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Abstract: A new observer of induction motor state variables is proposed in the paper.
A nonlinearity of the main magnetic path is expressed as a function of a properly chosen
parameter versus the position vector length. The value of the mutual inductance received
in the identification algorithm is calculated exploiting the estimated values of the state
variables. The coefficients appearing in the differential equations of the observer system
are modified in each step of the algorithm on the basis of the calculated mutual in-
ductance. The analysis of convergence of the identification algorithm is shown in this

paper.
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1. Introduction

Simple construction, low production costs and easy operation are the reasons behind the
fact that induction motors are commonly used electrical machines. The drives with controlled
shaft speed contain the induction motor, power electronic converter and a control system. An
ongoing progress in the field of production of fast solid state switching devices makes it pos-
sible to construct the converters of an ever-increasing power, which are the sources of alter-
nating voltage or current with low harmonic content.

The mathematical model with constant parameters used commonly in drive control sy-
stems with induction motors does not satisfy the requirements concerning the accuracy of esti-
mating a rotor flux vector put forward by precise drive systems.

A synthesis of a control system with structure resulting from the implementation of
a mathematical model of the induction motor based on space vector components as state vari-
ables [1] requires the application of variable estimating system. Quick estimation of the rotor
flux plays a significant role in control systems based on non-linear feedback. A simplified
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model of induction motor taking the saturation of the main magnetic path into account has
been proposed in [2, 4] using the position vector method presented in [5, 6].

An analysis of convergence of the identification algorithm applied to estimation of the
mutual inductance using the nonlinear observer of state variables is presented in the paper.
Results of simulation and experimental investigations are presented and discussed.

2. The observer of induction motor state variables with nonlinearity
of main magnetic path taken into account

On the basis of mathematical model of the induction motor taking into account the satura-
tion of the main magnetic path referred to in papers [2-4], as well as on the basis of an obser-
ver of state variables of induction motor proposed by Krzeminski [6-8], the following equa-
tions of a state variable observer are written in stationary coordinate system:

di, 1 - 2 5 ; 1,
(;;x B L_pz(_RS e = Lpl (Rerllxx - Rerl//,X —oY, ) il ) +k (l‘“ s ) ’ M
dli 1 N ~ ~ ~ . 2
dty - L_PZ(_RA' l.s'y - Lpl (Rerllsy - RYLPV/W - a)"//"»‘ ) + u's'y ) + ki (lsy a l‘vy )’ (2)
dy N " o . ~ . »
% - RVLplisx - Rer‘//rx - a)r‘//ry + k/’l (lsx Ly ) - kfza)r (lsy - lsy )’ (3)
dy ., R R N .o .
Z(/; =RL,i —RLY, -0y, +k, (lsy —i, ) —k o, (zﬂ =i, ), 4)
where:
1
L= ®)
Lp1 :1_Lgera (6)
L,=L +L,L,, Q)
L=L +M. ®)

i, u.,u, arethe components of space

sx2 sy

M is the mutual inductance of the windings, i

sx2 Tsy

vectors of stator voltage and current, 7, zzy, ¥, ¥, are the components of estimated space
vectors of current, stator and rotor flux linkage, R,, R, are the rotor and stator resistances, k;,
kr1, ky, are the coefficients of weight matrix.

The saturation of the main magnetic path is represented by the following equation:
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L, =g(v,]) ©)
where:
v, =I5+, (10)

is the position vector introduced in [5], is, \, are the stator current and rotor flux vectors.

3. Algorithm for identification of the mutual inductance

For the purpose of forming the equation for computing the value of mutual inductance M,
relationships were used between the variables of multiscalar induction motor described in [6].
In that model the variables were proposed which were the results of the scalar and vector
multiplications of the vectors.

The algorithm for estimation of the mutual inductance created on the basis of the multi-
scalar model of the induction motor was described in [2-4].

The formula to calculate the value of mutual inductance M (v estimated in a k sampling
step of the observer takes the following form:

A X.
M, =28 (11)

where %, X, are the values of multiscalar model variables estimated in the k sampling
step of the observer defined as follows:

x, =¥, (12)

Xy =i+ 0 (13)

At every sampling step of the observer the calculation of estimated parameters of the mo-
tor takes place. The coefficients in the observer equations are modified using the calculated
values of estimated parameter. The value of mutual inductance M is therefore constantly up-
dated on the basis of the current values of the motor state variables.

