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High Order Sliding Mode Block Control of Single
Phase Induction Motor

Guillermo Rubio-Astorgagtudent Member, |EEE, Juan Diego Sanchez-Torre&udent Member, IEEE,
Jose Caneddylember, |EEE, and Alexander G. LoukianoWlember, |IEEE

Abstract—A new sliding mode observer-based controller the complete system closed by the designed observer-based
for single-phase induction motor is designed. The proposed feedback.
control scheme is formulated using block control feedback It can be noted that the SPIM dynamical model is similar
linearization technique and high order sliding mode algorthms
with measurements of the rotor speed and stator currents. Th t_o three phase motor (TP”_Vl) one. Therefore, to solve the
stability of the complete closed-loop system included theotor ~first subproblem, an application of several feedback cdiets
flux second order sliding mode observer, is analyzed in the proposed for TPIM can be considered. For example, a cldssica
presence of model uncertainty, namely, rotor resistance vation  vector control with field orientation control (FOC) techng
and bounded time-varying load torque. due to [2]; more recently, the application of back-stepping

Index Terms—Sliding Mode Control; Single-Phase Induction [3], passivity-based control [4], [5], input-output feemtik

Motors; Robust Control; Nonlinear Systems. linearization [6], [7], adaptive [8] and sliding mode (SM)&
[13], including neural networks [14], [15] and discrete &m
I. NOMENCLATURE [16] controllers. However, the treatment of the SPIM cohtro
Aar, Agr  Rotor magnetic flux linkage components.  design problem is different from the TPIM controller, since
las: 185 Stator current components. the SPIM despite of symmetric TPIM has a basic control
vas, Vs Voltages of the main and auxiliary stator  input which applies to the main winding, and the auxiliary
windings. winding is affected by the switched capacitor, it looks lke
Wy Rotor speed. "subactuated” system.
T Load torque. To apply, for instance, the vector control strategy for SPIM
R.s, R3s Stator resistances main and auxiliary case [17], a transformation of the state variables was eyedlo
winding. [18] eliminating the asymmetries and deriving the symngatri
R, Rotor resistance. model. However, this transformation as well as the field
L.s, Lgs Stator inductances main and auxiliary orientation control depends on the plant parameters that in
winding. practice are subject to variations as a result of a change
L, Rotor inductance. in the system loading and/or in the system configuration.
Ly, Magnetization inductance. Moreover, this control scheme does not take into account
J Rotor moment inertia. practical constrain on the auxiliary control input that degs
np Numbers of pairs of poles. on switching parameter which can take just two values.
Concerning the second subproblem, the rotor flux estimation
[I. INTRODUCTION is usually obtained from machine model and the measurement

HE aim of this paper is to present an observer-baséfithe speed, stator voltages and currents [19], [20]. S¢ver
controller using High Order Sliding Mode (HOSM)flux observers have been proposed using adaptive [21],
algorithms for capacitor-run Single-Phase Induction Motd22], neural network [14], [15] and sliding mode (SM)
(SPIM). The SPIM is widely used in many householdlO]l. [11], [23]-[25] approaches, including the cases of
applications compressors, pumps, air conditioning systenfult detection [26] and fault tolerant [27] schemes. The
washer, refrigerators, and other equipment which requoire | Proposed observers strategies guarantee robustness in the
power motors. These motors are basically powered direcByesence of plant model uncertainty. However, they provide
from a commercial source phase, and usually operated in @Hy asymptotic convergence of the flux observation error. A
open |00p Configuration, see [1] and references therein. robust second order SM finite time observer for an induction
To improve the SPIM performance, a feedback controtor has been proposed in [24]. This observer provides high
scheme can be designed. This problem consists of thefficiency, however, the proposed design procedure regjuire
subproblemsa) a feedback controller design mainly for speethe knowledge oh the sliding function derivative, which is
profile tracking and flux magnitude regulatids),an observer unknown. Moreover, the proposed sliding function depends

design to estimate the rotor flux, amjl stability analysis of on the motor parameters which in practice can vary. It can
be noted that, for the SPIM, a flux observer which uses

