Appendix A

Proofs

A.1 Chapter 4
A.1.1 Proof of Theorem 4.2
The forward difference of the Lyapunov function (4.10) for (4.25) is
ΔV (k) = x T (k + 1)Px(k + 1) − x T (k)Px(k)
= (AK x(k) + BKε(k) + w(k))T P (AK x(k) + BKε(k) + w(k)) − x T (k)Px(k)
= −x T (k)Qx(k) + 2ε T (k)(BK)T PAK x(k) + εT (k)(BK)T PBKε(k)
+ 2wT (k)PAK x(k) + 2wT (k)PBKε(k) + wT (k)Pw(k)
≤ −λmin (Q)x(k)2 + 2(BK)T PAK ε(k)x(k) + (BK)T PBKε(k)2
+ 2PBKw(k)ε(k) + 2PAK w(k)x(k) + λmax (P)w(k)2 .

(A.1)
The error and the disturbance are bounded by ε(k) ≤ 2δ and w(k) ≤ wmax .
Thus, the Lyapunov function decreases if (A.1) is negative. This holds whenever

x(k) ≥

σb +


σb2 + 4σa σc
2σa

= σw ,

where σa , σb , σc and σw are defined in (4.27)–(4.30).
The state decreases until it reaches this bound. Let us denote k ∗ the time instant
at which the state enters this region. According to (4.25), the norm of the state at the
next step is, in the worst case:
x(k ∗ + 1) ≤ AK σw + BK2δ + wmax .
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So if the state leaves the region, the Lyapunov function decreases again. Using the
property of the Lyapunov function λmin (P)x2 ≤ x T Px ≤ λmax (P)x2 , the state
x(k) remains bounded by (4.26) ∀k ≥ k ∗ , and this concludes the proof.

A.1.2 Proof of Theorem 4.3
The forward difference of the Lyapunov function (4.42) for (4.41) is
ΔV (k) = ξ T (k + 1)Pξ(k + 1) − ξ T (k)Pξ(k)

T 

= ACL ξ(k) + F(εy (k) + v(k)) P ACL ξ(k) + F(εy (k) + v(k))
− ξ T (k)Pξ(k)
= −ξ T (k)Qξ(k) + 2(εyT (k) + vT (k))F T PACL ξ(k)
+ (εyT (k) + vT (k))F T PF(εy (k) + v(k))
≤ −λmin (Q)ξ(k)2 + 2F T PACL εy (k) + v(k)ξ(k)
+ F T PFεy (k) + v(k)2 .

(A.2)

The right-hand side of (A.2) is an algebraic second-order equation in ξ(k) such
that the Lyapunov function decreases whenever
ξ(k) ≥ σξ εy (k) + v(k),
where σξ is given in (4.44).
Because the error εy is bounded by 2δy and the noise by vmax , ΔV < 0 in the
region ξ(k) > σξ (2δy +vmax ). Thus, the state decreases until it reaches this region.
If we denote by k ∗ the time instant at which the state enters this region and according
to (4.41), it follows that
ξ(k ∗ + 1) ≤ (σξ ACL  + F)(2δy + vmax ).
Then the state can leave the region so the Lyapunov function decreases again. If the
inequalities λmin (P)ξ 2 ≤ ξ T Pξ ≤ λmax (P)ξ 2 are used, it is straightforward to
see that the state ξ(k) remains bounded by (4.43) ∀k ≥ k ∗ , and this concludes the
proof.
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A.2 Chapter 5
A.2.1 Proof of Proposition 5.2
Consider, first, the system without disturbances (w(k) ≡ 0). The forward difference
can be calculated as
ΔV (k) = x T (k + 1)Px(k + 1) − x T (k)Px(k)
+ x T (k)Z1 x(k) − x T (k − τmax )Z1 x(k − τmax )
+ x T (k)Z2 x(k) − x T (k − τmin )Z2 x(k − τmin )
k−1


2
+ τmax
Δx T (k)Z3 Δx(k) − τmax

Δx T ( j)Z3 Δx( j)

j=k−τmax

+ Δτ 2 Δx T (k)Z4 Δx(k) − Δτ

k−τ
min −1


Δx T ( j)Z4 Δx( j),

j=k−τmax

where Δτ = τmax − τmin . The summations can be divided into two parts as follows:
k−1


−

Δx T ( j)Z3 Δx( j) = −

j=k−τmax

k−τ
(k)−1

Δx T ( j)Z3 Δx( j)

j=k−τmax
k−1


−

Δx T ( j)Z3 Δx( j),

j=k−τ (k)

−

k−τ
min −1


Δx T ( j)Z4 Δx( j) = −

j=k−τmax

k−τ
(k)−1

Δx T ( j)Z4 Δx( j)

j=k−τmax

−

k−τ
min −1


Δx T ( j)Z4 Δx( j).

j=k−τ (k)

The resulting terms can be bounded using the Jensen inequality:

−τmax

k−τ
(k)−1
j=k−τmax

−τmax

k−1

j=k−τ (k)

⎡
Δx T ( j)Z3 Δx( j) ≤ − ⎣
⎡
Δx T ( j)Z3 Δx( j) ≤ − ⎣

k−τ
(k)−1
j=k−τmax
k−1

j=k−τ (k)

⎤T

⎡

Δx( j)⎦ Z3 ⎣
⎤T

⎡

Δx( j)⎦ Z3 ⎣

k−τ
(k)−1
j=k−τmax
k−1

j=k−τ (k)

⎤
Δx( j)⎦ ,
⎤
Δx( j)⎦ ,
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k−τ
(k)−1

⎡
Δx T ( j)Z4 Δx( j) ≤ − ⎣

j=k−τmax

−Δτ

k−1


⎡
Δx T ( j)Z4 Δx( j) ≤ − ⎣

j=k−τ (k)

k−τ
(k)−1
j=k−τmax
k−τ
min −1


⎤T

⎡

Δx( j)⎦ Z4 ⎣
⎤T

⎡

Δx( j)⎦ Z4 ⎣

j=k−τ (k)

k−τ
(k)−1

⎤
Δx( j)⎦ ,

j=k−τmax
k−τ
min −1


⎤
Δx( j)⎦ .

j=k−τ (k)

Since the augmented state vector has been defined as ξ T (k) = [x T (k) x T (k −
τ (k)) x T (k − τmin ) x T (k − τmax )], the forward difference of the functional can be
written as
2
Z3 + Δτ 2 Z4 )(Ã − Ĩ) ξ(k), (A.3)
ΔV (k) = ξ T (k) M + ÃT PÃ + (Ã − Ĩ)T (τmax

satisfying Assumption 5.2. for w ≡ 0.
Consider now the case with disturbances. Including w(k) into the augmented state
vector, the forward difference (A.3) can be written now as




M0
ÃT
+
P Ã Bw
∗ 0
BwT



ξ(k)
(Ã − Ĩ)T
2
2
+
(τ
Z
+
Δτ
Z
)
.
Ã
Ĩ)
(
−
B
4
w
max 3
w(k)
BwT

ξ(k)
ΔV (k) =
w(k)

T

(A.4)

Now some null terms are added to the forward difference:
T
T
ΔV (k) = ΔV (k) + z∞
(k)z∞ (k) − γ 2 wT (k)w(k) + γ 2 wT (k)w(k) − z∞
(k)z∞ (k).

The first two terms are included in the quadratic product (A.4) taking into account
T (k)z (k) = ξ T (k)C̃ T C̃ ξ(k), where C̃ = [C
that z∞
∞
∞
∞ D∞ K 0 0]. Thus,
∞ ∞


T C̃


0
M + C̃∞
ÃT
∞
+
P Ã Bw
2
∗
−γ I
BwT



ξ(k)
(Ã − Ĩ)T
2
2
+
(τmax Z3 + Δτ Z4 ) (Ã − Ĩ) Bw
w(k)
BwT

ξ(k)
ΔV (k) =
w(k)

T

T
(k)z∞ (k).
+ γ 2 wT (k)w(k) − z∞
(A.5)

Equation (A.5) has the same structure as (5.10), so the proposed functional satisfies
all the conditions given in Assumption 5.2.
Finally, matrix Ψ can be obtained after some careful mathematical manipulations.

Appendix A: Proofs

297

A.3 Chapter 7
A.3.1 Proof of Theorem 7.1
The analytical solution of (7.22) is
(AK +Δ)t

x(t) = e

t
x(0) +

e(AK +Δ)(t−s) BKε(s)ds.

(A.6)

0

From Assumption 7.1, the matrix AK is diagonalizable and
eAK t  ≤ κ(V )e−|αmax (AK )|t .
Thus, (7.10) can be used to bound e(AK +Δ)t as
e(AK +Δ)t  ≤ κ(V )e−(|αmax (AK )|−κ(V )Δ)t .
Note that the exponent is negative since |αmax (AK )| − κ(V )Δ > 0 from Assumption 7.2. Let us denote αΔ = |αmax (AK )| − κ(V )Δ.
Consequently, the state can be bounded by
⎛
x(t) ≤ κ(V ) ⎝e−αΔ t x(0) +

t

⎞
e−αΔ (t−s) BKε(s)ds⎠ .

0

The overall system error is bounded by
ε(t) ≤





Na δ0 + δ1 e−βt .

