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Abstract: The detailed presentation of modern algorithm for the rotor speed
estimation of an induction motor (IM) is shown. The algorithm includes parallel
speed and resistance parameter estimation and allows a robust shaft-sensorless
operation in diverse conditions, including full load and low speed operation with
a large thermal drift. The direct connection between the injected electric signal in
the d-axis and the component of injected rotor flux were pointed at. The
algorithm that has been applied in the paper uses the extracted component of the
injected rotor flux in the d-axis from the observer state vector and filtrated
measured electricity of one motor phase. By applying the mentioned algorithm,
the system converges towards the given reference.
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1 Introduction

The simple construction and superior exploitation characteristics have
made the induction motor very popular in a wide range of industrial drive
applications, from the unregulated pump and compressor facilities, to modern
servomechanisms with the precise regulation of speed and position [I, 2].
Before the use of induction motors in regulated drives, the DC motors were
used. However, the DC motors are more complex in their construction, affecting
both the production price and the price of drive maintenance. The usage of the
induction motor allows the reduction of both drive prices, as well as the
minimization of electric energy losses, greater reliability, converter volume
reduction, etc. Further advance and drive price reduction is possible, though it
demands the field oriented control with minimum sensors needed for drive to
operate. Until recently, in the field of the shaft-sensorless drives with an
induction motor, simpler techniques of estimation are typically used, such as
open-loop estimators and MRAS estimators [3]. The main purpose of these
speed estimators is the online calculation of position and the amplitude of the
selected machine state vector, such are stator, rotor or magnetizing flux vector.
However, the open-loop machine model state calculation can be effected with
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incorrect machine equivalent circuit parameters, the nonlinearity of voltage
inverter transfer function and the errors in the stator current measurement or
stator voltage estimation. As a consequence, all those solutions are unreliable
during the low stator voltage operation and have limited speed range for the safe
and robust operation (f<1 Hz). Out of the above-given analysis, it can be
concluded that the open-loop methods are not applicable in modern high
performance drives with an induction motor. The needed improvement in the
electrical machine flux estimation can be achieved only by using the linear flux
observer, which is made more reliable and robust to machine parameter changes
by the corrective state feedback [4]. The linear observer discussed in this paper
is the Luenberger observer (LO). LO uses the rotor flux and the stator current
vectors as two state variables and performs their stable simultaneous estimation
in a wide speed range by arbitrary allocating the observer poles [5]. The
rotational speed is estimated on the basis of the difference between the
measured and the LO estimated stator current vector. This observer is similar to
the MRAS observer structure, with the IM used as the reference model and the
LO as the adjustable model. However, the LO rotor speed estimation represents
an activity with a corrective feedback via the stator current error, while the
MRAS estimates the rotor speed in the open loop manner. In [5] is shown that
the Extended Luenberger observer (ELO) can be successfully used in the shaft-
sensorless IM drive with the direct field orientation and operating with low
rotational speeds. In this paper, the possibilities of the parallel estimation of the
stator resistance and rotor speed, as well as limitations during the parallel
estimation of rotor resistance and rotor speed are shown. Based on that analysis,
the authors suggest a test signal based procedure for the estimation of the rotor
resistance [6, 7]. Paper [8] presents an original method for the implementation
of a sensorless indirect stator-flux oriented control of induction motor drives.
The proposed control scheme in [8] has a good performance with the
computational complexity reduction obtained by using the analytical relation to
determine the LO gain matrix. In paper [9] different types of IM-VFDs are
presented. The main focus in [9] is on the sensorless estimation techniques
which are being applied to make IM-VFDs more effective during wide speed
operations, including very-high and very-low speed regions. In paper [10] a
nonlinear adaptive control algorithm is proposed for the IM. It is based on a two
time-scale observer that allows the on-line identification of three critical
uncertain parameters, i.e., load torque and motor stator and rotor resistances.
This paper points out the basic equations following from the usage of the
injected test signal in the d-axis of the stator current, and the synthesis
algorithms that allow the convergence of the numerical model of a drive to the
set value of the speed of rotation.
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2 Mathematical Model of Induction
Machine and Control Principle