The authors are with the Department of Electrical Engimeeri g |inear compensator in the form of real differentiator, has
CINVESTAV-IPN Guadalajara, Av. del Bosque 1145 Col. El BafP 45019, b desi d in 1281 f h inal ol | h f
Meéxico, e-mail: [grubio,dsanchez,canedoj,louk]@ddiestav.mx een designed in [28] for the nominal plant only, therefore,
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sensors noise due to using the real differentiator, morgovierque by controlling the rotor flux, and exhibit robustness
stability analysis of the closed-loop system included thaf the closed-loop system avoiding the estimation of thel loa
observer, was not carried on. torque, and allowing to overcome an uncertainty due to the
As far as stability analysis of the complete observer/antrrotor resistance variations, improving the tracking aacyr
system is concerned, the separation principle proposedAs a result, the designed controller adjusts the equivalent
[29], can be applied. However, this principle was developeapacitance incrementing the SPIM electromagnetic torque
for a certain class of nonlinear minimum phase systems ththtring start-up and improving its performance in steadijesta
can be presented in observer canonical form, and therreglucing pair-electromagnetic pulsating.
high gain observer can be designed. The induction motorComparing again with previous works, the stability analysi
case covers a different observer/controller scenario, thed of the proposed complete closed-loop system is carried on.
applicability of the observer/controller scheme desdili® The system is represented in the control and estimation erro
[29] is questionable, and by far not trivial. A more precisstate variables. Then, by using the SM finite time convergenc
substantiation of the induction motor observer/controllg@roperty, first the reaching phase to the sliding manifoid] a
coupling, is necessary. then the sliding motion stability is studied. That faciiéa the
Revising the previous works it is possible to see that theyability analysis of the complete closed-loop system.
have failed to design a complete robust SPIM controller In the following, Section Il provides the considered model
which include both the flux observer and speed amif the SPIM. Sections IV and V describe the proposed
capacitor control algorithms. For example, in [30]-[32]pbserver and controllers, including a detailed stabilityd a
[28] proposed a decoupling control vector for SPIM antbbustness analysis. Simulation results which demorestiat
Flux-Oriented Control, where it is important to removanain characteristics of the proposed controller, are ptese
the pair-electromagnetic pulsating and torque controlt Bin Section VII. Finally, in Section VIII the conclusions are
nevertheless there is no an auxiliary control for the sveitth given.
capacitor, while in [33]-[35], it was considered the prable
of controlling the capacitor only without any observer desi I1l. M ATHEMATICAL MODEL FOR THESPIM
Moreover, the proposed separately in the various papersThe dynamic model of the SPIM can be considered as the
controllers and observers are sensitives the plant paeametodel of an unsymmetrical-phase(a, b) induction machine
variation and external disturbance, namely the load tarquein the variables of circuit elements. After the transforiomat
In this paper, in spite of the previous works, we propose a fixed frame(a3) [42], the single phase induction motor
a complete observer-based control scheme for the capacitwheme with the stator current and the rotor flux as the state
run SPIM in the presence of uncertainty caused by plapriables, is presented in Fig. 1.
parameter variations and external perturbations. Theqzeg
control scheme is based on the motor dynamic model including
the capacitor dynamics, described in a stationary referenc

is igs

frame (a3) fixed in the stator, that does not require any plant
parameter dependent transformation. This scheme includes o
1) A second-order SM observer which is designed to §
estimate the rotor flux. It could be highlighted that the idéa s % — \&p
applying a second order SM algorithm for electrical drivesw g ol 1
successively used to design the flux observer in [25]. Iregyit
these results, the proposed observer is formulated sutththa Auxiliary Winding
o . - X 0 —
estimation error dynamics have a SMper-twisting algorithm L0000/ J
structure [36], leading to a finite time and robust estimatio Ly, Rg,
This idea was previous proposed for mechanical systems in Fig. 1: Single phase induction motor.
[37] and, for the SPIM, was applied only in [38]. The designed
observer in spite of the previously works (including theP1  gnq its dynamic equations are given by
case [28]) ensures finite time estimation error convergémce di
presence of motor parameter variation. =2 = — 1010005 + C1C10Aar — C1C3NHWr Ay
2) A motor speed basic controller which is designed dt
using the measured stator current and estimated rotor flux, _ +C1tas + Aas
a_lnd _app_lying a combinf_;ltion _oBIock Control feedl_oack digs = — Caas0igs + CacaoNs, + C2C3NHWAar
linearization [39] and quasi-continuous SM [40] techniques, a dt
sliding manifold on which the control tracking error is fimit + covgs + Ags (1)
time zero, is formulated as shown in [41]. Then, again the dAar .
super twisting SM algorithm for the basic control input and g~ @s0dar +mpwrAgr + asoias + Dar
switching logic for the auxiliary input are proposed in ardie d\gr .
ensure the designed sliding manifold be a finite time aitract a mprAar = agoApr + aaoigs + Agr
Comparing with [28] the proposed control scheme takes into dwy —dids (Agrias — Aarigs) — doTy.

