, is obtained simply by equating the
right-hand side equations (2.3) and (2.5a), as follows:

1| J
pI7l = . [T (0, — ®) + FL]
5 15)

(2.6)
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1
VT = —
Cs

[J - acc, + T';] 2.7

Norma rotorového magnetického toku [¥| je definovana
vyrazom (2.8) a pre jej derivaciu H‘PH sa da odvodit:
W) =i + v (2.8)
W] = —2(c; W] = ¢ ¥ ) (2.9)

Opét porovnanim pravych stran rovnic (2.5b) a (2.9) pre deri-
vaciu normy rotororového magnetického toku dostavame:

W=+ (v, - ) .10)
C4 2c4Ty

Pozadovany riadiaci algoritmus sa potom dostane kombina-
ciou rovnic (2.6) a (2.10). Ale skor ako sa to urobi, stavové pre-
menné (x) su nahradené ich odhadmi z pozorovatelov (%). TieZ
konstantné parametre AM (p) nahradia ich odhady (), ako to musi
byt aj v praxi. Naviac, fiktivny riadiaci vektor [ sa nahradi Ziada-
nym pridovym vektorom I,, ktory vytvori referenéné vstupy do

slave’ riadiaceho algoritmu, ktory popiSeme neskor. Takto:

7 L
) q _—‘ifﬁ \T’a_ _[i (0, — @) + 1]
AT I P 7 1 ~
‘I’ q’a \II,B —_— —
LT W] 2480+ e G- 0
U [, 0, Sy ace, +
| el | &Y 212)
W Ve Vsl 7 R
kde F(W) = H‘PH t (H\PHd ) (2.13)
1 ey
a acc, = [— (w, — w,)] (2.14)
T,

Tu treba poznamenat, Ze konstantny externy poruchovy mo-
ment [, sa berie ako stavova premenna, ktora je odhadovana
v pozorovateli spolo¢ne s ostatnymi stavovymi premennymi.

Radiaci algoritmus (2.12) obsahuje v sebe Ziadané vystupné
uhlové zrychlenie hriadela acc,. Tri nasledujuce operacné reZimy,
ktoré boli prvykrat popisané v [7] a [8], sa daji realizovat
prostrednictvom troch diferencidlnych rovnic pre zrychlene acc,.
Druha cast riadiaceho algoritmu je ta ista pre vSetky tri operacné
rezimy a je to iba formulaciu predpisanej dynamiky pre normu
rotorového toku.

Zrychlujuci a dynamicky moment pre priame riadenie zrychlenia

V tomto pripade je pozadované zrychlenie urené konstant-

nou Ziadanou uhlovou rychlostou, w,() a poZadovanym ¢asom

pre zrychlovanie, T} = T,,. Dynamicky moment AM je potom
ur¢eny znamienkom chyby uhlovej rychlosti:

Wy
acc, = —
d T1

(2.15)

1
WITT = —[J - acc, + T,] 2.7
Cs

Rotor magnetic flux norm H‘PH is defined by expression (2.8)
and for its derivative H\IfH can be derived:
[l = w3 + v (2.8)
W) = =2(c W] = ¢, ¥ D) (2.9)

Again by equating the right hand sides of equations (2.5b)
and (2.9) for rotor flux norm derivative yields:

W=+ (- ) (2.10)
C4 2c,Ty

The required control law is then obtained by combining equa-
tions (2.6) and (2.10). But before this is done, the state variables
(x) are replaced by their estimates, (%) from the observers. Also,
the constant IM parameters (p) are replaced by estimates (p) as
must be the case in practice. Furthermore, the fictitious control
vector, /, is replaced by the demanded current vector, /,, which
will form the reference input to the ‘slave’ control law described
further. Thus:

1

J "
~ A T[’ ((l) - ({!\)r) + 1 ]

/- 1 |:—‘I’/3 \I’a] ¢s T, ¢ . Q10
AT B TN/ :
W Ve W H‘I’\ (\‘I’Hd i)

IR Y +T
fd=T[ i, \if‘] g et il .12)
Vi YY) 7 Rw
F¥) = H‘IfH + e (W= () (2.13)
1 ey
and acc, = |:— (wy; — w,)] (2.14)
T,

It should be noted that the constant external disturbance
torque, ;, is treated as a state variable and estimated in the
observer together with the other state variables.

