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Gain-Scheduled Predictive Extended State Observer for Time-varying Delays
Systems with Mismatched Disturbances

Abstract

In this paper, a novel control scheme for systems with input and output time-varying delays is provided in discrete-
time domain. The control strategy combines predictor-like techniques with a delay-dependent gain-scheduled extended
state observer. The main goal is twofold: (i) to minimize the negative effect of time-varying delays in the closed-loop
performance and, (ii) to actively compensate the effect of mismatched disturbances in the controlled output. Moreover,
a sufficient condition based on Linear Matrix Inequalities (LMI) is provided to obtain the maximum delay interval that
ensures the stability of the closed-loop system. Finally, the achieved benefits of the proposal are shown by simulation in

open-loop unstable plants, and experimentally validated in a test-bed quadrotor platform.
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1. Introduction

Time delays may cause performance deterioration, or
even instability of the control system if they are not taken
into account in the control design [1]. With the objec-
tive of counteracting the negative effects of time delays
in the closed-loop control, different time delay compensa-
tion strategies have been proposed in the literature (see,
e.g., [2, 3, 4] and references therein). In particular, the
predictor-feedback approach uses a transformation that re-
lates the original delayed system with another delay-free
system, simplifying thus the control design [5]. Neverthe-
less, the presence of time-varying delays may degrade the
closed-loop behavior and brings extra difficulties in the
control synthesis. In discrete-time framework, some stud-
ies carried out the closed-loop stability analysis and the
design of the predictor-feedback control with time-varying
input delays [6, 7], and time-varying output delays [8].
However, these studies did not take into account the simul-
taneous presence of time-varying delays in both channels.

On the other hand, a large number of control sys-
tems are usually affected by unmeasurable external dis-
turbances. In the aim of minimizing their negative impact
in the control loop, different approaches were proposed
under the so-called Disturbance Observer-Based Control
(DOBC) methods [9, 10, 11, 12, 13]. In particular, the
Extended State Observer (ESO) became more popular
than other DOBC approaches because no prior knowl-
edge of the system plant is required, except for the sys-
tem relative degree [9]. In case of mismatched uncertain-
ties, that is to say, when the disturbance does not affect
the system in the same channel as the control action, the
disturbance rejection problem is more difficult to handle
[14, 15]. For systems with input delays, a modified ESO
was proposed in [16, 17] by simply considering a delayed
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input in the ESO scheme to improve the disturbance rejec-
tion. Other related contributions directly integrated the
ESO with predictor-feedback approaches in [18]. How-
ever, these works assumed that the plant state is fully
measurable, and dealt only with matched uncertainties.
Although these limitations were further overcome in [19]
and extended to discrete-time systems under predictor-
feedback control in [20, 21, 22|, all these works were re-
stricted to time-constant input delays. Therefore, to the
best of the authors’ knowledge, the synthesis of predictor-
feedback control and ESO under the simultaneous presence
of time-varying input and time-varying output delays, to-
gether with mismatched disturbances, has not been previ-
ously investigated, which motivates our study.

In this paper, we combine a predictor-feedback control
with a properly designed gain-scheduled ESO to coun-
teract the effect of time-varying delays in both channels.
Therefore, the closed-loop performance is improved with
respect to other recent related works that only consid-
ers time-constant delays [20]. Moreover, the mismatched
disturbances are effectively compensated in the controlled
output. Furthemore, we give a sufficient condition based
on LMIs, which allows to easily obtain the maximum delay
intervals under which the system is stable for any time-
varying delay, no matter how fast it may vary.

The remainder of the paper is structured as follows. In
Section 2, the problem statement and some preliminary
results are introduced. In Section 3, the proposed con-
trol structure is presented. Section 4 presents the stability
analysis for the control system. In Section 5, simulation
examples are presented. In Section 6, the control solution
is experimentally validated using a quadrotor platform.
Finally, some conclusions and perspectives are outlined in
Section 7.
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2. Problem statement and preliminaries
Consider the following discrete-time system model:
Tpt1 = Axp + Buk—di + Bywg (1)

where x; € R™ is the system, ur € R™ is the control
action subject to the input delay di, wy € R? is a mis-
matched external disturbance. Also, consider the output
systems:

Yk = ka—dfa Ys,k = Csl‘ka (2)
where y; € RP is the measured output subject to the out-
put delay dko, and y, ; € RP¢ is the controlled output.