account practical constraints, improves the produced moto dt
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This model considers variations on rotor resistance of tfy closing and opening the switch periodically, the effeeti
form value of the capacitor appears to be larger than the actusd va
R.(t) = Ryo + AR, (t) [35]. When the short-circuited period of the switch is longe
_ ) . the voltage across the capacitor is lower; however, thesatirr
with AR,(t) an unknown but bounded function of timeqying through the auxiliary winding is increased. Therefo
leading to a set of uncertain model parameters for a fixed frequency, it is obvious that the effective capaci

a1(t) = a1p + Aar(t), az(t) = agp + Aaz(t), is increased when the shorting period of the switch is langer
as(t) = aso + Aas(t), aa(t) = aso + Aay(t) and, So, it is possible to obtain a larger capacitor value to start
ca(t) = cao + Acy(t) the induction motor by using just a small capacitor (running

capacitor) in parallel with a switch. The switch has a resise
which ensures the operation frequency of the capacitortzend t
relationship of change in the current to the switch, and it is
not damaged.

Wherea10 = Ras + (Lfn/Lz)RrO, asy = RBS + (Lfn/Lz)Rro,
azo = (/L) Rro, aso = (Fm/L,)Rro @nd,cag = (Em/L2) Ryo
are the parameter nominal values.

The parametric uncertainties are presentedty (t) =
Aag(t) = (Ln/L2)AR.(t), Aas(t) = (YL )AR.(t),
Aay(t) = (Em/L.)AR, (1), and Acy(t) = (Lm/L2) AR, ().

While the model parameters which do not depend on the |/ SeconD ORDER SLIDING MODE OBSERVER EOR

resistance variations are given by = Lr/(L. L.~ L2), ROTOR FLUXES
co = Loj(Ls,L.-12), cg = Lm/L,, d = (Em/L,)n, and
d2 = 1/J. i .
Thus, the unknown terms in (1) are defined by Having the rotor speed;,. and stator current,; and i
. measurements only, in this section a second order SM obrserve
Aas = Acy(t)erdar — Aar(t)crias, is designed to estimate the rotor flux.
Aps = Acy(t)cadgr — Aax(t)caips, Consider the following transformation:
Aoy = —Aag(t)/\m + Aa4(t)ia5 and
Agr = —Aag(t)/\m + Aa4(t)i55. /\ZT = dar — llas (3)
The dynamics of the capacitor (see Fig.1) are given by Agr = Agr — laips
dv. ) . .
o7 = wo X igs where l; and [, are the transformation gains to be chosen

later. Using (3), the perturbed flux and current dynamics (1)

where X. is the capacitor reactance and = 2mf, With f  5r6 represented in new variables, and A, of the form

being the fundamental frequency.
Using the relation between the voltages anduvg, in (1)

of the form dOtCS = — Pi1las — P12NpWrlps — QSHPWTABT + Q4/\M
Vas — Us ) (2) + C1Uqs + Aas
Vgs =N Vg — Vep di
s — P21igs + D22NpWrias + qsMpWr AL, + q6 5
where the switching parameter € {0, 1}, the voltagevss dt Pe prras prar pr
yields to + covgs + A @
. _—_— X ) ) , .
Vg = { n 11;5 — II p= (1) d?T = — l11 A4 + lianpwr Ag, + S11Mpwrrigs + S12%as
n- - vg T p=

— (q1Vas — llAas + Aar
being n~'v, as a referred voltage of the main winding to X3,
the auxiliary winding withn = N4/Npg, where N, is the
number turns of main winding aniz is the number turns of
an auxiliary winding.

