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Abstract—An adaptive robust position control for real time the model uncertainties and external disturbances, amdtipe
high-performance applications of induction motors is devioped it js very attractive for IM control [10].

in this work. The proposed sliding mode controller providesa Position control is often used in some applications of

global asymptotic position tracking in the presence of mode . . . .
uncertainties and load torque variations. The proposed catmol electrical drives like robotic systems, conveyor belts, ¢

scheme incorporates an adaptation law for the switching gai, these applications, traditionally DC motors are used due to
so that the controller can calculate the switching gain vale that their linear behavior. However, the squirrel cage inductio

is necessary to overcome the existing system uncertainti€bhe  motor presents some excellent constructional featurel suc
design also incorporates a sliding mode based load torque dn ¢ reliability, high efficiency, ruggedness, low cost, aow |

rotor flux observers in order to improve the control performance int hich ke th f M ttracti
without using sensors that increases the cost and reduceseth mainténance, which make the use o an very altractive

reliability. The proposed design does not present a high copu-  for some applications. However, due to their highly coupled
tational cost and therefore can be implemented easily in theeal nonlinear structure, the IM position control presents some

time applications. Simulated and experimental results sho that  drawbacks that should be solved using more sophisticated
this scheme provides a high-performance dynamic charactéstics o ntrollers [11]. In these applications uncertainty antbmal
and that is robust with respect to plant parameter variations and disturbances are also present and therefore a robust tontro
external load disturbances. - X
_ _ _ N system that maintain the desired control performance under
c I ndex Te(ms—lnductlon Motor, Field-oriented control, Position  {ase situations are frequently required. In this sensenglu
ontrol, Sliding Mode Observer and Control. -
the last years, the sliding mode control has been focussed
on many studies and research for the position control of the
induction motors [12]-[14]. In the work presented in [12kth
induction motor position control problem has been studied
Induction motors (IM) have been widely used in industrialsing a discrete time sliding mode control. However in this
applications such as machine tools, steel mills and papeork the authors, should select the switching gain, taking
machines, owing to their good performance provided by theitto account the system uncertainties, in order to obtain th
solid architecture, low moment of inertia, low ripple ofgole convergence to the sliding surface. Moreover, in this work
and high initiated torque. In order to regulate the IM in highthe authors also calculate the angular position of the rotor
performance applications several control techniques haea flux vector in an open loop using the slip estimate which is
developed being the field oriented control method [1] one @ry sensitive to the parameter uncertainties. In thiseséms
the most popular techniques. control scheme can be improved using a rotor flux observer in
The field oriented technique decouples torque and flaxder to calculate the angular position of the rotor flux wect
control commands for the IM, but the control performance @nd employing an adaptive switching gain in the controlker a
the resulting system is still influenced by uncertaintiekiclv it is proposed in this work. In the paper [14] the authors enés
usually are composed of unpredictable parameter vargtioa robust position control for IM but in this work a Luenberger
external load disturbances, and unmodelled and nonlinedoserver is used which is sensitive to the model unceréainti
dynamics. Therefore, many studies have been made on #mel in this work experimental results using a commercial IM
motor drives in order to preserve the performance undeethese not presented.
parameter variations and external load disturbances, asich On the other hand, the sensors increase the cost and also
predictive control [2], [3], adaptive control [4], robusbrtrol reduce the reliability of the control system because these
[5], fuzzy control [6] and direct torque control [7]. The dlig elements are generally expensive, delicate and difficult to
Mode Control is a nonlinear robust control that can overconiestall. Therefore, considerable efforts should be made to
reduce the number of sensors in the control systems [15],[16
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Kalman filter presents a high computational cost, which aan herefore, the corresponding singularly perturbed model o
undesirable in order to implement this observer in comnaércthe IM using the d-q stationary reference frame is:
applications.

In order to overcome these problems a Sliding Mod&,, = —L,aigs + iy + weihy + L (Vas — Rsias)
Observer (SMO) is proposed in this paper. The proposed SMO L,
unlike the observer proposed in [19]-[20] also incorpsaie Eigs = —LmQuigs — Wehar + pthgr + L (Vs — Ryigs)
proportional current error term, in order to reduce the okese Lim
sliding gain value and thus to improve the observer behavigtar = Lmnarias — artbar — wrthgr 1)
Moreover, the proposed observer presents a low compu&htio@qT = LnQpigs + wethar — apilyr

cost and therefore this observer is adequate to be impleaent

in the induction motor control real time applications fowhereVy,, V,, are stator voltagesy;, i, are stator currents;

industrial purposes. Yar, Yqr are rotor fluxesy, is motor speedRR;, R, are stator
In this paper a new observer-controller scheme that ind rotor resistance;,, L, are statorQand rotor inductances;

corporates an adaptive robust position control and a robusf,, is mutual inductancey = 1 — —2 is leakage coeffi-
rotor flux and load torque estimator for high-performance IM LsLy oL.L 1
. . : : o . sr

applications is proposed. The overall control scheme doées gient; 7, = iR IS rotor-time constang = I =T
involve a high computational cost and therefore can be imple | . " n T

. . o . Using the system model (1), the proposed sliding mode
mented in real time applications using a low cost processors . )

. oo : . observer can be designed as follows:
The main contributions of this paper can be summarized as

follow: The paper introduces an adaptive robust approach fo.