The control algorithm (2.12) contains the demanded output
shaft angular acceleration acc,. The three following operational
modes, which were described for the first time in [7] and [8], are
realized by the means of three differential equations for accelera-
tion acc,. The second part of the control law is the same for all
three modes and is merely a statement of the prescribed rotor flux
norm dynamics.

The acceleration and dynamic torque for direct

acceleration control

In this case, demanded acceleration is determined by a con-
stant demanded angular velocity, w,(f), and a demanded accele-
ration time, 7, = T,. The dynamic torque of IM is then
determined by the sign of the angular velocity error:-

Wy
acc, = —
d T,

(2.15)
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[ gyn = J * acc, ™ sign(Wy,,, — @) (2.16)
Zrychlenie a dynamicky moment pre dynamiky prvého radu
Tento pripad sme uz popisali pocas odvodenia master riadia-

ceho algoritmu. Preto len skratene:

1
acey = (w; — W) 2.17)

J
Can = 7 (W — @) (2.18)
T,
Zrychlenie a dynamicky moment pre dynamiky druhého radu
V tomto pripade je pozadovana diferencialna rovnica pre
uzavretd slucku rotorovej rychlosti dana ako (2.19). Ak poly tejto
rovnice su umyselne zvolené ako nasobné a faktor timenia & = 1,
potom vztah pre dosiahnutie ustaleného stavu (2.20) sa moze
pouzit na urCenie w,,, (kde n je rad systému) tak, aby sa dosiahol
pozadovany Cas ustalenia:

W= _26(‘);1:11(‘.) + a)fmt(wdem - (A)) (219)

1
T,=15%+n)—

‘nat

(2.20)

Ak je rovnica (2.19) numericky integrovana, potom @ je
pozadované uhlové zrychlenie pre dynamiky druhého radu. Takto
algoritmus v diskrétnom Case, ktorého zakladom je rovnica (2.19)
pre uhlové zrychlenie a dynamicky moment s dané ako:

accy = accy + [w%lat(wdem -

®,) — 28w, acc,l*h - (2.21)

[ gpn =J * ace, (2.22)

Obr. 2.1 ukazuje narast rychlosti rotora a dynamicky moment
pocas rozbehu pre vsetky tri dynamiky.
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[ gpn = J * acc, ™ sign(Wy,,,, — W) (2.16)

The acceleration and dynamic torque for first order dynamics
This case was already described during master control law
development. Therefore, only abbreviated:
(2.17)

accy = ——(; — W)

Tw

J
Fapn = 7 (Qiem = @) (2.18)
w
The acceleration and dynamic torque for second order dynamics
In this case, the desired closed-loop differential equation for
the rotor speed is done by (2.19). If the poles of this equation are
purposely chosen as coincidence and damping factor é = 1, then
the settling time formula done by (2.20) may be used to determine
W, (Where n is order of the system) to fit chosen settling time:

0= —28wW,, 0+ Wy (W, — W)

nat

(2.19)

1
T,=15%(1+n)—

‘nat

(2.20)

If equation (2.19) is numerically integrated then @ is the
demanded angular acceleration for second order dynamics. Thus,
the discrete time algorithm based on equation (2.19) for angular
acceleration and dynamic torque are as follows:

a)r) - 2Ewnataccd] *h

acc, = acc, + (W (Wy — (2.21)

g =J * ace, (2.22)

Fig. 2.1 shows rotor speed and dynamic torque during accele-
ration for all three dynamics.
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Obr. 2. Idedlne odozvy uhlovej rychlosti a zrychlujiiceho momentu pre riadenie s vniitenymi dynamikami
Fig. 2. Ideal angular speed response and acceleration torque for forced dynamics control

2.3. Slave riadiaci algoritmus

Podsystém, ktory ma byt riadeny tu, definuje rovnica (2.1).
Riadenou veli¢inou je teraz vektor napdtia U a vystupnou velici-

2.3. Slave Control Law

The sub-plant to be controlled here is defined by equation
(2.1). The control variable now being voltage vector, U and the