This yields
⎛
x(t) ≤ κ(V ) ⎝e−αΔ t x(0) +

t 

⎞
Na e−αΔ (t−s) BK(δ0 + δ1 e−βs )⎠

0

√

BK Na δ0 
−αΔ t
= κ(V ) e
1 − e−λΔ t
x(0) +
αΔ
√


BK Na δ1  −βt
e
− e−αΔ t ,
+
αΔ − β


which by reordering terms and restoring αΔ = |αmax (AK )| − κ(V )Δ yield (7.28),
proving the first part of the theorem. Note that the previous expression can be upper
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bounded by
x(t) ≤ κ(V ) x(0)e−αΔ t +

√
BK Na δ0
αΔ

+

√
BK Na δ1 −βt
αΔ −α e

,

(A.7)

by omitting the negative terms.
We next show that broadcasting period is lower bounded. If t ∗ refers to the last
∗
−βt ∗ < 0.
event time occurrence, εi (t ∗ ) = 0, and Fe,i
 t(t ) = −δ0 − tδ1 e
Because ε̇i (t) = −ẋi (t) and εi (t) ≤ t ∗ ẋi (t) ≤ t ∗ ẋ(t) hold, and from
(7.22) we derive

∗
ẋ(t) ≤ AK + Δx(t) + BK Na δ0 + δ1 e−βt .
If the last event occurred at time t ∗ > 0
t
εi (t) ≤

t
ẋ(t) ≤

t∗

(AK + Δx(s) + BKε(s)) ds,
t∗

and x(t) ≤ x(t ∗ ) holds in (A.7). Thus, defining the following constants:
k1 = κ(V )AK + Δx(0)



κ(V )AK + Δ
+1
k2 = BK Na δ1
αΔ − β



κ(V )AK + Δ
k3 = BK Na δ0
+1 ,
αΔ
the error can be bounded as
t
εi (t) ≤

(k1 + k2 + k3 )ds = (k1 + k2 + k3 )(t − t ∗ ).

t∗

The next event will not be triggered before εi (t) = δ0 + δ1 e−βt ≥ δ0 . Thus a lower
bound on the inter-events time is given by
Tmin =
which is a positive quantity.

δ0
,
k1 + k2 + k3

(A.8)

Appendix A: Proofs

299

A.3.2 Pure Exponential Functions
Let us consider the case when δ = 0 and, for simplicity, Δ = 0. The error is
bounded by εi (t) ≤ δ1 e−βt , and so the error goes to zero when times goes to
infinity. The state bound (A.7) can be particularized for pure exponential trigger
functions as follows:
x(t) ≤ κ(V ) x(0)e−|αmax (AK )|t +

√
BK Na δ1 −βt
|αmax (AK )|−β e

.

(A.9)

In order to prove that the Zeno behavior is excluded, we consider that the error εi (t)
is upper bounded by
∗

εi (t) ≤ k1 e−|αmax (AK )|t + k2 e−βt

∗

T.

Note that k3 = 0 since δ0 = 0.
The next event is not triggered before εi (t) = δ1 e−βt . Thus, a lower bound on
the inter-event intervals is given by
k1 (β−|αmax (AK )|)t ∗
δ1 e

+

k2
δ1

T = e−βT .

(A.10)

The right-hand side of (A.10) is always positive. Moreover, for β < |αmax (AK )| the
left-hand side is strictly positive as well, and the term in brackets is upper bounded
1
and lower bounded by k2 /δ1 , and this yields to a positive value of T for all
by k2δ+k
1
∗
t ≥ 0.

A.3.3 Proof of Theorem 7.2
Let us denote F = AK + Δ. The analytical solution of (7.34) is
x() = F  x(0) +

−1


F −1− j BKε( j).

(A.11)

F −1− j BKε( j).

(A.12)

j=0

This can be bounded as
x() ≤ F  x(0) +

−1

j=0
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Let us assume that Δ j ≈ 0, ∀ j ≥ 2. According to (7.11), F   can be bounded as
F   = (AK + Δ)  ≤ AK  + 

−1


−1− j

ΔAK  + O(Δ2 )

−1− j

ΔAK ,

AK

j

j=0

≈ AK  + 

−1


AK

j

j=0

since Δ2 ≈ 0.
Moreover, as in the continuous time case, we assume that AK is diagonalizable,
and hence, AK = V DV −1 . It also holds that D = |λmax (D)| = |λmax (AK )|, where
λmax (AdK ) is the eigenvalue with the closer magnitude to 1. Thus,
AK  = V D V −1  ≤ κ(V )|λmax (AK )| ,
where κ(V ) = V V −1 .
Similarly, the following bound can be computed for the sum:


−1


−1− j
j
AK
ΔAK 

≤ κ (V )
2

j=0

−1


|λmax (AK )|−1− j Δ|λmax (AK )| j

j=0

= κ (V )|λmax (AK )|−1 Δ.
2

Thus, F   is bounded by


κ(V )Δ
.
F   ≤ κ(V )|λmax (AK )| 1 + 
|λmax (AK )|

(A.13)

If we consider the bound (A.13) in (A.12), it holds that

κ(V )Δ
x(0)
1+
(A.14)
|λmax (AK )|



−1

κ(V )Δ
κ(V )|λmax (AK )|−1− j 1 + ( − 1 − j)
BKε( j) .
+
|λmax (AK )|

x() ≤ κ(V )|λmax (AK )|



j=0

Moreover, from (7.39), the error can be bounded as ε( j) ≤

√
Na (δ0 + δ1 β j ).
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The sum in (A.14) can be computed taking into account that
−1


r −1− j =

j=0

1 − r
1−r

−1


( − 1 − j)r −1− j = r ·



j=0

where r can be |λmax (AK )| or
Thus, it yields that

x() ≤ κ(V )
−

)Δ
+ |λκ(V

max (AK )|


,

β
|λmax (AK )| .

√
BK Na δ0
1−|λmax (AK )|

√
BK Na δ0
1−|λmax (AK )|

1 − r
r −1
−
(1 − r)2
1−r

1+

κ(V )Δ
1−|λmax (AK )|


+ |λmax (AK )| x(0)

√
BK Na δ1
κ(V )Δ
κ(V )Δ
1−|λmax (AK )| − β−|λmax (AK )| 1 + β−|λmax (AK )|
√
√
BK Na δ0
BK Na δ1
x(0) − 1−|λ
−
β−|λmax (AK )|
max (AK )|

1+

√

BK Na δ1
1+
+ β  β−|λ
max (AK )|

κ(V )Δ
β−|λmax (AK )|


.

(A.15)

Defining γ0 , γ1 as in (7.41)–(7.42), it yields to (7.40), which concludes the proof.

A.3.4 Proof of Lemma 7.4
¯

Assume that the last broadcasting event on the subsystem i occurred at t = tkNi ,
meaning that its own events and the neighbors’ are included. If this last event does not
¯

¯

Ni
there
yield a control update it means that εu,i (tkNi ) < δu . Assume that at t = tk+1
¯
is a new broadcast in Ni which triggers a control event. There are two possibilities:

• The subsystem i triggers the event. Thus,
¯

¯

¯

¯

Ni
Ni
εu,i tk+1
 = εu,i tkNi + ui tkNi − ui tk+1

N̄i
= εu,i tkN̄i + Ki xb,i tkN̄i − xb,i tk+1
¯



¯

¯

Ni
≤ εu,i tkNi  + Ki xb,i tkNi − xb,i tk+1
,

that is upper bounded by
N¯i
εu,i tk+1



N¯

−βtk+1i

 ≤ δu + Ki  δx,0 + δx,1 e


.
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• The event has been triggered for any neighbor j ∈ Ni , it yields
¯

¯

¯

¯

Ni
Ni
 = εu,i tkNi + Lij xb, j tkNi − xb, j tk+1
εu,i tk+1


N¯i
≤ δu + Lij  δx,0 + δx,1 e−βtk+1 .



Since this holds for all t, and if the worst case is considered, it yields (7.52).
Moreover, from (7.49), it follows that


 Na
 Na




2 (t) ≤ N (max{δ̄ (t)})2 ,
2
εu (t) ≤
εu,i  (t) ≤ 
δ̄u,i
a
u,i
i=1

i=1

which is equivalent to (7.53).

A.3.5 Proof of Theorem 7.3
The state of the system at any time is given by
(AK +Δ)t

x(t) = e


x(0) +

t

e(AK +Δ)(t−s) (BKεx (s) + Bεu (s))ds.

0

√
The error εx is bounded by Na (δx,0 + δx,1 e−βt ) and the bound on εu is derived in
Lemma 7.4. Moreover, as already proved, it holds that
e(AK +Δ)t  ≤ κ(V )e−(|αmax (AK )|−κ(V )Δ)t .
With these considerations, the bound on x(t) can be calculated following the used
methodology in the previous proofs to derive (7.55), showing that the system is
globally ultimately bounded. Furthermore, (7.55) is upper bounded by
x(t) ≤ σ1 + κ(V )x(0)e−(|αmax (AK )|−κ(V )Δ)t + σ2 e−βt ,

(A.16)

if the negative terms are omitted.
The Zeno behavior exclusion in the broadcasting and, as a consequence, in the
control update, can also be proved similar to the previous results. Note that in the
inter-event times ε̇i (t) ≤ ẋi (t) ≤ ẋ(t), and ẋ(t) can be bounded according
to (7.50). Thus,

εi (t) ≤

t

t∗

(AK + Δx(s) + BKεx (s) + Bεu (s))ds.
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If x(t) is bounded according to (A.16), and the corresponding bounds on εx and εu
are considered, it leads to the following lower bound for the inter-event time
Tx,min =

γ1 +

√

δx,0
,
Na (γ2 + γ3 + γ4 )

where
γ1 = κ(V )x(0)AK + Δ


γ2 = (BK + Bμ(K)max )δx,0 1 +

γ3 = (BK + Bμ(K)max )δx,1 1 +


κ(V )AK +Δ
.
γ4 = Bδu 1 +

κ(V )AK +Δ



|αmax (AK )|−κ(V )Δ
κ(V )AK +Δ



|αmax (AK )|−κ(V )Δ−β

|αmax (AK )|−κ(V )Δ

A.3.6 Proof of Theorem 7.4
T , . . . , xT
T
Define the overall system state estimation as xm = (xm,1
m,Na ) . Let us prove
that the bound for the inter-events time is larger in the model-based approach.
∗
 t If the last event occurred at t , the error in the inter-event time is εi (t) ≤
t ∗ ε̇i (s)ds. In this interval, it also holds that

ε̇i (t) = ẋm,i (t) − ẋi (t) ≤ ẋm (t) − ẋ(t).
Observe that
ẋm (t) − ẋ(t) = AmK xm (t) − ((AK + Δ)x(t) + BKε(t))
= (δAK − Δ)x(t) + (AmK − BK)ε(t).
Then
ε̇i (t) ≤ δAK − Δx(t) + AmK − BKε(t)

≤ δAK − Δx(t) + AmK − BK Na (δ0 + δ1 e−βt ).

