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Abstract

Sensorless speed estimation in induction motor systems is one of the most fundamental research
subjects to the motor control engineers. Based on the estimated speed, the vector control has been
applied to the high precision torque control. However, most speed estimation methods use adaptive
scheme, so that it takes long time to estimate the speed. Thus the adaptive estimation scheme is
not effective to the induction motor which requires short sampling time.

In this paper, a new linearized equation of induction motor system is proposed and a sensorless
speed estimation algorithm based on observation techniques is developed. First, the nonlinear
induction motor equation is linearized at an equilibrium point. Second, a proportional integral(PI)
observer is applied to estimate the speed state in the induction motor system. Finally, simulation
results will assure the effectiveness of the new linearized equation and the sensorless estimation
algorithm by using PI observer in the nonlinear induction motor system.

1. Introduction to motor shaft. But the connection of the speed

sensor reduces motor’s sturdiness, increases the

Induction motor systems have been widely cost, and restricts the applications of the vector
used in industrial field. For controlling the control!"'",

speed or the torque of induction motor, the speed Recently, sensorless speed estimation in the

sensor is necessary and it is directly connected induction motor system is one of the most fun-
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damental research subjects. Based on the esti-
mated speed, the vector control has been
applied to the high precision torque control.

Some approaches are based on the model ref-
erence adaptive system(MRAS)? and the
observer or the extended Kalman filter'. Most
of all MRAS schemes require pure integration
of measured variables in their reference models
and require long calculation time based on a
priori suitable initial parameters. The observer
and Kalman filtering techniques are based on
accurate mathematical model and are effected
by parameter variations, unknown initial con-
ditions, and drift.

Conventional sensorless speed control
approaches are built by estimation methods of
flux or speed using stator terminal voltages and
currents, but there exist a large speed estima-
tion error, specially in the very low speed range.

The problems related to speed estimation
have been studied by many researchers.
Schauder studied the adaptive speed identifica-
tion with MRAS that was based on the estimat-
ed rotor angular speed and based on the
parameter identification method™. Shin - Naka
clarified the impossibility of simultaneous esti-
mation of both the speed and the rotor resis-
tance theoretically®. However most approaches
use the rotor flux states, and the estimated
rotor flux states become unstable in the low
speed range.

In this paper, a new linearized equation of
induction motor system which does not include
the flux states is proposed, and sensorless
speed control algorithms based on observation
technique are developed. First, the nonlinear
motor equation is linearized at an equilibrium
point, where the flux states are not included.
Second, a PI observer is applied to estimate the
speed in the induction motor system with

unknown load torque variation. Finally, the
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simulation results are presented and prove the
effectiveness of the new linearized equation
and the sensorless speed estimation method by
using PI observer.

2. Linearization of Induction
Motor System

2.1 Description of the induction
motor

For modelling the induction motor, the fol-
lowing voltage and current nonlinear differen-
tial equation with d — ¢ axis which fixed on sta-
tor frame is well reported'’.

Uds
Ugs | _
5=
0
gy dLe au
R+ o 0 7 0
dL, dM .
Pateialll lds
0 R dt 0 dt [ iﬂ
dM dL, Lar
dt pwreM R+ dt pwreL, gr
dL,
L —pwrM 7 ~pwreL, Rr+7t—

(1

where R; is stator resistance, R, is rotor
resistance, L, is stator self —inductance, L, is
rotor self-inductance, M is mutual inductance,
p is number of pole pairs, vgs, v4s are d - and
g — axis stator voltages, ids, igs are d -~ and q -
axis stator currents, iq, iy- are d — and g — axis
rotor currents, and wr. is electrical rotor angu-
lar velocity. ‘

Let (1) be transformed by r - § axis, where &
frame rotates together with rotor current. Then
the following equation is obtained.
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Urs
Vs _
o |=
0
dL; dM
PRt el e
dLs dM .
—_— —_— Irs
wly Rt 7 oM X {i&}
0
dM dL, A
it ~(w-pwoM R+ o (w-pwr)Ly |- tor
dM dL,
L (w- pore)M o (0~ pore) R+—d—t— J

(2)

where vy, vs are r— and 8- axis stator volt-
ages, irs, Iss are r — and §— axis stator currents,
is is 8— axis rotor current, and w is electrical
angular velocity.

