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Delay Estimation and Predictive Control of
Uncertain Systems With Input Delay: Application to
a DC Motor

V. Léchappé, S. Rouquet, A. Gonzéles, F. Plestan, J. De [EdMoulay and A. Glumineau

Abstract—It is well-known that standard predictive techniques designed in the discrete framework associated with bufters
are not very robust to parameter uncertainties and to exterml  reduce the unknown delay variations. An adaptive controlle
disturbances. Furthermore, they require the exact knowlede s \sed in [10] to follow the "Quality-of-Service" (QoS)

of the delay. In practice, these constraints are rarely sasified. o .
In this paper, solutions are presented to allow the use of variations of the network. These works consider very small

predictive control in presence of external disturbances, arameter ~ delays (less than the sampling period) and a perfect model (n
uncertainties and an unknown input delay. First, a recent parameter uncertainty, no external disturbance). Therabnt
predictive control method developed to attenuate the efféacof of a DC motor with a large delay and external constant

external disturbances is shown to be also robust to paramete st rhances is achieved in [11] by using the recent method
uncertainties. In addition, a delay estimator is presentedto of [6]

estimate unknown time-varying delays. Theoretical resuk are .
widely illustrated through experimental tests on a DC motor All these works deal with constant and known delays.

However, if the control is carried out over a network (net-
worked control system), the delay is usually time-varying.
Recently, numerous works on the control of DC motor through
communication networks have been published. They gegerall

. INTRODUCTION take into account random delays as in [12] and often also

On the one hand, input delays can appear because of tlieh delay and packet dropout as in [13], [14], [15], [16].
physical nature of the plant: they are usually due to trarisp&emoryless controllers are used in [13] and [14] because the
phenomenon. On the other hand, input delays can arise frdelays are small (less thdf0 ms). When the delay becomes
communication latencies, computation time or sensor nteasuarger, predictive techniques are used as in [12] and [16¢ T
ments: in that case, they are extrinsic to the system. Ther latwork [16] does not use predictive control, that is why the
are more and more common because of the fast developmgetformances are clearly degraded when the delay increases
of remote controllers and control over networks (see [1] fakmong the works that use predictive techniques, none censid
further applications). ers an external disturbance or parameter uncertainties.

The standard approach to control such systems is the weldn most of the cases, the delay is not available for mea-
known Smith predictor introduced in [2]. Then, the finitesurement. Therefore, it is useful to have delay estimators i
spectrum assignment technique and the Artstein reductiomer to approximate the value of the delay. Various methods
method respectively in [3] and [4] have extended Smithare available but they are generally run offline or they deal
result. However, these methods have a major problem: theyly with constant delays. In addition, most of the works
are not very robust to external disturbances and modeliogly deal with “open-loop” estimation. That is to say that
errors. In addition, the exact value of the delay is requirdgdey estimate the delay but do not use the estimated value to
to compute the prediction which is very sensitive to delagesign a controller [17], [18]. However, few works combined
mismatch [5]. In order to improve the problem of disturbangeredictive control with delay estimation. As far as the aush
attenuation, a new predictive scheme has been introduceditow, only four results are reported in the literature: [19]
[6]. This solution offers new perspectives for the contrl d20], [21] [22]. In [19] and [20], the delay is constant aneth
uncertain input delay systems. In particular, it can be iadpl algorithm is very complex to implement. The work in [21]
for the control of electrical machines. deals with transfer function systems and does not consider

DC motors are commonly used in many areas such parameter uncertainties nor external disturbance. In, [2&]
robotics or industry. Furthermore, the simple modelinglfac delay estimation technique is based on a particular streictu
itates its use as a benchmark system for the evaluationadfthe model and cannot be used for the DC motor.
new control laws. Numerous techniques have been applied folOne of the contribution of this work is to extend the result
driving DC motors [7]. However, they do not consider angf [6] to systems with parameter uncertainties. Besides, a
delay. This issue is studied in this paper. delay estimator is designed for unknown time-varying delay

