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Abstract

This paper deals with the generalized predictive control applied to an induction drive with vector control
and static torque, with constant and speed proportional component. First, it is defined a reduced model of
the ensemble formed by the drive and the vector electronic control and then are presented the generals
characteristics of the generalized predictive control that are applied to considered drive speed control.
Finally, using Matlab-Simulink environment are presented and then are analyzed the performances.
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Mathematical Drive Model

Let u, consider a three-phase induction motor witha,,b, and c, the stator phases anda, , b,
and c, the rotor phases (Fig. 1). The time variable electrical angle &, defines the instantaneous
position between magnetic axes of a; and a, phases chosen as reference axes, and d axis of
the orthogonal axes reference systemd —¢q . The angles &, and ¢, are the angles between a

stator phase respectively a rotor phase with d axis of the orthogonal reference systemd — ¢ .

Wrdq:‘l’rd

Fig. 1. Explanatory for the position of the system Fig. 2. Explanatory for the position of
of stator and rotor axes for an induction motor reference system related to rotor flux



206 Marius-Constantin Popescu, Anca Petrisor

where (x,y) is the axis system related to stator and (d,q) the axis system related to motor
rotating field. The induction motor equations, without saturation are

Uasz%_Rs'ias Ubsz_%_Rs'ibs chz_%_Rs'ics
dt dt dt
0=MWar s i =W g . 0=Wer g i ()
dt dt dt

where R, and R, are the resistances for one stator phase respectively one rotor phase; U, ,

i,.,W,, are the voltages, the currents and the flux (m index denotes a, b or ¢ phase and n index
denotes the stator or the rotor). The relations between fluxes and currents are given by the

equations (2) where L

. » L, are the inductances for one stator phase respectively one phase

inductances rotor; Lmas, Lmar are the mutual inductances between two stator phases

respectively rotor phases; L, is maximum mutual inductances.
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Park transformation turns the stator and rotor windings into orthogonal equivalent windings.
Thus, thea,, b, and ¢, windings are changed by two equivalent windings  and g, and the
rotor windingsa, , b, and c, by the equivalent windings d, andg,. Choosing a reference
system related to the rotary field such as

das_w_dar_w_ ‘» 3)
dr g TP

where p, are the number of stator poles pairs and w,, w, are the mechanical and electrical

angular speed, the equations (1) becomes:

dw d
% =0, Yy, =R iy tuy, Ll/i/sq ==0; Yy — R iy +uq K
t t
d . dwr .
ﬂ:(‘%_l’s‘w)'%d_Rr'lrd’ L=—~(@,~p,0) vy, —R, i, “4)

dt dt

The differential equation of the movement for a rigid coupling is
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J-‘Z—w=Me—MS:ME—MO—K1-a), )
t

where M|, is the constant component part of the static torque M ; K, is a proportional

constant; M, is the electromagnetic torque; @is the angular speed.

The electromagnetic torque M, can be expressed by currents
M, =ps Ly by —lsg iry) ©)
The relations between fluxes and currents in Park model are
Wea=Ligg+ L, iy, Wy =Lo-i+L, 1.,
Wea =Ly igg+L.ipg. YW, =L, i, +L, i, %

where: ¥/, , Vg Va» Wy are the stator and rotor fluxes along the axes d andg g s isq,

I,q» 1y, are the stator and rotor currents along the axes d andq; L; and L, are the inductivity
of the stator and rotor windings; L, is the periodical mutual inductivity between the stator and

the rotor, such as

L=L_-L L=r,-L,,.L,=3/2-L

S as mas r ar ‘mar > mrs *

Chosen a reference position such as the axis d is along the rotor flux vector ¥/, (Fig.2), then the

vector control will allow the rotor flux regulation by controlling the current i, and the
electromagnetic torque developed by the motor. If it is considered an induction motor with short
circuit rotor (#, =0), and if the rotor flux vector is along d axis of the (d,q) axes system,