KOMUNIKACIE / COMMUNICATIONS
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nou je vektor prudu 7, ktory ma reagovat na vektor Ziadaného
prudu /,. Slave riadiaci algoritmus je nasledujice riadenie typu
,bang-bang*:
U=U,,.sgnll; — 1] (2.23)
Umyslom je, aby bang-bang riadiaci algoritmus pracoval v kiza-
vom rezime s vysokou spinacou frekvenciou riadenych veliin.
Toto by pre riadené veliCiny idealne, pri nekonecnej spinacej frek-
vencii, udrZzalo [ = I,. V praxi sa v§ak dosiahne konecna, ale
vysoko spinacia frekvencia (predpoklada sa 20kHz), limitovana
nenulovou iteraénou periodou digitalneho procesora, o vSak bude
udrziavat pomerne malu amplitidu zvlnenia vystupného pradu.

3. Odhadovanie stavov a filtrovanie
3.1. Estimator rotorového magnetického toku

Pre AM prostriedok na odhadovanie zloZiek rotorového mag-
netického toku sa da odvodit tak, Ze sa eliminuje rychlost rotora
w,, vzdjomne v rovniciach (2.1) a (2.2), €o dava rovnicu (3.1):

sl -2 G-
~(re)ali

Pri nulovych pociato¢nych podmienkach st vsetky veliciny na
pravej strane rovnice (3.1) zname a preto zlozky rotorového toku
mozu byt uréené numerickou integraciou podla rovnice (3.2).

ER O FRE bl
=

Tato integracia vsak v praxi bude podliehat dlhodobym posu-
nom a preto sa musia urobit Specialne opatrenia opisané v [9],
aby sa korigovali odhadované zlozky magnetického toku.

3.1

(3.2)

3.2. Pozorovatel pracujici v pseudo-kizavom rezime
pre uhlova rychlost

Pozorovatel pracujici v pseudo-kizavom rezime ma zaklad
v rovnici (2.1) pre statorové prudy AM ako model v redlnom case,
ale v ktorom su ucelovo zanedbané vsetky vyrazy obsahujuce w,.

f*=¢[—al*+U+v (3.3)
kde v = [v,, o ve,LB]T su korekcie modelu, iy a i, su odhady
prudov i, a ig, ako v konvenénych pozorovateloch. Uzitoénym
vystupom pozorovatela su tu vSak spojité ekvivalentné hodnoty
Veg a Veq p» (tJ. kratkodobé stredné hodnoty [10]), rychle spina-
nych premennych, ktoré si dané rovnicou (3.4a).

output variable, /, to respond to the demanded current vector, /.
The slave control law is the following “bang-bang” control law:-

U=10,,. sgnll, — 1 (2.23)

This bang-bang control law is intended to operate in the
sliding mode with a rapidly switching control variable. This ideally
maintains /= [, with an infinite switching frequency of the
control variables. In practice, a finite but high-switching frequency
(20 kHz is assumed), limited by the non-zero iteration period of
the digital processor, would maintain a relatively low amplitude
limit cycle in output current.

3. State Estimation and Filtering
3.1. The rotor magnetic flux estimator

For IM, a means of estimating the rotor magnetic flux com-
ponents may be derived by eliminating the rotor speed, ), between
equations (2.1) and (2.2), yielding equation (3.1):

sl R
“(e)al

With zero initial conditions, all the quantities on the right-
hand side of equation (3.1) are known, and therefore, the flux
components may be determined by numerical integration accord-
ing to equation (3.2)

RO RO bl
[l

This integration, however, would be subject to long-term drift
in practice, and special measures described in [9] should be taken
to correct the rotor magnetic flux estimate.