The switched capacitor circuit [1], which is shown in Fig.
1, consists of two parts: an ac capacitor and an electroMB€r€rin = ciaio — licicao, P12 = lacics, pa1 = c2a20 —
switch. The switch must allow bidirectional current flow as i{2¢2¢10, P22 = lic2¢3, li1 = azo + licicao, liz = 1 +liecs,

a mechanical switch. The switch is short-circuited and egen/2t = @30 + l2¢2C10, l22 = 1 + lacacs, 11 = lizla, 12 =

for each cycle. It is closed the instant the voltage acroge —/11l1+liciaio, a1 = la2li, S22 = a0 — la1lz +12c2a20,

the capacitor reaches zero. Thus, a zero voltage switchfig™ lici, g2 = lac2, g3 = €163, qu = C1¢a0, g5 = C2¢3, and

is performed. Before the switch is closed, the current flowi = ¢2¢40-

through the capacitor which is placed in series with the Based on (4), a nonlinear observer is designed of the form
auxiliary winding. When the switch is short-circuited, thevhich leads to a second order SM structure of the observer
current bypasses the capacitor, and the voltage across @H@r dynamics (see Section VI). Thus, definikjg., Aj,., ias,
capacitor is zero. As a result, the voltage across the dzmacand%gs as the estimates of,,., A%, ias, andigs, respectively,

ar?

may change only during the period of the switch being opendbte observer is proposed as follows:

p7alie lo1Af, — laanpwr AL, — 21MpWrias + S2218s

— qugs — laAgs + A,


https://www.researchgate.net/publication/3217047_A_Maximum_Torque_Control_with_a_Controlled_Capacitor_for_a_Single-Phase_Induction_Motor?el=1_x_8&enrichId=rgreq-95fb9b78-da70-4b68-96f8-e90d255b96aa&enrichSource=Y292ZXJQYWdlOzI2NDE5OTI4NTtBUzoxNjc0MTA2ODY1MDQ5NjBAMTQxNjkyNTIyNjEwOQ==
https://www.researchgate.net/publication/3169589_Adjustable_AC_capacitor_for_a_single-phase_induction_motor?el=1_x_8&enrichId=rgreq-95fb9b78-da70-4b68-96f8-e90d255b96aa&enrichSource=Y292ZXJQYWdlOzI2NDE5OTI4NTtBUzoxNjc0MTA2ODY1MDQ5NjBAMTQxNjkyNTIyNjEwOQ==

4 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 008,0. 0000, MONTH 0000

Setting thecontroller-used error andreal tracking errors,

B R R . . respectively
= — Pillas — P12NpWrlps — q3npwr/\5r + Q4/\M R . T T
dt . 212[211 2’12],212[211 212]
~ 5 ~ ~ ~
A + C1Vqas + kla’las‘ S|gn(las) + K3atas with 211 = Wy — Wref(t)r 219 = Q‘) — d)fef(t) and, 212 =
digs . 5 : < ¢ — () b+ ¢ — dref(t) = 212 + ¢, the dynamics of
_ . R r/\* A* ; ref ref 12 ’
dt P21tgs + P22MtpWrtas + GsNpWrAar + 46 Asr the first transformed block (7) become
~ 1 ~ ~
: 2 qj ; ; d ~ a ~ _
) + covgs + kw‘lgs‘ S|gn(ws) + k3gigs ﬁ =fi (¢) + B ()\T) Ty 4+ ®+ A (8)
d/\zr g * q * - . (5)
= — Ay, + li2npwrAg, + Cuinpwrigs + S12ias < - 1T -
dt y where & = {o %} and Ay = DT, + A, +
— (10as + —25igN (i0s ) e (1) dbes (1)
44 _dt
d;\z R R To impose a deswed dynamics fey, the Block Control
dtT = — 21, — l2anpwr AL, — 21MpWrias + 22085 technique [39] is applied. The desired valugg., =
kas . - [ades ages } for the virtual controlz, in (8) is proposed
— qavps + q—GS'gn(ws) of the form
- . - . dzo
whereio, = ias — tas, andigs = igs — igs are the observer o 21
errors andk;q, kig > 0 for i =1,2,3. d dm Ysian
As a result, from (3), the rotor fluxes estimates. andg, dve g, dt 12| "sig 1( F12)
are obtained as., = A%, + liias andAg, = N5, + laigs. dt L2 | 4 |2]? )
d dz“ + |z Zsign(z
V. SLIDING MODE CONTROLLERDESIGN wm_ —kq1 4 | 1| sig 1( 1)
dt dz11|+|zll|2