Among the few existing works concerning DC motors withirinally, the combination of the predictive method with the
delayed inputs, one can cite [8] which shows the influence délay estimator is tested experimentally on a DC motor with a
the delay time distribution on the stability of a DC motor lwit large input delay and unmodeled dynamics. An accurate speed
a PI controller. In [9], an observer-based delay compensatotracking is achieved in presence of a large unknown delay,

Index Terms—Delay estimation, predictive control, input delay.



external disturbance and parameter uncertainties. with
The article is organized as follows. In Section IlI, the t
predictive scheme of [6] is recalled and an analysis of i%(t) = eMd + e ABu(t — h) — AA / eA(t*S)Bu(s)ds.
robustness to parameter uncertainties is worked out. Aydela o
estimator is proposed in Section Il and a convergence proof (6)

is given for unknown time-varying delays. The DC motoThe term¢; can be seen as a perturbation of the delay-free
model and the experimental setup are introduced in Sectigystem

IV-A. Experimental results are shown in Section IV-B. Figal ip(t) = (A+ AA)zy(t) + Bu(t). )
the conclusion and some future developments are outlined in, L .
Section V. This transformation is very close to the Artstein reductiéh

where the substitution is carried out witlit) = e~ 4"z, (t).
Since (7) is not retarded anymore, all the controllers fdayle
Il. PREDICTIVE CONTROL OF UNCERTAIN SYSTEMS WITH free systems can be used to stabilize it arowndn particular,
KNOWN AND CONSTANT DELAY PID or sliding mode algorithms will be necessary to rejeet th
rturbationg; and maker;(t) tend tox,. If z;(¢) tends to
v it is expected that:(¢) tends tox,. However,z; is not
e exact prediction because it does not take into accoent th
perturbation; so there is an unavoidable error whlegt 0,
AA # 0 or AB # 0. The consequence of this error is stated
i(t) = (A+ AA)x(t) + (B+ AB)u(t —h)+d (1) Inthe next proposition where =z, —z,: _
Proposition1: Consider system (1) satisfying Assumptions
with z(t) € R™, u(t) € R™, d(t) € R", A € R"*", B € 1-4. Suppose that there exists a predictive controller)
R™*™ and the constant and known defay R. The following continuous at the origin such thaft) and its time-derivative

to systems with parameter uncertainties. The systems un
consideration are LTI systems with uncertaintied, AB and
an additive external perturbatiah

The results presented thereafter are an extension of E;ﬁ
5]

assumptions are made: tend to zero. Then, the convergence of the st&tg to the
Assumptionl: The matricesA and B are known and4, B)  referencer,. is not ensured.

is controllable. Proof: The dynamics ofi is governed by the equation
Assumpt?onZ: The §tater(t) is rnegsurak_)le. i(t) = (A+AAI{) + Adx, — Buy, + Bu(t) + é1(t).
Assumption3: The disturbancé is piecewise constahaind 8)

unknown. . Assuming that there exists a controller continuous at the
Assumption4: The matricesAA andAB are constant and origin2 such that # converges to zero, then, one has

unknown and do not affect the controlability property. lim w(@(t)) = u( lim Z(t)) = u(Z = 0) = us. Passing

In addition, it is assumed that the referengeis constant and (75> f=too

- to the limit in (8), it can be deduced that
verifies:

0 = Az, + Bu, ) Bus, = Bu,+® (9)

0
where u, is the constant control input required to maintaiwith ® = —AAz, —e*"ABu,,—e"d+AA [ e **dsBuc.
2 at equilibrium pointz,.. Equation (2) allows to compute a

—h
. Reminding thatAx,, = — Bu,., (9) becom
controller of the formu(t) = «/(t)+u, then the tracking error inding . ur, (9) becomes

e(t) = x(t) — x, verifies: Bus, = —Az, + ®. (10)
ét) = Ae(t)+ Bu'(t) + Az, + Bu, @) Besides, from (4), it follows that
= Ae(t) + Bu'(t). 0
_ _Ah —As
The Finite Spectrum Assignment (FSA) technique in [3] is Tr =€ oo /e dsBuoo (11)
based on the following prediction —h
, with th+m z(t) = xoo. Combining (10) and (11) and noting
—+o00
0
xp(t) = eMa(t) + / (=% Bu(s)ds (4) thatA ande~“* commute and that Ae~4sds = I,, — e”",
t=h one gets o

for all ¢ > 0. The termz; will be called the "standard 0

prediction” in the sequel because it is the most widely used 0=e(zo0 — 2,) + /e—Astq)_ (12)
prediction in the literature of input delay systems [4], ][23