. 7 n T .
induction motor position control, that overcomes the gyste’ds = —Lmarias + arPar + wrthgr + m (Vas — Rstas)
uncertainties and load disturbances that are usually prése +krei, — gi, sgn(eiq)
real systems. The proposed design incorporates an adsptati. . . R . .
law for the sliding gain so that the sliding mode controllanc €igs = —Lm0pigs — wrtar + arihgr + I (Vgs — Rsigs)
adapt the sliding gain value that is necessary to overcome th +hgeig — gi, sgn(eiy) @)

existing system uncertainties. In this sense, the conigola$ . " A
of the proposed sliding mode control scheme will be smaller;, = L ics — 0par — Wrthgr — Gy, 580(€id)
than the control signals of the traditional sliding modetcoin 121
schemes [8],[12], because in the latter, the sliding galoeva ™"
should _be_ chosen high enough to overcome all the pos_s@ﬁereg and ¢ are the estimations of and ; ki, k2, gi,,
uncertalnt!es that could appear in the _system over the tlnb%’ g, andg,, are the observer gains;, = i, — ig. and
However, in our scheme, the sliding gain value is smal_l Wheerg — iys — iqs are the current estimation erroegn() is the
the system uncertainties are small, and if the system wainert siz:]n function
ties increase the sliding gain value is increased (if necgso o o )
overcome this increment in the system uncertainties. Resid Subtracting (2) from (1), the estimation error dynamics can
in order to reduce the load torque uncertainties, a slidingen be expressed in matrix form as:
load torque observer is proposed. The load torque observer
improves the position control performance because reduces
the system uncertainties and therefore reduces the sliding by = —Aey+GyTe. 3)
gain value that is necessary in order to get the attractivity R R
condition towards the sliding surface. Furthermore, airgtjd WNer€ €y, = Yar — Yar, €y, = Ygr — Pgr are the flux
: - ; timation errors,A = a,lr — w,J2, &; = [e;, e ]|T
mode flux observer is proposed in order to avoid the IS ’ r T2, ©i ta Cigl o
i iti v = lews ey,]”, Te = [sgn(eia) sgn(eiq)]”

sensors for calculating the rotor flux vector angular positi “¥ Ya Chgl 1 Le i ig)l
whose value is essential in order to apply the field orientedq, — gia 0 Gy = gpa 0
control principle. This observer presents a robust peréoce 0 g, 0 gy,
and a low computational cost. Finally, the proposed control; _ | 1 0 _ 10 -1 _ k10

. . . . L IQ 1J2 ) Kz
scheme is validated in a real test, using a commercial ifmtuct 01 10 0 —k

motor, in order to demonstrate the real performance of thiSthg gtapility analysis of this system can be consideredyusin
controller. The experimental validation has been imple@@n o two-time-scale approach. Then, first the observer gains

using a control pIatform_based on a DS1103 PPC QontrollgﬁdKi of the fast subsysteni,, i,,) are determined to ensure
Board that has been designed and constructed for this RIrp@Se attractiveness of the sliding surfage= 0 in the fast time

scale. Thereafter, the observer géip of the slow subsystem
Il. SLIDING MODE OBSERVER FOR ROTOR FLUX (¥ar, Yqr), are determined, such that the reduced-order system
ESTIMATOR (obtained where; = ¢; =2 0) is locally stable [21].

= Lpopigs + qufde — om/}qr — gy, sgn(eiq)

ce; = -‘rAew + Kie; + G; Y.

From singular perturbation theory [21], and based on theThe fast subsystem of (3) can be obtained by introducing
well-known IM model dynamics, the slow variables of théhe new time variable = (¢ — ¢y)/¢ and thereafter setting
system arewyq,, 4 and the fast variables aré, i5s. ¢ — 0 [21]. In the new time scale, taking into account that

0278-0046 (c) 2013 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution req
permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation informe
10.1109/TIE.2014.2316239, IEEE Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 3
dr = dt/e, from (3) it is obtained: into account (11). As a result from (9) it is concluded tha th
d equilibrium point ¢, = 0) of the flux observer error dynamic
6 = Aey + Kie; + G; T, given by (7) is exponentially stable; that is, the flux observ
d error converges to zero with exponential rate of convergenc
—ep = 0 (4)
dr 1l

] ) . SLIDING MODE LOAD TORQUE OBSERVER
Therefore, if the observer gairs; and K; are adequately

- . . When the load torque is unknown or it is very variable
chosen, the sliding mode occurs in (4) along the manifold he load hould b idered
ei = leir e |7 = 0 over time, the load toque should be considered as a system
= [ei, €i,]" =0.

. _ ~uncertainty and then the control system should be robustrund
Proof: Let us define the following Lyapunov functionthis uncertainty. In this paper a sliding mode load torque
candidate, estimator is proposed in order to reduce this system uringrta

1 :
V= Eel-Tei and improve the control performance.