3.1

(3.2)

3.2. The pseudo sliding mode observer for
angular velocity

The stator current vector pseudo sliding-mode observer is based
on equation (2.1) for the IM stator currents as a real-time model
but purposely omitting the terms, which contain «,. Thus:

I*=¢[-al*+U+v (3.3)
where v = [v,, 4 veu;]T are the model corrections, iy and i, are
estimates of currents i, and iﬁ, as in conventional observers. The
useful observer outputs here, however, are the continuous equiva-
lent values, v,, 4 V., g, (i.e., the short term mean values [10]), of

eq_a

the rapidly switching variables given by equation (3.4a).
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Veg = _vmaxSign(I* )] (3.4a)

Vog = Kyl — I*] (3.4b)

Ale tato rovnica (3.4a) nemdZze priamo generovat pozadované
ekvivalentné hodnoty. Namiesto toho tu moézeme vytvorit pozoro-
vatel pracujuci v pseudo-kizavom rezime tym, Ze signum funkciu
nahradime proporcionalnym vysokym ziskom tak, ako to udava
rovnica (3.4b)

Kde K, sa voli také vysoké, ako jej to dovoluje limit pre sta-
bilitu.

Pre velké K§,, korekéné vstupy pozorovatela blizko aproxi-
muju vyrazy chybajuce z modelu AM v realnom case (3.5a)
a nefiltrovany odhad uhlovej rychlosti rotora, ¥, moZe byt extra-
hovany z rovnice (3.5b).

Veg = €102P(W)W (3.52)

[re,)” TW
W= 3.5b
" (CICZPHM‘) ( )

3.3. Pozorovatel pre odhad zatazového momentu
a filtrovanie odhadu rotorovej rychlosti

Odhad zafazového momentu, ktory poZaduje master riadiaci
algoritmus, sa tu robi pomocou Standardného pozorovatela, ktory
ma podobnu Strukturu ako Kalmanov filter, pretoZe sa predpo-
klada, Ze jeho priame meranie je nedostupné. Model pozorovatela
pracujuci v realnom Case je zalozeny na rovnici (2.3). Zatazovy
moment sa tu berie ako stavova premenna, ktorej diferencialna
rovnica zodpoveda modelu v realnom Case [11] a tak jej diferen-
cialna rovnica je jednoducho Il = 0. Korek¢na slucka pozorova-
tela sa aktivuje chybou medzi odhadom rotorovej rychlosti
z pseudo-kizavého pozorovatela, w? a odhadom, &, z modelu pra-
cujucom v realnom ¢Ease. Pretoze ziskana hodnota (?), je filtrovanou
verziou wy, je tato hodnota priamo pouZitd v master riadiacom
algoritme namiesto «w¥. Verzia pozorovatela, ktora pracuje v spo-
jitom Case je dana:

A
=W — @

. 1(3L, , ,

o= Tr Z—Lrp[wralxﬁ - erl.xa] - rL + k&ﬁw

kw = J(wl + wz)

e et (3.6b)
f = ke, (3.6a)

Obidva poly pozorovatela mozu byt spoloCne umiestnené
vs = —1/T,takze filtracna Casova konstanta, T, je jedinym para-
metrom pre navrh zosilneni, k,,a k. Modifikovana verzia filtrac-
ného pozorovatela, ktora je zaloZena na umiestneni pélov v dvoch
rozliénych miestach, —w, a — w,, a ktora vykazuje vyssiu stabilitu
pozorovatela, sa pouzila v ramci experimentov. PretoZe riadiaci
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Vg = —Vmax Sign(I* — I) (3.42)

Vg = Kgpgll — I¥] (3.4b)

But this equation (3.4a) cannot directly generate the demand-
ed equivalent values. Instead, a pseudo-slidingmode observer may
be formed by replacing the signum functions by proportionally
high gains, as it is shown in equation (3.4b).

Here, K§,, is made as high as possible within the stability
limit.

For large, K§,,, the observer correction inputs closely appro-
ximate the terms missing from the AM real-time model (3.5a) and
an unfiltered angular rotor speed estimate, w¥, can be extracted
from equation (3.5b).