then the ¢ axis flux component part is null

l//r = l//rdq = l//rd = l//rq =0. ®)
and the equations (4) becomes
dl// d . d'lysq .
Tts:ws ")Vsq _Rs Agg tUy, ——=—0; Yy _Rs “lyq +Mq
dy, . .
WM:_Rr'lrd’ 0:_(ws_ps-w)'l//sq_Rr'qu €))
Replacing the fluxes in equations (9) by theirs expression, these becomes
} diy, . di,, .
ud:Rs'lsd+Ls_ét_a)s'Ls'lsq+Lm . _ws'Lm'qu
. . di . di
uq =0 Ls Lsa + Rs 'l‘\‘q + Ls 73;14- a; - Lm U + Lm -
di . . di .
0= Lmd_std_(a)x —Ds a))Lm g TR, i, +L, d;d _(a)x —Ds a))Lr by

di

Ly

dt

di
0=(w,—p, WL, i, +Lmd—;q+(ws —py @)L iy +R i, +L, (10)
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and the electromagnetic torque is

L .
Me:px'#'l//rd'lxq' (1D

4

The rotor currents expressions will be resulted from the equation (7) and these will be replaced
in equations (10). It is obtained [1], [2]
dii;  uy, L, d¥,, R

m S

- - isd + a)sisq ’
dt oL, oLL. dt oL,
di,, u, R L d¥,, R L,R
q q s » m . rd r m-‘r -
= - i —o, Y, ,—-oi,, —~=—"%¥,,+ Iy, (12
d oL oL * ‘oLL " " a4 L " oL v
where the angular speed @, is given by the relation (13)
L R i
o, =+ (13)

’ Lr v rd

and o=(1-L,, /(L,L,)) is the dispersion coefficient of the induction motor. Noting the ratio

L;/R, and L /R, with T, and T, (stator and rotor electromagnetic time constant) and taking

into account the electromagnetic torque expression and the equations (12), is determined the
block structural schema of the induction drive, illustrated in Fig. 3.

Lm
(sigma”LsFee+Rs Te+ T s+Rs ¥ d
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Y
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e (sigma®L=sfs+Rs

isq

Fig. 3. The block structural schema of the induction drive.

Decoupling by a state feedback allows canceling the q axis action over the d axis, by a
state feedback, keeping the ¥ ,; flux constant (Fig. 4).
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Fig. 4. The block structural schema of the drive with feedback state decoupling
and static torque with constant and speed proportional component.

In a circuit feedback requiring that the W, ; flux is the same, using the voltage ug, the equations
(12) become

disd +ﬁd‘Prd

u; =Ri,+0L, -woLi,,,
d stsd s dt Lr dt S stsq
7 diSq Lm .
u, =R, +oL; +a)SL—‘Prd+a)SO'LSlSd,
do K 1 1 L. d¥Y
—=——w+—-T, ——T., Mi =%, +——"1 (14)
dt J J J ‘ R, dt
LR 1 L
with @, = pSaH—% 2 and M,= pSL—m‘PrdiSq and the block structural schema
T rd T

illustrated in Fig. 5.

1
(=igma™Lsf=+Rs= izq

Fig. 5. The block structural schema of an induction drive with W 4 constant flux.
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To get the simplified model of the induction drive it is considered that the flux has a constant
value and from the equation (13) results

L ) di, L
uq:[RS+fSRrleq+O—L‘Y?+psa)L_SlPrd' (15)

r m

The block structural schema of the induction drive after q axis is reduced to the block
structural schema illustrated in Fig. 6.

Js i

Ll L
Rt Rr(Ls/L s+sigmatls |

Fig. 6. The reduced block structural schema of an induction drive with static torque, with constant
and speed proportional component, a) non-masked schema ; b) masked schema.

S

It is considered ud=L—‘(‘Prd)ref—2)SO'le)sq and the flux is fixed. Neglecting the

m
electromagnetic time constant, O-—Ls, the current iSq is estimated by the expression
R, +R.L /L,
(3]
R Uq_psw?(wrd)ref
fyy = > (16)
R, + L—Y R,

-

and the angular speed o; is estimated taking into account the equation (13), by (Fig. 6a)

Y]
L R 2
3) =+ (17)
L r (lPrd ) ref
Starting from the reduced drive model defined in q axis, it is established the transfer function
H (s) =b/ (a2s2 +a;s+1) represented by the input-output block structural schema (Fig. 6.b),

where o is the motor angular speed, Uq is the motor applied voltage and the a,, a,, b coefficients
that characterized the transfer function in time range, are