: T The well known induction motor mechanical equation is:
whose time derivative is,

av Tdel T JOm + By, + T, =T, (12)
— = =e; [Aey + Kie; + G; Y, 5 . . . . . -
dr % G i ey ] ®) where J is the inertia constantB is the viscous friction
_ €id 19iy S8N(€id) + Qreyp, + wrey, — kleid} coefficient;T7, is the external loadq,,, is the rotor mechanical
€iq 19i, 580 (€iq) — Wreyp, + arey, — k2€iq} position, which is related to the rotor electrical positidn,
Then, the attractivity condition is fulfilled selecting afsu  PY m = 20:/p wherep is the pole numbers.
ciently large negative numbets,, g;,, and positive numbers  Using the field-orientation control principlgg, = 0 and
k, andk, in order to satisfy the following inequalities: G, = -], so the induction motor torqu. is S|mpl|f|ed to:
3p Ly, .
Gig < —‘arewd+wT€¢q‘ +k1|€id| T, = zp 7 e :KTZZS (13)
iy < —|-wreg, +arey,| + ks lei] (6) g

where,. andqyg, are the rotor-flux linkagesy,, i¢, are the
When the currents trajectory reaches the sliding sudaee Stator current components, and the subscript ‘e’ indictitat

0, the observer error dynamics given by (3) behaves, in tR& referred to the synchronously rotating reference frame

sliding mode, as a reduced order system governed only by th&’he dynamic equation of the IM is obtained using the

rotor flux errore,,, because; = ¢é; = 0: mechanical equation (12) and the torque equation (13) :
B K 1
0 = +dey +GiTe g = — =W + TT i — 5T (14)
ey = —Aey+GyT. @)

The load torque can be considered as a quasi-constant signal
In order to demonstrate the stability of the previous systemssuming that it only changes at certain instants. Accgigin
the following Lyapunov function candidate is proposed:  the system state space equations are:
1 . B K e

_ Lo - _= _ =
V—§e¢e¢ (8) Wy = me-l- 7 las JTL

The time derivative of the Lyapunov function candidate is: T, = 0 (15)

awv - 7 T (-1 Taking into account that the load torque, is taken as
7 Yo (Gi+Gy)t ATGT. a quasi-constant signal, the load torque can be considered
— T [(12 e, Gfl)G}TA—lG_T the slow component of this system. Therefore, from singular
o ik - perturbation theory [21], the stability can be demonsttate
= TG (2 + GG ) AT GiTe assuring the asymptotic stability of the fast componenhi t
= —YIGTA N AT (I, + GyG;)TAT'G; Y. system (the rotor speed), and thereafter the convergence of
= (A e )TAT(]2 + Gy Gy )TA 1G: Y, the slow component (the load torque) for the reduced system,
~ A0 e e poqoses v obsener 5
= —ep(I + GGy HAEL ) prop i e s
— T .
To ensure thal’ is negative definite the following sufficient Wy = 7 Wm g = ST A+ Ruyew + sgn(ew)
condition can be requested: TL — huew — hasgn(ew) (16)
(I, + GyG; A > oIy, 0>0 (10) wheree,, = wy,, — Wy, and ky,, k,, h1 and hy are a
Solving the gain matrbxG,, in (10) yields: positive constants.
1 From (16) and (15) the estimation error is obtained:
Gy < (0A™ = I)G; (11) 1
Therefore, the time derivative of the Lyapunov functionlwil Cw = THeT T ks, €w — i sgn(ew)
be negative definite if the observer gaif, is chosen taking ér = ky,ew + hasgn(ey) a7
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whereer = Ty, — 17, The position tracking error is defined as follows:
In order to demonstrate the stability of the fast component e(t) = O (1) — 6% (1) (30)
the following Lyapunov function candidate is proposed:
1 whered;, is the rotor position command.
V= _¢? (18) I .
9w The second derivative of (30) is:
The time derivative of this Lyapunov function candidate is: E(t) = B — 0% = —aé(t) + ult) + d(t) 31)
Vo= euwlw (19) where the signali(t) collects the terms:
= L k —h (ew) (20) . =
T G (T T Pefe T e u(t) = bigs(t) —abp,(t) — f(t) = 0,,(t) (32)
= —hilew| — ku, €2 — %eweT (21) and the signati(t) collects the uncertainty terms:
To ensure thal’ is negative definite the following sufficient d(t) = —Dawm(t) = Af(E) + Dbig(t) (33)

condition can be requested: The sliding variableS(t) is defined as:

hy > ‘%eT = kws lew| + 1w 5 1 >0 (22) S(t) = é(t) + ke(t) (34)
Therefore, ' wherek is a positive constant gain.
V < —nulew] (23) The proposed adaptive sliding mode position control law is:
From (23) it is deduced that the equilibrium poiat = u(t) = —(k — a) é(t) — Bysgn(S) (35)

0 is asymptotically stable, and from this equation it can be R
also deduced that the maximum time in order to reach tlderes is the adaptive switching gain angn(-) is the sign

equilibrium pointe,, = 0 is: function.
ew(t =0) The switching gainB is updated by means of the next
treach < N (24) adaptation law:
When the speed observation error reaches the equilibrium B(t) =v1S(t)] B(0)=0 (36)

point, e,, = 0 andé,, = 0, and then from (17) it is obtained .
that the observer error dynamics behaves as the reduced-ofy1€"€ the positive constanf can be used to select the
subsystem presented below: adaptation speed.

