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On Sensorless Induction Motor Drives: Sliding
Mode Observer and Output Feedback Controller

Malek GHANES and Gang ZHENG

Abstract—In this paper, a sensorless output feedback con- estimation of sensorless induction-motor drives are awealy
trc_)ller is designed in order to drive the Induc_:tion Motor (IM_) in [11]. In [6] the problems of current decoupling controldan
without the use of flux and speed sensors. Firstly, a new slily -, nroller tuning associated with sensorless vectorfotiat
mode observer that uses only the measured stator currents . . . . . .
is synthesized to estimate the speed, the flux and the loagiNduction motor drives are studied. Pgrallel identificatio
torque. Secondly, a current-based field oriented sliding moe Schemes for both speed and stator resistance of sensorless
control is developed so as to steer the estimated speed andxflu induction motor drives are proposed in [25] for a wide ranfje o
magnitude to the desired references. Stability analysis tsd on speed estimation. Nevertheless for most of these conititgjt
Lyapunov theory is also presented in order to guarantee the o4y flyx information and/or knowledge of load torque (ad/

closed loop stability of the proposed observer-control sysm. .
Two experimental results for a 1.5-kW IM are presented and acknowledge load torque considered constant) are needed fo

analyzed by taking into account the unobservability phenorena ~ controller implementation. On the other hand, removing the
of the Sensorless Induction Motor §IM). speed sensors affects te observability property at very

low speed. Important contributions in this direction haeeib
reported in [9], where under some operating conditions (low
|. INTRODUCTION speed) théM is not observable. Furthermore, strategies based

Vector controlledM drives are wide spread electromecharn IM spatial saliency methods with fundamental excitation
ical conversion systems with efficient energy [4] for highand high frequency signal injection [12], extended Kalman
dynamic performance applications, where motion control §fter techniques and adaptive system approaches [18] have
high precision speed control is needed [22]. Since rotatiorPeen studied. The sensorless controlMfallowing operation
transducers and their associated digital or analogue itsrcit very low speed can also be found in [7], [8], [9], [10], [13]
give extra costs and are often complex and rather fragi[@,l]-
reducing the robustness of the total system, there is apaser  1he first main contribution of this paper is to design a new
ing interest in industry in control schemes without rotagib Sliding mode observer for th8IM in presence of unknown
sensors-the so-calle8iM control. We refer the reader to [12]l0ad torque. And experimental results show the performsnce
for a tutorial account on the topic. of the observer thanks to a dedicated Sensorless Observer

Given that high-performance controllers are readily avaiPenchmark to test observers in open loop. Secondly, a
able when speed and flux are known, it seems reasonablé@gsorless control scheme is designed, which is based on a
estimate speed and flux, in the spirit of observer and contfgimbination of field oriented control (FOC) methodology and
theories, to replace in the control scheme the actual spé@ust sliding mode technique. Sufficient conditions arei
and flux by its estimation. Several theoretical and practiclp guarantee the stability of the whole closed-loop system.
solutions have been proposed in the literature. For instanc Furthermore, a Sensorless Control Benchmark is designed in
[16] an algorithm for simultaneous estimation of motor S1)e,§)rder to test and to evaluate the performance of sensorless
and rotor resistance is proposed. A semi-global exponen@ntrollers. Theoretical and experimental results show th
rotor velocity and flux tracking algorithm is proved in [8] | feasibility of the proposed method.

[17], a second-order control algorithm is designed incigdi

a rotor speed observer. An estimator of rotor speed and II. OBSERVER DESIGN

an indirect field-oriented control with a sliding mode a% |\M Model

proposed in [1]. In [19], based on the model reference

adaptive system (MRAS), a sensorless method estimating thén the rotating (d-q) reference frame, thé dynamic model
rotor position and speed from the machine rotor currents (&) reads ([5])

resented. Reduced and full order observers for flux andispee . . 1
P P "‘_Jr = Tn'(ybrdlsq — CWy — _]ﬂ
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where respectively,q-isq, Vsa-Vig, ¢ra-p, wr--1; denote the in the frame of the rotating rotor field (d-q), it is thus nesay
stator currents and stator voltages, the norm of flux andeangh carry out a change of reference from the measures. Initial
of flux, the speed and load torque, where the subscsiptsd measurements are transformed from the three-phase reéeren
r refer to the stator and rotor. The parameter$, ¢, v, Y, frame to a diphasic reference frame by using the following
m andm, are defined bys = (R,/L,), b= (M,./TLs;L,), Concordia equations:

= (f, /), v = LIR:+MZ R, Y = (1— (M2/L.L,)),
¢ = (fuo/ ) 7 ) T=(-OZ/LL). () my ay ay Vo= 10—V

YL.L2
m = (pMy./JL,), my = (1/YL,), where R, and R, are
the resistancesl, and L, are the self-inductanced{,, is lo = \/g(ia — %z’b — %ic); ig = \/g(ib — i)
the mutual inductance between the stator and rotor windin%vshe
p is the number of pole-pairs] is the inertia of the system
(motor and load) and, is the viscous damping coefficient. Th o N :

e next step consists in passing in the turning reference

The control inputs are the stator voltages. Only statoremurr by the Park t f tion. This t f tioni

and stator voltage are measurable. Furthermore, an op@ratLame | yl fﬁ arf ratns (f)_rrlm:jafmn. IS Irans_tcr)]rma 'ont"m’t uth

domainD is defined as follows: he calculation of rotor field frame angle with respect to the
fixed reference frame. This calculation is carried out stgrt

Definition 1: Operation Domain D: i . :
B, 0 T, e IPWMC W, and T,"%* are respectively from the equations of (2) to (4), just as the calculation & th
' o e D§W measurements to the frame (d-q).

the actual maximum values for the flux, currents, spe

reV,, Vs, Ve andi,, i, i. are the three-phase voltages of
IM and three-phase currents (supposed balanced).

i _ mazx n dA . Ms“r .
andmlgaq torquemggch thaﬂqbr;iL < @,dmax, lisa] < ap _ P + ap i @)
Isd ) |qu| § Isq ) |wr| S Wy ’ |ﬂ| § ,-Tl . dt ¢7‘d
Vad = cos(p)Va + sin(p)Vs (3)

B. Quick Review on the Observability Phenomena of SIM

In [9], we have demonstrated thH#l observability cannot Vig = —cos(p)Va + sin(p) Vi (4)
be established in the particular case when the fluxgs ¢, 3 )
and the speed, are constant even if the higher derivatives | et ys consider system (1) with the outpyts= tsd

of outputs are used. This operating case coincides with tlhe heck th q f) i N\ s5q ol
following physically interpretations: Uls easy to check thap,q andw; of (1) is not observable.

; . Hence classical observer design techniques cannot besdppli
1) when the fluxes are constant,f = ér5 = 0), OF o ever we notice that (1) has a stabqle zero dynamicsp?14]
.eqw_valently. the eX%faTE'OE voltige IS zero{: 0), it aboutg,.4, with the outputy; = i,4 anda > 0 in (1), hence by
implies that: pw, + pey Y T 0 or Tem = _12(“:" simply using an estimator, it is possible to estimate or atete
whereT,,, is the electromagnetic torque ahil= ”Rfd; orq. With the estimation of¢,.4, thenw, of (1) becomes
2) if the speed motor is constant, thiis, = (f,w,+1;) = observable. Hence we can use a sliding mode observer to
—Kw,. This last equation defines thobservability recoverw,.

curve in the map {, w,) with M = P;‘éft + f, (Fig. 1) Remark1: Since system (1) stays P defined in Defini-

(see [9] for more details). tion 1, thus it is Bounded Input Bounded State (BIBS).
T For system (1), we propose the following sliding mode
observer:
f/?)'rd = _a(/?)'rd + aMs’r‘AZ'sd
tsd = —isq+ Erabo,q + Ela%igq
W ) +m1Y9d + E1A\1sgn (isq — isd)
—M (.:JT = E1m¢rdisq — EQC‘.:)T + EQ)\gsgn (QNJT — CDT)
)
where .
) . . 1 if x>0
Fig. 1. _Unobservab|l|ty curve in ﬂ_u_a ma@c wr) . sgn(*) : 1 if %<0 (6)
Obviously, the observability is lost gradually when we c[-1,1] it o« —0

approach this unobservability curve.
Eg)\l sgn(isdfi

with the auxiliary state ©, = D =4) where

C. Sliding Mode Observer design

Several observers such as the sliding mode observer have E, = { (1)’ :]: [9ra B érdl i ‘
been developed to estimate rotor speed. Sliding mode ddrserv ’ [#ra = Pral < &
[2] appears as an important technique, since it offers many B — 0, if 25q # isa
good properties, such as good performance against unmod- 2= { 1, if dsq = isq;
eled dynamics, insensitivity to parameter variationseexl
disturbance rejection and fast dynamic response [23].
Since the measurements of the motor are given in t
classical fixed stator frame (a,b,c) while the observer itevwr T, = —E3J \asgn (O — &) (7

where e is a small positive real and the estimation of load
%%rqueTl given by the following equation
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0,
L

it &, £ @,

where F5 = i oo
T T

exponentially. Consequentl§j converges exponentially 6.
]