L
pxilyrd
L R, +K,0L, JoL
b= a, = a, =
2 Ly 2 U S Loy 2
Ps flprd +R€K1 Ps f‘Prd +ReKl

r r r

with R, =R, +%R,.

r
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Generalize Predictive Control

Although, many of the self-tuning control structures use a CARMA (Controlled AutoRegressive
Moving Average) type model, this model is inadequate for many of the industrial applications
where the disturbances are unsteady (random steps at random time moments). The considered
model by the generalized predictive control, is a CARIMA model (Controlled AutoRegressive
and Integrated Moving Average), of type

Alqg™)y(k1,)=B(q " u[ (k-1)T, ]+ f(ZTe)

with : y(kT.) and u(kT.) are the input respectively the output of the process, & (kT3)is a

(18)

sequence of independent random variables, having the null mean and finite variance
(inadequate), T, is the sampling period, A=1— q_1 is the differentiation operator and q'1 is the
step delay operator, a T¢ period. The A(q") and B(q") polynomials are such as

A(q_l) = 1+a1q_1 +...+anaq_"“ , B(q_l) =b, +b1q_1 +...+ban_"”

where n, and n, are the A and B polynomial degrees.

Because the A(q'l) polynomial is non-zero, the predictive output of the process at the (k+j)Tg
discrete time moment is

-1

[+ pr.]=24

1
k+j-1T, |[+———¢|[(k+ j)T, (19)
gy L IO e m Sl ]

The terml/(A(q_l)A), can be factorize in two terms by means of Euclid algorithm that allows
the division by 1 of the A(q'l)A polynomial, until j number order [4], [5], [6] :
1/A(@YA=E (g )+q 7 Fi(g ) AlgHA & Ej(g)HA(GHA+q 'Fi(g)=1 (20)

the Ej and Fj polynomials having ( j-1) polynomial degrees (j is a prediction interval also called

output prediction horizon) and respectively n. The predictive output at the (k+j)T. time moment
is

[ k+Jj)T, ] E (qfl)B(qil)Au[(k+j—l)Te]+Fj (qil)y(kn)+Ej (qil)f[(k+j)T6:| 2D
The predictor that takes into account the known information at the kT, discrete time moment is

e r)=6 (¢ )au[(e+ )T.J4F (a7 v (4T,) @

where Gj (q_l ) = EJ. (q_l)B(q_l) and gradG;=j-1 + gradB(q).

The generalized predictive control low determination is based on the minimization of a mean
square estimation, of type

J(N;,N,, N, )_ N S (k4 )T, ]~y [(k+ T]} +Z{ ﬂ;)Au[(kJrj—l)z;]}z(B)
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where yp[(k+j)Te] is the process control input, N; is the minimum prediction horizon, N, is the

maximum prediction horizon, N, is the control horizon and A(j7,) is a sequence of control

weighting factors. It can be observed that in this expression there are all the control future
values that affect the outputs inserted in J. The first criterion term limits the error values and the
second term limits the control values that avoid the saturation and result in low energy
consumption for control action.

Let be h[(k+j)T¢] the output y[(k+j)T¢] components that comprises all the known signals, thus
W[(k+N)T.]=] Gy, (a7') = gn.0 |Au(kT,) + Fy ¥ (KT,)

h[(k +N; +1)Te] = |:GN1+1 (CI_1 ) - Cl_lgzvl+1,1 - gNﬁl,O} +Fy 1y (kT,)

Noting Au = i, the previous equations can be written in matrix type

$ =Gl h (24)
Thus, the criterion becomes
T
1=(Gtler h—y, ) (Gt h—y,,; )+ A ot (25)
whence the control low results
-1
fle=| G"G+ A1 | G" (v, —h) (26)
with
8y -~ & 0 .. 0
G=
BNl e e e g0
8Nyl e e e e 8NN,

Drive Control

The induction drive function is simulated through the generalized predictive control. The
control performances are analyzed depending on the results obtained by simulation. The
generalized predictive control is applied at an induction drive with static torque with constant
and in proportional to speed component. The motor has a nominal power of 0,25 kW is electric
supplied at 220 V and has a nominal speed of 1500 rot/min. The motor is also characterized by
the following data: L=0,116H, L=0,115H, L,=0,113H, J=4.10"kg.m’>, K=2,5.10"Nms,
R=1,9Q, R=1,7Q and the static torque is 1,6 Nm. For discretization of drive equivalent
model, the transfer function is

bla, opf
off (s+a)(s+pB)’

where @ and [ are the transfer function poles. Using the transformation function, from the