The state prediction (4) allows to turn (1) into the system —h

0
i —As P
d5(t) = (A+ AA)zy(t) + Bu(t) + ¢1(t), (5) Smce—_fhe ds® # 0 for all AA and AB, we obtain

Too 7 Ty [ |
1This condition is imposed by an experimental constraintngRe 3) but
similar results would hold if the disturbance is sufficigrslow-varying with 2If w is not continuous at the origin but one ha&) = 0 for all t > T,
respect to the delay size [6]. then it follows thatu(Z(t)) = u(Z = 0) for all t > T.



Notice that when the model is perfectly knows® & 0) wheret lim 2(¢) = 2. Combining (19) and (21) and noting
thenz,, = z,- but when there are some unmodeled dynamics el
it is not possible to drive: to =, with the standard prediction. that A + AA and e~ (A*24)s commute and that- f A+

Therefore, a new state prediction has been proposed: —(A+AA)s ALAAR —h
Definition 1 ([6]): The new prediction is defined by Ad)e”ArADsds = I, — el leads to
_ (A+AA)R _
Xp(t) = 2p(t) + 2(t) - a(t — ) (13) 0= [woe = /] (22)
SinceeA 24 £ () one haste = . n

for all t > h, with z; given by (4).

Remark1: X; can be computed without any knowledge o
d but it requires the knowledge .
Similarly to (5), system (1) can be turned into

The consequence of this proposition is that if it is possible
Fnd a robust controller that mak&, tend tox, thenz will
tend tox, in spite of the external perturbation and the pa-
rameter uncertainties. As a result, the problem of distucba
Xp(t) = (A+ AA)X4(t) + Bu(t) + dolt) (14) rejection and robustness to model uncertainty for inpuaylel
_ systems is reduced to a problem of disturbance rejection and
with robustness to model uncertainty for delay-free systemse. Th
¢$2(t) = d+ ABu(t—h) only constraint that the controller should verify is thatist
¢ . able to stabilize reduced system (14) which is possible when
_AAt_fh eI Blu(s) —u(s = M)ds - (15)  ne uncertainties are not too large. Note that this linotati
+eAPABJu(t — h) — u(t — 2h)). is related to the system and the controller rather than to the
predictive scheme: even in the delay free case, it may be
The term¢, can be seen as a perturbation of the delay-frg@possible to stabilize the system if parametric uncetiesn
system . are too large.
X;5(t) = (A+ AA)Xp(t) + Bu(?). (16)  In this section the delay was supposed to be known and
constant. In the next section, an approximated predictiah a
] delay estimator are going to be combined to deal with
unknown and time-varying delays.

Then one has the following result wheke = Xp — .
Proposition2: Consider system (1) satisfying Assumption

1-4. Suppose that there exists a predictive controld(af( )

continuous at the origin such that(¢) and its time-derivative

tend to zero. Then, the stat€t) converges to the reference !!l- D ELAY ESTIMATOR AND PREDICTION FOR UNKNOWN
AND TIME -VARYING DELAY

Ty
Proof: The tracking error dynamicX is governed by the  In real applications, the delay is often time-varying besgau
equation of network congestion for example. In addition, measurhg t
3 - delay is quite difficult and usually only an approximation is
X(t) = (A+AA)X(t) +AAz,—Bur+Bu(t) + ¢2(t).  available for control design. Consequently, an approxatat
. . . (1.7) prediction based on a delay estimation is presented in this
Assuming that there exists a controller continuous at tiggror ection.

tsl':ja(_;th thatX converges to zero, it can be deduced from (17 Consider the system
(B+AB)us, = Bu,—AAzx, —d (18) #(t) = Az(t) + Bu(t — h(t)) (23)