Theoreml: For system (1), the proposed observer (5) can

exponentially converge t9,.; and estimatev,. andT;.

Proof: Assuming thatk; = 0 (if £; = 1 we directly
move to the next step), the observation error dynamics.gf
noted asy,, = ¢ra — ¢ra, is defined asé,,, = —aey,, with
a > 0, and it implies exponential convergenceaf; to ¢,4.

Given a sufficient small real > 0, we can always find,
such that whert > t;, we havee, , < ¢, hence we have
E, =1 aftert > t;. Then we consider the convergence Qf
to i,4. For this, we note:;_, = isq — 4. Since whent > ¢4
we haveE; = 1 andey,, < € wheree is a sufficient small
real, then

aMs,,Aizq

éisd =(ab— —=
¢7‘d¢'rd

Let us consider the following Lyapunov functiofr:, ==
e7 ,. Since system (1) stays iR, hence if

) Egrg T PWrisqg — MSgN (isq — isa)

1
2

2
B ‘ aMyyig,
A = maz{pwyisg + [ ab— ———
rd®Prd

) gd)rd} + C’isd (8)

with ¢;,, > 0 andey,, <€, we have

. aM i
Ve = (poriat (00— P00, aisgne) e
rdPrd
1/2
< —Gigaleial = 7\/§Cisd‘/5¢/rd
which implies the convergence df,; to isq in a finite

time, noted ast,. Hence aftert > t, > t;, we have

E, = 1andé;,, = ¢, = 0, which givespw,is; +
.2

(ab — —“d)M‘Sg‘“’) Eprg — M8gN (isqg —isq) = 0. Finally we
rd Prd

Eérd
Plsq

have w, = w, + (ab—
_ al\/f‘“-iiq Eprg . .
E(t) (ab . ) T Since system (1) stays i

defined in Definition 1, it can be seen thétt) and£(t) are

-2
%) wr + E(t) where
rdPrd

bounded and they converge to zero exponentially. Hence W

have the exponential convergenceigfto w;..
Consequently we have

Oy = wr + E(t) = MPrqgisqg — Cwr — jTl +E(t)

Analogously, by taking the Lyapunov functioi,
with ¢, = &, — ©,, and if

1 .
Ae = maw{— 311+ Mz, + () + ED}+ G (©)

with ¢, > 0, we have

Ve,

1 .
= <sz + Misqeg,, + cE(t) + 5(t)> Ew,
—Aasgn (0 — Oy) €w,.
—Co [Ew, | = =V200, V2

which signifies the convergence 6f. to @, in a finite time,
noted ast;. Hence aftert > t3 > t,, we haveEs; = 1 and
€w, = €, = 0, Which givesT; = T} — Jmigegs,, — JcE(t) —
Jé(t). Sincew, and (2)rd converge exponentially ta, and
¢ra respectively, which impliegs ,, £(t) and £(t) vanish

IN

Ill. FOC VIA SLIDING MODE TECHNIQUES

In this section, a controller is designed by combining the
FOC method ([3]) with Sliding Mode Control metho&MC,
[23], [20]). The design procedure is based on the well-known
assumption of current-feliM (see [15],[5]).

A. Field Oriented Control Consider theM dynamic model
given by (1) in the (d-q) reference frame. In this frame the
electromagnetic torqué., = 2= ¢, 4is, is proportional to
the product of¢,q and ig,. Thus by holding constant the
magnitude of the rotor flux, a linear relation betwegnand
T... is obtained. In order to cancel the nonlinear dynamics of
isq andisy, the system is forced into current-command mode
by using high gain feedback (see [15],[5]). More precisely,
the following PI current controllers

Va = Kiva fo (i3 = fsa)dt + Kpoalily = isa)
Vg = King fo (i:q — lsq)dt + vaq(i:q — isq)

are used to forcéy; andi,, to track their respective references
iy and iz, and produce fast responses when large feedback
gains are used. Hence, assuming tifatand 7, as thenew

inputs it follows that
Wy = MPrdigy, — Wy — T#

{ ¢rd = _a(//)'rd + a/MsTZ':d

In order to solve the flux and speed trajectory tracking prob-
lem, the following assumption is introduced.