The mathematical model of the induction machine consists of systems of
differential and algebraic equations describing electromagnet and mechanical
phenomena in a machine [11]. Fig. la shows the induction machine in an
original phase domain, where indexes a, b and ¢ present stator measures while
indexes A4, B, C present the indexes of rotor values. The angle between the a
axis and the 4 axis is marked with 9.

b

(a) (b)

Fig. 1 — (a) Three phase induction motor in the original domain,
(b) Three phase induction motor in the dg domain.

After the Clarke and Park transformations are applied onto the original
phase domain model, one gets the machine model in the rotating axis
dg-domain, Fig. 1b:

A
u, =Ri, + P —(odq‘qu s (1)
] d‘qu
qu = Rslqs +?+ (qu\PdS , (2)
dv
u, =Ri, +—*—(0, —0)¥,,, (3)
d¢
u, =Ri, +—"+(o, -0)¥,, 4)

where:

o, — electrical angle velocity of reference axes systems,
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R ,R — stator and rotor resistance,

u, ,u  — stator voltages,

u, ,u, —rotor voltages,

r> g

I4»1,, — Stator currents,

I, 1, —rotor currents,

¥, ¥, — stator fluxes,

¥Y,.,Y, —rotor fluxes,

® — motor angular velocity.
The model is completed with the algebraic equations:
W,=Li,+Lj,, Y, =Li +L,]i &)

m-qr?

lPdr = Lridr + Lmidy’ \qu = Lriqr +L l g * (6)

m”qs
where:

L, L +L L L + L are stator and rotor self inductances,

m > r
L,, is mutual inductance,

L,,L, are stator and rotor leakage inductances.

s 2

Finally, the motor torque can be calculated using the stator current and flux
vector:

= P(qulpdx - idxqjqx) b (8)

where P is the number of pole pairs.

The angle between the rotor axis and the d-axis represents the rotor slip
angle:

-9, ©

where:

3, is the position of dg reference system,

dgq
9 is the position of the rotor reference system (Fig. 1b).

In that case, the coordinates of the rotor axis and the rotating axis system
are connected with the following equations:

9=9(0)+[wds, 9, =9,0)+[v,dt. (10)
0 0
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Both direct and indirect field orientation achieve the independent control of
the torque and the flux of an induction motor. In the field orientation towards
the rotor flux, the flux amplitude is controlled with the electric current
component parallel to the rotor flux vector or the d-axis of the rotating
coordinate system. In the same time the orthogonal component of the stator
current vector controls the torque [12, 13]. In the case of the rotor flux
orientation the following is valid:

Vo=, (1)
v =0. (12)

—qr

The standard indirect field orientation requires the rotor position data taken
of the speed sensor. In that case the regulation structure must be fed with the
proper rotor speed and position estimates. In Fig. 2, the principle scheme of the
shaft-sensorless vector control of an induction motor with the rotor flux
orientation is shown.

t O |= t ? Ly
= * ¢ ok ok
T 7% I R
Regulator ¢ T TRegulator ¢ B - PSVM
l
t \ljr > <
* f: P
~ ds
Y. Regulator ngq

Flux, speed and torque
0] estimator

Fig. 2 — Principle scheme of the vector controlled induction motor
with an orientation in the direction of the rotor flux.

3 Mathematical Model of Luenberger Observer

Full order Luenberger observer allows the rotor speed estimation of the
induction motor. The observer basically represents the estimator with the state
variable feedback and enables the estimation of state variables and/or
parameters of a nonlinear dynamic system in real time. In the case of the
induction motor, the Luenberger observer is constructed with the stator current
and the rotor flux vectors as state variables. The Luenberger observer is based
on the induction motor model in the stationary reference frame, equations
(1)—(6), where ®,, =0. In a shortened form, the state space model can be

written as follows:

iszx+Buq, (13)
dt ‘

y==Cx, (14)
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where:
x — vector of the observer state,

u_— the observer input vector,

y — the observer output vector,
A — state matrix of the observer (Appendix A),
B — input matrix of the observer,

C — output matrix of the observer.