(A.17)

∗

Assume that δ0 , δ1 = 0. It holds that δ0 + δ1 e−βt ≤ δ0 + δ1 e−βt . As already stated,
the bound on the state of Theorem 7.1 holds, and can be upper bounded as
x(t) ≤ κ(V ) x(0)e−αΔ t +

√
BK Na δ0
αΔ

+

√
BK Na δ1 −βt
e
αΔ −β

.
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Moreover, it holds that δAK − Δ ≤ δAK  + Δ. Thus, the error
t
∗
εi (t) ≤ ε̇(s)ds ≤ (δAK  + Δ)κ(V ) x(0)e−αΔ t +
t∗

√

Na δ1 −βt
+ BK
e
αΔ −β

∗

√
BK Na δ0
αΔ


∗
+ AmK − BK Na δ0 + δ1 e−βt

(t − t ∗ ).
(A.18)

It follows that εi (t) ≤ (km,1 + km,2 + km,3 )(t − t ∗ ), where
km,1 = κ(V )x(0)(δAK  + Δ)


Na δ1

− BK
Na δ0 .

km,2 =

κ(V )(δAK +Δ)BK
αΔ −β

+ AmK − BK

km,3 =

κ(V )(AmK +Δ)BK
αΔ

+ AmK

(A.19)

The next event will not occur before εi (t) = δ0 + δ1 e−βt ≥ δ0 . This condition
gives a lower bound for the broadcasting period
Tm,min =

δ0
,
km,1 + km,2 + km,3

(A.20)

that is larger than the lower bound in (7.29) if km,1 + km,2 + km,3 < k1 + k2 + k3 ,
which is equivalent to

(AmK − BK−BK) Na (δ0 + δ1 ) < (AK + Δ − δAK  − Δ) x(0)
√

+ BKαΔNa δ0 +

√
BK Na δ1
αΔ −β

.

After some manipulations
√
x(0) +

Na (δ0 + δ1 )
√
√
BK Na δ0
BK Na δ1
+
αΔ
αΔ −β

< κ(V )

AK + Δ − δAK  − Δ
. (A.21)
AmK − BK − BK

The denominator on the right-hand side can be bounded as
AmK − BK − BK ≤ AmK  + BK − BK = AmK .
Then if Assumption 7.5 holds, (A.21) is fulfilled. Thus, the lower bound for the
broadcasting period is larger for the model-based approach.
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A.4 Chapter 9
A.4.1 Proof of Proposition 9.2
The dynamics of a single node is given by (9.6):
x̂i (k + 1) = (A + BK)x̂i (k) + Mi (yi (k) − Ci x̂i (k)) +



Nij (x̂ j (k) − x̂i (k)).

j∈Ni

And the observation error at instant k + 1 can be obtained using Proposition 9.1:
ei (k + 1) = x(k + 1) − x̂i (k + 1)
p

Bi Ki ei (k) − (A + BK)x̂i (k) − Mi (yi (k)
= (A + BK)x(k) −
−Ci x̂i (k)) −



i=1

Nij (x̂ j (k) − x̂i (k)).

(A.22)

j∈Ni

We can write ei (k + 1) = (tr1) − (tr2), where (tr1) are the terms of (A.22) which
do not depend on the neighbors and (tr2) are the others. Consider first the terms
(tr1).
(tr1) = (A + BK)ei (k) − Mi Ci ei (k) −

p


Bi Ki ei (k)

i=1

= (A − Mi Ci + BK)ei (k) −

p


Bi Ki ei (k).

(A.23)

i=1

Consider now (tr2):
(tr2) =



Nij (x̂ j (k) − x̂i (k))

j∈Ni

=



Nij (ei (k) − e j (k)).

(A.24)

j∈Ni

Using Eqs. (A.23)–(A.24) the observation error at instant k + 1 can be written as
ei (k + 1) = (A − Mi Ci ) ei (k) + BKei (k) −

p

i=1

Bi Ki ei (k) −



Nij (ei (k) − e j (k)).

j∈Ni



Finally, since the error vector was defined as eT (k) = eT1 (k) . . . eTp (k) , it is
immediate that the dynamics of e(k) is (9.12). The proof is completed.
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A.5 Chapter 10
A.5.1 Proof of Theorem 10.1
In order to prove the theorem, let us assume that Assumption 10.1 holds.
The analysis will derive an upper bound for the delay which preserves this assumption. The error in the time interval [tki , tki + τki ) is given by
εi (tki + τki ) − εi (tki ) = xi (tki ) − xi (tki + τki ),
since the broadcast state xb,i is not updated in any agent before the time instance
i )
tki + τki according to the WfA protocol, so that xb,i (tki + τki ) = xb,i (tki ) = xi (tk−1
holds. This yields
εi (tki + τki ) − εi (tki ) = I − eAK,i τk xi (tki )
⎛
⎞
 τi

k
eAK,i s ⎝Bi Ki εi (s) + Bi
Lij ε j (s)⎠ ds,
+
i

0

j∈Ni

based on which the upper bound for the delay τki can be derived as
i
τmax,k


i
= arg min  I − eAK,i τk xi (tki )
τki ≥0



τki

+





eAK,i s Bi Ki εi (s) + Bi
Lij ε j (s) ds = δ .

0

j∈Ni

Note that this bound depends on xi (tki ). In order to guarantee the existence of the
bound for the delay, we need to find an upper bound of the state for any tki . The state
t

at any time is given by xi (t) = eAK,i t xi (0) + 0 eAK,i (t−s) Bi Ki εi (s) + Bi j∈Ni
Lij ε j (s) ds. The error is bounded by εi (t) < 2δ, ∀i by Proposition 10.1. Thus, a
bound on xi (t) can be calculated following the methodology of Chap. 8 as (10.5).
Note that (10.5) is upper bounded by

xi (t) ≤ κ(Vi )

Bi Ki 2δ + (



j∈Ni

Bi Lij )2δ

|αmax (AK,i )|

+ xi (0) , ∀t,

if the negative terms are omitted, and using that e−|λmax (AK,i )|t ≤ 1, ∀t ≥ 0.

(A.25)
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In order to derive an upper bound for the delay for any t, we recall that


ε̇i (t) = −AK,i xi (t) − Bi Ki εi (t) −

Bi Lij ε j (t)

j∈Ni
i
i , t i + τ i ) for any two consecutive events t i , t i ,
+ τk−1
holds in the interval t ∈ [tk−1
k
k
k−1 k
i
i , t i + τ i ).
+ τk−1
and, in particular, it holds in the subinterval [tki , tki + τki ) ⊂ [tk−1
k
k
Hence, ε̇i (t) can be bounded as

ε̇i (t) = AK,i xi (t) + Bi Ki εi (t) +



Bi Lij ε j (t)

j∈Ni

≤ AK,i xi (t) + Bi Ki εi (t) +



Bi Lij ε j (t).

(A.26)

j∈Ni

The state xi (t) can be bounded according to (A.25), and for the error it holds that
εi (t) < 2δ (see Proposition 10.1). Thus, (A.26) can be integrated straightforward
in the interval [tki , tki + τki ), and it yields
εi (tki + τki ) − εi (tki )


≤ AK,i κ(Vi ) xi (0) +

i





+ (Bi Ki +



(Bi Ki + j∈N Bi Lij )2δ

j∈Ni

|αmax (AK,i )|

Bi Lij )2δ τki .

Thus, the delay bound (10.5) for agent i ensures that Assumption 10.1 is not violated,
and this concludes the proof.

A.5.2 Proof of Corollary 10.1
Assuming that an event was triggered at time tki . The accumulated error after npi
consecutive packet losses and a transmission delay τki ≤ τ̄ i is
!

i
εi tki + TW
− εi tki

i
i
+ εi tki + 2TW
− εi tki + TW
"#

+ ···
$

npi times
i
i
+ εi tki + npi TW
+ τki − εi tki + npi TW
i
= εi tki + npi TW
+ τki − εi tki .

(A.27)
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i + τ i ≤ ni T i + τ̄ i = (ni + 1)τ̄ i = τ i , and τ i
Since npi TW
p W
p
max
max is also the minimum
k
i
i + τ i ) − ε (t i ) < δ.
i
inter-event time for the system, this implies that εi (tk + np TW
i k
k
Hence, εi (t) < 2δ holds and so does the bound (10.6).