Assumptionl: a- The state initial conditions of tH&1 are
in the physical domairD.
b- The desired trajectorie®){;, andw;) are in the physical
domainD.
c- The actual load torque is assumed to be bounded by a
maximal fixed valuep. This maximal value is chosen in
accordance to the realistic torque characteristics of ttosen

(10)

(11)

five: |T;| < o.

B. Sliding Mode Control

Flux controller design. From (11), consider the following
IM flux dynamic equation with uncertainties

(brd = _a(brd + Aa(z)?‘d + Kn’;d (12)

wherex = aM,, andAa is the uncertainty term of parameter
a. In order to design a flux sliding mode controller, we define
the flux tracking erroe,,, = ¢.q — ¢;, Whereg?, is the flux
reference. Then the associated error dynamics is

bprg = —QCp,, + Kigg — abrg — Grg + Dadrq (13)

¢FromSMCtheory, let us define the,.q flux sliding manifold
as follows

t
O¢ra = €hra — (kj¢7vd - a)/ €¢ra (T)dT'
0

Then the associated Lyapunov function is selecteizl;grsd

307 » where its time derivative is given by

Vo% = 04,4[06,41 T 04,4205 + Dagrd] (14)
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with oy ,1 = —kg e, — apiy — &, and a4, 0 = k. Then, the speed controller reads
Therefore, the sliding mode controller can be designed as . Lo Owr, + Gyt + 1, 597(0,)
follows lsqeq = — > (22)
w2
l
ideq = — 6vaT0ra  Oprar + 904 397(05r0) (15) with the sign function is defined by (6). Then (22) becomes

Org2 )
with the sign function is defined by (6). Vou, = ~lu, Voo, +0uw,[=nw,s9n(0w,) + do]-
Consequently, (14) becomes By choosingl,, > 0 andn,, > maxz{|d,, ||} (defined

. hereafter). From Assumption (1-a-b) themz{w, } := K7%*
= - - Aadrq]. (1 wy
Voos = ~loraVoo,, +00,ul=16,4597(00,,) + Bagra]. (16) - - =0 greater thamaz{|w,(0)],|w;[} + [Aes, (0)].
Choosingls,, > 0 andng,, > maz{||Aag.q4||} (defined Consequently, agl, = Acw, + L then d,, is bounded.
hereafter), it follows that,, < 0. AsV,, is contracting. Finally, from Assumption (1-c)., is set as
¢From Assumption (1-a-b), themaxz{¢.q} := Kge® can mas 0
not be greater thamax{$,q4(0), ¢} + |Aeq, ., (0)]. Conse- Mo, = AcKGH + 7 +bo, (23)
quently, Aa¢,4 is bounded and can be set as

with b,, a small positive constant. Following the same
Moy = Aa™OTKTOT 4], (17) Procedure used for flux, we havg, < .—\/ﬁbwrvl/ 2, which
" means we obtaiwr,,. = 0 in a finite time. Therefore (20)
with b, , a small positive constant. Hence (16) becomes implies

Vg¢rd = _l¢7'dVo'¢7~d — by, |O-¢'r'd ) o = (R C)(f‘”"' (24)
< —\/§b¢,,dV1/2 which makes that the speed tracking eregr exponentially
" converges to 0 fotk,,. — ¢) < 0.
which implies that we havery,, = 0 in a finite time. Proposition1: ConsiderIM model (11) and suppose that
Therefore (13) becomes Assumption 1 is satisfied. Then under the action of speed
) controller (22) and flux controller (15), the rotor speed and
€40 = (Ko, = a)e,,- (18)  the flux track their desired trajectories exponentially.
Hence, the flux tracking errar,, exponentially converges to ~ Proof: UsingV. = 307 +307 asaLyapunov function
0 for (ky,, —a) <O. candidate, then the time derivative gives
Choosing (15) to force,.q to Frack |t.s reference;,; ensures V., = _l¢v~dV%rd + [=1p,,591(05 ) + Aadyd]
that the flux is properly established in the motor. Hencesraft o Vo ¥ [, 597(00. ) + du ]
thelM is fluxed @,q = ¢, = constant), the electromagnetic < 7\/5_“;{/2 - . .