Wheret 1121 u(t) = us (See the proof of Proposition 1 forwhere the delay satisfies the following assumption
—+o00

the existence of the limit). Reminding thdt:, = —Bu,, (18)  ASsumption5: The delayh(t) is time-varying andun-
becomes known and there exist.,in, Amaz, 0 > 0 such that

(B+ AB)us = —(A+ AA)z, —d. (19) himin < h(t) < hmaz (24)

Besides, from (13), it follows that and

|h(t)] < 6. (25)
Xp(t) = eMa(t) —x(t — h)] + eATAD g (t — h)
Lo The exact prediction for time-varying delay is very diffictd
+ [ eI Blu(s) — u(s — h)]ds compute since it requires a prediction of the delay [24]].[25
tBh Assuming that the delay is slow-varying, a good approxima-
+ [ e ATADS(B + AB)u(t + s — h) + d]ds tion of the prediction is to use the same expression as in the

(20) constant delay case (4):

soif lim X(t) =0, one has ¢
e zp(t) = )+ / eAt=%) Bu(s)ds (26)
0
h
-, :e(AJrAA)thO+/ef(AJrAA)st[(B_'_AB)uOO_'_d] t—h(t) A
ey but where the delay is substituted by its approximation
(21) Since the delay usually cannot be measured, it is necessary t



find a solution to estimate it. The delay is neither a parametgith
neither a state so standard techniques of identification and
observation cannot be applied directly. Thereafter, amopa-
tion method (similar to the one proposed in [26]) is presgénte
to estimate a time-varying delay.

First, let us recall that the delay observability conditien ~ Assumption9: The initial condition of the delay estimator

Assumption6 ([17]): For allt > 0, satisfiesh(0) € [hmin, hmaz)-

If Assumption 9 is verified, then [29] guarantees that
a(t) # 0. (27)

vt > O, il(t) S [hmirn hmaz]- (35)
Condition (27) is natural because if the input is constarg, t foll th tates th tvef th
delay has no influence on the system so it cannot be observgp?f ollowing theorem states the convergence property @

0, for h="Hhumas and, >0
Projy, . no..)(m)=19 0, for h=hm:, andm, <0 (34)
T, else.

timator.
Note that Assumption 6 could appear restrictive because?lOV€ €S _
means that the input should be strictly monotonic but in heorem1: Let I = [to, ] with fo > 0 be such that —

practice the notion of persisteritgiven in [27] can be used th t)de |I andth N ?.(t) €1, if |u(‘|9t).| >fa for altl_ 5 et I, then
to relax this condition. For a technical purpose, Assump@o e delay estimation error resulting from estimator (32(

can be substituted as follows verifies
~Assumption7 ([26]): T_here exist time mtervalsl, suffi- lle(®)]| < ||e(t0)||e—pha2(t—to) + S sup Ih(s)]  (36)
ciently large, where the first derivative afis continuous and PhO? s>t

bounded: for alk € 7, for all t € I and withe(t) = h(t) — h(t).

la(t)] > a (28) Proof: For sake of clarity, the argumetwill be omitted
when no confusion is possible. In [30, Chapter 4], it is

with « > 0. proved that projection (34) retains all the properties tuat
In addition, it is assumed that established in the absence of projection that is why it is

Assumption8: The delayed value of the input is known:considered that
the signalu(t — h(t)) is available. 2 - ) -

Remark 2: In practical application, systems are able to h( ) = pulult = h(t)) —u(t —h()la(t — )  (37)
save the input value received at instardnd to send it back in the sequel. Let
to the controller along with the measurement. The dashed V= l(ﬁ— h)>2 (38)
line on Fig. 5 illustrates this process. The advantage & thi 2

method is to avoid the use of time stamped packets and clagk a Lyapunov candidate function. Taking the time derieativ

synchronization. of V along the trajectories of (37) gives
This delay estimator is based on the minimization of the. . . ) . . .
criterion V =pn(h—h)[u(t—h) —u(t—h)]W(t—h)— (h—h)h. (39)
5 5 Reminding that from the mean value theorem there exists
h) = ||u(t — h(t)) —u(t — h(t))|? 29 " A
T(h) =l (1)) = u @)l (29) [min(t — h,t — h), max(t — h,t — h)] such that
oN [hmin, hmaez]. Defining the dynamics of the delay estima- u(t — ) u(t —h)
tion 7, thanks to the gradient descent algorithrane has () = P , (40)
h(t) = —pnlult — h(t)) — u(t — h(1))] uleh)| v Onegets
t
(30) V = —pn(h — h)%u(t — h)i(ds) — (h — h)h. (41)