A.5.3 Proof of Theorem 10.2
According to the UwR protocol, εi (t) ≤ δ holds and εi (t) = εij (t), in general.
ij
However, as Assumption 10.1, εij (tk ) − εi (tki ) < δ yields εij (t) < 2δ.
Thus, a bound on the state can be derived from (10.9) in a similar way as in
Theorem 10.1 and (10.12) holds. The proof of the first part of the theorem can be
ij
obtained by following the proof of Theorem 10.1, since in the interval [tki , tk ) the
state information xb,ij remains constant in the agent j, so that ε̇ij (t) = −ẋi (t) holds.
ij
If the error εij (t) is integrated in the interval [tki , tk ) considering that the state is
bounded by (10.12), and that the error is bounded as discussed above, then (10.11)
is derived. Finally, (10.10) can be derived as in Corollary 10.1.
A.5.3.1 Proof of Proposition 10.2
Assume that the last event occurred at time tki and that the maximum transmission
delay to its neighbors is τki . From Assumption 10.1, it follows that



tki +τki
tki

ε̇i (s)ds = εi tki + τki − εi tki  < δ1 e−β



tki +τki



,

(A.28)

has to be satisfied (see (10.13)) because no event is generated in the time interval
 
i ). Since an event has occurred at time t i , ε t i  = δ e−βtki holds and, thus
[tki , tk+1
i k
1
k
εi tki + τ̄ki  < δ1 e−βtk + δ1 e−β
i



tki +τki



= δ1 1 + eβτk e−β
i



tki +τki



,

must hold. Because this result is valid for any time t and eβτk < eβτmax , ∀τki < τmax ,
it follows that:
εi (t) < δ1 (1 + eβτmax )e−βt .
i

A.5.4 Proof of Theorem 10.3
The state at any time is given as

xi (t) = eAK,i t xi (0) +
0

⎛
t

eAK,i (t−s) ⎝Bi Ki εi (s) + Bi


j∈Ni

⎞
Lij ε j (s)⎠ ds.
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According to Proposition 10.2, the error is bounded by εi (t) < δ1 (1 + eβτmax )e−βt .
Thus, a bound on xi (t) can be calculated following the methodology of Chap. 8 as

xi (t) ≤ κ(Vi )

μi δ1 (1+eβτmax )e−βt
|αmax (AK,i )|−β



μi δ1 (1+eβτmax )e−βt
,
+ e−|αmax (AK,i )|t xi (0) −
|αmax (AK,i )|−β

which proves the second part of the theorem.
Note that (10.18) can be upper bounded as

xi (t) ≤ κ(Vi )

μi δ1 (1+eβτmax )e−βt
|αmax (AK,i )|−β


+ e−|αmax (AK,i )|t xi (0) .

(A.29)

i
i , t i + τ i ) it holds that
Moreover, in the interval t ∈ [tk−1
+ τk−1
k
k

ε̇i (t) = −AK,i xi (t) − Bi Ki εi (t) −



Bi Lij ε j (t),

j∈Ni

and this is particularly true in the subinterval [tki , tki + τki ). Thus
ε̇i (t) = AK,i xi (t) + Bi Ki εi (t) +



Bi Lij ε j (t)

j∈Ni

≤ AK,i xi (t) + Bi Ki εi (t) +



Bi Lij ε j (t).

j∈Ni

Therefore, integrating the error in the interval [tki , tki + τ̄ki ) and noting that xi (t) ≤
xi (tki ) in (A.29) in this interval



−βt i
i
μi δ1 (1+eβτmax )e k
εi (tki + τki ) − εi (tki ) ≤ AK,i κ(Vi )
+ e−|αmax (AK,i )|tk xi (0)
|αmax (AK,i )|−β

i
+ μi δ1 1 + eβτmax e−βtk τki .

Denote k1,i = AK,i κ(Vi )xi (0) and k2,i = (AK,i κ(Vi ) |αmax (A1K,i )|−β + 1)μi δ1 .
From (A.28) in Preposition 10.2, it follows that the upper bound on the delay satisfies

i


i
i
i
k1,i e−|αmax (AK,i )|tk + k2,i 1 + eβτmax e−βtk τki = δ1 e−β tk +τk .

It yields that
k1,i −(|αmax (AK,i )|−β)t i
k
δ1 e

+

k2,i
δ1



i
1 + eβτmax τki = e−βτk .
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The right-hand side is always positive and takes values in the interval [0, 1). The lefthand side is also positive and its image is [0, +∞). Hence, there is a positive solution
for the upper bound on the delay. Moreover, the left-hand side is upper bounded by
k
k
( δ2,i1 + δ2,i1 (1 + eβτmax ))τ̄ki for β < |αmax (AK,i )|. Hence, the most conservative bound
on the delay τmax is given as
i
, i = 1, . . . , Na },
τmax = min{τmax
i
are the solutions of
where τmax
k1,i
δ1

1 + eβτmax
i

k2,i
δ1

+

i
τmax
= e−βτmax .
i

A.5.5 Proof of Theorem 10.4
The state at any time is given as

xi (t) = eAK,i t xi (0) +

⎛
t

eAK,i (t−s) ⎝Bi Ki εi (s) + Bi

0



⎞
Lij ε ji (s)⎠ ds.

j∈Ni

Under the UwR protocol, it holds that εi (t) ≤ δ1 e−βt , and ε ji (t) < δ1 (1 +
eβτmax )e−βt . Hence, following the same steps as in the proof of Theorem 10.3, it
yields

xi (t) ≤ κ(Vi )

μ̄i (τmax )δ1 e−βt
|αmax (AK,i )|−β

where μ̄i (τmax ) = Bi Ki  +
ij


+ e−|αmax (AK,i )|t xi (0) −


j∈Ni

μ̄i (τmax )δ1 e−βt
|αmax (AK,i )|−β


,

Bi Lij (1 + eβτmax ).

In the interval [tki , tk ), ε̇i j (t) = −ẋi (t) holds. Thus, it can be derived easily that


i
i
ij
ij
εi j (tk ) − εi j (tki ) ≤ k1,i e−|αmax (AK,i )|tk + k2,i + k3,i (1 + eβτmax ) e−βtk τk ,
k1,i , k2,i and k3,i defined in (10.21)–(10.23).
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ij

According to Proposition 10.2, εi j (tk ) − εi j (tki ) < δ1 e−βtk . And the upper bound
i
on the delay is the minimum value of τmax
which solves
ij

k1,i
δ1

+

k2,i
δ1

i 
k3,i 
βτmax
δ1 1 + e

+

i
τmax
= e−βτmax .
i

A.5.6 Proof of Theorem 10.5
From 10.31, the state at any time is given as
(AK +Δ)t

x(t) = e



t

x(0) +

→
e(AK +Δ)(t−s) M−
ε (s)ds.

0

→
According to Proposition 10.3, the error −
ε (s) is bounded by δ̄. Moreover, since AK
(A
+Δ)t
is diagonalizable, e K
can be bounded using (7.10). Thus, it follows that
x(t) ≤ κ(V ) x(0)e−(|αmax (AK )|−κ(V )Δ)t


δ̄
−(|αmax (AK )|−κ(V )Δ)t
+ |αmax (AKM
.
)|−κ(V )Δ 1 − e
Reordering terms and noting that M is bounded by μmax because is a block diagonal
matrix, it falls out (10.34).
The upper bound on the delay can be derived easily noting that if the last event
occurred at t = tki , it holds that
ij
εi j (tk ) − εij (tki )


≤

tki



ij

tk

ε̇i j (s)ds ≤

tki



ij

tk

ẋi (s)ds ≤

ij

tk
tki

ẋ(s)ds,

since xb,i j remain constant in the interval and ẋi (s) ≤ ẋ(s).
→
ε (s), it yields
Because ẋ(s) ≤ AK + Δx(s) + M−
ij

εij (tk )−εij (tki ) ≤ AK + Δκ(V ) x(0)+
Mδ̄
|αmax (AK )|−κ(V )Δ

ij

+ Mδ̄ (tk − tki ).

According to Assumption 10.1, no event occurs before the broadcast state is sucij
cessfully received and, therefore the increase of the error in the interval [tki , tk ) is
bounded by δ, giving the upper bound on the delay (10.33).
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A.6 Chapter 11
A.6.1 Proof of Theorem 11.1
Choose the following Lyapunov–Krasovskii functional:
k−1


V (k) = eT (k)Pe(k) +

eT (i)Z1 e(i)

i=k−τmax

+ l × τmax

0


k−1


ΔeT (i)Z2 Δe(i),

(A.30)

j=−τmax +1 i=k+ j−1

where Δe(k) = e(k + 1) − e(k). Note that the third term is included l times, one for
each communication link. The forward difference can be calculated as
ΔV (k) = eT (k + 1)Pe(k + 1) − eT (k)Pe(k) +
eT (k)Z1 e(k) − eT (k − τmax )Z1 e(k − τmax ) +
2
l × τmax
ΔeT (k)Z2 Δe(k) − l × τmax

k−1


ΔeT ( j)Z2 Δe( j)

j=k−τmax


 e(k)
+
P Φ(M ) Λ(N )
d(k)
ΛT (N )
 T
 Z1 − P 0
e(k)
+
e (k) eT (k − τmax )
0 −Z1
e(k − τmax )



= eT (k) d T (k)

Φ T (M )

2
l × τmax
ΔeT (k)Z2 Δe(k) − l × τmax

k−1


ΔeT ( j)Z2 Δe( j).

j=k−τmax

Defining the augmented state vector
⎡

⎤
e(k)
⎢ e(k − τ1 (k)) ⎥ ⎡
⎤
⎢
⎥
e(k)
⎢ e(k − τ2 (k)) ⎥
⎢
⎥ ⎣
⎦,
d(k)
ξ(k) = ⎢
⎥=
..
⎢
⎥
.
e(k − τmax )
⎢
⎥
⎣ e(k − τl (k)) ⎦
e(k − τmax )
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the forward difference of the Lyapunov–Krasovskii functional can be written using
the following quadratic form:
⎤ ⎡ T
⎤
Φ (M )
Z1 − P 0 0


ΔV (k) = ξ T (k) ⎝⎣ ∗ 0 0 ⎦ + ⎣ ΛT (N ) ⎦ P Φ(M ) Λ(N ) 0
∗ ∗ −Z1
0
⎞
⎡ T
⎤
Φ (M ) − I


2 ⎣
+ l × τmax
ΛT (M ) ⎦ Z2 (Φ(M ) − I) Λ(M ) 0 ⎠ ξ(k)
0
⎛⎡

−l × τmax

k−1


ΔeT ( j)Z2 Δe( j).

j=k−τmax

In order to take into account the delay of each different communication link
(τr (k), ∀r = 1, . . . , l), we split the last term in the above equation (which appears l
times) into 2 terms, considering the delay in each specific link:
−τmax

k−1


ΔeT ( j)Z2 Δe( j) =

j=k−τmax

− τmax

k−τ
r (k)−1

k−1


j=k−τmax

j=k−τr (k)

ΔeT ( j)Z2 Δe( j) − τmax

ΔeT ( j)Z2 Δe( j).