H(s)=H (s) =

27

continuous transfer function it is obtained the sampling transfer function in q'1
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ap _JH g +byg”
(s+a)(s+p5) l+aq ' +a,g%’

(28)

and the coefficients of the discrete transfer function depending on the continuous system poles
o and [ are

ﬂ(l—e_dr")—a(l—e_m") a(l—e_ﬁT")e_dT"—,B(l—e_aT")e_ﬁT"
h= B-a ch B-a

al — _(e—dTL, +e_ﬂTf ) , a2 — e_(a+ﬁ)Te

)

For T =0,001s and the previous motor parameters, the discrete transfer function is obtained by

b/
multipling the b; (i=1,2) coefficients with the ;2
(29

factor, whence

1y 0,01039¢7" +0,0082¢ 2
H(q )_ _ -1 -2 (29)
1-1,5215¢7" +0,533269

Depending on the input-output, this expression can be written

o(kT,)=1,52150 (k—1)T, |-0.53326[ (k—2)T, |+0.01039U, [ (k—1)T, |+0,00842U, [ (k—2)T, |-

Controler
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o
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Fig. 7. Control structural schema by generalized predictive control.

Experimental Results

To establish the control parameters some simulations are performed (it is studied the behavior of
the isq stator current component, in accordance with q axis and the behavior of the @ drive
speed) for an unload start-up at a prescribed speed of approximate 150 rad.s~! when the initial
conditions are null (excepting the ¥, rotor flux, initialized at 0,3Wb), by fixing three of the
control parameters and by changing the fourth one.

For N»=8, N;=1, A=150 and N by changing from 2 to 8, increase the response time of the
drive speed, being maximum when N1=8, and the isq current value decreases being less than 8A
when N|=6 (Fig. 8). It is proceeded in analogous mode for N1=2, N,=1, 4=150 and by
changing Ny from 2 to 8, finally it is established that the time response of the drive speed
increase, being maximum when N»=8, and the igq current value decreases being less than 8A
when Ny=6.
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Fig. 8. The influence of N; minimum prediction horizon at unload start-up drive:
a) on the speed; b) on the stator current.
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Fig. 9. The influence of the A weighting factor at unload start-up drive:
a) on the speed; b) on the stator current.

The drive moment of inertia can be changed until a 100% percent of nominal value, due
to some load disturbances. The simulations show that by changing the moment of inertia
between 50% and 100% over the nominal value, the speed building-up time increases a little,
simultaneous with a little decrease of the stator current amplitude, the speed and the current
curves having approximately the same shape with those illustrated in Fig. 10.
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Fig. 10. Drive speed shape (a) and current stator shape (b) at unload start-up drive, without simultaneous
change of stator and rotor resistance (curve 1) and with simultaneous change of stator and rotor resistance
with 50% opposite to their nominal values (curve 2).
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Fig. 11. On load start-up drive (with static torque with constant component and in proportional
to speed, 1.6 Nm) and load change at t=1s: a) speed shape; b) stator current shape
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Conclusions

These simulations show that the control performances are satisfying when the generalized
predictive control is applied to an induction drive. The generalized predictive control also
presents the modify advantage of control parameters depending on the desired performances.

Because the control is based on a linear drive model, it is also necessary a drive control analysis
with speed depending static torque, using non-linear drive model.
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Comanda predictiva generalizata aplicata
unei actiondri asincrone

Rezumat

Aceastad lucrare studiaza comanda predictiva generalizatd, aplicatd unei actiondri asincrone, cu control vectorial §i
cuplu static cu componente constantd §i proportionald cu viteza. Dupd definirea unui model simplificat al
ansamblului format din actionare §i controlul electronic vectorial, se prezinta caracteristicile generale ale comenzii
predictive generalizate care se aplicd comenzii vitezei actiondrii considerate. In finalul lucrarii este prezentatd
o analizd, prin simulare, a performantelor.