with pp > 0. Since . .
A . Sincet — h and ¢; are in the intervall, the termsu(t — h)
Qu(t—h) _ Ou(t—h) (31) and1(¢;) have the same sign. It follows that

h ot . . . .
Oh V < —pna(h — h)? — (h— h)h (42)
it results that
R . and then that
7 (t) = pulu(t — h(t)) — u(t — h(t))a(t — h(t).  (32) . . ) -
A V(t) < —pra?||h = hl* +[|h — hl|sup |h(s)].  (43)
Besides, to guarantee that will stay in the interval st
[(hmin, Mmaz), @ projection is used as follows: Applying Lemma 9.4 in [31] I'eads to (36). [ |
When the delay is constant, = 0, the delay estimation
PrOJ Foin. ar](Th) (33) error converges exponentially to zero. For a noisy sigine, t
alternative dynamics can be used
SRoughly speaking, an input is said to be persistent for aesysf it t
sufficiently rich to excite this system in order to estimabens parameters or Ph ~ T. ~
to reconstruct its state. Th(t) = T / [u(t—h(t))—u(t—h(t))]" w(t—h(t))ds (44)

4See the work of [28] for details about gradient descent ihyos. P



Py e o Qe (M) does not take into account any nonlinear phenomenon such
as dry friction. To apply above results, system (46) has to be
turned into its state-space representation

w = aw + bu(t — h) 47
with ¢« = —1/7 and b = K/r. Considering parameter
Fig. 1. Test Bench uncertainties and external disturbance, system (47) besom

v = A b+ Ab)u(t —h)+d 48
whereT > 0 is the window’s length that can be adjusted with @ =(a+Aajw+(b+ Abu( )+ (48)

respect to the noise level: the larger the noise is, the laFge with « and b known nominal termsAa and Ab unknown
should be. Note that it is the filtered version of the dynamie®nstant modeling errors anfla constant unknown external
defined in (32). The integral acts as a low pass filter whossturbance.
time-constant is tuned by the paramefer Similarly, if the Remark 3: Only the constant disturbance case is studied
input signal is fast varying, (44) can be normalized as foflo because, for practical reasons, it is not possible to apply
a repeatable time-varying disturbance with the experialent
Ph I(t) . .
== (45) setup at our disposal. Indeed, the external disturbance was
T e+ |I(t)] created by connecting the synchronous motor (Fig. 1) to
) ¢ A T N deliver a current into a resistance. The disturbance is then
with I(t) = t_fT [u(s = h(s)) = uls — h(s))]" u(s — h(s))ds proportional to the value of the resistance but this lata ¢
ande > 0. This normalization allows to make the convergendot be modified. Furthermore, the exact value of perturbatio
speed almost independent from the input dynamics. The dg/is not known but it is the same value for each experiment.
namics of the estimators (44) and (45) are directly derivedRemark4: The model of the motor is very accurate so some

from (32) so the convergence can be derived from the proaflditional uncertainties have been intentionally addetesd
of Theorem 1. the new prediction. However, the parameters of the DC motor

cannot be modified easily so the uncertainties are addectto th
IV. EXPERIMENTAL VALIDATION computation of the standard prediction as follows

Th(t)

i . . N _ (a+Aa)h (a+Aa)(t—s)
1) Experimental setup: the experimental setup is composed wy(t) =e wt)+ [ e (b+ Abju(s)ds.