T
x:[lm iBs \V(xr \Vﬁr] > (15)
us = [uom' uﬁx 0 0]T B (16)
. . T
yzl:lots lB.Y:' : (17)
The matrices B and C are defined as follows:
T
i 0 0 O
L 1 0 0 O
B= » €=l 10 o
0O — 0 0
L

The modified form of the Luenberger observer is defined with the
equations (18) and (19) and it is called the Extended Luenberger Observer
(ELO).

%&:Agwum@-g), (18)

i =Ck. (19)

The gain matrix of the Luenberger observer is defined as follows:

G=|:gll+g2J}={Gl} 1{1 o} J{o —1}
gl+gJ]| |G, 0 1 1 0
The elements of the gain matrix G are defined as:
g =(k-1)(a,, +a,y,),
g, =(k—-1)a,,,
&= (kz —1)(061,11 +a,,)-c(k-1)(a,, +a,,),
g, =—c(k-1)a,,.
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where the coefficients a,,,, a,,,, a,,, a,,,, 4,,, 4;,, are defined in Appendix F.

In Fig. 3, the principle scheme of the Extended Luenberger Observer defined by
(18) and (19) is shown.

-|E]+
/Tkz(Q ,,,,,,,,,,,,,,,,,,,,,
labe 5 abg b Extended Luenberger \:
o (04 . . . T

i oy =i =[i, i,] Observer i
i u=u =[u, ul' X . i
! - + . s S !
| /+4 dx J. 7 O !
! —_— e

A
: a - Adaptive 1
| AX) == mechanism |e :
Al (&) \
M < 3 J I
! I

[l
3 1y |
V= !

Fig. 3 — Principle scheme of the Extended Luenberger Observer.

4 Algorithm Synthesis for the Rotational Speed Estimation (&)

The state space models describing the induction motor and the observer are
given in (20) and (21).
dx

—=Ax+Bu_, i =Cx, (20)
dt B

dx ~. : o, 2 N

d—);:AxJFB”SJFG(ZS_’S)’ i =Cx. (21)
Vectors in (21) marked with ‘A’ represent the estimated values. The error

signal is defined as the difference between the actual and the estimated value

e=(x—x). The first order derivative of the error signal is defined as,

de dx dx )
— =———, leading to,
dt dr dt
%:(A+GC)(x—£:)—(21—A)&=(A+GC)e—AAfc. 22)
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The induction motor speed estimation within the ELO can be defined using

A 2
o . [OR0) . .
the Lyapunov criterion function V(e)=e'e +% , where A is the positive

constant. Using (22), the first order derivative of the criterion function results in
the following:
d—lj =e"[(4+GC)" +(4+GC) | e—"Ad"e —e"Ad% + MTW;—‘:. (23)

The condition of the asymptotic stability is fulfilled if the sum of the
second, the third and the fourth term in (23) equals 0

2Am@
dt

The solution of the equation (24) exposes the method for the induction
motor rotor speed estimation:

0=—x"Ad"e—e"AAx + (24)

A A
W= _[ ;(\I’Breiax - \V(xrei]}x)dt . (25)

The speed estimation method used by the ELO estimated rotor flux vector
and the error between the measured and by the ELO estimated current vector.

'
s r

The coefficient ¢ is defined as ¢ = , where A represents the positive

constant number. The appropriate adaptive mechanism is embodied in the
diagram in the Fig. 4.

Estimated rotor flux and
the current error from

1 the obesrver I
—
To the state 0

e.
matrix of WaBr faps
the observer

A Adaptive mechanism
A(%)
~ =

Ao .
To the speed ® ;(Wﬁrez‘m - \Ijareiﬁx)
regulator
Pl(w) {i k, +Ikl, <—‘

Fig. 4 — The block diagram of the adaptive mechanism
for the rotational speed estimation of the motor.