In this paper, the following assumptions are made:

Assumption 1. The input and output delays dé, dg are
assumed to be unknown time-varying but measurable dur-
ing control execution, and bounded by:

hi <dj <hi, (3)
hg <dp < hg,

where each pair (hi,hd) and (RY,hS) are known.

Assumption 2. For some unknown initial value wq, the
disturbance signal wy, can be modeled as:

Wet1 = Apwi, (4)

being Ay, a know matriz. This implies that the amplitude
of the disturbance is unknown, but the type of disturbance
to be rejected should be known: e.g., steps, ramps, or si-
nusoidals with a given frequency.

Assumption 3. There exist K and L such that the ma-
trices A+ BK and A — LC are Schur stable, where

«4=[81 iﬂ, C=1[C Opeq]. (5)

Note that time-varying perturbations on delays might
cause poor performance or even instability in the closed-
loop control when the delay intervals are large enough.
Therefore, our objective is to design a control law u, =
f(yx) with time delay compensation for system (1) such
that: (i) the closed-loop is stabilized with larger delay in-
tervals, and (ii) the steady-state error in the controlled
output ¥y, 5 due to the disturbance wy, is rejected, for any
time-varying delays di, dko satisfying Assumption 1.

The following preliminary results will be useful for fur-
ther developments:

Lemma 1. Consider the following Artstein’s state trans-
formation [2]:

2 = xp 4+ Pp(h]) + @y (hd), (6)

where

I
hh—1

1 i
Pp(hf) =5 Y A Bu g, =12 (D)
1=0

Then, system (1) can be equivalently represented by the
following delay-free interconnected model:

{ 2kt1 = Azg + Fug + %wdﬁk + Bywy,
MS : s

Yd,k = Uk — Uk—1

A { W,k = Dd kYd,k Agkl|loo <1

where 71 = h£ — h{, and
B

F=(asa) 2

- )

Proof. The proof can be straighfordwarly outlined from
[23].
O

Theorem 1. (Scaled Small Gain Theorem)[24] (Chap-
ter 8) The interconnected system on Fig. 1 is robustly
stable for any interconnected time-varying uncertain sys-
tem A with ||Allee < 1 if the following two conditions
hold: (i) The system Mg is internally stable and (ii) there
exist reqular matrices Ty, To such that TYA = ATy and
[ ToMsTy oo < 1.

3. Gain-scheduled control

strategy

predictor-observer

In this section, we first present the control strategy. Sec-
ond, we demonstrate that an equivalent delay-free inter-
connected model can be found for the closed-loop control
system formed by (1) and the proposed control law. Other
key aspects, such as the advantages in terms of closed-loop
performance enhancement under time-varying delays, are
discussed in Subsection 3.3.

8.1. Proposed control scheme

Let us introduce the following control strategy:
up, = Kz + Ky, (9)

where Z; and wj are obtained from the gain-scheduled
predictive ESO given below:

Sep1 = by + Fup + A% L (gk - cmdfék) . (10)

where 2l = [2] @[], the matrices A and C are defined

in (5), and F = [FT 0]7, being F defined in (8). The
prediction of the output system is obtained as:

Uk = Yr + CA~® (®r(h]) + Pi(hd) + Qu(dy)), (11)



where the operators ®y(hl), ®,(hl) involved in the Art-
stein’s reduction method are defined in (7), and 2 (d?) is
defined as:

d9—1

o_;i_
O(d) = D A% 1B“k7dko+i7di : (12)

—dO+i
i=0 k

The control gain K in (9) is defined as K =
2K (A7 4 A7) -
way that A + BK is Schur stable (according to Assump-
tion 3). In the same way, the observer gain £ in (10) is
defined to be A — LC Schur stable. The parameter K,, in
(9) is tuned to compensate the steady-state error of the
disturbance wy, in the controlled output ys , (more details
in Remark 1, at the end of Section 3.3)

The gain-scheduled strategy is implemented through the
delay-dependent terms A% A= in (10) and (11), to-
gether with the operator (12). Thus, the closed-loop poles
are kept to be the same as the eigenvalues of A+ BK and
A — LC regardless of time delays, as discussed later in Sec-
tion 3.3. Notice also that the conventional ESO is obtained
from (10) in the absence of time delays (df =0, d$ = 0).