4. Convergence analysis of identification algorithm

During the convergence analysis of identification algorithm of magnetisation curve in the
observer of induction motor state variables, the procedure presented in [2] was employed. In
a coordinate system rotating with an angular speed equal to the rotation speed of one of the
space vectors, the component derivatives of this vector is equal to zero in the steady-state.
After the transformation of observer Equations (1)-(4) the following algebraic equations for
the steady-state were formed, written in coordinate system rotating with angular velocity equal
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to the pulsation of the first harmonic of the stator voltage u_ :

(—Rsfsx—ipl<R [ i “RL ¥ —a)r‘f’,y)+usx)+a)oisy+k,.(isx—1;), (14)

i, -RLY, -0%, )+u, )+ +k(i,-i,). 05

, sy

s sy r—plisy r~pT ry r 0"sx
p2
0 = Rr Aplitvx _Rr ApWArx +(a)o _a)r)TAry _kfl (isx _;sx)_kua)r (isy _;sy)’ (16)
0 = Rr Apll,:.vy _RrLApyAry _(a)o _a)r )y/}rx _kf] (i.vy _;\y)+ k/'Za))‘ (isx _l/.\sx )’ (17)

where @, is the pulsation of the first harmonic of the stator current.
After multiplication of (14) and (15) by the components of the rotor flux, and subsequently
adding both sides of the equation and assuming that

A

Wi, +¥, i, ~x, and Y i —-Y i =~x,, (18)

rx’sx rx’sy rysx

the following equation for the steady-state is received:

o o Lr ot Lr o)
Xy +Mx,, _R_kfl (xzz ) ) _R_kf2a)r (xlz X ) =0. 19)

After the transformations described in [2], omission of the components with values close to
zero and assumption that

~ X, +Ax
Mlerl — 21 21n , (20)
xZZ + A‘x22rl
the following relationship occurs:
ko, ko L
[L—M]Axm +£M _L+_rk,.lJAxM ,
a)[) - a)}“ a)() - a)r r »
@1

RM+Lk,

L
" Lr (a)g - CUV) (Axlz" _Ax12n+1 ) +R_)a)rkf2Ax12n+1 = Oa

>

where Ax,,,, Ax,,, Ax,,,AX,,. ., Axy,. , Ax,,,, are errors of multiscalar variable estima-
tions in subsequent steps of identification algorithm and M is the actual value of the mutual
inductance of the windings.

For the purpose of determining a relationship between estimation errors it is advisable to
employ equations of the mathematical model of the induction motor described in [2]. The
equations for the derivatives of stator current vector components written in the steady-state for
coordinate system rotating with an angular speed o, take the following form:
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1
O = _<_RA isx - Lp] (Rerli.vx - RerlPrx - a)r‘{lry ) + u.s‘x )+ a)oi.vy s (22)
p2
1 . . .
0=—(-Ri, ~L, (RLyi,~RLY, +o¥, )tu,)+a,,. (23)
p2
After simple transformation the following equation is received:
R +I* R R L 1
S Ly S A —&xlz -i——(us)C i, +u, iw) =0. (24)
Lp2 Lp2 Lp2 p2 ’

The equation of the steady-state for the variables estimated in the observer take the follow-
ing form:

R+L,R ., RL, o , 1 2 ;
- - '52 + ! ‘x22 - xl2 +_(usx isx +u5y iS_V)_kiAisz - O (25)
Lp2 P2 LPZ Lpz

where i, is the estimated module of the stator current vector, Ai, is the estimation error of the
module of stator current vector.

Assumption of large weight matrix coefficients of the observer makes the estimation error
of stator current vector i, after the completion of transient process negligible. One may there-
fore make the following assumptions:

Al‘ ~ 0’ i.vx ~ i.s‘x’ i.s‘y ~ isy’is ~ is > (26)
where i is the module of stator current space vector.

After the transformations an approximate relationship between errors of estimation occurs:

R
Ax, =——Ax,. 27
Lo,

The convergence of the iterative algorithm is conditioned on the following inequality being true:

, (28)

< |Ax22n

|Ax22n+l

where: ne N, n— .