torque (.,,) can be rewritten ag,,, = Krig,, where K

is the motor torque constant defined By = 2cg, ;. As  whereb = min{bs ,, b, }. It implies that after a finite time
a consequence, the linear relationship between the iffput We haveey, , = (ks,, —a)eg,, andé,, = (k, —ce.,, hence

and the speed dynamics, is obtained. Then, the speedve have exponential convergence of the rotor speed and flux.
control is obtained through the inptif, via a speed controller u
described below.

V. STABILITY ANALYSIS OF THE CLOSED-LOOP SYSTEM

Speed controller designConsider the mechanical equation In order to implement controllers (15) and (22), the
of (11) including uncertainties as follows speed/flux measures are replaced by their estimates resulti
in the new controllers

Wp = —cwy + il + d, (19) ; (¢3 ) —lgraoy,  +koraes  +adiy+ Gra— nsrasgn(oy )
. s rd | =
where h = mg¢,q and d,, = —Acw, — I is the term ¢ K 25)
uncertainty. Defining the speed tracking eregr = w, —w;, and
it follows —lwr0a, + kw, o, + W) + &F — Nursgn(os,)
Z:q ((I)r) — wrw, wr LWy A’r T wTr W (26)
bw, = —Cuw, + hig, — cw) — Wy +dy, (20) mrd
Define now the sliding manifold as follows where )
t €y = Dra— Ol
Oy = €y — (K, — ) / ew, (T)dT (21) Cor = Gr-wr ;
. S g Tos = o~ s =) [y e, 7
and the candidate Lyapunov function associated to thenglidi 0oy = o, — (ku, —C) [y €, dr.
manifold (21) is defined a%,, = %af,r. By computing its A
time derivative, we obtain with the speedv, and the flux¢g,.; are given by observer (5).
) TheIM observer must be fluxed to ensure estimated speed
Vo, = 0w,0w, = 0w, [0w,1 + 0u,20%; + dur] tracking. In order to avoid the singularity in (26), the flux

(5) is initialized with initial conditions different from exo.
whereo,, 1 = —ke,, — cw; — w} ando,, 2 = h. In practice, electrical engineers overcome this singtyldyy
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starting to track firstly the fluxp,q to its referencep’, = Zone 1 The initial conditions of speed and stator pulsation
constant. The same trick is adopted for the estimated flure such that the IM is observable (from Os to 2s).
¢rq by adding an offset = 0.05Wb such as Zone 2. The stator voltages is forced to zero corresponding

to constant fluxes while the rotor velocity remains constant
making the state unobservable between 4 and 5 seconds and
between 6 and 7 seconds.

Theorem2: Consider system (1) where (5) is an associatetbne 3 Between 5 and 6 seconds, the rotor moves with a
sliding mode observer which is initialized iR, suppose that constant acceleration, allowing to check the observer eenv
Assumption (1-a-b) holds. Under the action of controllegence when the state is slightly observable.
defined in (25) and (27), the tracking errors of speed and fldone 4. The IM is driven outside the unobservability condi-
converge asymptotically to zero. tions. Practically, to apply this benchmark, the main diftig

Proof: By choosing the whole Lyapunov function asies in the simultaneous control of speed and stator polsati
V =V + V2 whereV; = %Uzrd +3¢e3,andVa = 302 + g0 that the slip pulsation, = w, — pw does not exceed
12 | then we havé/ =V + V, where a limiting value w, = R,M.i,/L,¢4, Which corresponds
to the highest admissible stator current. The referenge sli
. . pulsation is given in Fig.3.c. In order to respect the above
= 0,45, (Ko, *a)%,,d) + €64 (dm fdw) condition, it is necessary to drive the speed of the motor
o, (—aes  +Kily (d;rd> —agty — dry +Aa¢3rd) by a connected synchronous motor which is controlled to
follow the speed trajectory. Simultaneously, the freqyenc
of the voltages applied to theM stator follows the stator
, pulsation reference shown in Fig.3. Moreover robustness te
—agy, , < —mV1 are defined by realistic variation of stator resistance aathis
inductance. This benchmark is applied on an experimental se
up. The frequency of the voltages applied to the statdivbf
Vo = 04,00, +£Eu,€0, is controlled by classical U/f control which is independent
= 0o (éo, — (kw, — )ew) + ew, (@ — O of motor measurements and estimated state. At the same
N N time, the speed of théM is controlled by the connected
= 05, (—ceq, + hil, (&) — cwp — 0F +dg,) h : d t The slidi
(k. — o, o — Co |ew. synchronous motor using speed measurement. e sliding
" m T mode observer uses only the measurement of stator voltages
= 0o, [—lw,. 00, +do, — N, 591(0s,)] — Cu, |€w,