The resulting terms can be bounded using the Jensen inequality:

−τmax

k−τ
r (k)−1

⎡
ΔeT ( j)Z2 Δe( j) ≤ −⎣

j=k−τmax

−τmax

k−1


k−τ
r (k)−1

⎡

j=k−τmax
k−1


ΔeT ( j)Z2 Δe( j) ≤ −⎣

j=k−τr (k)

j=k−τr (k)

⎤T ⎡
Δe( j)⎦ Z2 ⎣

k−τ
r (k)−1

⎤T ⎡
Δe( j)⎦ Z2 ⎣

⎤
Δe( j)⎦ ,

j=k−τmax
k−1


⎤
Δe( j)⎦ .

j=k−τr (k)

The terms in brackets can be cancelled in pairs, except the first and the last one
in the summatory, yielding:
−τmax

k−τ
r (k)−1

ΔeT ( j)Z2 Δe( j) ≤

j=k−τmax

− [e(k − τr (k)) − e(k − τmax )]T Z2 [e(k − τr (k)) − e(k − τmax )] ,
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k−1


−τmax

ΔeT ( j)Z2 Δe( j) ≤

j=k−τr (k)

− [e(k) − e(k − τr (k))]T Z2 [e(k) − e(k − τr (k))] .
The above terms are also written in the same quadratic manner as
−τmax

k−τ
r (k)−1

ΔeT ( j)Z2 Δe( j) ≤

j=k−τmax



eT (k − τr (k)) eT (k − τmax )
k−1


−τmax

 −Z2 Z2
∗ −Z2

e(k − τr (k))
,
e(k − τmax )

ΔeT ( j)Z2 Δe( j) ≤

j=k−τr (k)



eT (k) eT (k − τr (k))

 −Z2 Z2
∗ −Z2

e(k)
.
e(k − τr (k))

Including all the terms, the forward difference is
ΔV (k) ≤ ξ T (k)L1 ξ(k)
where
⎛⎡

⎤ ⎡ T
⎤
Ξ Θ 0
Φ (M )


L1 = ξ T (k) ⎝⎣ ∗ Υ Θ T ⎦ + ⎣ ΛT (N ) ⎦ P Φ(M ) Λ(N ) 0
∗ ∗ Ω
0
⎞
⎡ T
⎤
Φ (M ) − I


2 ⎣
+ l × τmax
ΛT (M ) ⎦ Z2 (Φ(M ) − I) Λ(M ) 0 ⎠ ξ(k). (A.31)
0
In order to ensure the error convergence to zero, it will be demonstrated that
ΔV (k) < 0 for all ξ(k) = 0 through the negative definiteness of L1 . Applying Schur
complements, one can obtain that the previous matrix is negative definite if and only
if the following holds:
⎡

Ξ
⎢∗
⎢
⎢∗
⎢
⎣∗
∗

Θ
Υ
∗
∗
∗

⎤
0 Φ T (M ) (Φ T (M ) − I)τmax
Θ T ΛT (N )
ΛT (N )τmax ⎥
⎥
⎥ < 0.
Ω
0
0
⎥
⎦
0
∗ −P−1
1 −1
∗
∗
− l Z2
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Finally, pre- and post-multiplying the previous matrix by diag {I, I, I, P, P} and its
transpose, this condition is equivalent to the one stated in Theorem 11.1. Therefore,
the negative definiteness of this matrix is ensured.

A.6.2 Proof of Theorem 11.2
Consider the Lyapunov–Krasovskii functional (A.30). Including the disturbances
due to the asynchronous flow of information, the forward difference takes the form
ΔV (k) ≤ ξ T (k)L1 ξ(k) + 2εT (k)L2 ξ(k) + εT (k)L3 ε(k).
From Theorem 11.1 we can ensure that matrix L1 is negative definite, so there
exists a positive matrix Q such that L1 < −Q. Taking norms, the forward difference
can be bounded as follows:
Q

ΔV (k) ≤ −λmin ξ(k)2∞ + 2 L2 ∞ ε(k)∞ ξ(k)∞ + L3 ∞ ε(k)2∞ .
The triggering condition (11.12) ensures that ε(k)| ≤ δ, in such a way that
Q

ΔV (k) ≤ −λmin ξ(k)2∞ + 2 L2 ∞ ξ(k)∞ δ + L3 ∞ δ 2 .
We are interested in the values of ξ(k) that achieve that ΔV (k) ≤ 0. In order to
find a feasible region, the following second-order equation in ξ(k) can be solved:
Q

−λmin ξ(k)2∞ + 2 L2 ∞ ξ(k)∞ δ + L3 ∞ δ 2 = 0.
By solving the previous
equation, it can be ensured that ΔV (k) ≤ 0 for ξ(k)∞ >

Q

D1 δ, with D1 =

L2 ∞ + L2 2∞ +λmin L3 ∞
Q
λmin

.

x denote the region of the
For a generic vector x and a positive scalar D, let BD
space defined by {x : x∞ ≤ D}. Please note that the above result implies that
ξ
V (k) decreases for every ξ(k) ∈
/ BD1 δ . Hence, it is obvious that there exists a time
ξ

instant k ∗ in which ξ(k ∗ ) enters into the region BD1 δ . The augmented state vector
e .
ξ(k) includes the observation error e(k), so it turns out that e(k ∗ ) ∈ BD
1δ
ξ

As ξ(k ∗ ) ∈ BD1 for any realization of μr (k) ∈ [0, τmax ], r ∈ L , it also holds that
ζ
BD1 .

ζ (k ∗ ) ∈
From instant k ∗ on, the functional is not necessarily decreasing and the augmented
ξ
/ BD1 δ . Using
state may jump outside the region, that is, it may occur that ξ(k ∗ + 1) ∈
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the dynamics of the observation error given in Eq. (11.14), it is possible to bound the
error at instant k ∗ + 1 by
e(k ∗ + 1)∞ < Φ∞ e(k ∗ )∞ + Λ∞ d(k ∗ )∞ + Γ ∞ ε(k ∗ )∞
< (Φ∞ + Λ∞ )D1 + Γ ∞ δ.
e , where D = (Φ + Λ )D + Γ  . This way,
Then e(k ∗ + 1) ∈ BD
2
∞
∞
1
∞
2δ
ξ

ζ

ξ(k ∗ + 1), and hence ζ (k ∗ + 1), may leave the regions BD1 and BD1 , respectively. In
that case, the Lyapunov–Krasovskii functional must be decreasing again, implying
that
∀k > k ∗ + 1, V (k) < max{V (k ∗ + 1)} = max{ζ T (k ∗ + 1)Ψ ζ (k ∗ + 1)}
'
'2
< λΨ max{'ζ (k ∗ + 1)' }
<

max
2
λΨ
max (D2 δ) .

∞

Finally, to get the final bound on e(k) for k > k ∗ + 1, note that all the terms of
the Lyapunov functional involve positive definite matrices, so
2
∗
e(k)T Pe(k) < V (k) < λΨ
max (D2 δ) , ∀k > k + 1.

And using well-known properties, it yields
2
λPmin e(k)2∞ < e(k)T Pe(k) < λΨ
max (D2 δ)
(
λΨ
max
⇒ e(k)∞ <
D2 δ.
λPmin

Appendix B

Dealing with Nonlinear Terms in Matrix
Inequalities

Sometimes, when the control problems are posed as matrix inequalities, it is
inevitable that some nonlinear terms appears, so the existing methods for LMIs
cannot directly be applied. This appendix proposes two different solutions for some
nonlinearities that are very common both in this book and in other approaches based
in Lyapunov–Krasovskii theorem. By means of appropriate transformations and
additional constraints, the nonlinear matrix inequality can be replaced by a problem with linear constraints.
Consider a nonlinear matrix inequality
⎤
f 11 (X1 , . . . , Xm ) · · · f 1k (X1 , . . . , Xm ) · · · f 1p (X1 , . . . , Xm )
..
..
..
⎥
⎢
..
..
⎥
⎢
.
.
.
.
.
⎥
⎢ T
⎢ f (X1 , . . . , Xm ) · · · gkk (X1 , . . . , Xm ) · · · f ip (X1 , . . . , Xm ) ⎥ < 0,
⎥
⎢ 1k
⎥
⎢
..
..
..
..
..
⎦
⎣
.
.
.
.
.
T (X , . . . , X ) · · · f T (X , . . . , X ) · · · f (X , . . . , X )
f 1p
1
m
m
pp 1
m
kp 1
⎡

(B.1)

where f are affine functions on the decision variables X1 , . . . , Xm and g are nonlinear
functions with the following particular structure:
g(X1 , . . . , Xm ) = −Xi X −1
j Xi , i = j.
Note that the nonlinear function appears in the diagonal of the inequality. In the
following sections, two solutions are given to deal with the nonlinearity Xi X −1
j Xi ,
i = j. The first introduces an additional constraint which lets us address the problem
by means of a set of linear matrix inequalities. The second solution employs the
cone complementary algorithm to transform the nonlinear inequality into an iterative
optimization problem with linear constraints. Comparing both solutions, the former
could be more conservative, but it is computationally more efficient, as the number
of constraints and variables is lower.
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Appendix B: Dealing with Nonlinear Terms in Matrix Inequalities

B.1 Direct Constraint
Consider the introduction of the following additional constraint:
1
−Xi X −1
j Xi < − Xi ,
μ
being μ a positive design scalar. Note that previous condition is equivalent to X j <
μXi . Then, the nonlinear constraint in Eq. (B.1) can be replaced by


Υ (X1 , . . . , Xm ) < 0,
X j < μXi

(B.2)

where Υ is the matrix required to be negative definite in (B.1), but substituting the
1
terms g(X1 , . . . , Xm ) = −Xi X −1
j Xi by − μ Xi .
It is worth comparing the proposed method with that introduced in [275] and used
in other papers to handle the same nonlinearity. While in [275] it is directly imposed
X j to be Xi times a given scalar, this method just restricts X j < μXi , which covers
a much wider range of possible solutions in the space of positive definite matrices.
Therefore, it leads to less conservative solutions.