1 The control law (35) with the adaptation law (36) leads the
0 = —er - hy sgn(ew) (25) rotor mechanical positiof,, (t) so that the position tracking
ér = hosgn(ew) (26) errpr_e(_t) = O,(t) — 9;‘,1(15)_ tends_ to zero as the time tends
to infinity, and the proof is carried out using the Lyapunov
From the previous equations it is obtained: stability theory.
i 1 ho
=_-__= 1 1~ =
=T @D Vi) = 5SS + 5B(1)3(0) 37)

and thereforeer converges to zero. WhereB(t) B B(t) 5 andg > d N
Therefore, the estimation error converges to zero if the n ' = fmaz T

observer gainshy, hy k., and k,, are selected taking The derivative ofV/(¢) is:
into account the conditions given after eqn.(16) and e@).(2 . o : BONAR) QT . BA
Accordingly the estimated state#,,,, 7. converges to the Vt) = S@SE) + B0 =S [E+ ke[ + 55

real statesw,,, Ty, ast tends to infinity, and the load torque =S-[(maé+u+d) +kél+ 37|
may be obtained from the sliding mode observer given by (16). =5 |—Bvysgn(S) + d} + (3-89
IV. ADAPTIVE SLIDING MODE POSITION CONTROL =dS = py|S| + BIS| = BIS] (38)
Taking into account the system uncertainties, from (14, th <|dl|S| = (dmaz +n)71S|
dynamic equation of an induction motor can be written as:[14] <-n7|5 <0 (39)

O = —(a+ Da)0n, — (f + Of) + (0+ Ab)ig,  (28)  Considering thatV(t) is negative semidefinite} (t) is

where the terms, b and f are: positive-definite and that whesi(¢) and 3(¢) tends to infinity
. V'(t) also tends to infinity, then the origi$(¢), 5(¢)] = [0, 0]

- B h— Kr f= 1L, (29) is a globally stable equilibrium point and consequently the

J’ J’ J’ terms S(t) and 3(t) are bounded. Taking into account that

and the uncertainties in the valuessob and f are represented S(t) is bounded it is concluded tha{t) and é(t) are also
by the termsAa, Ab and A f respectively. bounded.
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The derivative of the sliding variable (34) is: this sense, thegn(S) function is replaced by a saturation
S(t) = é(t) + ké(t) (40) function in the control law (35):
then, using (31) and (35) is obtained u(t) = —(k —a)é(t) — [ sat (?) (45)
S(t) = —aélt) + u(t) +d(t) + ke(t). . wheresat(-) is the saturation function that is defined below:
(k —a)é(t) +d(t) — (k — a)é(t) — By sgn(S) ,
= d(t) — fysen(S) (41) <5) wnls) i s> e
sat{ — | = S )
Using equation (41) and considering thatand 3 are € if 18]<¢
bounded it is deduced that(¢) is bounded. . "
L ] . where¢ is a positive constant
The second derivative df (¢) can be obtained from equation . L
(38): Furthermore, the parameter drift phenomenon may arise in
. . d the adaptation of the switching gajn To avoid this prob-
V(t) =dS(t) - 57§|5(t)| (42) lem, the following modification is performed in the previous
I Y . .. daptive | 36):
Considering thaS(t) is bounded then it is deduced that?) adaptive law ( i )
is bounded and therefor&(¢) is an uniformly continuous B:7|50| B(o) =0 (46)

function.

Considering tha¥/(¢) is bounded and’(¢) is an uniformly
continuous function then from Barbalat’s lemma it can be

where S, is defined by:

deduced that — 0 ast — cc. Finally, from equation (41) it S, = 5 ¢sat S\ _ | S5-¢ if [S]>¢€ 47)
is concluded tha(t) — 0 ast — oo. o &) 0 if S| <¢
When the system reach the sliding mo =0, and , .
then from 34 y g ) The control law (45) with the adaptation law (46) leads the
B rotor mechanical positiof,,,(t) so that the position tracking
St)=0 = €)= —ke(t) (43) errore(t) = 0,,(t) — 0%,(t) can be made as small as desired

by choosing an adequately small boundary layer of thickness

) ¢ and the proof is carried out using the Lyapunov stability
Therefore, the tracking erreft) converges to zero becausqheory_

k is a positive constant. 1 1, .=
Finally, using equations (35) and (32) the current command v 2S0(t)So(t) * 2[3@5@ (48)
expressed in the synchronously rotating reference framewhose time derivative is given by:
obtained: . . -z
V(t) = So(t)So(t) + B(t)B(t)
ie2(t) = = [ad, + 05 + F(0) = (k= a) é — Bysgu(s) DA
b 44) =80 [(k—a)é+u+d + (B —B)v|S

The semi-global asymptotic stability of the closed-loop =S |(k—a)ée—(k—a)é—fysat(S/¢) +d

system with the proposed sliding mode observers, is pravide +(3 — B)7|S,|

by the separation principle, which requires the asymptotic —dS. — Bls 3015 — B~lS 49
stability of the observer fast enough, such that it brings th o = B7150l + 8718l = B115| (49)
state estimate close enough to its real value in a short tide a <1d[[So| = (dmaz +n)7]S,|

restores the stabilizing powers of the controller as a resecgs <-=n7[S[ <0 (50)

and sufficient condition [22].
122 The torque current commant, (), can be obtained sub-

stituting (45) in (32):

cr(6) = 3 |5, + G+ 70 — (h — )¢ — rysat <§>j
1

As it is well known the sliding mode control could presenths
the chattering phenomenon because the control signal given (
by (35) is discontinuous when the system crosses the sliding
surface. This involves high control activity and may alsoitx VI. SIMULATION AND EXPERIMENTAL RESULTS
high-frequency dynamics so that the chattering is not dbkr  In this section the SMC position regulation performance is
in real applications. The mechanical system inertia willee analyzed by means of different simulation examples and real
the chattering in the control signal, but undesirable vibres test using a commercial induction motor. The block diagram
could appear for some systems with a low mechanical inerta@. the proposed control scheme is presented in Figure 1. In
For these systems, the chattering can be prevented smgothinis figure, the block ‘'VSC Controller’ represents the pregd
out thesgn(S) function that appear in the control signal. Inradaptive SMC. The block ‘limiter’ limits the current appli¢o