Veg = C162P(W)W (3.5a)
[re,)” TV

W= ——— 3.5b

i (CICZP‘%‘) ( )

3.3. Observer for Load Torque Estimation and Rotor
Speed Estimate Filtering

The load torque estimate required by the master control law
is provided here by a standard observer having a similar structure
to a Kalman filter, a direct measurement of this being assumed to
be unavailable. The real-time model of this observer is based on
the motor torque equation (2.3). The load torque is treated here
as a state variable whose differential equation argues the real-time
model [11], and so its state differential equation is simply fL =0.
The observer correction loop is actuated by the error between the
rotor speed estimate, «w?, from pseudo-sliding mode observer and
the estimate, &,, from the real time model. Since gained value of
@, is a filtered version of ¢, it is used directly in the master control
law instead of w?. The continuous time version of this observer is
therefore:

P
=W —

O="157 p[wralsﬁ - wrﬁlsa] - rL + k(uew

7| 2L,
ko= J(0y + w,)
s o, (3.6b)
£, = ke, (3.6a)

The observer poles can be both placed at s = —1/T so that
the filtering time constant, T, is a single design parameter for the
gains, k,, and k. A modified version of the filtering observer
based on pole-placement at two different locations, —w, and —w,,
which shows higher stability of observer, was used during the
experiments. Since the control system is designed to be insensitive
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systém je navrhnuty ako necitlivy na ¢asovo premenné zatazové
momenty je evidentné, ze bude tiez necitlivy na dynamiku riade-
nej mechanickej zataze [12].

4. Experimentalne vysledky

Parametre AM a pomocnych zariadeni pouzitych pri experi-
mentoch st uvedené v Dodatku. Viriva brzda sluzila ako zataz
AM. Riadiaci algoritmus bol implementovany cez Pentium PC166,
statorové prudy boli merané cez transformatory LEM a vyhodno-
cované PC Lab kartou PCLS812, zabudovanou priamo do PC.
Modul FUJI 2803 6MBI10L pozostavajuci z IGBT tranzistorov
bol pouzity ako trojfazovy striedac, pricom napétie v jednosmer-
nom medziobvode bolo rovné U, = 52.5 [V].

Experimenty pre vSetky tri predpisané dynamiky boli vykonané
pre tu istu Ziadanu rychlost w,,,, = 200 rad/s s dobou ustalenia
T,=1 a 05 s. Poziadavka pre normu magnetického toku
v dosledku nizkeho j.s. napitia bola konStantna a rovna H‘PH,,E,,, =
= 0.0025 (Vs)? s Casovou konstantou Ty = 3 ms. VSetky tri pre-
zentované obrazky obsahuju (a) zlozky statorového prudu a roto-
rového magnetického toku pre zrychlovanie, casovy interval ¢t =

to time-varying load torques, it is evident that it will also be
insensitive to the dynamics of the driven mechanical load [12].

4. Experimental Results

The parameters of the IM and ancillary devices used for
experiments are listed in the Appendix. Eddy-current brake served
as a load of IM. The control law was implemented via a Pentium
PC166, the stator currents being measured through LEM
transformers and evaluated using a PC Lab Card PCLS812 built
directly into the PC. An IGBT transistor module FUJI 2803
6MBI10L-060 was used as a three-phase inverter, when the dc bus
voltage was equal = 52.5 [V].

The experiments for all three prescribed dynamics were carried
out at the same speed demand w,,,, = 200 rad/s with settling
time T,,, = 1 and 0.5 s. Magnetic flux norm demand due to low
DC voltage was kept constant and equal to H\I’Hdem = 0.0025 (Vs)?
with time constant 7y, = 3 ms. All three presented figures contain-
ing (a) stator current and rotor magnetic flux components for
acceleration, time interval 1 = 0 — 0.05 s, and (b) stator current
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-1000
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w 1 04

-1200

-2 -0.6
0 0.01 0.02 0.03 0.04 005 765 1.77

a) Statorové priidy a rotorové mg. toky
pocas zrychlovania

a) Stator currents and rotor mg. fluxes
during acceleration

1775 178
b) Statorové priidy a rotorové mg. toky
v ustdlenom stave
b) Stator currents and rotor mg. fluxes

in steady state

-1400
1795 1.8 0 0.5 1 15 2

1785 179
¢) Odhadovand rychlost rotora z pozorovatela
v pseudo-kizavom rezime
¢) Estimated rotor speed from pseudo-sliding
mode observer
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d) Estimated torque and rotor mg. flux norm