B.2 Cone Complementary Algorithm
Another possibility consists in using the well-known cone complementary algorithm.
The idea is the following: first, the nonlinear inequality can be addressed by solving
an optimization problem with linear constraints. Then, a solution for this problem can
be found with an extended algorithm whose convergence is theoretically ensured.
Following the idea of [184], define a variable T such that
Xi X −1
j Xi ≥ T > 0,
which is equivalent to

)

−T −1 Xi−1
Xi−1 −X −1
j

(B.3)

*
≤ 0.

(B.4)

Now, introducing some new variables,
X̂i = Xi−1 , T̂ = T −1 , X̂ j = X −1
j ,

(B.5)
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Equation (B.4) can be rewritten as
−T̂ X̂i
X̂i −X̂ j

≤ 0.

(B.6)

Now, instead of using the original nonlinear inequality (B.1), consider the following nonlinear minimization problem involving LMI conditions:
Minimize Tr X̂i Xi + X̂ j X j + T̂ T

(B.7)

subject to
⎧
⎨
⎩

−T̂ X̂i
∗ −X̂ j

≤ 0,

Υ (X1 , . . . , Xm ) < 0,
Xi I
Xj I
≥ 0,
≥ 0,
∗ X̂i
∗ X̂ j

T I
∗ T̂

≥ 0,

(B.8)

where Υ is as before the matrix required to be definite negative in (B.1), but substituting Xi X −1
j Xi by T . From Eqs. (B.3), it is immediate that, if Υ < 0, then (B.1)
holds. The minimization problem is introduced to force (B.5). When the LMIs in
the second row of the restrictions (B.8) saturate, the optimum is reached and (B.1)
holds.
In order to solve the aforementioned minimization problem (B.7) the following
algorithm introduced in [64] can be implemented:

1. Set k = 0. Find a feasible solution under the conditions in (B.8):
(X10 , X20 , . . . , Xm0 , T 0 , X̂i0 , X̂ 0j , T̂ 0 )
If there is no solution, exit.
2. Solve the following optimization problem with LMI constraints with decision variables
(X1 , X2 , . . . , Xm , T , X̂i , X̂ j , T̂ )
min Tr X̂ik Xi + Xik X̂i + X̂ kj X j + X kj X̂ j + T̂ k T + T k T̂
subject to LMIs in (B.8)
= X j , X̂ k+1
= X̂ j , T̂ k+1 = T̂ , T k+1 = T .
Set Xik+1 = Xi , X̂ik+1 = X̂i , X k+1
j
j
3. If the condition (B.1) is satisfied, exit. Otherwise, set k = k + 1 and return to Step 2.

The first and second steps of the algorithm are simple LMI problems, and they can
be solved efficiently using an appropriate computational software. As it is stated in
Theorem 2.1 in [64], the algorithm converges and then X̂i Xi = I, X̂ j X j = I, T̂ T = I.

References

1. K.J. Åström, T. Hägglund, Automatic tuning of simple regulators with specifications on phase
and amplitude margins. Automatica 20, 645–651 (1984)
2. I.F. Akyildiz, W. Su, Y. Sankarasubramaniam, E. Cayirci, Wireless sensor networks: a survey.
Comput. Netw. 38(4), 393–422 (2002)
3. A. Al-Mohi, N.J. Higham, Computing the Fréchet derivative of the matrix exponential, with
an application to condition number estimate. SIAM J. Matrix Anal. Appl. 30, 1639–1657
(2009)
4. P. Alriksson, A. Rantzer, Distributed Kalman filtering using weighted averaging, in 17th
International Symposium on Mathematical Theory of Networks and Systems, Kyoto, Japan
(2006)
5. S.M. Amin, B.F. Wollenberg, Toward a smart grid: power delivery for the 21st century. IEEE
Power Energy Mag. 3(5), 34–41 (2005)
6. A. Anta, P. Tabuada, Self-triggered stabilization of homogeneous control systems, in American
Control Conference, Seattle, WA, United States, June 2008, pp. 4129–4134
7. A. Anta, P. Tabuada, On the minimum attention and anytime attention problems for nonlinear
systems, in 49th IEEE Conference on Decision and Control, Atlanta (2010), pp. 3234–3239
8. A. Anta, P. Tabuada, To sample or not to sample: self-triggered control for nonlinear systems.
IEEE Trans. Autom. Control 55(9), 2030–2042 (2010)
9. J. Araujo, A. Anta, M. Mazo Jr., J. Faria, A. Hernandez, P. Tabuada, K.H. Johansson, Selftriggered control over wireless sensor and actuator networks, in International Conference on
Distributed Computing in Sensor Systems and Workshops, Barcelona (2011), pp. 1–9
10. J. Araujo, Design and implementation of resource-aware wireless networked control systems.
Technical report TRITA-EE 2011:065, Royal Institute of Technology (KTH), September 2011.
Licentiate Thesis
11. Arduino, Website (2015). http://www.arduino.cc/
12. K.E. Arzén, A simple event-based PID controller, in IFAC World Congress, Beijing (1999),
pp. 423–428
13. K.J. Åström, B. Wittenmark, Computer Controlled Systems: Theory and Design, 3rd edn.
(Prentice Hall, Upper Saddle River, 1997)
14. J. Baillieul, P.J. Antsaklis, Control and communication challenges in networked real-time
systems. Proc. IEEE 95(1), 9–28 (2007)
15. L. Bakule, Decentralized control: an overview. Annu. Rev. Control 32(1), 87–98 (2008)
16. M. Baseggio, A. Cenedese, P. Merlo, M. Pozzi, L. Schenato, Distributed perimeter patrolling
and tracking for camera networks, in 49th IEEE Conference on Decision and Control, Atlanta
(2010), pp. 2093–2098
© Springer International Publishing Switzerland 2015
M. Guinaldo Losada et al. (eds.), Asynchronous Control for Networked Systems,
DOI 10.1007/978-3-319-21299-9

321

322

References

17. F.L. Bauer, C.T. Fike, Norms and exclusion theorems. Numer. Math. 2, 137–141 (1960)
18. A. Bemporad, Predictive control of teleoperated constrained systems with unbounded communication delays, in 37th Conference of Decision and Control, Tampa (1998), pp. 2133–2138
19. A. Bemporad, M. Morari, V. Dua, E.N. Pistikopoulos, The explicit linear quadratic regulator
for constrained systems. Automatica 38(1), 3–20 (2002)
20. O. Bernard, Hurdles and challenges for modelling and control of microalgae for CO2 mitigation and biofuel production, in 11th International IFAC Symposium on Computer Applications
in Biotechnology, Leuven (2010)
21. M. Beschi, S. Dormido, J. Sánchez, A. Visioli, Characterization of symmetric send-on-delta
PI controllers. J. Process Control (2012)
22. M. Beschi, S. Dormido, J. Sánchez, A. Visioli, Tuning rules for event-based SSOD-PI controllers, in 20th Mediterranean Conference on Control and Automation, Barcelona (2012)
23. R. Blind, F. Allgöwer, On the optimal sending rate for networked control systems with a
shared communication medium, in 50th IEEE Conference on Decision and Control, Orlando
(2011), pp. 4704–4709
24. S. Bolognani, S. Zampieri, A gossip-like distributed optimization algorithm for reactive power
flow control, in IFAC World Congress, Milano (2011), pp. 5700–5705
25. M.S. Branicky, S.M. Phillips, W. Zhang, Stability of networked control systems: explicit
analysis of delay, in American Control Conference (2000), pp. 2352–2357
26. J.H. Braslavsky, R.H. Middleton, J.S. Freudenberg, Feedback stabilization over signal-tonoise ratio constrained channels. Proc. Am. Control Conf. 179(36), 4903–4908 (2004)
27. S.E. Butner, M. Ghodoussi, Transforming a surgical robot for human telesurgery. IEEE Trans.
Robot. Autom. 19(5), 818–824 (2003)
28. A. Camacho, P. Martí, M. Velasco, C. Lozoya, R. Villa, J.M. Fuertes, E. Griful, Self-triggered
networked control systems: an experimental case study, in IEEE 2010 International Conference on Industrial Technology, Valparaiso (2010), pp. 123–128
29. E.F. Camacho, F.R. Rubio, M. Berenguel, L. Valenzuela, A survey on control schemes for
distributed solar collector fields. Part I: modeling and basic control approaches. Sol. Energy
81(10), 1240–1251 (2007)
30. E.F. Camacho, F.R. Rubio, M. Berenguel, L. Valenzuela, A survey on control schemes for
distributed solar collector fields. Part II: advanced control approaches. Sol. Energy 81(10),
1252–1272 (2007)
31. F. Camacho, M. Berenguel, F.R. Rubio, Advanced Control of Solar Plants (Springer, Berlin,
1997)
32. A. Casavola, E. Mosca, M. Papini, Predictive teleoperation of constrained dynamic systems
via internetlike channels. IEEE Trans. Control Syst. Technol. 14(4), 681–694 (2006)
33. A. Cervin, K.J. Åström, On Limit Cycles in Event-Based Control System, in 46th Conference
on Decision and Control, December 2007, pp. 3190–3195
34. A. Cervin, T. Henningsson, Scheduling of event-triggered controllers on a shared network, in
47th IEEE Conference on Decision and Control, Cancun (2008), pp. 3601–3606
35. J. Chacon, J. Sanchez, A. Visioli, L. Yebraa, S. Dormido, Characterization of limit cycles
for self-regulating and integral processes with pi control and send-on-delta sampling. J. Proc.
Control 23(6), 826–838 (2003)
36. A. Chaillet, A. Bicchi, Delay compensation in packet switching networked controlled systems,
in 47th IEEE Conference on Decision and Control, Cancun (2008), pp. 3620–362
37. W. Che, J. Wang, G. Yang, Observer-based h-infinity control in multiple channel networked
control systems with random packet dropouts. J. Control Theory Appl. 8(3):359–367 (2010).
Control methods; Data missing; Disturbance attenuation levels; H-infinity; H-infinity control;
H-infinity controller; Limited communication; Mean square; Multiple channels; Networked
control system (NCS); Networked control systems; Numerical example; Packet dropouts;
Stochastic variable
38. J.D. Chen, LMI approach to robust delay-dependent mixed H2 /H∞ controller of uncertain
neutral systems with discrete and distributed time-varying delays. J. Optim. Theory Appl.
131(3), 383–403 (2006)