V. CONTINUOUS APPROXIMATION OF THE SWITCHING
CONTROL LAW
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the motor windings so that it remains within a secure value.. wy : Nominal Speed, 1440 rpm

The block dq¢¢ — abc’ makes the conversion between the « T : Nominal Torque, 49.3 Nm
synchronously rotating and stationary reference framas{® « R, : Resistance of the Stator, 0.81
Transformation). The block ‘Current Controller’ consisi e R, : Resistance of the Rotor, 0.57

a SVPWM current control. The block ‘SVPWM Inverter’ is « L,, : Magnetizing Inductance, 0.118 H
a six IGBT-diode bridge inverter with 540 V DC voltage e« L, : Inductance of the Stator, 0.120H

source. The bloc’I provides the current referencg from e L, : Inductance of the Rotor, 0.124 H
the rotor flux error. The block 'Flux Estimator’ represents « p : Number of Poles, 4
the proposed sliding mode flux estimator. The blodk ¢ « J: Moment of Inertia, 0.05%g m?

Calculation’ provides the angular position of the rotor flux « B : Coefficient of Viscous Friction , 0.018m/(rad/s)

vector. Finally, the block ‘IM’ represents the induction too The rotor position of this motor is measured using the

G1BWGLDBI LTN incremental rotary encoder of 4096 square

§ jex i impulses per revolution. These pulses are quadruplicated i
imdpi» oS 45 Limiter fidq g et decoder, giving a resolution of 16384 ppr which gives anang|
. Pulses resolution of 0.000385 rad (0.022 deg).
" wer ] SVPWM The PLC is used to ensure that some maneuvers or basic
. L Inverter operations, that should be done in the experimental platfor
& Larl Bar ] iae are realized in a safe way. In this sense, the PLC has been
¢ Flux Estimator|4—abe— programmed in order to control several maneuvers liket star
0, /]M and charge DC bus, discharge DC bus and stop, connection and
control of load torque, alarms, etc. The FPGA is programmed

in order to calculate the mechanical position and speedeof th
induction motor using the pulses received from the increaien
encoder. The calculation is realized eath0 s and the
osition and speed values are provided to the PC through the
eal time target (dS1103). The platform also includes a ZO0U
Ghimotor synchronous AC servo motor of 10.6 kW connected
to the induction motor to generate the load torque (corgdoll

Fig. 1. Block diagram of the proposed sliding-mode field wteel control
In order to carry out the real experimental valldatlon of th

2 has been designed and constructed.

ek s T in torque). This servo motor is controlled by its VSI Unid¥iv
—— inverter module.
T The position control is implemented in the experimental
| platform using a sample time of00us. The controller is
sk executed in the real time controller board DS1103 man-

3 PWM

oL

ControlDesk

DS1103

ufactured by dSpace. This controller board includes the
PowerPC floating-point processor running at 1IMHz and the
TMS320F240 DSP that works as slave in order to generate the
SVPWM pulses for the inverter. Finally, the algorithms foe t
position and currents control, the flux and torque estinsator
the 0. angle calculation, the Park’s reference frame transfor-
mations, the calculations of SVPWM, have been programmed
in C language in a Simulink using a S-Builder module which
provides a portable and compact code.

Fig. 2. Block diagram of the induction motor experimentatfdrm
The experimental validation is carried out using an un-

This control platform has been designed in order to tegertainty in the parameters of the system. In this sense, the

the controller performance in real time using a commercigiechanical parameters used in the controller design are 50%

induction motor. The main elements of this platform are gmaller than the real values. The nominal value of the rotor

PC and the DS1103 Controller Board real time interface 8fix is 1.01 Wb and it is obtained for a flux current command

dSpace, the power block and the commercial squirrel-cagglue of i, = 8.61A. In order to obtain a closed loop flux

induction motor, model M2AA 132M4 of .5 kW manufac- stabilization, this current reference value is supervisgidg a

tured by ABB. In the PC is running the Windows XP and th&! controller. The gains values for this Pl controller hasrbe

software installed is MatLab7/Simulink R14 and Controlbestuned, and the following values has been obtaihgd= 150