d) Estimated torque and rotor mg. flux norm

f) Real angular rotor speed and ideal speed
response

Obr. 3. Experimentdlne vysledky pre dynamiky prvého rdadu
Fig. 3. Experimental results for first order dynamics
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=0 — 0.05 s, (b) zlozky statorového prudu a rotorového magne- | and rotor magnetic flux components for steady-state time interval
tického toku pre ustaleny stav, Casovy interval 1 = 1.765 — 1.8 s. | = 1.765 — 1.8 s. Estimated rotor speed from the pseudo-sliding
Odhadovana rychlost rotora zo pseudo-kizavého pozorovatela je | mode observer is shown in (c). Estimated rotor flux norm and
ukazana v (c). Odhadovana norma rotorového toku a moment | load torque are shown in (d). A filtered observed speed together
zataZze su ukazané v (d). Filtrovana pozorovana rychlost spolo¢ne | with ideal speed response are shown in (e) and finally subplot (f)
s idealnou odozvou rychlosti si ukazané v (e) a konecne graf (f) | shows ideal speed response and real-rotor speed.

znazornuje idealnu odozvu rychlosti a skuto¢nu rychlost rotora.

Experimentalne vysledky pre AM a dynamiku prvého radu Experimental results for IM and first order dynamics are
ukazuje obr. 3. Dosiahnuty rozsah rychlosti rotora je &, = 15 — | shown in Fig. 3. The range of rotor speeds achieved is w,,,, = 15 —
— 250 rad/s s predpisanymi €asovymi konStantami 7,,= 0.15 — 1s. | — 250 rad/s with prescribed time constants 7,,= 0.15 — 1 s. It
Z obr. 3 je jasne vidiet, Ze AM sleduje idealnu odozvu rychlosti | can be clearly seen from Figure 3 that IM follows ideal speed res-
s minimalnym oneskorenim. ponse with minimum delay

Experimentalne vysledky pre AM a priame riadenie zrychle- Experimental results for IM and direct acceleration control
nia ukazuje obr. 4. Dosiahnuty rozsah rychlosti rotora je ,,,, = | are shown in Fig. 4. The range of rotor speeds achieved is w,,,, =
= 25 — 250 rad/s s predpisanymi ¢asovymi konStantami 7,,= | =25 — 250 rad/s with prescribed time constants 7,, = 0.15 — 1s.
= 0.15 — 1's. Z obr. 4 je jasne vidiet, Ze AM rampovy narast rych- | It can be clearly seen from Fig. 4 that ramp increase of IM speed
losti AM sa dosiahol s malym oneskorenim. was achieved with short delay
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600
0.4 1‘
02 5 400
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w 0 ‘
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. -0.2

L i 200
15 ,, o4l £ 400
-20 0.01 0.02 0.03 0.04 0.05 -01".1765 177 1775 178 1785 1.79 1.795 1.8 -6000 0.5 1 15 2

a) Statorové priidy a rotorové mg. toky b) Statorové priidy a rotorové mg. toky ¢) Odhadovand rychlost rotora z pozorovatela

pocas zrychlovania v ustdlenom stave v pseudo-kizavom rezime

a) Stator currents and rotor mg. fluxes b) Stator currents and rotor mg. fluxes ¢) Estimated rotor speed from pseudo-sliding

during acceleration in steady state mode observer

0.07 200 - ; ] 250

EA N N7

0.04 H
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0.03 ﬂ”‘w N‘“a mm‘a mmmm 100 /
0.02 f :s" / 100
f 50

0.01ff ::"‘,
0 M sor;
-0.01 0 I' , B
0.0
003 0.5 1 15 2 5% 05 1 15 2 % 05 1 15 2
d) Odhadovany moment a norma rotorového e) Odhadovand rychlost rotora a idedlna f) Skutocnd uhlova rychlost rotora a idedlna
mg. toku. rychlost odozva rychlosti
d) Estimated torque and rotor mg. flux norm e) Estimated rotor speed from filtering f) Real-angular rotor speed and ideal
observer & ideal speed speed response
Obr. 4. Experimentdlne vysledky pre dynamiky s konstantnym momentom
Fig. 4. Experimental results for constant torque dynamics
Konecne, experimentalne vysledky pre AM a jeho radenie Finally experimental results for IM and its control with

dynamikou druhého radu ukazuje obr. 5. Dosiahnuty rozsah rych- | second order dynamics are shown in Fig. 5. The range of rotor
losti rotora je wy,, = 15 — 250 rad/s s predpisanymi Casovymi | speeds achieved is @, = 15 — 250 rad/s with prescribed time
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konstantami T,,= 0.15 — 1 s. Z obr. 5 je jasne vidiet, Ze AM
sleduje idealnu odozvu rychlosti s malym oneskorenim.

