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Abstract—This paper deals with a novel Model Reference different than the one that can be found in thesital
Adaptive System (MRAS) estimator of the rotor flux and Sliding Mode Observer [8]. However, sign functicer®
speed reconstruction for induction motor drive. The replaced by PI regulators, thus the problematicafibn
proposed estimator is based directly on the mathentiaal problem is omitted.

model of the induction motor. In comparison with exsting ) . . .
methods the additional variable is introduced, whib has to The mathematical model of the induction motor is
reduce partly the estimator sensitivity to the roto time  presented first. Then the short description of timted
constant changes. Chosen simulation tests of theqmosed  control structure (Direct Field Oriented ControlFFOC)

solution are presented. and the novel MRAS type flux and speed estimater ar
described. The proposed solution is verified with
Keywords— Induction motor, sensorless drives, state simulation tests.

estimators, MRAS techniques

Il.  INDUCTION MOTORMATHEMATICAL MODEL

] ] o The induction motor mathematical model will be

In order to avoid placing flux sensors inside thejntroduced in this section. This model, derivedhwihe
machine, almost all modern induction motor (IM)vé8  classical simplifying assumptions, like: machine
require stator or rotor flux estimation. This infation is  symmetry, magnetizing linearity, etc., will be weit in
employed in a control structure for flux amplitude the stationary reference frame, using per uniesygt] as
stabilization. Also so called sensorless drivesngsill  follows:
growing popularity, due to cost minimization, cabli
reducing and the elimination of the speed sendor [1

|. INTRODUCTION

Among many different types of the estimators the Ug =rds+Ty a"’s @
Model Reference Adaptive System (MRAS) type ones ar d
characterized by their simplicity, due to the Rjulator O=r,i, +Ty—w, — jw.w, 2
used in the speed estimation mechanism. Simultaheou dt
the stator or rotor flux vectors are estimated oAdsnong W= X X, (3
MRAS estimators many different kinds can be v, =Xi +X i @)
distinguished, starting with the classical approazmed ' ' s
MRAS" [2], [3], full order adaptive observer NEQ4], de, _ 1 (m,-m) ©)
and having on the other hand MR&®stimator [5]. dt T, M, =M,

Since every algorithmic estimation method is sesesit m, = Im(\y;is):wwisﬁ Y, (6)

to motor parameters mismatch, significant attentias

been focused on motor parameters estimation. Aelarg

group of them were designed to estimate rotor timevhere, respectively:

constant, especially intended for using in theretiField  usug+us, i=isati sp — Stator voltage and current
Oriented Control of the IM drive. However, the moto vectors,

speed and rotor resistance cannot be estimatags +iji,, —rotor current vector,

simultaneously, when the rotor flux amplitude ispke =y +j Uks W= th o+ s — stator and rotor flux vectors,
constant [6]. Special efforts have to be made @eoto y—x +x,, —stator winding resistance and reactance,
make this process possible [7]. I, %=Xni+X;o —rotor winding resistance and reactance,

In this paper an another method of reducing theks Xo Xn, — stator and rotor leakage reactances,
influence of the rotor time constant improper magnetizing reactance,
identification is presented. Speed estimation nwtleo Tw —mechanical time constant,
similar to the one included in the MRASestimator. An  wy,, M, M —motor speed, torque and load torque,
auxiliary variable is added to retune partly theordime — o=1-x,2/(xx), Tn=1/(2rfs), fon — mMotor nominal
constant used in this observer. This approachightst  frequency.
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The term Ty is the effect of the per unit system 1 R R
introducing — base values are presented in the Agipe 9, :T_(_ €s¥ra +esal//r,g)v
N
[l MRAS-TYPE FLUX AND SPEEDOBSERVER— 1 . .
MATHEMATICAL BASICS O; =T—(es;zl//r;z _esal//ra)*

The proposed MRAS estimator is based directly en th N
IM mathematical model (1) - (6). The estimation 1
algorithm will be designed to force the stator eotr g, =" _ﬁ(@i/fa +¢/7r2ﬁ)—esﬁ¢/7rﬁ—esa(/7m :
vector components estimation errors to zero, thes t Ty \ X0 X

current estimation is essential. In order to miaenthe o ) .
influence of the rotor time constant mismatch oe th Then the derivative of the Lyapunov function is
estimation process, the additional factois added. After ~ calculated:

some algebraic transformations stator current vecto

estimation becomes: C ~ ~
L= fs,+ .8, +(0:8, + 08, )0 + (0,5, + 9.8, )it

- 13)
di 1 2 X - A\~ CA A (
TNS:[us_rsls_mhls_(rr-l-:u)“’r _me‘l’r)j . . .
dt xo X Let the estimation process be described as:
o
Rotor flux vector is calculated as below: [&’} — a Kwhw(sw' S/J) (14)
dy, _ . ANA A A Hl [~ Kh(s,s,)
TN dt —’7'5_(Tr +ﬂ)‘|’r + me\Vr’ (8)