2.7. The power block is formed for a three-phase rectifi@ndk; = 90.

connected to 380 V/50 Hz AC electrical net and the inverter On the other hand, the electromagnetic torque current com-

formed by a three-phase IGBT/Diode bridge of 50A. Finallynand, i;,, has been limited to 30 A, in order to provide a

in order to get a DC bus df40 V' a capacitor bank of 27.200 protection against overcurrents in the induction motaigcs

wF' is employed. The parameters of this platform are includded. Finally, the frequency of commutation of VSI module of

below: the platform is limited to 8 kHz.
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In the examples the values for the controller parametdise system uncertainties are remained constant as wedlr aat
are:k = 56, v = 10 and ¢ = 0.05. These values aretimet = 1s andt = 2s the system uncertainties increases due
experimentally tuned taking into account the influence i thto the increment in the load torque and therefore the sliding
parameters in the controller performance. In the seleation gain should be adapted once again in order to overcome this
this control parameters the following rules must be takéa inincrement in the system uncertainties.
account. An increase in the parametermgives an increase The seventh and the eighth graphs of figure 3, shows the
in the position error convergence when the system reach tipeomponent and the d-component of the stator current in the
sliding surfaceS(t) = 0 but this also increases the initial valuesynchronously rotating reference frame. As it can be oleskrv
of the sliding gainS(¢ = 0) becauseS(0) = ¢(0) + ke(0), the electromagnetic torque is proportional to the g-congpbn
which is undesirable. An increase in the parameteives a of the stator current because when the field oriented tech-
faster adaptation of the switching gain but also can inereasique is used the electromagnetic torque is proportional to
the final value of the switching gain, which is not desirablehe g-component of the stator current and the rotor flux is
In the selection of the boundary layer of thickn€s& should proportional to the d-component of the stator current. Ikina
be noted that the smaller the value ofs, the smaller is the in order to show the advantages of the proposed SMO that

error but larger is the chattering. incorporates a proportional error term in order to imprdwe t
The values for the flux observer parameters aje: = Observer performance, the last graph of figure 3 shows the
—44.5, gi. = —44.5, gy, = —50, gy, = —50, k; = 100 rotor flux observer error obtained using the proposed SMO

and k; = 100, and the values for the load torque observeéid the traditional SMO that does not includes a proportiona
parameters ard:,, = 25, k,, = 250 hy = 100 andhy = 100.  €ITOr term. As it can be observed the proposed SMO provides
These values are experimentally tuned taking into accdient Petter convergence to the real values of the rotor flux.
conditions given in equations (6), (11), (16), (22) and (34) In the second example the system performance of the
In the selection of the observer gains it should be taken int@oposed controller, using various position referencengba
account that a larger values for the observer switchingsgaiand load torque variations, is presented.

may provoke the chattering phenomenon in the observer whic

: . ']:igure 5 shows the real experiments carried out using the
is undesirable.

experimental platform. The first graph shows the reference
mnd the real rotor position, and the second graph shows the
Qlor position error. As it can be observed, after a tramgito

until T;. = 60 N.m, which is a 20% above the nominal torquéiMe: the rotor position tracks the desired position in espit
value (49 Nm). Figure 3 shows the simulation test and figufd Systém uncertainties and position reference variatidhe
4 shows the real test. The first graph shows the reference &ngd 9raph shows the estimated rotor flux. The fourth graph

the real rotor position, and the second graph shows the rofs°Wws the motor torque, the load torque and the estimated
position error. As it can be observed the rotor positionksac'02d torque. As it can be seen in this graph the proposed load

the desired position in spite of system uncertainties. #elit ©ordué observer provides a good estimation of the load torqu
position error can be observed at time= 1s and ¢ = 2s value. The fifth graph shows the time evolution of the sliding

because there is a torque increment at this time that inere¥@riable. In this figure it can be seen that the system reaches

the system uncertainties, and then the controlled syststn If'€ Sliding condition(S(¢) = 0) at time¢ = 1.05s. Finally,
the so called sliding mode because the actual sliding gadwis (e seventh graph presents the time evolution of the adaptiv

small for this larger uncertainties. However, after a skire, S!ding gain, that increases (when is necessary) in order to
the rotor position error is eliminated because the slidiagng ©Vercome the present system uncertainties.

is adapted so that the new sliding gain value can compensaté the third example the performance of the proposed con-
for the new system uncertainty. The third graph shows the tieller considering variations in the stator and rotor sesices
component of the rotor flux in the stationary reference framis presented. Figure 6, shows the real test of the proposed
In this figure it can be observed that the proposed slidingemopglosition control scheme using the experimental platform. |
observer provides an accurate and fast rotor flux estimatighis experimental validation, a variations 8% in the stator
The fourth graph shows the motor torque, the load torq@ed rotor resistance values are analyzed in order to show the
and the estimated load torque. As it can be seen in thizbustness of the proposed control scheme. The variations i
graph, the load torque observer estimates the load torque vahe rotor and stator resistance values are implementedein th
accurately. The fifth graph shows the time evolution of theontroller and in the observer algorithms in order to enaulat
sliding variable. In this figure it can be seen that the systesimilar variations in the real values of the IM resistances.
reaches the sliding conditiof6(t) = 0) at timet¢ = 0.25s, Therefore, in this experiment the resistance values usétkin
but then the system lost this condition at time= 1s and observer and in the controller are reduced, which emulates a
t = 2s due to the load torque increment which produces ancrement of the resistance values in the real system.
increment in the system uncertainties. The sixth grapheptes  The first graph shows the reference and the real rotor
the time evolution of the adaptive sliding gain. The slidijgdn  position. As it can be observed, after a transitory time, the
starts from zero and then it is increased until its value ghi rotor position tracks the desired position in spite of syste
enough to compensate for the existing system uncertaintigacertainties and stator and rotor resistance variatidhs.
Then, after = 0.5s, the sliding gain remains constant becausgext graph shows the rotor position error. The third graph