The effectiveness of the ELO speed estimation is tested using computer
simulations and results provided in Fig. 5. Different speed profiles are used.
After no load start, the different load is applied in the 1%, 2" and 3™ second,
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with the load torque of 0.5 pu, 0.8 pu and 1 pu, respectively, where the nominal
torque is 50 Nm.

12 4 Speed [rad/s] 15 A Speed [rad/s]
1077 : : : 10— : —
asasns (V7
| es S
e e e e e o P ‘
4 @0
B / |
2 K
- ) | — : —
0 Time (3] Y Timer
2 I I i ] > -15 i i I I L1
0 1 2 3 4 0 1 2 3 4
(@) (b)

Fig. 5 — (a) Change of the real and the estimated speed for the given testing conditions,
(b) Change of the real and the estimated speed with a sudden
reverse to —10 rad/s and a quick return to 10 rad/s.

As results show, the ELO is capable of tracking the rotor speed under the
diverse test conditions. However, the given speed estimation algorithm does not
include the discrepancy between the motor and the observer parameters. If
parameters used by the observer are not correct, there is a deviation between the
actual and the estimated motor speed, as the next set of simulation results show

(Fig. 6).

12“ Speed [rad/s] 1] Speed [rads]
RO N N B o O

10} e 10} (£ ey

811 o S 811 %

(. o 6 S Y
el |

4 | | | . | : : : 4

2 T 2

0 : -
P i Timei[s] P i Timel[s]

2 i i i i i L ——> ) i i i i i i 1>

o 1 2 3 4 o 1 2 3 4

(a) (b)

Fig. 6 — (a) Change of the estimated and the real motor speed for R, = 1.2R,,
(b) Change of the estimated and the real motor speed for R, = 0.8R;.
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The referent speed was set to ® = 10 rad/s. The motor was first started
without the load, and the load was applied in the 1%, 2.5™ and 3.5" second,
0.5 pu, 0.8 pu and 1 pu, respectively, where the nominal torque is 50 Nm. The
stator (rotor) resistance is changed linearly in the motor model by +20% during
the 1.5 s — 2 s period.

A
o Seedlndsl pSpeedlnds)
10 ?ﬁ) [ EEEE R 12
| PN ey e ; i
S S o
e 6 - ;
4 | e 4
z 2
0 0
| i Timei[s] i Timeé[s]
2 i i i L 4> 2 I i i i L ——
0 1 2 3 4 0 1 2 3 4
(a) (b)

Fig. 7 — (a) Change of the estimated and the real motor speed for R,,, = 1.2R,;
(b) Change of the estimated and the real motor speed for R,,, = 0.8R..

The results show that the change in the stator resistance influences both the
speed estimation and the flux vector orientation. The rotor resistance changes
results in the estimated speed error as well; however, contrary to the stator
resistance, it does not influence the rotor flux vector orientation [6].

4.1 Mathematical algorithm synthesis for the parallel estimation R, and ®

The algorithm for the parallel estimation of the rotor speed and the motor
stator resistance can be constructed using the Lyapunov function

R)Y

R - . :
V(e) =eTe+(ST. Using the same procedure as before, the mechanism

for the parallel stator resistance estimation is as follows:
dR. A .

- = __, (l(lYeiO(S‘

dt L= "

Similar as the rotor speed, the stator resistance can be estimated by using
the ELO estimated stator current vector and the error between the actual and the
estimated stator current vector. The simulation results showing the efficiency of
the additional identification of the stator resistance are given in Fig. 8. The
algorithm for the additional stator resistance identification was active during

+ iﬁseiﬁs) = _7\‘1 (l € t iﬁsei[}s) . (26)

os oS
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this set of computer simulations. The stator resistance in the induction motor
model is linear and it changes linearly R, =+20%R_ in the time period

between 1.5s and 2s. The speed is set to a relatively low value of
® =10 rad/ s and the motor is loaded in the 1's, 2.5 s and 3.5 s, with the torque
of 0.5 pu, 0.8 pu and 1 pu, respectively, where the nominal torque is 50 Nm.