The choice oh(s,s,) functions determines the type of
where: ., = 1 /X%, = Xml % the estimator. If the sign function is chosen théngator
becomes the Sliding-Mode Observer of the form slljgh
different than the one in [8]. The sign functiomdae
approximated by saturation or sigmoid function,itais

If the following functions are chosen:

S, = sﬁt[/,a _ewwrﬁ shown in Fig.1a [9]. Another solution is to chodbe
A N ©) linear function from Fig. 1b (or its odd power). €h
S, eyl s te ., estimator becomes then of the MRAS-type. Tilienction
is as follows:
where:€_, = (Isa —Isa),esﬁ = (Irﬂ _Isﬁ)’ h( ) N
S,,S 0,S, +0.S
a positive Lyapunov function candidate can be: OO o | T T (15)
h,u(swy Sy) gzsw + g4S,u
— 1 T — T
L= ES S, S= [Sw Su] : (10 Then (13) becomes:
and its derivative is: . > 2
o L= fs,+f,s,~K,(g:s, + 9,5, ~ K, (0,5, + 9.8, )
L=§s= (swsw + sﬂsﬂ) (12) (16)

Large enough observer gairls, and K, assure
gative value of the derivative of the Lyapunonction
6) and in consequence zero convergence of the

The derivative ofs is divided into two parts: one
dependent and one independent on the estimat

variables:,,, ii: estimation error of the stator current vector congmts in
(9).
§= f, + 9 0| o, (12) Since the steady-state speed estimation error epjfea
f, 9. 0.l & (14) is applied, the integration part is added ideo to
eliminate this phenomenon:
where:
K .
o e CEREES .
1 1 )(m ~D ~2 A ~ |:A:| = .
gl TN ( XSO' Xr (wra t//r/?) sﬂWr,B esaWra ’u _(K/’ +Sﬂlj(gzsw+ gAS'U)
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Figure 1. Diffrent forms oh(s) functions: a) sign function and its
continuous approximations: saturation and sigmeittfions, b) linear
function and its odd (third) power.

The estimation algorithm can be simplified, takintp

consideration thal;S,+9sS, = 01S., ®Swtd4S, = GsS,, and
0:<0, g>0. Then:

= K "
_(K” +S,M]Sﬂ

If the auxiliary variableu is omitted the estimation

(18)

algorithm becomes identical than the one in [5]eTh The

general diagram of the proposed solution is preseint
Fig. 2. The induction motor is the reference matillf.
The described estimator is the adaptive model.

Reference model
. -
Usa “ Induction . i

> Motor \ it

Adaptive model

Figure 2. General scheme of the proposed MRAS-¢gtienator.

IV. SENSORLESSCONTROL STRUCTURE

The proposed observer was tested within the speed
sensorless DFOC structure, shown in Fig. 3. Estichat
speed, rotor flux amplitude and its angle are eygaan
the control algorithm. Four PI regulators with amthdup
mechanisms are applied to control motor speed,r roto
amplitude and stator vector components, respegtiléle
rotor flux angle is used to perform reference frame
transformations, as it was shown in the figure. $tator
voltage vector is estimated using transistor switgh
signals and the DC bus voltage. The reference gmlta
vector components are modified by signals from the
decoupling and dead-time compensator blocks [1].

3~

Dead-time
compensator

FLUX AND
SPEED  |¢— %
OBSERVER

Figure 3. Direct field oriented sensorless condtalcture of the IM
drive.

V. SIMULATION RESULTS

The proposed solution was tested under simulation.
tests were performed using Matlab-Simulink
software, employing the Euler’s integration methaith
constant sampling time ( 1e-5 s).

First, the estimator was tested in an open-loopr@an
i.e. when the control feedback signals were takem the
well-known current flux simulator [1], and signals
reconstructed by MRAS estimator were taken onlytliier
comparison.

Simulation results for speed reverse operationtman
seen in Fig. 4. The flux is stabilized on the nahievel,
the rated external torque is applied after 0.5 sah be
noticed, that transient of estimation errors (dyistart-up
or reverse) of the motor speed, rotor flux andostat
current components are practically negligible (Hid, d,
e).

As was mentioned in the previous section, the gtead
state error can occur (especially for the rotorx flu
estimation) when the integration factor is not uggd in
the speed and the additional variablg) (estimation
algorithms. This situation is shown in Fig. 5.
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Figure 4. Simulation results of the MRAS estimaioan open-loop
operation: a) estimated and real speed, load ¢otgjuspeed estimation
error, ¢) estimated and real rotor flux amplitudBsotor flux amplitude

estimation error, e) estimation error of the statorent components

Figure 5. Steady-state estimation errors visible)ispeed and b) rotor
flux amplitude when the integration part is notlirted.