by a DC motor, a synchronous motor, a torque sensor, an t

asynchronous motor and an encoder. They are coupled b

flexible joints. The plant to control is the DC motor and th th Aa = ~0.2a andAb = 0.2b (&20% error). I
synchronous motor has been used to introduce an exterhdf FEference trajectory is given by. so from the equilibrium
disturbance. The torque sensor and the asynchronous metoféguation0 = aw, + bu,, one hasu, = ——w,. From the
not used in these experimentations. The control is computPression of the standard predictiapy in (49), the new
thanks to a dSPACE board (DS1104). The optical encod@iediction; reads as

gives tr_le angular position (1000 pulses per revolution)tard Wi (t) = wp(t) + w(t) — wp(t — h). (50)
speed is derived from a Kalman filter. The dSPACE board uses

the real-time model produced via Matlab/Simulink. The gela Remark5: The computation ofu; from (49) requires an

is artificially introduced in the loop by adding a delay bldok integration. Usually, the integral has to be discretizedain
the Simulink model. The armature voltage of the DC motor f#nite number of points. However, this method can lead to
controlled by a PWM signal generated by the dSPACE fromstability for some systems [32]. Since the DC motor is
the scaled input voltage(t) = % with v(t) the equivalent open-loop stable, it is possible to compute the integrat par

A. Setup presentation and model /t
Zh

(49)

continuous voltage and,,,,, = 54 V. of (49) without discretizing the integral, by using the sture
2) Model and control design: the transfer function of the given in [23]. Note that for open-loop unstable systems,fa sa
DC motor with a retarded input is: implementation of the prediction is given in [33].

The advantage of the predictive schemes is that it is p&ssibl
Q) K . i )
= e (46) to use any controllers available for delay-free systemsjasid
U(s)  14s7 "plug" the predictionw; or W, instead of the normal state.
with Q and U the Laplace transforms of the angular velocityfo test and compare the schemes, a Pl controller and a Super
w and the input voltage respectively. The steady-state gaifwisting Algorithn? (STA) will be designed. It is important to
K and the time constant are known. The identified valueskeep in mind that the objective is to compare both predictive
of K andr are K = 894 min~! and7 = 1.10 s. The transfer schemes and to illustrate that they can be used with any kind
function H% is a classical simplified model for DC motorsof robust controllers. Consequently, no comparison betwee
where the inductance term can be neglected. The deisyot Pl controller and STA will be drawn.
internal to the motor model but is supposed to be introduced , o
Some first order sliding mode controllers have already beepgsed to

by the control inPUt* as for _example, by the r?mOte ContrQéal with input delay systems but with the standard pregiictsee [34], [35]
over a network. The model is assumed to be linear and thel [36].




a) PI controller: the PI controller is defined by

800

600 / — b
V ~
< ~

400 LA —

u(t) = e = kyx(t) = ks [ x(s)as (51)

w(RPM)

with x = wp—w, for the standard scheme agd= W;—w, for 200 N e
the new predictive scheme. The gaigsandk; arek, = 0.001 A7 =W
and kl — 0002. 0 10 20 30 40 50 60 70 80 90 100

b) Super Twisting Algorithm (STA): [37] the Super
Twisting controller is a second order sliding mode conéwoll
Its expression is given below:

u(t) = w1 [~ax(t) b IXOISiGNx () + (1)] (52)

I I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100

with the dynamics ofs governed by the following equation time (s)
. Fig. 2. Experimental results withl controller and known and constant delay
v = —kosign(x(t)). (53) h=1s, aconstant disturbancebetweens0 s and80 s andAa = —0.2a
and Ab = 0.2b — Top: PI controller (51) witmew prediction: x = Wy —ws
with x = wp — Wy for the standard scheme and= Wy — - Bottom: PI controller (51) wittstandard prediction: x = wp — w-.

w, for the new predictive scheme. The gains should satisfy
ke > 0 andk; > +/2ks. Here, the following choice has been R ——
madek; = 0.25 and k» = 0.025. This controller does not soor Transients due to

require the acceleration values and achieves a robust-finite 560" / r———, ]
time convergence. & 400 v L " i 1
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B. Experimental results 0

This section is divided into three subsections. First, the ———re——
800" Transients due tal —ﬁ' I

performances of the predictive control are studied with a § j—
known delay. Then, the delay estimator is tested. Finally, EGOCFB / i
,/‘

5 400

the combination of the predictive schemes and the delay =
estimation is illustrated.