) 1/2 and stator currents.
_Z g - bwr |o-°:)7| - CWT |€W7‘| < _/’[/2‘/2

WrY @,

with po = min{v/2b,,,v2¢,,} since /|z] + /]y] >

N —lwrog, + ko, €o, + cw) + W) — nursgn(oa,.)

isq (WT) = mal’{(lg'rth E}m

@7)

o= U$7~dd$rd+5¢"'dé¢7'd

IN

—(kg,q —a)oy €4 —acs,,

9% . (*l¢rd0'¢§ ~d + Aadrq — nd,rdsgn(a&’.d)) — asird

T

2
< lgraoy  —bs,,

o
Prd

with g1 = min{2l4,4,2a} and

IN

Inverter U/F Controller [ W

Vx| + |y|. Hence we have \L‘vméges“.uﬂ“van;geg“_ o
. e g Goed o o[ Ty
V<*N1V1*u2vl/2§0 132 2=2| .V,
. . . ) 2 | I p [Sliding Mode(o,, W, '[',_ o)
which implies asymptotical convergence of speed and flux to sremets Qents !/.JJ-ACmnt || observer
zero. [ | : [y .
e 23| . Mg
*  Concordia | X arl !
V. EXPERIMENTAL RESULTS i I_I:'-p—k' = |@
Here, the tests have been performed with the followivig \ m f——
. ‘? Synchronousy Inverter
values: st W '—‘»-,
Induction Motor
Nominal rate power| 1.5kW R, 1.47Q)
Nominal speed 1430 rpm|| R, 0.799 Fig. 2. Pie chart of the sliding mode observer.

Number of pole pairg 2 L 0.106H The block scheme used in experimental set-up to test the
Nominal voltage 220 V L, 0.094H sliding mode observer in open loop is presented in Fig.
Nominal current 6.1 A J | 0.0077Kg.m? 2. The block 'sliding mode observer’ uses only the stator
Sampling time 200u s Jo 0.0029% current measurements in the reference rotating fraine ()

to estimate the speed, flux, load torque and the angle of flux
A. Part I: Observer experimental results (after using the transformation of Concordia and Park). The

Before evaluating the performances of the propos@JPCk 'U/f Controller’ provides classical U/f control wHicis
observer-controller in closed loop, it is necessary to &est independent of motor measurements and estimated state. Thi
validate the performances of the proposed observer in ogdCk controls the frequency of the voltages applied to the

loop. For that a dedicated benchmark (Fig. 7) is defined $A°" (defined in the "Observer Benchmark’) by its inverter
test observers on and near the unobservability durve At the same time, the track of the reference speed trajectory
(defined in the 'Observer Benchmark’) is imposed to ke

Isee section II-B for more details by the connected also synchronous motor via its inverter.
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The parameter$ \; and )\, of observer (5) are chosen asat each iteration of the observer by solving Lyapunov eguati
A1 = 1000, A2 = 800.

Rema_rk2: _D_ue to experimental conditions (temperatureB_ Part II: Observer-
...), the identified parameters are not exactly the realrpara
eters ofIM. The control experimental conditions are nearly Now the proposed FOC-SMC using sliding mode observer
different compared to the identification conditions and eaorin closed loop, is tested on an experimental set-up. A
over the identification methodo'ogy has a Certain uncmyairsensorless Control Benchmark defines the adequate referenc

in its results. Thus this case is already a first robustness tdrajectories to evaluate the performances of the sensorles

Speed estimation (Fig. 3) control algorithms under the following operating condit$o

: R (Fig. 7).