In the first example the IM follows a position reference fro
0 to 27 rad, and there are several load torque step chan
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Fig. 4. Position tracking experimental results using a fmmsireference
from 0 to 27 and several load torque step changes

shows the rotor speed. As it can be observed the rotor
accelerates in order to reach the desired position and then
decelerates in order to stop at the desired position. Thetfou
graph shows the variation &f0% in the value of the stator
and rotor resistances that are introduced in the obsengr an
in the controller at time = 2 s. The fifth graph shows the d-
component, the g-component and the module of the estimated
rotor flux. As it can be observed the proposed rotor flux
estimator presents a good performance under the change of
50% in the stator and rotor resistance value that appedrset t

2 s. The sixth and the seventh graphs show the d-component
and the g-component of the stator current respectively.tAs i
can be observed the stator curreitsandi,, shows a small
changes from time¢ = 2 s due to the changes in the rotor
and stator resistances. This current variation is greaten f
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Fig. 5. Position tracking experimental results using s@vehanges in the 8
position reference and several load torque ramp changes @l ]
E
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. - —  €X
t = 3s because the difference between the real resistar 0 ; i ; i ; i ?
. . . 0 05 1 15 2 25 3 35 4
values and the resistance values used in the observer amal ir Time (5)

controller is also greater. However, as it can be observéloein
first graphs the proposed control scheme is robust undee thg%
resistance variations and the position tracking is notcdfs

The eighth graph shows the real load torque and the
estimated load torque. In this graph a change in the estimate
load torque can be observed at time= 0.47. This change torque currenti,,) decreases in order to reduce the rotor
appears because at this time the motor torque (and also $peed value to zero (decelerate). Due to the uncertainties i

6. Position tracking experimental results using atmsreference from
27, load torque ramp changes and stator and rotor resistamizeioas
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the system mechanical inertia, initially, this decelenatis [10]
considered by the observer as a load torque variation amd the
it introduces an error in the value given by the load torquey;
observer. Nevertheless, the proposed control scheme ustrob

under this observer error and therefore the position tregki
performance is not affected. Finally, the ninth graph pnese
the time evolution of the adaptive sliding gain, that is eased

(if is necessary) in order to overcome the system unceigaint

[12]

[13]

VII. CONCLUSION [14]

In this paper an induction motor position regulation using a
adaptive SMC for a real-time applications has been predente
The proposed design incorporates an adaptation law for (g
sliding gain, in order to calculate the appropriate slidgain
value to overcome the system uncertainties. The controbsig|1g)
of this adaptive SMC will be smaller than the control signals
of the traditional SMC, because in the last one the sliding
gain value should be chosen high enough to overcome all i
possible uncertainties that could appear in the system over
time. Additionally, in order to avoid the flux sensors a SM
rotor flux estimator and load torque observer are proposed;ig)
improve the controller performance. Moreover, the prodose
observers and the proposed controller do not involve a hiﬁg
computational cost and therefore can be easily implemen ed
in a low cost DSP-processor. Finally, the simulation and rea
test over a commercial IM, have confirmed that this positidﬁol
control scheme presents a good performance in practice,
and that the position tracking objective is achieved under
system uncertainties, and also under load torque andapsest (21]
variations. [22]

REFERENCES
[1] D. G. Holmes, B. P. McGrath, and S. G. Parker, "Current iR&tipn
Strategies for Vector-Controlled Induction Motor Drive$EEE Trans.
Ind. Electron., vol. 59, no. 10, pp. 3680-3689, Oct. 2012.
J. Guzinski and H. Abu-Rub, "Speed Sensorless Induckitmtor Drive
With Predictive Current ControllerEEE Trans. Ind. Electron., vol. 60,
no. 2, pp. 669-709, Feb. 2013.
P. Alkorta, O. Barambones, J.A. Cortajarena, and A. Zabreta,
"Efficient Multivariable Generalized Predictive Contrabrf Sensorless
Induction Motor Drives”,|IEEE Trans. Ind. Electron., vol. 61, no. 9, pp.
5126-5134, Sep. 2014.
T. Orlowska-Kowalska, M. Dybkowski and K. Szabat, "Adap
Sliding-Mode Neuro-Fuzzy Control of the Two-Mass Induntiblotor
Drive Without Mechanical SensorsTEEE Trans. Ind. Electron., vol.
57, no. 2, pp. 553-564, Feb. 2010.
H. Sira-Ramrez, F. Gonzlez-Montaez,J.A. Corts-Romeemd A.
Luviano-Jurez, "A Robust Linear Field-Oriented Voltagen@ol for the
Induction Motor: Experimental Resultd'EEE Trans. Ind. Electron., vol.
60, no. 8, pp. 3025-3033, August. 2012.
M. Suetake, I. N. da Silva, and A. Goedtel, "Embedded [FRed
Compact Fuzzy System and Its Application for Induction-bow/f
Speed Control’]EEE Trans. Ind. Electron., vol. 58, no. 3, pp. 750-760,
Mar. 2011.
L. Zheng, J. E. Fletcher, B. W. Williams, and X. He, "A Ndv@irect
Torque Control Scheme for a Sensorless Five-Phase Indubfimtor
Drive”, |IEEE Trans. Ind. Electron., vol. 58, no. 2, pp. 503-513, Feb.
2011.
M. Comanescu, "An Induction-Motor Speed Estimator Bhee Integral
Sliding-Mode Current Control"|EEE Trans. Ind. Electron., vol. 56, no.
9, pp. 3414-3423, Sep. 2009.
[9] A. Sabanovic "Variable Structure Systems With Slidingodiés in