Provided that the currents and speed are continuously
measured and the rotor fluxes are estimated, the objectiee he  z9,., = B L) ( f1(}) — Kozo — K12, + u)
is to design a SM controller which can effectively track the
desired speed,.; and the module to the square of the rotowhere zp = [ z01 202 }T, v =[n mn }T, Ky =
flux ¢,.s reference signals by means of the continuous basl@g(ki1, k12), K1 = diag(ki, k2) with k.1, ka2, k11, k12
controlvs and auxiliary controp as a discontinuous function., k1 and, k2 being positive constants. Here, the derivatives

4211 gnd 422 are obtained using a SM differentiator [43].

A. Siding Manifold Design Now the error variable; is defined as follows:

As first step, the state variables and x, are defined as Z9 = Lo — Todes- (20)

1 = [ ) }T and z, = [ s igs ]T_ (6) Using the transformation (9)-(10), the system (7)- (8) is
5 represented in the new coordinatas zo = [ Zo1 2992 ] ,
where¢ = [¢)|” = A2, + A3, Then, using (6) the system, 291 = s — %%, 2mp = igs — %% of the form
(1) can be represented in trNDnImear Block Controllable “ ps
form with disturbance [39], which consists of two blocks

% =z —51
d
dx (7N )
d_tl :'fl ((b) + B ()‘T) 2 + DT + A, (7) dt ! |d211 |+|1211|% (11)
dv 2 si
dCZQ _.f2 (wTv)\Tv ) + Bou + Ag d_tz - _ka |d§%|+|212|%
T T e = Koz — K1z + v+ Bi(\)ze + @+ A
where A = [dar er ' w = [ ve ] {22 = 2 (wrAssi) + Bou+ 2 (12)
fl (¢) = [ fllT f12 } = [ 0 ;2030(;5 } , dt ry Asy l
by = [ —d2 0 } = [ fa f2 ] v A = wherez; = [ 0 ¢ }TaAl :A1+K1517A2:Ar_dwuzlgﬁ—s.

[ 0 2Aar)\ar+2A[5r)\Br ]Ty As = [ Aas Aﬁs }Ta

B(v) = [ 62l1d2:\\m —2d1d)2\)\m« ] and, B, - B Inducing Sliding Modes
@40Aar a40ABr To induce a SM motion on the manifold on; = 0 or
[ 001 0 , With fo1 = —a10C170s + 1610 ar — C1C3Wr A3y ias = 19 in the current loop (12), taking into account (2),
C2 , the basic controb; is formulated as [36]
and fao = —ag0c2%8s + C2C3WrAar + C2C40A8r-
Taking into account that only the estimates of the rotor s
fluxes are available for the control design, we define the vs = — i 2217 sign(201) — azzor + 1 (13)
following estimate var|able$ )\ -+ )‘Br' A = ()\m, )\ﬂr) duy

and its errors) = ¢ — ¢, A, = A\, — \,, respectively. ar aosign(za1)
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with a3 > 0, ag > 0, andas > 0. And to induce a quasi-

sliding mode motion on the manifoleby = 0 or igs = igess, A dA1, 5
the auxiliary controlp for the capacitor is designed by means |Atal, | dt | <Ot
of the following switching logic: |Aoy| < 624,

1
+ =

; (14)

1. dA
p = 5Sign(zzzve) [Assl, |72 < G, (19)

|A25| < 52/5 and

Fs(An)| < 01 Jz21] + 6.
Substituting the control law (13) in (12) and using (4)-(5)yith positive constants., &, d1a, d2a, 615 and, das.