References

323

39. W.H. Chen, Z.H. Guan, X. Lu, Delay-dependent guaranteed cost control for uncertain discretetime systems with delay. IEE Proc.—Control Theory Appl. 150(4), 412–416 (2003)
40. W.H. Chen, Z.H. Guan, X.M. Lu, Delay-dependent output feedback guaranteed cost control
for uncertain time-delay systems. Automatica 40, 1263–1268 (2004)
41. X. Chen, F. Hao, Event-triggered average consensus control for discrete-time multi-agent
systems. IET Control Theory Appl. 6(16), 2493–2498 (2012). Average consensus; Consensus
control; Event-triggered; LMI toolboxes; Multi agent system (MAS); Simulation example;
Sufficient conditions; Theoretical result
42. Y.Q. Chen, Z. Wang. IEEE/RSJ international conference on formation control: a review and
a new consideration, in Intelligent Robots and Systems (2005)
43. C.F. Chiasserini, E. Magli, Energy consumption and image quality in wireless videosurveillance networks, in 13th IEEE International Symposium on Personal, Indoor and Mobile
Radio Communications, vol. 5 (IEEE, 2002), pp. 2357–2361
44. K.W.E. Chu, Generalization of the bauer-fike theorem. Numerische Mathematik 49, 685–691
(1986)
45. M. Cloosterman, N. Van de Wouw, W.P. Heemels, H. Nijmeijer, Stability of networked control
systems with uncertain time-varying delays. IEEE Trans. Autom. Control 54(7), 1575–1580
(2009)
46. R. Cogill, Event-based control using quadratic approximate value functions, in 48th IEEE
Conference on Decision and Control, Shangai, China, December 2009, pp. 5883–5888
47. N. Correll, G. Sempo, Y. Lopez de Meneses, J. Halloy, J.L. Deneubourg, Swistrack: a tracking
tool for multi-unit robotic and biological systems, in International Conference on Intelligent
Robots and Systems, Beijing (2006)
48. D. Limon, T. Alamo, E.F. Camacho, Stability analysis of systems with bounded additive
uncertainties based on invariant sets: stability and feasibility of MPC, in Proceedings of
American Control Conference, Anchorage, Alaska, USA (2002)
49. D. Muñoz, C. Panagiotis, Estimation-based networked predictive control of nonlinear systems.
Dyn. Contin. Discret. Impuls. Syst. 14, 52–58 (2007)
50. M.C. de Oliveira, J. Bernussou, J.C. Geromel, A new discrete-time robust stability condition.
Syst. Control Lett. 37(4), 261–265 (1999)
51. C. De Persis, R. Sailer, F. Wirth, On a small-gain approach to distributed event-triggered
control, in 18th IFAC World Congress, Milano (2011), pp. 2401–2406
52. O. Demir, J. Lunze, Cooperative control of multi-agent systems with event-based communication, in American Control Conference, Montreal (2012), pp. 4504–4509
53. A. Diaz-Guilera, A. Arenas, Phase patterns of coupled oscillators with application to wireless
communication, Bio-Inspired Computing and Communication (Springer, Berlin, 2008)
54. D.V. Dimarogonas, E. Frazzoli, K.H. Johansson, Distributed event-triggered control for multiagent systems. IEEE Trans. Autom. Control 57(5), 1291–1297 (2012)
55. H. Dong, Z. Wang, H. Gao, Distributed filtering for a class of time-varying systems over
sensor networks with quantization errors and successive packet dropouts. IEEE Trans. Signal
Process. 60(6), 3164–3173 (2012)
56. M.C.F. Donkers, W.P.M.H. Heemels, Output-based event-triggered control with guaranteed
L∞ -gain and improved event-triggering, in IEEE Conference on Decision and Control, Atlanta
(2010), pp. 3246–3251
57. M.C.F. Donkers, W.P.M.H. Heemels, Output-based event-triggered control with guaranteed
L∞ -gain and improved and decentralised event-triggering. Trans. Autom. Control 57(6),
1362–1376 (2012)
58. M.C.F. Donkers, P. Tabuada, W.P.M.H. Heemels, On the minimum attention control problem
for linear systems: a linear programming approach, in 50th IEEE Conference on Decision and
Control and European Control Conference (CDC-ECC) (2011), pp. 4717–4722
59. P.M. Doran, Bioprocess Engineering Principles (Elsevier Science & Technology Books, 1997)
60. R.C. Dorf, M.C. Farren, C.A. Phillips, Adaptive sampling for sampled-data control systems.
IEEE Trans. Autom. Control 7(1), 34–47 (1962)

324

References

61. S. Dormido, J. Sánchez, E. Kofman, Muestreo, control y comunicación basado en eventos.
Revista Iberoamericana de Automática e Informática Industrial 5(1), 5–26 (2008)
62. D.Q. Mayne, J.B. Rawlings, C.V. Rao, Constrained model predictive control: stability and
optimality. Automatica 36, 789–814 (2000)
63. N.A. Duffie, An approach to the design of distributed machinery control systems. IEEE Trans.
Ind. Appl. 18(4), 435–442 (1982)
64. L. El Ghaoui, F. Oustry, M. AitRami, A cone complementary linearization algorithm for static
output-feedback and related problems. IEEE Trans. Autom. Control 42(8), 1171–1176 (1997)
65. N. Elia, S.K. Mitter, Stabilization of linear systems with limited information. IEEE Trans.
Autom. Control 46(9), 1384–1400 (2001)
66. P. Ellis, Extension of phase plane analysis to quantized systems. IRE Trans. Autom. Control
4(2), 43–54 (1959)
67. P.H. Enslow Jr, What is a distributed data processing system? Computer 11(1), 13–21 (1978)
68. M. Epstein, L. Shi, S. di Cairano, R.M. Murray, Control over a network: using actuation
buffers to reduce transmission frequency, in European Control Conference, Kos, 2007
69. F. Esquembre, Easy java simulations: a software tool to create scientific simulations in java.
Comput. Phys. Commun. 156(2), 199–204 (2004)
70. E. Fabregas, Plataformas de experimentación virtual y remota: aplicaciones de control y
robótica. Ph.D thesis, UNED (2013)
71. Y. Fan, G. Feng, Y. Wang, C. Song, Distributed event-triggered control of multi-agent systems
with combinational measurements. Automatica 49(2), 671–675 (2013). 3-D space; Continuous measurements; Control performance; Convergence analysis; Event-triggered; Hybrid
control systems; Multi agent system (MAS); Numerical example;
72. M. Farina, G. Ferrari-Trecate, R. Scattolini, Distributed moving horizon estimation for sensor
networks, in 1st IFAC Workshop on Estimation and Control of Networked Systems (Venice,
Italy, 2009), pp. 126–131
73. J.A. Fax, R.M. Murray, Information flow and cooperative control of vehicle formations. IEEE
Trans. Autom. Control 49(9), 1465–1476 (2004)
74. G.F. Franklin, J.D. Powell, M. Workman, Digital Control of Dynamic Systems (AddisonWesley, E.U.A., 1997)
75. E. Fridman, A. Seuret, J.P. Richard, Robust sampled-data stabilization of linear systems: an
input delay approach. Automatica 40(9), 1441–1446 (2004)
76. E. Fridman, U. Shaked, Stability and guaranteed cost control of uncertain discrete delay
systems. Int. J. Control 78(4), 235–246 (2005)
77. H. Gao, T. Chen, New results on stability of discrete-time systems with time-varying state
delay. IEEE Trans. Autom. Control 52(2), 328–334 (2007)
78. E. Garcia, P.J. Antsaklis, Model-based event-triggered control with time-varying network
delays, in 50th IEEE Conference on Decision and Control, Orlando (2011), pp. 1650–1655
79. E. Garcia, P.J. Antsaklis, Decentralized model-based event-triggered control of networked
systems, in American Control Conference, Montreal (2012), pp. 6485–6490
80. D. Georgiev, D.M. Tilbury, Packet-based control. Am. Control Conf. 1, 329–336 (2004)
81. J.M. Gonçalves, Constructive global analysis of hybrid systems. Ph.D. thesis, Massachussetts
Institute of Technology (2000)
82. J.M. Gonçalves, Regions of stability for limit cycle oscillations in piecewise linear systems.
IEEE Trans. Autom. Control 50(11), 1877–1882 (2005)
83. G.P. Liu, J.X. Mu, D. Rees, S.C. Chai, Design and stability analysis of networked control
systems with random communication time delay using the modified MPC. Int. J. Control 79,
288–297 (2006)
84. L. Greco, D. Fontanelli, A. Bicchi, Design and stability analysis for anytime control via
stochastic scheduling. IEEE Trans. Autom. Control 56(3), 571–585 (2011)
85. L. Greco, A. Chaillet, A. Bicchi, Exploiting packet size in uncertain nonlinear networked
control systems. Automatica 48(11), 2801–2811 (2012)
86. B. Grocholsky, J. Keller, V. Kumar, G. Pappas, Cooperative air and ground surveillance.
Robot. Autom. Mag. IEEE 13(3), 16–25 (2006)