, where K is determined in such a

3.2. Delay-free closed-loop model description

The following theorem finds a delay-free interconnected
state-space model for the closed-loop system formed by (1)
and the given control in (9):

Theorem 2. The closed-loop system formed by the sys-
tem (1) and the control law (9) can be expressed as the
interconnected system formed by the delay-free model Mg

and the feedback system A:
Me - k1 = Ap&r + Gwa g + By pwi,
S - _
Yd. ke = HEk

JANS { Wak = AdrYd ks ||Adkllec <1

)

where & = [zF wi_, 2P wl], and
A 0 FK FK,
A, — 0 0 K K,
T, 0 A-Thp+FK By, —Tay + FK, |’
I3, 0O —II3 1 Iy — 11y
(13)
1 B,
= 0 T]B — 0
— Kl By =
=10 ( 2 > ’ S b1 P9
0 Iy &
H = [Omxn _Im K Kw} )

I I
TI:hQ_h17

being 11;, © = 1,2,3,4 the matrices obtained from the
following partition:

a9 —a¢ | I
AW LCA™ = [Hs’k H4,zj’ (14)

Figure 1: Interconnected system: Mg is a known system, and A
is some unknown unitary norm-bounded system, which contains all
sources of time-delays variations. Matrices T, T» are free and must
satisfy T1A = ATs.

with Il ,, € R™, and the rest of matrices Ilg j, I3 1, 4
of compatible dimensions.

Proof. Following the original ideas of the ESO [9], the
following state-space augmented model can be considered
from (1) and (4):

{fk+1 = Az + Bukfdi ’ (15)

Yk = ka,dg, Ysk = CsTp

where 7 = [xz w,{], the matrices A and C are defined
in (5), and
B
B:[o]’ C,=1[C, 0]. (16)

Now, define the augmented state Z = [z} wi]?. From
(15), we have that the exact h-step ahead state prediction
can be obtained as:

Zpin = Al + Qpyn(h), (17)
where Q14 (h) = [Q{+h(h) leq]T and Q(h) is the op-
erator defined in (12). The h-step back of the above ex-
pression yields:

T = Az, + Qu(h). (18)
Multiplying both-sides of (18) by C.A~" we obtain:
CA "%y = Cop_p, + CA"Qp(h). (19)
which is equivalent to:
CA™"Z) = Cap_p + CA™"Qu(h). (20)

Replacing h by d we have:

C.Afdko‘i‘k = C’J;k_dg +C.A7dek(dkO)v (21)
N——
Yk

which leads to:

i = CA™W 3, — CA= Q4 (d9). (22)



Now, replacing g, defined in (11) into (10) we have:

§k+1 = A?k + Fuy + .Adko Eyk (23)
+ AR LCAR (D (D) + Br(hd) + Q% (dD))
— AR LCA W 5,
Substituting y, from (22) into the above expression
(23), and taking into account that C.A_dkof_lk(dg) =
CA=% Q. (d9), we have:
§k+1 = Az, + Fuy (24)
+ AW LCATR (D (h]) + @1 (BD))
+ AR LCAR (31, - 5,) .
Note from the definition of Z;, and ®(h) that the equiv-
alence xp = 2z, — ®k(hi) — ®4(h3) deduced from (6)
implies T = Zp — (I)k(h{) — (I)k(hé), where (I)k(hzl) =
[®F (nT) 01Xq}T, i=1,2and z; = [2} w]]T. Then,
replacing T into (24), and taking into account that
CA=W &y (h!) = CA= ®y(h]), i = 1,2, we obtain:
i1 = ABy + Fu + AW LCA™R (2, 3,) . (25)

Consider the matrix partition defined in (14). Then, (25)
is equivalent to:

Zhp1 = AZp+ Fup + 11 g (2 — 2)
+ (By — o x) Wi + o pwy,
Wi = (g — My ) wr + T35 (21 — 2x) + g pwi

(26)

On the other hand, by virtue of Lemma 1, system (1)
can be put as the interconnected model between:

Zk4+1| A 0 Zk F %
s | W TR R S
4 | B
0 Wk,
Yd,k = Uk — Uk—1

and wq k= Ag g Yar With [|Agklle < 1.
Therefore, the augmented state-space representation of
(26) and (27) yields:

21 | A 0 0 0 2k
u, | | 0 0 0 0 Uk—1

241 My 0 A-ILiy By, -1y Zg

W41 | I3, 0 I3y Iy — 1y g Wy,
P [
1, 0 0

Tlplwt ] g |wart I, | Wk (28)

0 | 0 114 5

Finally, replacing uj from (9) into the above expression
(28) and y4 1 we obtain the interconnected system (13),
concluding the proof. O

3.8. Discussion

Notice that the input and output delays cannot be gath-
ered into a single round-trip delay in the closed-loop sys-
tem due to their time-varying nature. Therefore, they
must be treated separately for compensation purposes: the
input delay is compensated through the Artstein’s reduc-
tion method using Lemma 1, leading to the equivalence
between (1) and (27). The output delay is compensated
by the gain-scheduled ESO (10) together with the output
prediction defined in (11). Therefore, as demonstrated in
the corollary given below, the eigenvalues of the closed-
loop matrix A in (13) are those of the matrices A + BK
and A — LC, regardless of the time-varying delays.

Corollary 1. The eigenvalues of the matriz Ay, in (13)
are the same as A+ BK and A — LC, plus m eigenvalues
at 0, for any instant value of time-varying delays.

Proof. Consider the following regular matrix:

L, 0 0 o0
0 I, 0 0
=11, 0o 1. o (29)

0o 0 0 I,

Pre-and post multiplying A, by 7 and its inverse 7!, we
obtain:

Ay =TAT (30)
A+FK 0 FK FK,
I R K K.
T 0 0 A-IL,+FK By, —Thy+FK,
0 0 —Hg,k Iq - H4,k

Note that /:lk can also be written as:

(ool lefee ) L] =

Ay =
(A _ A9 ,ccmd?)

Therefore, from the block-triangular form of /Zlk, it can
be deduced that its eigenvalues are those of the matrices:

(4T ) e

Finally, the proof can be completed from the fact that:

e (i) The eigenvalues of Ay, and Ay, are the same.

e (ii) The eigenvalues of: ({‘3 8} + Li ] (K o]>

and (.A - AdgEC.A_dg) are the same as (A + BK)

(plus m eigenvalues at 0) and (A — LC) respectively,
for any value of d$.

O



Remark 1. In light of Corollary 1, it can be deduced
that the closed-loop poles of system (13) are not affected
by K.,. Therefore, provided that the dimensions of wy
and ys 1 are the same, or the generalized rank condi-
tions [14] hold, the parameter K,, can be designed to can-
cel the steady-state error due to the disturbance wy on
the controlled output ys . The proper value of K, can
be deduced from the Final Value Theorem by considering
the augmented system state-space model of system (26)

T
9 uk—hé’

function from wy to the controlled oulpul ys . In case of

wy, 48 in step form, we have that K,, = —E; 12,, where:

(

(Co(1-A-FR)™ B,),

: T T ST AT
with |xg, Ug_q, " 2L, wk} , and the transfer

[1]1
Qi

1= (Co(1-A-FR)'F), (31)

[1h

2 =
and
C, = [CS O, A-'B G AMB 0 0
1 ifi<hf
i, i=1,--- hj = o 32
7 2 {O otherwise (32)
A 0 0
A= 10 Omx(mfl)»hg Omxm ;
0 Tim—1)-ns 0
FT = [FT Im Omxm(héfl)] 5
K= [IC 0 0m><m(h£—1)} >

By = [Biy  Ogumny)] -

4. Stability analysis

The following theorem allows to prove the stability with
decay-rate 0 < 8 < 1 of the closed-loop system (1) with
the control law (9) and the predictor-observer scheme (10),
for any arbitrary fast-time varying delays d, di:

Theorem 3. Given some control and observer gains IC,
and L, the closed-loop system (1) with the control law (9)
and the predictor-observer scheme (10) is robustly asymp-
totically stable with decay rate B if there exists a symmetric
matriz P € R*™+4 > ( such that the following LMIs are
satisfied, Vi = 1,--- ' h§ — hY 4+ 1:

I'; <0, (33)
where
—-B2P 0 AZ-TP ar
. AT

and
A 0 FK FK,
i 0 0 K Ky
t Hl,z 0 A—Hl,i—l—FIC Bw—H27i+FKw ’
II3; 0 —1I3; I, — 11y,
(35)
where
. , II;; Ilo;
d; —d; __ 1,2 2%
AdiLc A= = [H&i Hu] : (36)

being d; = h{ +1i — 1 and matrices G, H defined in (13).
Proof. Consider the Lyapunov function Vj = &l P&,
where P > 0 and & defined in (13). The system Mg
in (13) is asymptotically stable with decay rate 3, say
l1€k]] < Q&I 77, VE > 0, for some arbitrary ©Q > 0 and
any initial condition &y, if the following condition holds:
Ang = V}C+1 — BQVk < 0. (37)
On the other hand, it is well-known that the following
condition along (Mg):
ApVie + Yo kYd e — Wa xWd, e (38)
<e (ka”2 + ||Wa |2) <0,

for some € > 0, guarantees that the H,, norm of system
TgMngl is less than 1, where 77 = Ty = I,,,. From (13),
the expression (38) yields:
& (AT PA, = B*P+ HTH) &, + ¢ AL PGway  (39)
+ wikGTPAkfk + wik (GTPG — Im) wqr <0

Note that Ay = Y7, ui(dko);li, where r = hY — h{ + 1,
A; is defined in (35), and

1 ifd? —hf +1=14
pi(dy)) = o (40)
0 otherwise

Applying Schur Complement and the above expression for
Ay, the inequality (39) is equivalent to:

S @) <0, (41)

=1

where T; is defined in (34). Taking into account that the
functions p;(.) in (40) satisfy the convex sum properties:
Si_ywi() =1, 0< () <1, asufficient condition for
(41) is given in (33). O

5. Simulation results

Two examples are provided in this section. Example
1 gives simulation results to show the effectiveness of the
proposed control strategy by comparison with other simi-
lar approaches published in literature therein, and Exam-
ple 2 simulates the closed-loop response of an open-loop
unstable system, which corresponds to the experimental
platform of Section 6.



5.1. Example 1
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Figure 2: Comparative results (Example 1) between two control set-
tings given in [20] (dashed and dash-dotted lines) and the proposed
control (solid line) for di =5and 1< dko < 6. Output system y, 1
(upper-side) and control action uy, (lower-side)

Let us consider the following example, already studied
in [20]. The plant consists in an injection moulding process
with input and output delays subject to load disturbance.
The discrete-time system model is (1) with system matri-
ces:

1607 1 1.2390 1
A= [0.6086 0]  B= {0.9282} » Bu = H  (42)

C=[1 1],C,=[1 0]

The simulation results given in Fig. 2 compare the
time evolution of the output system y, » (upper-side) and
the control action wug (lower-side) under the two differ-
ent control settings given in Example 1 [20] (dash-dotted
and dashed lines respectively) with our proposed con-
trol scheme (9) (solid-line). A time-varying output delay
1 < dY < 6 has been assumed, together with an input
delay d£ = 5. Fig. 3 depicts the same comparative results
as Fig. 2, but assuming an input delay df = 15.

A time-constant disturbance wy in the form (4) with
A, = I, has been assumed in all the performed simula-
tions, corresponding to the following step signal:

0
W =
T -2

For a fair comparison, the control and observer gains
have been chosen to be the same as in [20]:

0<kE<100

43
k > 100. (43)

K = [-1.297
£ = [1.307

—0.8071] , (44)
—0.4461  0.0875] .

Moreover, the same time-varying output delay pattern for
dg has been used in all the performed simulations.

500 T T L T : ! \
Voo 1mim [20] A=01
4001 N ' === [20] (A=0.8 I
0 o Proposed control (9)
300 "
|'l ¢
200f L=k
100+ ’

0 20 40 60 80 100 120 140 160 180 200
Time (k)

.

1mimi[20] A=01
===[20] (A=08

Proposed control (9)

1 1 Il 1 I 1 1
60 80 100 120 140 160 180 200
Time (k)

Figure 3: Comparative results (Example 1) between two control set-
tings given in [20] (dashed and dash-dotted lines) and the proposed
control (solid line) for di =15and 1 < dkO < 6. Output system y;
(upper-side) and control action uy (lower-side)

5.2. Example 2

Consider the system model (1) (which is a discrete-time
approximate model of the experimental platform used af-
terwards for a given sampling period T ), where the system
matrices are given below:

1 1] ., ., [o
a=lp T omemslom) @

C=Cs=[1 0].