A A
B Sl;yeec‘l [r?d/s:] - 1 S{?eefi [re}ld/ 81] R
10K T o reanmnraan e
asENans A L
/§ od i { 0,60 1
A 4
) 2
I 0 i
0 N i Time [s]| L, o Times]|
I e e 21 2 3 4

Fig. 8 — (a) Speed change of the rotor & ,®, ® = f(f)
for Ry, = 1.2R, with the correction R,
(b) Speed change of the rotor o ,m, » = f(¢)
for R, = 0.8R, with the correction R;.

4.2 Mathematical algorithm synthesis for the parallel estimation R, and ®

Applying the basic Lyapunov criterion function on the rotor resistance

R —-R)Y
results in the following V(e)=e'e +% As the result, the formula for
the rotor time constant (7. = L,./R, ) identification is given,
df 1) A, - . .
a[fj - L_r|:(\l'[ar - Lmlas)eias + (\VBr - Lmlﬁs)eiﬁs:| N (27)

The effectiveness of (27) was tested via computer simulations and results
are given in Fig. 9, with the same load conditions and speed reference as in Fig. 8.

The obtained results show that the ELO with the parallel estimation of the
speed and rotor time constant cannot operate [5, 6]. The only manner to do that
is to create the change in the rotor flux vector, which results in the non-zero
right side of (27). The possibility for the parallel speed and rotor circuit
parameter estimation will be further explored in the next chapter.
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Fig. 9 — (a) Speed change of the rotor o ,m, ®= f(¢)
for R,,, = 1.2R, with the correction R,;
(b) Speed change of the rotor & ,», ® = f(¢)
for R,,, = 0.8R,. with the correction R,.

5 R, (T,) Estimation on the Basis of the Injected Test Signal

Steady state equations of the induction motor show that it is impossible to
estimate the rotor speed and rotor resistance in parallel. That parallel estimation
is possible only if non-zero rate of the change in the rotor flux vector is created.
One manner to do that is to inject the test signal in the d-axis. The usage of the
injected signal in the d-axis is already an established procedure, applied in a
numerous number of papers. In this section the connection between the injected

is investigated first. The

i
dr

electric signal i, and the resulting flux component
non-linear induction motor model

L
d |:\Pdr:| Tr |:lds:| T; |:lPdr:| |: O 1:| |:lPdr:|
—_ — . . — . + 0‘)31 . ,
dt qur 0 L_m lqs 0 i qur -1 0 qur
T T

r

is fed by signals that have the steady state value and the small signal deviations
around their steady state value, as presented

Y, =¥, +AY,, ¥, =V +AY,,

. o . ) .
Las = Lys + Alds ’ - lq.v + Alqs ’

s

— o
0, =0, +An, .
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where the x; marks the steady state value of the signal and the Ax,, represents
the small signal. After steady state equations are subtracted, the small signal
model of the induction motor can be constructed as follows:

d 1 o o Lm
E(Aqldr) + FAlPdr - O‘)XIAqur - A(’Osl\qu = T

r r

Aiy, (28)

d l 0 o Lm .
AV )+ A O, A0, Y = A (29)

qs *°
r r

The small signal model is valid for a given steady state point, defined by
¥, and ¥, . The small signal model shows how a small signal in the

0
sl

)
d-axis current component Ai, generates the change in the motor flux in the
d-axis, the small signal AY , . The connection between the injected components

it, and ', is defined by the following relation:

d 1 L d ., 1. L .
—(AY )+ —AY , =—"Ai,,respectively — (¥, )+—Y! =—"i,, (30
dt( dr) T dr T ld_y p Y y dt( dr) T dr T lds ( )

r r r r

while i}, =Ai, and ¥/, =AY, . If the periodic signal is injected into the d-axis
stator current (i},), i}, =1'sinw't =0,1i,, sinw't the signal created in the d-axis
rotor flux component is:

LITw o | = ,
\Pdr :(TIZ iz” I_Lml;s e r +Lmlss+
o+
’