1) Predictive control with a known delay: this part is not % 10 2 a0 4 0 6 7 80 90 100
focused on controller pe(formances but rather on the eiffee Fig. 3. Experimental results wit[;?z\(séontroller and known and constant
between the two predictive schemes. Both controllers (Bl afejay n — 1 s, a constant disturbanebetweens0 s and80 s andAa =
STA) have been tuned on the delay-free system in order 40.2a and Ab = 0.2b — Top: STA controller (52) withnew prediction:
reject the perturbation and the parameter uncertaintins. X = W5 — wr — Bottom: STA controller (52) withstandard prediction:
delay is chosen equal th = 1 s in order to have the same* ~ P
order of magnitude for the delay and dynamics of the system
(represented by = 1.1 s) which means that the effect of Similarly, on Fig. 3, the STA controller guarantees the
delay is not negligible. Some parameter uncertaintiesefgiveonvergence of both predictions; and IW; to the reference
in Remark 4) affect the computation of the prediction and ‘% in spite of the disturbance and the uncertainties. However,
perturbationd is introduced by the synchronous motor betwee?nly the speed. obtained from the new predictive scheme
50 s and80 s. The objective is to make track the reference iS able to track the reference. (Fig. 3-Top). The velocity
velocityw, in spite of the delay:, the modeling errorda, Ay~ from the standard prediction scheme displays constarkitrgc
and the external disturbande errors (Fig. 3—Bottom). This validates once again Pro st

The results for the constant and known delay case akednd 2.
shown on Fig. 2 and 3. On Fig. 2, Pl controller (51) is These experimental results confirm that the new predictive
considered. As it was required in Propositions 1 and 2, botsheme associated to any kind of robust controllers previde
predictions are able to track the reference in spite of better tracking performances than the standard predictive
the parameter uncertainties and the external disturbancescheme.
However, only the motor controlled by the new predictive 2) Delay estimator performance: in this section, the per-
scheme guarantees the tracking wfto w, (Fig. 2—Top) formance of the delay estimator (33)-(45) are illustrafEde
as stated in Proposition 2. On the contrary, in accordandelay estimator parameters arge= 50, ¢ = 0.1 and7" = 200
to Proposition 1, the standard predictive scheme does 1BotA Pl controller is applied to stabilize the system around
guarantee the asymptotic trackingwoto w,. (Fig. 2—Bottom). a piecewise constant trajectory. On Fig. 4, the velocity
Roughly speaking, since the model is not accurate the stdndis not displayed because the objective is to illustrate the
prediction does not achieve to predict correctly the stdte lbehavior of the delay estimator and not to study the trajgcto
the system whereas the new prediction does (thanks to thecking. Various phases are distinguishable. First, wiinen
correction term &(t) — wy(t — h)” in (50)). input saturates them, = 0 and the delay is unobservable.
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Fig. 5. Closed-loop scheme with the combination of the delstymator and
the predictor (see Remark 2 for the dashed line)

h(s)
(IR R
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=)

time (s)
Fig. 4. Experimental results with PI controller and piecviconstant and S 8oor
unknown delayh(t), w, is piecewise constanta constant disturbanceé & 600
between60 s and90 s— Top: control input — Bottom: exact deldy(t) and K
estimated delay(t). “00 10 20 30 40 50 60 70 8 90 100
200 T T T T T — T oW — W
. . Transients due to——;, — ),
This explains the two stages betweer- 0 andt = t; and ~ b

w(RPM)
o

betweent = ¢4, andt¢ = t5. Remark that the delay estimator
does not diverge reaching this singularity; this is a crucia ~200)
advantage over the work presented in [17]. Similarly, when -
has converged ta,., the input becomes constant o= 0. | D

Consequently, the delay estimate cannot converged to Hat ex = O;\—f—/ — ||
value: see for example between- ¢, andt = t3 and between 0 . —
t = tg andt = ty. The delay estimator can only give a good e
estimation when the input varies. The origin of input vaoiat Fig. 6. Experimental results with PI controller apicewise constantnd

unknown delayh(t), w, = 700+ 100 sin(0.3t) RPM, a constant disturbance
can be the change of the reference such as bemeert3 d between50 s and80 s andAa = —0.2a and Ab = 0.2b. The speedv;

andt = t4 and betweent = tg andt = tjo Or it can be ang the delay estimatg; are obtained from thewew predictive scheme

due to a disturbance such as between t; andt = tg and whereasw, and h» are obtained from thetandard predictive scheme—

betweent = t;; andt = t15 s. This illustrates that the inputTop: velocity trajectories — Middle: tracking errors — Bwtt: exact delay
. . . . h(t) and estimated delays.