Next, tests of the field-oriented sensorless cbntro
structure with the proposed observer were perforrAéd
control feedback signals (rotor flux and speed)taken
from the proposed MRAS estimator. The referencedpe
flux and load torque are similar as previously. Bpeed
and flux estimation errors are shown in Fig. 6. €hers
reach slightly larger values on transients, howdhey
still can be omitted.

Introducing the auxiliary variabley, one can expect
increased insensitivity over rotor time constanargies.
Appropriate tests were performed, and their rests be
seen in Fig. 7 — Fig. 9. First figure illustratée tsituation

when the inverse of the rotor time constagit sed in the
observer decreases after Gabsl the load torque is zero. All
estimation errors can be found disregarded when the
observer gaifK, is non-zero (black lines).

0.01
a)

Ao, [p.ul]

-0.010

b) 0.05

Ay [p.u]

-0.05
0

Figure 6. Estimation errors of a) speed and b)ribta amplitude
during speed sensorless operation, the estimatdswathin the
control structure.

Similar tests were performed for nominal torque
operation and shown in Fig. 8. Speed estimatioorerr
becomes much larger than previously, and its vidue
almost independent on the observer dg&jrvalue. Rotor
flux and stator current estimation errors are reduc
significantly.

In Fig. 9 the opposite situation is presented -rthierse
of the rotor time constant used in the observereases.
The speed estimation process becomes incorrectite qu
large oscillations can be seen in Fig. 9a. Howethes,
situation is much more improbable — when rotorstasice
grows with temperature, the inverse of the rotoneti
constant of the IM grows, too — thus the value useithe
observer is lower in a real drive system.
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Figure 7. Simulation results of sensorless corstraicture with the
proposed estimator for negative rotor time constaistatch,
1.,=0.5% g, and load torquen = 0: a) real and estimated speed, b) rotor
time constant used in the observer, c) the additieariabley, d) speed
estimation error, e) rotor flux amplitude estimatirror, f) stator
currenta component estimation error
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Figure 8. Simulation results of rotor time constaagative mismatch
tests,z; = 0.57g,0peration with full load torquen, = my

a)

Aw, [p.u]

t[s]

t[s]
Figure 9. Positive rotor time constant mismatckuerfice on sensorless
IM drive performancer; ,= 1.25r

The presented results indicate clearly that thpgsed
solution can be successfully applied in sensorldss
drives, wherever the rotor time constant is risimigh
temperature. An easy application is assured duthdo
simple PI mechanisms used in the estimation process

VI. CONCLUSIONS

In the paper speed and flux estimator for sensorles
induction motor drives is proposed. The estimasasithe
Model Reference Adaptive System theory to calculate
motor state variables. The adaptive model conefstao
differential equations which allow estimating theter
current and the rotor flux vectors. The inductiooton
constitutes the reference model. Two signals being
combination of estimation errors of the stator eotr
vector and rotor flux vector components are used as
adaptive signals. First signal is the estimatedomsgpeed,
the second one is the additional variable acting estor
time constant tuning factor.

The simulation tests were performed in order to
validate the presented mathematical assumptions. Th
estimator performance was examined within the field
oriented speed sensorless control structure. Tioe time
constant mismatch tests were also performed. The
proposed solution, i.e. the auxiliary variable dalinction,
remarkably reduces the rotor flux and stator curvector
estimation errors, for no load as well as for tloenimal
torque operation. However, in comparison with tlase
solution (withouts, function) speed estimation is almost
the same, the effect is insignificant. The estimato
especially sensitive to rotor time constant chamgen the
value used in the estimator is larger than the osal.
However, due to temperature rising with operatingetof
the IM, the real time constant becomes gradualijnéui
then the initial value used in the estimator.

ACKNOWLEDGMENT

This research work was supported by the Ministry
of Science and Higher Education, Polandder Grant
N510 334637 (2009-2011).

REFERENCES

T. Orlowska—Kowalska, Sensorless Induction Motorives,

Wroclaw University of Technology Press, Wroclaw, 020
(in Polish).

S. Tamai, H. Sugimoto, and M. Yano, “Speed sensss-kector
control of induction motor with model reference piilee system”,
Conf. Rec. 1987 IEEE-IAS Annu. Meeting, pp. 189-1B837.

C. Schauder, “Adaptive speed identification forteecontrol of
induction motor without rotational transducers”,nEoRec. 1989
IEEE-IAS Annu. Meeting, pp. 493-499, 1989.