. LIT0” ). . LITo ;
+| L' ——5—F—— [sin®t———F—Ccosw't.
T"o'" +1 T'o" +1

€2))

The third and the fourth part of the equation (31) are the components of the
injected flux ¥/, . During the simulations, the amplitude of the injected test

signal is set to 10% of the nominal d axis stator current while its frequency is set
to 250 Hz. The vector diagram showing the small signal stator currents and the
corresponding small signal in the d-axis rotor flux is given in Fig. 10. The
suggested rotor time constant parameter correction algorithm is given in the
following relation:

d .,
) ~ i Lr 7(“/1(1})
]’:;. _ Lmlds _Wdr , or g :dt—/\ . (32)
d g L, iy =y
5( i) ‘
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db‘
) L [iT,zCOiz ) ) . o
L, I'————— |sinw't d q y
T 'o" +1 ;
. . I =,'d I d
i s
_ Lm[ 7:'0‘) Lt A
pEINE 1cosu)
.
o't=9'
i i i
Yo NG Vg
.
NP
L Vo [N I X
i, =1'sinw't AN
6 N
L
[
} var =vY 2 i
| o Y
| i
I Ve f
. I vy
g i *

Fig. 10 — Vector diagram of the injected current and the resulting
d-axis flux with the appropriate components.

Fig. 10 shows the injected current /' and the corresponding injected flux
W', which comes from the injected current, with the appropriate components in
the auxiliary coordinate systems (d', ¢' — auxiliary coordinate system of the
injected current, x, y — auxiliary coordinate system of the corresponding injected
flux). The stator electric current i, used in the equation (32) can be filtered

from the measured stator current, while the used ‘i’;,r can be filtered from the

estimated rotor flux in the observer. The rotor time constant identification
method, which can be applied in parallel with the speed estimation, is shown in
the next figure.

The block diagram of the Luenberger observer with the parallel algorithm
for the rotor resistance correction is shown in Fig. 12.

Matrix C; is defined in Appendix G. The effectiveness of the parallel rotor
speed and the rotor circuit parameter estimation is tested via computer
simulations, Fig. 13. The mechanism for the additional identification of the
rotor resistance and the rotor time constant is activated at 2.1 s of the simulation
time. In the time period 1.5-2.5 s, the rotor resistance in the motor model is
changed linearly to £20% from its nominal value. The motor magnetization is
undertaken and the loading is done at 1 s, 2.5 s and 3.8 s, with the load torque of
0.5 pu, 0.8 pu and 1 pu, respectively, where the nominal torque is 50 Nm.
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— —»| BPF
Var (XB Var
R R To the state
W, dg [V, | = — d .. ? of the
> ™ ® L E(W"") | observer
— i [ BPE L, matrix
Lys ap - L A(x)
= L, — WV, MRMS
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Fig. 11 — Block diagram of the correctional algorithm for the independent
estimation R, (T,), based on the injected test signal.
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Fig. 12 — Principal block diagram of the correctional algorithm synthesis
for the independent estimation of the algorithm R, (T,) and the observer.
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(c)
Fig. 13 — (a) Change of ®",®, ®= f(t) for the case R,,, = 1.2R,;
(b) Change of ®",®, ® = f(t) for the case R,,, = 0.8R,;
(¢c) Change of ', = f(t) for the case R, = +20% R..

The final part shows the results of testing the model with the applied
correction algorithm, which operates in parallel with the algorithm for
estimating the rotor resistance. The system was tested for four characteristic
sequences. Figs. 14 and 15 show the simulation results with the algorithm for
the additional identification R, (7,) immediately activated. In the period between
1.5s and 2.1s, the value of the resistance in the motor model is changed
linearly by +20%, compared to its nominal value. The motor magnetization is
undertaken and the loading is done at 1 s, 2.6 s and 3.8 s, with the load torque of
0.5 pu, 0.8 pu and 1 pu, respectively, where the nominal torque is 50 Nm.
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Fig. 14 — (a) Change of w* w, 0 = f(¢) for the case R,,,=1.2R, (1% sequence),
(b) Change of w* w,& = f(t) for the case R,,,=1.2R, (™ sequence).
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Fig. 15 — (a) Change of w* w,6 = f(¢) for the case R, = 1.2R, (3" sequence);
(b) Change of w* w, &= f(t) for the case R,,, = 1.2R, (4™ sequence).