On F_|g. 3 the speed responses for |o_lent|f|ed pa}ra_meters. Area 1 Low speed with nominal load (from 1s to)3s
(nominal case) and case with stator resistance variatien ar Area 2 High speed with nominal load (from 4s to 6s)
shown. For robustness test case50%ofR.), the speed is ° Area 3 Vgr Igw speed (zero frequency) with nominal
affected a little compared to nominal case when the obsésver * load (the IMyis unogservablé from q7s o )S;s)
under observable conditions and near unobservable consliti

controller experimental results

Load torque and flux estimation (Fig. 4 and 6) 1000 oo spoed with ]
Fig. 4 and 6 displ £ o MR i specdwitn \ Uobsenvablity ]
g. an isplay the current and flux responses for B8 nomanal load torque
identified parameters (nominal case) and case with stato 0
resistance variation. The +50% variation By affects clearly P S S e
the flux response (Fig. 6) under observable and unobservabl | - 1
conditions according to the nominal case. = ﬂ
On the other hand, the tracking in load torque (Fig. 4) is T T e T T STty
not affected with this positive resistance variation whba t Y
IM is under observable conditions but it is sensible a little on g s} c 1
the unobservable conditions. o
80 12 0 1 2 3 4 5 6 7 8 9 10 11
" — 10 -- -letlmale Time )
60 = = -estimate - 8 <+ estimate (50% of R )
o -~ estimate (+50%of R ) | Fig. 7. Control benchmark

40

The parameteff controllers (10) and (25)-(27) are chosen
as follows: Kpyq = 2, Kpyg = 2, Krva = 0.05, K1q = 0.05,

rad/s
@
8

1o 0 Nera = 10, k¢rd = —80, l¢7vd = 4, Nw,. = 5, ky,, = —40,
0 -2 lw, = 2. Those of the observer are done in section (V-A).
o . ety T T)
- f i Yo i
D1 2 3 4 5 & 7 8 ¢ 1 2 3 4 5 6 7 8 9 [ = == - b ~EL"—:‘-1’SlldlngMode <Iﬂ 7
Time (s) Time (s) Conc. T, Park Tnv. Y Va] ' | lsd (fux) | Wiql
o1 T (T L | ———T
Fig. 3. wr and @y Fig. 4. T, andT; | Uy | Vi 1 ||| SidingMode T[T
— e e b= T I ey fsg, | (speed) | ¢
eaimats N gttt | |
11 - - -estimate (50% of R ) b g e ol Ry |
1 e |of= Sliding Mode and P Control__ ]
09
Currents , . Currents : HH R W
P Unobservable conditions leasurements ;‘“i lsd Slldlng Mode ””“”""Y“j;' /'-J
g 32 = 22 isq| Observer i
—
Concordia Park A
4
‘ — ] 02
o1 Load ¢ ]’

o 1 2 3 4 5 6 1 8 ¢ 1 2 3 4 5 6 7 8 9 A <
Tme @ e ® é Svn;]l;l;(;?ous Inverter ._‘ T

Induction Motor

Fig. 5. Observer Benchmark Fig. 6. bra ) )

By comparing the experimental results obtained with tn_qg_ 8. Pie chart of the observer-controller
interconnected high gain observer given by [9], it can be The plock scheme chart used in experimental set-up to test
remarked that the proposed sliding mode observer is stalg jaw control with observer in closed loop is presented in
near unobservable curve while the interconnected high 9&iy. 8. The block "Sliding Mode Observer’ uses only the
becomes unstable. The main reason for this difference BetW&ator current measurements in the reference rotatingefram
the behavior of the two observers near unobservable cuase | d— q) to estimate the currents, speed, flux amplitude and flux
in their estimation error gains. The proposed sliding moéﬁ\gle. The block "Sliding Mode and Field Oriented Control”

observer uses gains which are preliminary fixed. The intfyntains the proposed controller. This block uses the estisn
connected high gain observer uses gains which are computed

3see section II-B for more details
2guidelines parameters tuning are given in Appendix 4guidelines parameters tuning are given in Appendix
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of speed, flux amplitude and flux angle given by the blockompared with the previous case. It appears a small static
"Sliding Mode Observer” and the current measurements afteror at the time when the load torque is applied (Fig. 13: 1.5
using the transformation of Park and Concordia. Then, igivs and Fig. 13: 5 s) and when the load torque is removed
the inputs control in the reference fixed frame (a,b,c) afeer (Fig. 13: 2.5 s). When the motor is under unobservable
ing the inverse transformations of Park and Concordia. @hesonditions (between 7 and 9 sec), the static error is impatove
control inputs drive the inverter to impose the speed and flifor estimated flux (Fig. 14), the results are nearly similar
reference trajectories (defined by the "Control Benchmark'compared with the previous case.