the closgd-lo~pp %{Sterﬁ* in the contral, 212, 221, 222 @d  Taking into account the conditions (19) and following
observerias, igs, As,» A, €ITOrS variables become the Lyapunov approach proposed in [44], if the gains for
the observer (5) and controller (13) are selected under the

VI. STABILITY ANALYSIS OF THE OBSERVER BASED
CONTROLLER

dzor = conditions
B = —hizn — ko + v kia > 0, k15 > 0
+A11 + dida(Agrz21 — Aarz22) Fro0ae + 163 k1025 + 5025
1% 4711 z 3 si z kQQ > —aklal kQ > — 1
% = —kg1 dtl :;|111|1_’|_TZSIQE 11) 9 (%kla — 52a) B ) (%kl,ﬁ _ 626) B
i S (15) 17 17
202 =219 — ¢ k3o > §51a — p11, kag > §51/3 — po1
212 = —kozyp — klAzzoz tre (62c101 + 163) 17
+A12 + 2a10(Aarza1 + Agrzan) >0, oz > AN Terar — 0y) 7 > 5o
d2qo 2 1 . 3 8
o = kg d“lj;l;r:f'g‘ré 12) then the systems (15) and (18) state will reach the manifold
dt 212 < ~ X N s . .
(tas, 185y Mo Y ,221) = (0,0,0,0,0) in finite time.
2 1 ar T
Lo = f,(\) — cran |z21]? sign(za1) In SM motion on this manifold, the equivalent valug.,
—c13221 + Ccru (16) [19] of the controlu, is calculated as a continuous solution to
dz
dur — _,sign(za) 2 = fo(\) — crvs = 0 (16), of the form
-1
Z r = s.eq — s /\r . 20
{dd? = —asszos + for (2) — cavep 17) Vseq = €1 fs(Ar) (20)

Go _ i 1 Substituting (14) and (20) in the equation (17) yields
dt - - laylas‘ ?Ign(las) dZQQ _ - 1 . 1
~ — (k3o +p11) tas + Ala G2 + fa2 (2) — cove §S|gn(222vc) + 3 (21)
Por  — _l2asign (i) + Asa .
d;‘? ;4 ~g g . ) - ? (18) wherez = [ Z11 212 222 }T, a22 » azcy and for (2) =
- - 'SSIn.S - rdes i
dt . 1[5|’L[j | ‘:g (ZZ) f22+02 (_TLCl) lfs()\T) _GQQZ?;S o %"‘Aﬂr
i = (k3g + pa1)ips + Dap Here, f22 (2) is considered as a disturbance bounded by
., kag iy (3
2 = —qifﬂgn(zﬁs) + Agg

[|fo2 (B)|| < lz22l +72, 71 >0,72>0.  (22)

where Thus, to analyze the stability of (21) the quadratic Lyapuno
Afo= A5 — )% and ;\Er =X\ — ;\Er function candidatel’ = 123, is proposed. Then, its time
L ) derivative along the trajectories of (21) is calculated as
are the fluxes estimation errors, \{iwth qv 1
1 H e t r —
following perturbatlops: An = _d2T§¢ _(t)wd—f(); e —a2225y + faz (2) 220 — 5C2 (|222vc| + 222vc)
A = 2A 45 A 2A 55\ — el 4 ko, . .
2 asar + 2B o dt TRy and, using (22) results in
Ay = —Pranpwrigs — Q3npwj)\ﬂr + @\, + Aar, iV )
Do = —=luXy + liznpwrds, — LlAar + Assi — < —(a2e — 1) |222/% + 72l222] — =2 (J222ve] + 2020c) .
Alﬁ - D22m wrga + gn WTX* + qGX* + ABT di 2
Nf E* ar T ’ Assume now thatioo > 7;. For the casessv. < 0 we have
Agg = _121)\57" — lggnpwr)\m + ZQAﬁr + Aﬁs and

fs(j\r) = f21(5\7‘)
First, the finite time reaching phase stability will be
analyzed, and then a SM equation stability will be studied.

des

dides
—G10C1tgs — —gi + Ao

A. Finite Time Reaching Phase Stage Sability

To analyze the stability of the reaching phase stage for the
291 and,ZQQ in (16)-(18),
the following bounds for the disturbance terms are coneiler

errors variables.s, igs,

3 *
)‘ari

Al

av )
pr < —(a22 — 71)|222]7 + 12|222].