should move sufficiently (to be persistent) in order to eaten

accurately the delay. This constraint is inherent to theuinp

" L ; On Fig. 6, one can see that the piecewise constant delay is
delay and the quality of the estimation will always depend ! .
. : . L correctly estimated for both predictive schemes. It candiedh
on the richness of the input signal. However, it is not ve

r AR o :
prejudicial when the objective is to achieve the stabilityhe iﬁa};rlﬁed::)ao)(;sstgggggnc:rs]In?:]destabmzeq py the distoce.
o . i . , only the new predictive scheme allow
closed loop system (which is possible even with an inexact . ; . . .
NS . an effective tracking of the velocity reference in spite loé t
delay estimation). Note that the same conclusion holds for a

7. . X L . uncertainties and the external disturbance correctly tracks
sufficiently slow time-varying delay as it will be shown ireth : :
next section w, Whereasu, displays a large tracking error.

3) Predictive control with the estimated delay: in this F_|g. 7 shows that When_the delay is time-varying, the
. . . . . estimation error converges in a ball around the exact delay
section, the delay estimator (33)-(45) is combined with- pre . . S
as mentioned in Theorem 1. The small oscillations that can

dictions (49) and (50) by substituting the unknown real SZ16laloe observed on the delay estimates comes from the periodic

h by its estimations. The whole scheme is shown on Fig. 5, . . L .
Note that the convergence proof of the prediction and theyde ancellation of the !nput der|vat|ye. Indeed, whiegets closer
tﬁ) zero, the dynamics of the estimator tends to zero. However

estimation have been given separately in Sections Il and Ithe estimation is sufficiently accurate to guarantee aniefiic
Intuitively, if the delay estimation is not accurate, thestgyn y 9

t[acking with the new predictive scheme. Like in the pregiou

is going to get away from the equilibrium point so the contro - . .
is going to vary. Thus, Assumption 7 will be verified and th&3SeS: the standard predictive scheme exhibits a lardarigac

delay estimator will be able to get closer to the exact vahe aSrmror due to modeling erroraa, Ab and external disturbance
so on until the delay is sufficiently accurate to guarantee tﬁ'

convergence of the system. No theoretical proof of the ktabi bined with the delay estimator (33)-(45) provide an effitien

of the closed-loop system is available since the resulhgtyo traiectory tracking in presence of time-varving and unknow
depends on the choice of the controller. This issue will b J y gihp ying

considered in future developments. However, the efficiafcy (;ueiesli);bzrrwlgem spite of parameter uncertainties and external
the combination of both techniques is illustrated theesfiy ’
experimental results.

The results are shown on Fig. 6 and 7 for different delays
h(t). Note that the same parameter uncertainties and externdh this work, a recent predictive scheme is associated to
disturbance as in Section IV-B1 are applied. a delay estimator. This combination is an efficient way to

These two plots show that the new predictive scheme com-

V. CONCLUSION
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Fig. 7. Experimental results with Pl controller atithe-varying and unknown
delayh(t), wr = 7004100 sin(0.3t) RPM, a constant disturbanckbetween
50 s and80 s andAa = —0.2a and Ab = 0.2b. The speedv; and the
delay estimationh; are obtained from th@ew predictive schemewhereas
w2 andhs are obtained from thetandard predictive scheme- Top: velocity
trajectories — Middle: tracking errors — Bottom: exact gidldt) and estimated
delays.
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fix the standard drawbacks of predictive control; namelg, tH20]
knowledge of the delay value and the sensitivity to paramete
uncertainties and external disturbances. An extensivgpaom [21]
ison with standard predictive techniques is made throughou

the paper. The efficiency of the proposed scheme is valida

prediction.
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