constants T,, = 0.15 — 1 s. It can be clearly seen from Fig. 3 that
ramp increase of speed was achieved with short delay

.l\
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/) Real-angular rotor speed and ideal
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Obr. 5. Experimentdlne vysledky pre dynamiky druhého rdadu
Fig. 5. Experimental results for second order dynamics

5. Zavery

Vyskum novej metddy riadenia elektrickych pohonov, ktoré
vyuzivaji AM s vnutenou dynamikou vykazuje dobru zhodu s teo-
retickymi predpovedami. Pozorovatelna, hoci nie velka odchylka
od idealnych vlastnosti je spdsobena hlavne nenulovym iteraénym
intervalom, 4, Casovym oneskorenim v odhadovani zatazového mo-
mentu, ako aj v dosledku chyb pri odhadovani parametrov motora
a zataZe.

ZatialCo priame riadenie momentu modzZe byt vhodné pre
vacsinu priemyslovych aplikacii, dynamika druhého radu moze byt
velmi prifazliva pre dizajnérov elektrickych pohonov Zeriavov
a vytahov. Riadiaci systém tak, ako je k dnesku vyvinuty, bude
vhodny tiez pre aplikacie ako pomocné pohony trakénych vozi-
diel, ktoré su vhodné pre bezsnimacové riadenie rychlosti AM
strednej presnosti (= 5 %).

ZlepSenie vlastnosti riadiaceho systému sa pre dynamiky
prvého radu dosiahlo aplikaciou vonkajsej riadiacej slucky zaloze-
nej na riadeni v kizavom rezime [13] a pre vietky tri dynamiky

5. Conclusions

The research of the proposed new control method for electric
drives employing induction motors with forced dynamics shows
a good agreement with the theoretical predictions. The signifi-
cant, though not very large, departure from the ideal performance
is due mainly to the non-zero iteration interval, /, and time delay
in the load torque estimation as well as due to errors in the motor
and load parameter estimation.

While direct torque control can be suitable for a majority of
industrial applications, second order dynamic can be very attrac-
tive for electric drive designers of cranes and lifts. The control
system, as developed to date, would be suitable also for applicati-
ons as auxiliary drives of traction vehicles suitable as sensorless
speed control of IM to moderate accuracy (= 5 %).

Improvement of the overall control system performance was
achieved for first order dynamics with application of outer control
loop based on Sliding Mode Control [13] and for all three
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vonkajSou riadiacou sluckou zaloZenou na riadeni s referenénym
adaptivnym modelom [ 14].

6. Dodatok

Parametre AM:

Menovity vykon P, =120W,
menovita rychlost n, = 1410 ot/min,
menovity prud I,=1A,
svorkové napitie U,=81V.

Parametre ekvivalentného obvodut:
Indukénof statora L, =2
indukénost rotora L, = 24.6 mH,
vzajomna indukcnost L =2

odpor statora R, =1

odpor rotora R =12.53Q
moment zotrvacnosti J, = 1.7¢ — 6 kgm®

7. Podakovania
Autori vyjadruju podakovanie slovenskej grantovej agenttre

VEGA a Ministerstvu §kolstva Slovenskej republiky za financova-
nie vyskumného projektu ¢. 1/6111/99.

KOMNIKCCe

C O MMUNICATION:S

prescribed dynamics with outer loop based on Model Reference
Adaptive Control [14].

6. Appendix

IM parameters:

Nominal power P, =120W,
nominal speed n, = 1410 ot/min,
nominal current I,=1A,
terminal voltage U,=81V.

Parameters for equivalent circuit:

Stator inductance L, =24.6 mH,
rotor inductance L, = 24.6 mH,
mutual inductance L,=21.0mH,

stator resistance R
rotor resistance R =1253Q
momentum of inertia J, = 17e — 6 kgm®
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