Substituting (27) into (21) results in establishing relationships between errors of estimation
in the subsequent sampling steps of the observer. After taking into account (28) the following
convergence condition is received:

(kL +k R, )@, ~ o, )0, > 0. (29)

Fulfillment of the condition (29) results in the choice of the values of coefficients k,, and
k ,, depending on the motor working point. Iterative algorithm is convergent for the following
conditions:

1) Motor working area: @, < @, A @, <0, inequality (29) is satisfied for
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k,, +k/.2L—>O, (30)

'y

2) Generator working area: @, <@, A®, <0 inequality (29) is satisfied for

R
Zr <o, 31)

kit

ﬂ+k

'y

3) Brake working area: @, < @, A @, <0 inequality (29) is satisfied for

R
+k,,—<0. (32)

k ey

11

If the parameters representing the saturation of the main magnetic path in the observer
equations are estimated with an error, then in the steady-state there shall be a constant error of
estimating the stator and rotor flux current vector components. If — calculated using the rela-
tionships (5)-(7), on the basis of the state variables values — the parameters I:p, ipl, ipz are intro-
duced to differential equations of the observer, then the error of state variables estimation should
be reduced. The error of calculating the parameters L s ﬁpl, ﬁpz should also be reduced.

For the purpose of checking the correctness of the above-mentioned reasoning, a simula-
tion researches were carried out. Differential equations of the motor model and the observer
have been solved according to Runge-Kutta method as well as algebraic equations of the
steady-state in order to calculate the state variables and identification error of ip, ipl, ipz
parameters. The initial value of the mutual inductance was assumed to be equal to 10% of the
rated value. The results of the simulations are presented in Figure 1.

ALm

Ax21

061
0.4

0.2

T
Fig. 1. Convergence waveform of the mutual inductance identification algorithm, 7= 100 ms/div

Simulation of the identification algorithm proved that after substitution of the parameter
appearing in the equations of the observer by another one — calculated on the basis of the
estimated state variables — representing the saturation of the main magnetic path, a reduction
of variable state estimation error Ax21 as well as the mutual inductance identification error
ALm is received at each subsequent sampling step.
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5. Results of experimental research

Experimental research of state variable observer of induction motor with windings’ mutual
inductance identification algorithm was conducted at a research station with an induction
motor loaded on a shaft with a direct current machine. The experiments were carried out
feeding the induction motor from PWM voltage source inverter. Output voltage frequency was
approximately 10 Hz at an amplitude reduced to 65 V. Observer algorithm was realised
through the use of a 32-bit signal procesor, while the control of measuring transducers, the
control algorithm of PMW converter and the control of emergency state signalisation —
through the use of ALTERA programmable logic system. The observer algorithm as well as
the control of measuring transducers were called every 100 ps. In Figure 2 is shown schematic
diagram of the experimental stand.

+ —
PG PWM
[] TMS 320C50 INVERTER
40 J
ALTERA
A/D ‘.'; [jr)] LA 25NP

DC MACHINE

Tachometer

Fig. 2. Schematic diagram of the experimental stand

Waveforms of the estimated variables of the observer system by load torque equal to zero
are presented in Figure 3. Waveforms of the estimated variables for the step-change of the
value of motor load torque by 15% are presented in Figure 4. The following notations of
variables were used: x120 — estimated electromagnetic torque of a motor, isxo-x-axis of the
estimated stator current, Lmo — estimated mutual inductance of the windings.
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T=1s/div, f~ 10 Hz

Fig. 3. Waveforms of the estimated variables of the observer system by load torque equal to zero
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Fig. 4. Waveforms of the estimated variables for the step-change of the value of motor load torque by 15%

6. Conclusions from the experimental research

Experimental research of the induction motor fed by PWM voltage source inverter showed
correct functioning of the system of state variable observer with windings’ mutual inductance
estimating algorithm.

The presented identification method makes it possible the functioning of a non-linear state
variable observer in the drive control system without the need of experimental determining of
magnetisation curve of the main magnetic path. Simulation and experimental research have
proved the correctness of mathematical proof of the convergence of the identification algo-
rithm for the mutual inductance.
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