For simplicity the nonlinear terms that are
given as (2) in [1] can be rewritten as follows:

dirsz_‘ R, it C0+pwrele
dt oL, " oL.L, ®
pweM . 1
+ O'Ls l&r+ O'Ls Urs (3)
di&__ otpw M . Rs i
dt oLL, " oL, *
RrM . 1
+ oL.L. s+ oL. Uss (4)
dis  pwrM . RM .
at oL brs oL.L, *
R, .
oL, "t oL, ? 5)

where o is leakage coefficient (=1 - M*(L,L,)).
The output equation of induction motor sys-

tem is represented as
Te= — pMi,sis (6)

where T, is motor torque.

A mechanical equation of induction motor
system with disregarding the spring and the
damping factors is obtained as follows :

dwre _ware . Te‘TL

a  J 0 J

(7

where, R, is break coefficient, J is inertia
moment, and T}, is load torque.

2.2 Linearization of the induction
motor system

For linearization of the induction motor sys-
tem at an equilibrium point, first of all we
must describe the induction motor by the fol-
lowing function.

Z=flirs, iss, 8, Urs, Uss, ©, Wre) (8)

Using total derivative, the above equation

can be rewritten as

of of of Aisr+ of

AZ = 8irs Alr5+ a 5s+ a i al)rs Avrs
of of ., of
+a Avg+—— o Ao+ o Awys (D)

So, (3) to (5) are transformed into total
derivative forms respectively as

dirs R . | @otpuM . pw.M .
dr oL At L, A ALS A
Pwl& pMis
aLSLA oL, e, At L Avrs
(10
dis O +poM Rs RM .
A d - ALL Alys — AL, A&+ALSL, Als
lrs _ lers _1_
" oLL, oL, ¢ oLL, oL, A0t oL Avss
(11)
dis  punM .  RM . R
T S T P
pMirs
-_— - 12
+ oL, Atre oLL Avg (12)

And also, the output equation (6) is rewritten as
AT.= - pMigAi,s - pMiAis (13)

where ° denotes constant value at the given
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equilibrium point.

In the above equations (10) to (13), we can
abbreviate the symbol A for assuming the equi-
librium state of the induction motor system.

Substituting (13) into (7), we get

dwr, — Ry,tre _ PMiZSrirs _ pMi'rsi& _ _TL
dt ~ dJ J J J
(14)

Using (10) to (12) and (14), the nonlinear
induction motor system is given as the follow-
ing simple linearized form :

Lrs an aiz a1z au irs
l:{lds:l =[a21 a2 a3 024} l:ias jl

Lar a3 a3 Q33 a3 is

Wre asnn 0 as3 ag Wre
bn bu O o 0

4+ by O b23 v 0 T

0 0 b3 vr‘s 0 L
0 0 O % da

(15)

where, denotes —g—t and the corresponding

coefficients are given as follows :

___R @+ pMw. _ pMo
an—a22—ULs,a— az= oL, ° 13= oL, ’
- pPM(Mis+Lis) _ RM doam — pMi

1= oL.L, e L

_pMo. ~BRM R e pMi's
=, T G L, BT T oL BT oL,

. le&- _ le.'rs __R_w_
an= 7 , Q43= ———J s = 7

e o, 1
bu= LL bi12=bas oL,

_ irs _ M _ 1
b= oL’ baz= L dg= 7

3. Estimate the Speed by Observa-
tion Techniques

In the previous section, the induction motor
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system is linearized and described as the state
space form., Thus, the system (15) can be
rewritten as the following state space form.

X(8)=Ax(t)+Bu(t)+Dd(t) (16)
y(£)=Cx(2) (17)
i ® 1000
i ) _ ) — —

Wre

where x(t) denotes the state vector, u(t) input
vector, and d(t) external input vector. And also
it is assumed that the states of i, and is can be
measured by sensors.