Let Ts = 0.01s. The proposed control and observer
gains K and L, used to perform the simulation, are chosen
such that the matrices A + BK and A — LC are Schur
stable, with their respective eigenvalues {0.98,0.975} and
{0.50,0.96,0.97}:

K=- [50 45] , LT = [0.57 3.62 60] . (46)

Simulation results (controlled output y,; and control
action wuy) are depicted in Fig. 4. The controlled output
corresponds to the pitch angle in degrees, and tracks a ref-
erence consisting of a sequence of steps with an amplitude
of 5°, also depicted in Fig. 4. Moreover, it is assumed a
step disturbance wy with amplitude —2.5V, introduced at
t = 15s The first simulation (dash-dotted line) has been
performed using a conventional state-feedback control with
a ESO without delays (nominal case). The second simu-
lation (dashed line) implements the same control law as
the first simulation, but assuming a randomly generated
time-varying input and output delays: 1 < dko < 17 and
1< dé < 17. The third simulation (solid-line) imple-
ments the proposed control strategy (9) with the same
time-varying delay pattern as the previous simulation, for
a fair comparison.
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Figure 4: Simulation results (Example 2). Dash-dotted line: state-
feedback with ESO (nominal response with no delays), dashed line:
state-feedback with ESO and time-varying delays : 1 < dko < 17 and
1< di < 17, and solid-line: proposed control scheme (9) with the
same time-varying delay pattern.
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Figure 5: Comparative results (Example 2) using the proposed con-
trol strategy for different sampling periods.

In order to check the closed-loop performance of the
proposed control scheme for greater sampling periods, the
simulations have also been performed assuming T = 0.05s
and Ts = 0.1s with the following input and output delay
intervals: 1 < di <3, 1< dg <4 for Ty, = 0.05s, and 1 <
d{, <1,1< dko < 2 for Ty, = 0.1s. The obtained results
have been compared in Fig. 5 with the case Ty, = 0.01s
and delay intervals 1 < di <17, 1< dg < 17.

5.8.  Discussion of the results:

In light of Fig. 2 and Fig. 3 (Example 1), it can be
seen that the system becomes unstable with the two con-
trol settings given in [20] (dashed and dash-dotted line,

respectively). Indeed, the closed-loop instability is due
to time variations in the output delay dko, which are not
considered in [20]. However, the closed-loop control sys-
tem is stabilized with the proposed control strategy (solid
line) because such variations are properly counteracted by
the implemented gain-scheduled approach. Furthermore,
the steady-state error in the controlled output y, ; coming
from the disturbance wy, in (43) is cancelled, despite the
presence of time-varying delays (upper side of Fig. 2 and
Fig. 3).

On the other hand, Theorem 3 confirms that the closed-
loop system is guaranteed to be stable for any arbitrarily
fast time-varying output delays 1 < dko < 3 for dl = 5,
and 1 < dg < 2 for di = 15, respectively. Notice that
the maximum time delay intervals obtained by Theorem 3
are smaller than the obtained by simulation in both cases.
This fact reveals that maximum allowable delay intervals
obtained by applying Theorem 3 are more conservative,
since the LMIs (33) are only sufficient conditions, that is
to say, the most unfavorable time-varying delay pattern
(worst-case) is taken into account in our analysis.

In Example 2, both time-varying delay intervals (1 <
di <17, 1 < dg < 17) have been chosen to force the
closed-loop system to the limit of stability using a con-
ventional state-feedback control with ESO considering a
sampling period Ty = 0.01s. Indeed, it can be seen in
Fig. 4 that the system is almost unstable (dashed line).
Nevertheless, by comparing the nominal delay-free time-
response (dash-dotted line) to the obtained one with the
proposed control strategy under the same time-varying de-
lays di, dko (solid line), it can be seen that closed-loop per-
formance is almost recovered. On the other hand, it is
proved by Theorem 3 that the stability of the closed-loop
control system is guaranteed for any arbitrarily fast time-
varying delay satisfying 1 < di <b5and 1 < dg <7
respectively. Notice again that the maximum time delay
intervals obtained by Theorem 3 are smaller than the ones
obtained by simulation, such as expected from the same
arguments already given in Example 1. Moreover, the pro-
posed control strategy is shown to stabilize the system for
greater sampling periods in Fig. 5. Nevertheless, it can
be appreciated how the closed-loop response degrades as
long as T is higher, as it could be expected from the fact
that the open-loop system is unstable.