The track of the reference load torque trajectory (also ddfir :
in the "Control Benchmark”) is imposed by the connecte ™

—_
100 "

synchronous motor. - estimate
1) Case with identified parametersiig. 9 and 10 show
the experimental results in case where identified parame
are used to design the flux and speed sliding mode con
with sliding mode observer (observer-controller scheme).

rad/s

120 —

r 6 4 6
- estimate|_ 1 Time (s) Time (s)

—
"

Fig. 13. w?, wr, &y Fig. 14. ¢*,, éra-

1 ‘ VI. CONCLUSION

— o In this paper, a step by step sliding mode observer has firstly
20 - been designed to estimate the speed, flux and the load tofque o
e N ey SIM even at very low speed conditions. Based on Lyapunov
theory, the convergence of the proposed observer is proved.
Fig. 9. wy, wp, &r. Fig. 10. ¢, $ra- _Experimental results show that the proposed observerli¢esta
We can remark that both systems "Control+Observer” gitgsar and under unobservable conditions. The robustness of
good performances i) in term of trajectory tracking: the onot (e proposed observer is verified according+60% stator

speed (Fig. 9.b) tracks correctly its reference (Fig. 9.@sistance variation where it was found that the flux anddpee
even under unobservable conditions (between 7 and 9 se&kimations are sensible to this variation.

nevertheless it appears a small static error when the mOtO'Secondly, a field oriented control combined with sliding
is under unobservable conditions, ii) in term of pertutti mode controller is designed to steer the estimated speed
rejection: the load torque is very well rejected under loeesp ang flux magnitude to their desired trajectories and stgbili
and high speed (Fig. 9: 1.5 s, Fig. 9: 2.5 s and Fig. 9: ghalysis based on Lyapunov theory is given. Furthermore,
s). For estimated flux (Fig. 10), the same conclusion is givefficient conditions to guarantee the convergence of thelevh
and moreover it exists a small peaking at the beginning (Fighnirol-observer system are presented.

10.b) which is due_to _|n|t|al condmon_s. Control efforig, The proposed controller using the designed observer in
andV;, are shown in figure (11). In figure 11 the measuregosed loop has been tested and validated by an experimental
and reference currents of; andi,, are displayed. set-up using the reference trajectories of a realisticatess
control benchmark. The robustness of the proposed coeatroll

= Iy MM using a sliding mode observer was experimentally verifigti wi
1 A — respect to significant test (resistance variation).

80 . ) sa
\
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Appendix: Parameters tuning of the observer-controllerhssme

- The gainsA; and A2 of the observer (5) are chosen to satisfy
equations (8) and (9) respectively.

- For the controller given by (10), the parameté(®,q, Kpvq, Krvd,
K14 are determined as follows :

Considering the dynamic equationsf; andisq given by (1) without
nonlinearities and coupling terms

{ Z:sd = 7’Yisd + miusqg

isq = *'Yisq + miusq

(28)

Writing the transfer function which lies the stator curenf (28) with
their references given by (10) as a second order system sealtmop,
it follows

. 2

vsd _ Whd

J* - 2 2
() s +2<w§d+wnd
tsq  _ Wnq

i%, 52 4 2Cwnq + w32,

By imposing¢ = 1 to avoid peaking and a currents bands-widifjsp
at least less than a middle &f. = 1/7. whereT. = 200us is the
sampling time:

¢ =1
Wnd = 27TFBD
Wnq = 2wFBp

the parameterd(p,q, Kpuvq, Krvd, Kruq Can be established:

20—~ A 20—~
Kpya = m—lz Tiyg = w2
nd
2¢ — X 2¢ —
vaq = CTI’L '77 Tlvq = 1<U2 7
1 ng
K K
WhereKIvd = ?vd and Klvq = I.)vq .
Tiva Tiyg

- For the controller given by (25)-(27)y,, > 0, lw,, > 0 and the
parameterscy, ., kw,., ng,, andne,. are chosen to satisfy respectively
(18), (24), (17) and (23).
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