Thus, we can design an observer to estimate
the rotor angular velocity (w.) from (16) and
(17).

The remained problem is to design an observ-
er for estimating the motor speed with unknown
load variation. The problem of observing the sys-
tem with unknown external input is important
in the practical system. In order to solve this
problem, a PI observer that has been consider-
able attention recently, is introduced. In appli-
cation fields of observer techniques, the PI
observer is useful for system without consider-
ing the external input signal.

3.1 Estimation method by PI observer

Consider a proportional integral (PI) observ-
er which can estimate and cancel the step dis-
turbance as follows : "7™®

2()=(A - K,C)2(t)+ Kpy()+Bu(t)+ D)
(18)

&)=Kry(t) - Cx(t)) (19)

where x(t) denotes the estimated state vector,
and Kp and K; are gains of PI observer.

The necessary condition for existing the PI
observer gains Kp and K is given in the follow-
ing lemma.

Lemma 1" : The necessary condition for exist-
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ing the PI observer gains is that the following
condition holds :

AD
rank[ C 0 ]=n+m (20)
where n+m is sum of order of state vector and
external input vector.
Using the PI observer the external input d(¢)
can be estimated as

adt)=Tr={¢) 21

where d(z) is an estimated external input.
4. Simulation Results

In the previous section, the PI observer was
introduced to estimate the motor speed. In this
section, we show the simulation proceeding and
estimation method by using PI observer under
the load variations. To implement the estima-
tion method by using PI observer, the following
transformation equations between 3 phases to
2 phases are given by  — § coordinate as

Vu _% 1/(3/2. [COSO—Sine][vrS
bo 1= sin @ cos Jlyg
Vw -VB -12

and

cos 6 sinO][m - V6 —IJJB{l:u:]

1
[i:]=[—sin9 cos 0

0 VZ -2 {}
where
0= [ wdt+6

and 6 is initial phase between r — axis and
86— axis.

The parameters of induction motor system are
shown in Table 1 and 2. The PI observer gains
are designed by pole placement method with
desired poles {-3, —6, — 60, — 120, - 360} as
follows :

0.0004 -0.0001
.| 0.0001 0.0001
Kp=10"X| 01474 -0.0359 | °

2.8012 -0.6851
K;=10°x[ - 1.4652 0.3613]

Table 1. Motor Parameters

Symbol Values
R, 5.132 (2]
R, 5.132 [€2]
Urs 1.6 vl
Uar 1.5 [v]
R, 0 [€2)
L 3.864 [H]
L, 3.864 [H]
M 0.0473 [H]
J 0.05 [kgm?]
p 2

Table 2. Motor Parameters at equilibrium point

Symbol Values
i 5.03 (Al
i 452 (Al
Uy -4.41 [A]
[ 188.4 [Red/sec]
Whre 89.5 [Rad/sec]

T T T T T T T T
Estimated
e Real

8
T

Angular Veloc. [rpm]

Time fsecl

Fig. 1 Speed estimation results with no load vari-
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Fig. 2 Speed estimation results with load varia-
tions
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Fig. 3 Load estimation result with load variation

Fig. 1 and 2 show the simulation results of
the estimation of the motor speed with and
without load variation using the PI observer.
As one of merits, the estimated speed always
follows the real speed, because of including
integrator in the Pl observer. Fig. 3 represents
the estimated load torque which is changed by
step state without previous information.

5. Conclusions

In this paper, a new linearized equation of
induction motor system was proposed and a
sensorless estimation algorithm was shown.
First, the nonlinear motor equation is lin-
earized at an equilibrium point. Second, for the
estimation of sensorless speed states, the pro-
portional integral observer is applied in the
induction motor system with unknown load
torque variation. Finally, the simulation results
were presented and showed the effectiveness of
the new linearized equation and the sensorless
speed estimation method in the induction

motor system.
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