Adding and subtracting the terfuss — v1)51|222/? with
0 < 1 < 1vyields

dVv
= < —(agz —m)(1 = B1)]z22
— [(a2z2 — 71)B1|z22] — 72] |222]
< —[(a22 — 71)B1|z22| — 72l |222]-
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If |202] > &1 with 6 = —22— then4¥ < 0. Thus, R
! (a22—71)B1" dt o . ides . ; <
there existsl; > 0 such that the solutions, () satisfies [45] 291 = { tas —las IOT |?as| > Imax
Tas for |ias| > Imax

|z22(t)| < e1,Vt > to + Th.

On the other hand, for the case,v. > 0, we have
dV 2 . . ..
ar < —(a22 — 71)|222]” — (2 [ve| = 72)|222]- where Inax is @ maximum admissible current valuRyax ~
3Ihom, and Ihom is the nominal value of the current module.
This current limit provides maximum electrical torque

g — 18s — %gis for |Z',@S| < Imax
i@s for |i,@5| > Inax

If Jve| > 2, then

dv _ produced by the motor during the closed-loop transient
oS —(c20™ = 72)l222] process.
with v~ = 22 4 ¢ ande > 0. Hence,zq2(t) converges to zero
in finite time. VII. NUMERICAL SIMULATION RESULTS
Now, if [v] < 2 then adding and subtracting To verify the effectiveness and efficiency of the proposed
(a2 — v1)P2|222]? With 0 < B, < 1, we have observer-based controller, numerical simulations are
conducted using the Euler integration method with a
dv N time stept, = 1 x 1073,
ST [(azz = 1)B2l22] = (72 — c2v™)] |222] Parameters and data of the SPIM are in the Table 1. [42]:
with vt € (—22,22), Thus, the solution,,(t) satisfies .
¢27 €2 Single-Phase
|z22(t)| < &2,Vt > to + 1> H.P. 0.25 V. 110 (V)
for someT, > 0 , whereey = %. Therefore, a quasi- f 60 (H2) np 2
sliding motion is induced in the vicinity defined s | < eq, n= x—g 1.18 Ras  2.02(Q)
whereey = max{ey, e2}. Rg. 5.13 () R, 112 ()
o ) N Las 0.1846(H) Lgs  0.1833 (H)
B. Siding Mod? Equation Stab|l-|ty o L 0.1828 (H) Lo, 0.1772 (H)
The SM mqtlon on the mgnlfoldaas,zﬁ_s, Al /\_Br’zﬂ) = 0.0146 (Kg-m?) kg 0 (Kg-m?2/s)
(0,0,0,0,0) with the constraintzsz| < ¢ is described by the 15 (A o
reduced order system (15) max 5 A run_ 35 1f
d_ g de
e~ S de Y TABLE |: Parameters of SPIM
1
d¢s & + 1€l sign(&a) |
=2 = i€y — ki&o — kg Aq, : .
dt 183 1 ! |§2|+|§2|% +an The controller gains are adjusted fa = k; = 500,
d§4 d€5 k01 = kog = 30, kal = ka2 = b, o] = 36, and a3 = 1.
T &s, y &6, And, the gains for the observer ake, = 195, k1, = 140,
1. k3a = kgﬂ = 7000, kga = kgﬁ =0.02 and,ll =15, =0.01.
dée §6 + |5/2sign(&s) |« ; ; . »
28— kol — k1obs — kao 20 4 Aqo, For the simulation purposes, the initial conditions of the
dt €6 + |€5]2 state variables are selected to zero. Tracking performiance
= - verified for the two plant outputs: driving the square of roto
where &y = 201, & = L0 = 2y, & = L1 & = 2, .
> L. % flux ¢ to a constant refereneg.. = 0.15, and a speed profile
b= e = oy g = Ee Ay 2 AT diddg,e) X0 e peed p

andAjp = 4 (Arz + 2a40As,€), With |e| < o and noticing wrey for wr, proposed as follows: ,
that 515 = 219, 1) The SPIM starts on repose with the reference speed on