Kubota H., Matsuse K., and Nakano T., “DSP-basededp
adaptive flux observer of induction motor”, IEEEams. Ind.
Appl., vol. 29, no.2, pp.344-348, 1993.

T. Orlowska-Kowalska, M. Dybkowski, “Stator Curremsed
MRAS Estimator for Wide Range Speed-Sensorless chimhu
Motor Drive”, IEEE Trans. Ind. Electr., vol. 57, nd, pp. 1296-
1308, 2010.

T. Pana, “Sensorless Vector-Vontrolled Induction tdtoDrive
System with Rotor Resistance Estimation Using Raral
Processign with Floating Point DSP”, Proc. of Po@enversion
Conf. PCC’1997, Nagaoka, vol. 1, pp. 79-84, 1997.

(1]

(2]

(3]

(4]

(5]

(6]



Transactions on Electrical Engineering, Vol. 1 (2§14o. 1

12

[7] H. Kubota, K. Matsuse, “Simultaneous Estimationspged and Teresa Orlowska-Kowalska recei-
rotor resistance of field oriented induction moterithout 4 .
rotational transducers”, Proc. of Power Conversi@onf. f‘ e ved the Ph.D. and I_:)'SC'_ degrees
PCC'1993, Yokohama, pp. 473-477, 1993. \a - ‘ from  Wroclaw  University  of
[8] Z.Yan, V. Utkin, “Sliding Mode Observer for EleictiMachines - o Technology, Wroclaw, Poland, in
an Overview”, IEEE 28th Annual Conference of thd.lElectr. 3 1976 and 1990, respectively. Since
Society IECON'2002, vol. 3, pp. 1842-1847, 2002. v

1993, she has been a Professor of
electrical engineering and the Chair
of the Electric Drives Control,
Institute  of  Electric  Machines, Drives, and
Measurements, Wroclaw University of Technology. She
is the author and coauthor of close to 400 joupaglers

[9] M. Ertugrul, O. Kaynak, A. Sabanovic, K. OhnishiA ,
Generalized Approach for Lyapunov Design of Slidikgpde
Controllers For Motion Control Applications”, Proof 4th Int.
Workshop on Advanced Motion Control, AMC-MIE'199¢l. 1,
pp. 407-412, 1996

APPENDIX and conference proceedings, two textbooks, andeenr

Motor rated data chapters in monographs. Her research interestsidacl
Py=11 (kW] nv=1380 [rpm] the mathematical modeling and microprocessor cbafro
Uy = 230/400 V] fy = 50 (Hz] eIect_rlc_ drives and power electronic systems, the
= _ application of modern control methods to electrives,
n=5.0/2.9 [A] b= 2 L ; ; .

the state estimation of induction motors using estat

observers, Kalman filters, and neural networks,, and
Parameters of the tested IM the last few years, neural networks and fuzzy-logic
R R Xs X, X techniques applied to electric drives control. Prof
59 45 1311 1311 | 1233 | [Q] Oronvskq—KowaIska_is a member pf the Electrical
007 0.06 1725 1725 162 b0l Engineering Committee of the Polish Academy of

Science (since 1996), the European Power Electronics
Association, and international steering committeés
Few well-known European conferences. Since 1998, sh
has been a Reviewer of the IEEE Transactions on
Industrial Electronics and the IEEE Transactions on

Per unit system calculation methodology (referenc
values):

Ub:\/EUNf, Ib:\/EIN! Zb=Ub/|b, ah= ZﬂSNl l,Ub: Ub/a-al),
S= (3/2)Uplp, My = S, po/ b,

Parameters in per unit system:
r$=RS/Zb, rrer/Zb, )%:| S=XJZb, Xf=|r=X,/Zb, Xm=| m=Xm/Zb

Industry Applications. Since 2004, she has been an
Associate Editor for the IEEE Transactions on Industria
Electronics.

Mateusz Dybkowski received the
MSc and PhD degrees from the
Electrical Engineering  Faculty,
Wroclaw University of Technology,
Wroclaw, Poland, in 2004 and 2008,
respectively. Since 2008, he has been
University of  Technology, a member of the academic staff with
Wroclaw, Poland in 2009. Since the Electric Drives Control, Institute
2009, he has been a PhD studentof Electric Machines, Drives and Measurements,
in the Institute of Electrical Wroclaw University of Technology. He is an authodan
Machines, Drives and co-author of close to 50 scientific papers. Hismfalds
Measurements. His main field of interest are the induction motor drive contmtistate

of interest is the induction motor drive controldastate variable estimation, control theory applicationiactric
variable estimation, control theory applicationslactric  drives, digital signal processors, and field-prognsable
drives and digital signal processors. gate array applications.

THE AUTHORS

Grzegorz Tarchala received
the MSc degree from Electrical
Engineering Faculty, Wroclaw