7 Conclusion

In the paper, the Luenberger observer based algorithm for the induction
motor speed estimation is investigated. It has been shown that the basic
Luenberger observer is sensitive to the change in both stator and rotor resistance
parameters. In order to identify the algorithm that is more robust and
satisfactory, the basic Luenberger observer is upgraded with the parallel stator
and rotor resistance identification mechanism. The special attention is given to
the parallel rotor resistance estimation which requires the injection of the test
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signal in the stator current in the d-axis of the rotor flux. The direct link between
the injected current test signal and the created small signal in the rotor flux is
provided. As a result of that connection, the rotor resistance parameter
corrective mechanism that can work in parallel with the speed estimation is
suggested. The simulation results prove the effectiveness of the Luenberger
speed observer upgraded in that manner. For any condition tested, it is shown
that the rotor parameter value will converge towards the actual parameter value
and that error in the estimated rotor speed will be cancelled. The only drawback
of this algorithm can be in the intensive numeric calculations needed. One
practical solution for that is to separate the rotor speed and the parameter
estimation mechanisms by executing the second one with much slower rate.
That would not affect the tracking of the slow changing motor parameter, but
would save the significant amount of the processor time.
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9 Appendices
Motor parameters used in the paper:
Manuf. code: 1.ZK 132 M4, Poles 4, Power 7.5 [kW],
R, =2.044[Q], R, = 1.873[Q],
L; =0.1995 [H], L, =0.2006 [H], L,, =0.1914 [H],
J =0.021 [kgm®].

9.1 Appendix A
State matrix of the observer A:

RI2+RI’ L R L
T E 0 e oL
0 RA L?‘ + Rr Lfn — Lm L}’H Rr
A= LL LL LI
RL R
T m O — T — (,0
L L
RL R
0 T m (,0 _ T
. L’ Lr -




Observer Based Parallel IM Speed and Parameter Estimation

9.2 Appendix B

~

State matrix of the observer A4 :

[ RI?+RI LR . L |
e 0 e T
0 RL+RL, . L LR
Ae LL LL LI
RL R .
14 m O _ _r _ CO
L L
RL R R
0 o m (D _ 7
L Lr L’” -

9.3 Appendix C

Matrix to determine the algorithm to estimate speed AA = A-A|

00 0 4270
C
A=l0 0 -2=° 0
C
00 0 —(b-o
0 0 +@d-w) 0

9.4 Appendix D

Matrix to determine the algorithm to estimate stator resistance

AM=A4-4
Ry
(R -R)I |
R=R)L - 23’) o 0 0 0
Ls'Lr
~ D2
M|, =A-A= 0 (R, st)Lr 0 0
| Lz
0 0 0 0
L 0 0 0]
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9.5 Appendix E
Matrix to determine the algorithm to estimate rotor resistance

AM=A-A| :
R

o

- (R-R)L, (R, -R)L,
- ry2 0 rr2 0
Ls'Lr Ler
(R, -R)L, (R, -R)L,
0 - rr2 0 rr2
R L'L L'L
AA o = A—A= R ‘ R ‘
R —R)L R —R
( T r) m 0 _( r r) 0
L. L
R —-R)L R -R
O ( 7 r) m O _( 7 r)
L L’” L’” .
9.6 Appendix F
Coefficients: a,,,, a,,, ;s> A.pys A, pps iy
RL +RL LR L,
a.p Z_T’ a,, = L'Li s iy :_L'Lr ®,
RL, R
A,y = L s Ay = _Fr: iy =0

9.7 Appendix G
Matrix C;:

0010
C = .
000 1
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