Assume tha—t£ll| < 511 and|A12| < 612 with 511, 612 > 100 rad/§ec.
0. If k,y > 011 and ks > 610 then the manifold 2) At the first second, a change of the speed reference

(€1, 6, €3, 64,85, E6) = (285,0,0, 255,0,0) will be reached in — in ramp form — from100 rad/sec tol120 rad/sec, is

finite time [40], wherez$; and 253 are steady state values presented.
for zo1 and zos, respectively. So, a finite time SM motion 3) Finally, at4 seconds, a change of the speed reference —

on the control tracking error manifolky s, z12) = (0,0) is @n negative ramp form — fromh20 rad/sec tal 00 rad/sec,
established despite of the disturbances and, A, which is presented.
are rejected in (15) byk1125; — v1.eq) and (k12255 — V2.eq), In addition, the system is subject to disturbances which are

respectively. Here/; ., and v, ., are the equivalent control introduced as follows:

values [19] calculated from (15) by puttin@# = 0 and 1) The SPIM starts on repose with a load torque of
dz12 — (, respectively. 1 +0.1sin(2.5t) N-m.

Finally, to limit the stator currents we propose the follogi  2) At 2 seconds, 80% increase in the value of the rotor

logic for the sliding variabless; and z2o: resistance is presented.
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Fig. 5: Stator currents in axis frame S.

The rotor speed tracking response is depicted in Fig. 2The errors responses of rotor fluxes are shown in Fig. 3. The
which shows a satisfactory performance under the changeetéctromagnetic torque response is depicted in Fig. 4, slgopw
the speed reference at= 1, 4 sec., where the speed trackinghat the torque has a high val@® N-m during the interval
effect is achieved almost totally aftér087 sec. Fig. 2 shows [0,0.088] sec. This high value ensures a fast response of the
the module to the square of the rotor fldxesponse too; it is speed (see Fig.2).
possible to see that the module is maintained over the giverOn the other hand, the stator currents (see Fig. 5) are in
reference. the appropriate range during the stat < ¢t < 0.2) that
corresponds to the proposed control algorithm.

Finally, in Fig. 6, the responses of the voltages are

presented, where,, is the super-twisting SM control and,
= 05] 1 vgs IS the discontinuous SM control.
2
o
< o5 400
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Time [Sec] 2ok
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-200
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Fig. 3: Error of rotor flux in axis framex (. ~5001 N
~1000 : ! ! ; !
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Time [Sec]
” ‘ ‘ ‘ ‘ ‘ Fig. 6: Stator control voltages of axis (.
g VIIl. CONCLUSIONS
o
2 5 A control scheme based on the Block Control technique,
B 4l ] quasi-continuous SM manifold design, and the second order
g SM super-twisting algorithms, is proposed to track the rroto
£ Ll 1
s ® angular speedv, and the square module of rotor flux
u#'oj 0 ’NW of the SPIM subject to perturbations. A nonlinear observer
based on second order SM algorithms is designed to estimate
Sf ] the rotor flux in presence of plant parameter variations. The
10 ‘ ‘ ‘ ‘ ‘ stability conditions of the complete closed-loop systenthwi
0

the proposed observer-based control, are derived.
The simulation results show a robust performance of the
designed controller with respect to the disturbances chhbge

3 4
Time [Sec]

Fig. 4: Electromagnetic torqug..
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the load torque and the presence the rotor resistanceigasat [17] R.Rocha, L. de Siqueira Martins, and J. C. D. De Melo, peed control

Moreover, the proposed controller ensures the constramts

the stator current.
In the near future, the proposed control scheme is plannesi
to be implemented and tested in a real time prototype. This
design will consist of two coupled motors: a single-phase to
be controlled motor and DC one. The aim of the last moto]
is to emulate a desired load torque profile. The benchmark
will include a DSpacel104 acquisition card, a pulse-widthyg
modulation (PWM) unit for the power stage and a PC which
will serve as user interface.
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