(2]

(3]

(4

(5]

(6]

(7]

(8]

10

LX Zhang, "Sensorless Induction Motor Drive Using Iretit Vector
Controller and Sliding-Mode Observer for Electric Vehgle IEEE
Trans. Ind. Electron., vol. 62, no. 7, pp. 3010-3018, Sep. 2013.

C. Cecati, "Position Control of the Induction Motor Wgi a Passivity-
Based Controller”|EEE Trans. Ind. Applications., vol. 60, no. 2, pp.
1277-1284, Sep./Oct. 2000. .

B. Veselic, B. Perunitic-Drazenovic, an@. Milosavljevi¢, "High-
Performance Position Control of Induction Motor Using Dete-Time
Sliding-Mode Control”,|IEEE Trans. Ind. Electron., vol. 55, no. 11, pp.
3809-3817, Nov. 2008.

F. Betin and G.-A. Capolino, "Shaft Positioning for S®hase Induction
Machines With Open Phases Using Variable Structure CAnttBEE
Trans. Ind. Electron., vol. 59, no. 6, pp. 2612-2620, Jun. 2012.

O. Barambones, P. Alkorta, J. M. Gonzalez de Durana aridrémers,
"A Robust Position Control for Induction Motors using a Lo@drque
Observer”,20th Mediterranean Conference on Control & Automation
(MED), Barcelona, Spain, Jul. 3-6, 2012.

D. Chatterjee, "A Simple Leakage Inductance Identifaa Technique
for Three-Phase Induction Machines Under Variable Flux ditmn”,
|EEE Trans. Ind. Electron., vol. 59, no. 11, pp. 4041-4048, Nov. 2012.
M. Barut, Member, R. Demir, . Zerdali, and R. Inan, "Ré&aie
Implementation of Bi Input-Extended Kalman Filter-Basedtifator
for Speed-Sensorless Control of Induction Motor2EE Trans. Ind.
Electron., vol. 59, no. 11, pp. 4197-4206, Nov. 2012.

T. Orlowska-Kowalska and M. Dybkowski, "Stator-CunteBased
MRAS Estimator for a Wide Range Speed-Sensorless Indublictor
Drive”, |EEE Trans. Ind. Electron., vol. 57, no. 4, pp. 1296-1308, Apr.
2010.

S. Jafarzadeh, C. Lascu, and M.S. Fadali, "State Esittimaf Induction
Motor Drives Using the Unscented Kalman FiltetEEE Trans. Ind.
Electron., vol. 59, no. 11, pp. 4207-4216, Nov. 2012.

Z. Xu, M.F. Rahman, "Comparison of a Sliding Observed anKalman
Filter for Direct-Torque-Controlled IPM Synchronous MotDrives”,
|IEEE Trans. Ind. Electron., vol. 59, no. 11, pp. 4179-4188, Nov. 2012.
Z. Qiao, T. Shi, Y. Wang, Y. Yan, C. Xia, X. He, "New Slidin
Mode Observer for Position Sensorless Control of Permaiagnet
Synchronous Motor”|EEE Trans. Ind. Electron., vol. 60, no. 2, pp.
710-719, Feb. 2013.

P.V. Kokotovic, H. Khalil, J. OReilly. (1996) SingulaPerturbation
Methods in Control: Analysis and Desigkcademic Press, New York.
A. N. Atassi, H. K. Khalil. (2000) Separation resultg the stabilization
of nonlinear systems using different high-gain observeigies, Systems
& Control Letters, Vol. 39, pp.183-191.

Oscar Barambones (M'07-SM’13) received the
M.Sc. degree in applied physics (specialty in elec-
tronics and automatic control) and the Ph.D. de-
gree from the Faculty of Science and Technol-
ogy of Leioa, University of the Basque Country
(UPV/EHU), Leioa, Spain, in 1996 and 2000, re-
spectively. He currently teaches in the Department
of Systems Engineering and Automatics, School of
Engineering of Vitoria, UPV/EHU, Vitoria-Gasteiz.
His main research interests are induction machine
drives, speed control, position control, variable struc-

ture control, and predictive control.

Patxi Alkorta (M'12) received the B.S. degree
in electronics engineering (specialty in automatic
control) from the Faculty of Science and Technol-
ogy of Leioa, University of the Basque Country
(UPV/EHU), Leioa, Spain, in 2004 and the Ph.D.
degree in robotics and automatic control systems
from UPV/EHU, Faculty of Engineering of Bilbao,
in 2011. He currently teaches in the Department
of Systems Engineering and Automatics, School of
Engineering of Eibar, UPV/EHU, Eibar. His main
research interests are induction motor drives, speed

Motion Control”, IEEE Trans. Indus. Informatics, vol. 7, pp.212-223. anq position control, variable structure control, and jotae control.

May. 2011.

0278-0046 (c) 2013 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution req

permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