6. Experimental results

The proposed control strategy has been implemented in
the 3-DOF Hover of Quanser (see Fig. 6). It consists of
a quadrotor mounted on a 3-DOF pivot joint so that the
body can freely rotate in roll, pitch, and yaw angles. Our
control strategy has been implemented and executed using
a computer running Linux with a soft real-time patched
kernel, which allows to run the full algorithm with a sam-
pling time Ty = 0.01s. The computer is connected to the
Quanser hardware by means of a data acquisition board.
The angular positions are measured by optical encoders



Figure 6: 3-DOF Hover of Quanser (experimental platform)

with an accuracy of 0.04°, and the control inputs of the
system are the voltages applied to the four motors, which
have an input range of +10V, and present a dead zone
between +0.5V.

The controlled variable represented in the experiments
is the pitch angle, which is denoted as (). Assuming the
yaw and roll angles are zero, the dynamics of 6(¢) can be
approximated by [25]:

0(t) = Kou(t) + w(t), K,=0.1, (47)

where u(t) is the input voltage of the propeller, which is
used to control the pitch axis torque, K, = 0.1 is a con-
stant representing the inertia moment, and w(t) represents
a load disturbance.

The discrete-time system model with sampling period
Ts = 0.01s is the same as Example 2, with system matrices
given in (45). Moreover, the control and observer gains are
given in (46).

In order to experimentally validate the proposed-control
law (9), three simulation have been carried out: (i) the
nominal (delay-free) case with the ESO-based control, (ii)
the ESO-based control with time-varying delays: 1 <
d{ < 11, and 1 < df < 10, and (iii) the proposed con-
trol strategy (9) with the same time-varying delays as in
case (ii).

For a fair comparison between cases (ii) and (iii), the
time-varying delay patterns have been induced by software
in both channels using a fixed seed of the random num-
ber generator for the repeatability of the experiments. In
addition, the delay intervals have been intentionally cho-
sen to lead the closed-loop system with the conventional
ESO-based control to instability (case (ii)). The experi-
ments have been carried out for changes of the set-point
of 5°, and a time-constant disturbance of w(t) = —2.5V
is introduced in t = 47s. The response of the experiments
is shown in Fig. 7, in which the improvement of our pro-
posed strategy can be clearly appreciated: whereas the

<<<<<<<<<< Ref.
— — —ESO (no delays) 7
ESO (delays)
Proposed control (9)(delays) |
e
=
L
£
_l Il Il Il Il Il Il Il
0 10 20 30 40 50 60 70
Time (s)
T T
— — —ESO (no delays)
8 ESO (delays) 7
Proposed control (9)(delays)
=
g
el
Q
&
Iz
g
o

Time (s)

Figure 7: Experimental results. Pitch response and the control ac-
tion. A video clip of this experiment is available as complementary
material.

ESO-based control strategy is unstable, the proposed al-
gorithm achieves a response very similar to the delay-free
case.

7. Conclusions and Perspectives

In this paper, a novel predictor-feedback control scheme
with a delay-dependent gain-scheduled ESO has been pro-
posed for systems with mismatched disturbances and time-
varying delays in the input and output channels. Dif-
ferently to other similar techniques, the proposed control
scheme is able to counteract variations in time delays by
means of gain-scheduled strategies, while actively compen-
sating the steady-state error due to mismatched distur-
bances in the controlled output. As a result, the closed-
loop poles are kept as the nominal (delay-free) behavior,
improving the closed-loop performance under time-varying
delays. Moreover, a sufficient LMI-based condition has
been given to determine the closed-loop stability for any



arbitrarily fast time-varying delays bounded by given time
delay intervals.

The effectiveness of the proposed control strategy has
been illustrated through comparative simulation results
and tested in open-loop unstable plants. Furthermore, it
has been validated in an experimental real-time test-bed
consisting in a quadrotor platform. However, the applica-
bility of the proposed control scheme is limited to the case
of unknown but measurable time-varying delays. There-
fore, an appealing extension of this work could be to ana-
lyze the robustness of the proposed control scheme against
uncertainties on time delay measurements.
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