References

325

87. J.A. Gubner, Distributed estimation and quantization. IEEE Trans. Inf. Theory 39(4), 1465–
1467 (1993)
88. M. Guinaldo, D.V. Dimaragonas, K.H. Johansson, J. Sánchez, S. Dormido, Distributed eventbased control for interconnected linear systems, in 50th Control and Decision Conference,
Orlando (2011), pp. 2553–2558
89. M. Guinaldo, D.V. Dimarogonas, K.H. Johansson, J. Sánchez, S. Dormido, Distributed eventbased control strategies for interconnected linear systems. IET Control Theory Appl. (2013)
90. M. Guinaldo, D Lehmann, J. Sánchez, S. Dormido, K.H. Johansson, Distributed eventtriggered control with network delays and packet-losses, in 51th IEEE Conference on Decision
and Control, Maui (2012), pp. 1–6
91. M. Guinaldo, D. Lehmann, J. Sanchez, S. Dormido, K.H. Johansson, Reducing communication and actuation in distributed control systems, in 52nd Annual Conference on Decision and
Control (CDC), December 2013, pp. 5288–5293
92. M. Guinaldo, J. Sánchez, S. Dormido, A co-design strategy of NCS for treacherous network
conditions. IET Control Theory Appl. 5(16), 1906–1915 (2011)
93. V. Gupta, On an anytime algorithm for control, in 47th IEEE Conference on Decision and
Control, Cancun (2009), pp. 6218–6223
94. V. Gupta, D.E. Quevedo, On anytime control of nonlinear processes through calculation of
control sequences, in IEEE Conference on Decision and Control, Atlanta (2010), pp. 7564–
7569
95. Y. Halevi, A. Ray, Performance analysis of integrated communication and control system
networks. Trans. ASME. J. Dyn. Syst. Meas. Control 112(3), 365–371 (1990)
96. Y. He, M. Wu, G.P. Liu, J.H. She, Output feedback stabilization for a discrete-time system
with a time-varying delay. IEEE Trans. Autom. Control 53(10), 2372–2377 (2008)
97. M. Donkers, W. Heemels, A. Teel, Periodic event-triggered control for linear systems. IEEE
Trans. Autom. Control 58(4), 847–861 (2013)
98. W.P.M.H. Heemels, R.J.A. Gorter, A. van Zijl, P.P.J. van den Bosch, S. Weiland, W.H.A.
Hendrix, M.R. Vonder, Asynchronous measurement and control: a case study on motor synchronization. Control Eng. Pract. 7(12), 1467–1482 (1999)
99. W.P.M.H. Heemels, J.H. Sandee, P.P.J. van den Bosch, Analysis of event-driven controllers
for linear systems. Int. J. Control 81(4), 571–590 (2008)
100. W.P.M.H. Heemels, M.C.F. Donkers, Model-based periodic event-triggered control for linear
systems. Automatica 49(3), 698–711 (2013)
101. W.P.M.H. Heemels, K.H. Johansson, P. Tabuada, An introduction to event-triggered and selftriggered control, in 51st IEEE Conference on Decision and Control, Maui (2012), pp. 3270–
3285
102. W.P.M.H. Heemels, N. van de Wouw, Stability and stabilization of networked control systems.
Lect. Notes Control Inf. Sci. 406, 203–253 (2010)
103. W. Heinzelman, A. Chandrakasan, H. Balakrishnan, An application specific protocol architecture for wireless microsensor networks. IEEE Trans. Wirel. Commun. 1(4), 660–670 (2002)
104. J. Hespanha, P. Naghshtabrizi, Y. Xu, A survey of recent results in networked control systems.
Proc. IEEE 95(1), 138–162 (2007)
105. J. Hespanha, A. Ortega, L. Vasudevan, Towards the control of linear systems with minimum bit-rate, in Proceedings of the International Symposium on the Mathematical Theory of
Networks and System (2002)
106. J.P. Hespanha, M. McLaughlin, G.S. Sukhatme, M. Akbarian, R. Garg, W. Zhu, Haptic collaboration over the internet, in 5th PHANTOM Users Group Workshop, vol. 40 (2000)
107. L. Hetel, J. Daafouz, C. Iung, Analysis and control of LTI and switched systems in digital
loops via an event-based modelling. Int. J. Control 81(7), 1125–1138 (2008)
108. N.J. Higham, Functions of Matrices: Theory and Computation (Society for Industrial and
Applied Mathematics, Philadelphia, 2008)
109. A. Horch, A.J. Isaksson, Assessment of the sampling rate in control systems. Control Eng.
Pract. 9, 533–544 (2001)

326

References

110. J. Hu, Y. Hong, Leader-following coordination of multi-agent systems with coupling time
delays. Phys. A 374, 853–863 (2007)
111. L. Hu, D, Evans, Localization for mobile sensor networks, in Proceedings of the 10th Annual
International Conference on Mobile Computing and Networking (ACM, 2004), pp. 45–57
112. S. Hu, X. Yin, Y. Zhang, E.G. Tian, Event-triggered guaranteed cost control for uncertain
discrete-time networked control systems with time-varying transmission delays. IET Control
Theory Appl. 6(18), 2793–2804 (2012). Event-triggered control systems; Event-triggering
schemes; Guaranteed cost control; Guaranteed cost controller; Linear matrix inequality techniques; Networked Control Systems (NCSs); Optimisation techniques; Quadratic cost functions
113. HydroBioNets. Seventh framework programme. Technical report, European Commission,
2011-2014
114. FeedBack Instruments. Data Sheet: 33-041 Coupled Tank System for Matlab (2012)
115. G. Irwin, J. Chen, A. McKernan, W. Scanlon, Co-design of predictive controllers for wireless
network control. IET Control Theory Appl. 4(2), 186–196 (2011)
116. A. Jaimes, S. Kota, J. Gomez, An approach to surveillance an area using swarm of fixed
wing and quad-rotor unmanned aerial vehicles UAV(s), in IEEE International Conference on
System of Systems Engineering (IEEE, 2008), pp. 1–6
117. E.D. Jensen, Decentralized Control, Distributed Systems: An Advanced Course (Springer,
Berlin, 1981)
118. E.D. Jensen, W.E. Boebert, Partitioning and assignment of distributed processing software,
in IEEE COMPCON (1976), pp. 490–506
119. X. Jiang, Q.L. Han, Delay-dependent robust stability for uncertain linear systems with interval
time-varying delay. Automatica 42(6), 1059–1065 (2006)
120. X. Jiang, Q.L. Han, S. Liu, A. Xue, A new H∞ stabilization criterion for networked control
systems. IEEE Trans. Autom. Control 53(4), 1025–1032 (2008)
121. Y. Jianyong, Y. Shimin, W. Haiqing, Survey on the performance analysis of networked control
systems, in IEEE International Conference on Systems, Man and Cybernetics (The Haghe,
Netherlands, 2004), pp. 5068–5073
122. X.J. Jing, D.L. Tan, Y.C. Wang, An LMI approach to stability of systems with severe timedelay. IEEE Trans. Autom. Control 49, 1192–1195 (2004)
123. D.B. Johnson, D.A. Maltz, Dynamic source routing in ad hoc wireless networks, Mobile
Computing (Kluwer Academic Publishers, Boston, 1996)
124. K.H. Johansson, The quadruple-tank process: a multivariable laboratory process with an
adjustable zero. IEEE Trans. Control Syst. Technol. 8(3), 456–465 (2000)
125. C.Y. Kao, B. Lincoln, Simple stability criteria for systems with time-varying delays. Automatica 40, 1492–1434 (2004)
126. T. Kato, Perturbation Theory for Linear Operators (Springer, Berlin, 1966)
127. M. Khatir, E.J. Davison, Cooperative Control of Large Systems (Springer, Berlin, 2006)
128. A.Y. Kibangou, Distributed estimation over unknown fading channels, in IFAC Proceedings
Volumes (IFAC-PapersOnline) (2010), pp. 317–322
129. D.S. Kim, Y.S. Lee, W.H. Kwon, H.S. Park, Maximum allowable delay bounds of networked
control systems. Control Eng. Pract. 11(11), 1301–1313 (2003)
130. J.H. Kim, Robust mixed H2 /H∞ control of time-varying delay systems. Int. J. Syst. Sci.
32(11), 1345–1351 (2001)
131. J.H. Kim, Delay-dependent robust H∞ control for discrete-time uncertain singular systems
with interval time-varying delays in state and control input. J. Frankl. Inst. 347(9), 1704–1722
(2010)
132. W.-J. Kim, K. Ji, A. Ambike, Real-time operating environment for networked control systems.
IEEE Trans. Autom. Sci. Eng. 3(3), 287–296 (2006)
133. C. Ko, B. Chen, J. Chen, Creating Web-based Laboratories (Springer, New York, 2004)
134. J. Ko, S. Dawson-Haggerty, J. Hui, D. Culler, P. Levis, A. Terzis, Connecting low power and
lossy networks to the internet. IEEE Commun. Mag.: Recent Adv. IETF Stand. 49(4), 96–101
(2011)

References

327

135. E. Kofman, J.H. Braslavsky, Level crossing sampling in feedback stabilization under data-rate
constraints. Technical report, ACR Centre for Complex Dynamic Systems and Control, The
University of Newcastle, Callaghan, Australia (2006)
136. H. Kopetz, Real time in distributed real time systems, in Distributed Computer Control Systems
(1984), pp. 11–15
137. G. Lafferriere, A. Williams, J. Caughman, J.J.P. Veerman, Decentralized control of vehicle
formations. Syst. Control Lett. 54(9), 899–910 (2005)
138. J.R.T. Lawton, R.W. Beard, B.J. Young, A decentralized approach to formation maneuvers.
IEEE Trans. Robot. Autom. 19(6), 933–941 (2003)
139. D. Lehmann, Event-based state-feedback control. Ph.D. thesis, University of Bochum (2011)
140. D. Lehmann, K.H. Johansson, Event-triggered PI control subject to actuator saturation, in
IFAC Conference on Advances in PID Control (2012)
141. D. Lehmann, J. Lunze, Event-based output-feedback control, in 19th Mediterranean Conference on Control and Automation, Corfu (2011), pp. 982–987
142. D. Lehmann, J. Lunze, Event-based control with communication delays and packet losses.
Int. J. Control 85(5), 566–577 (2012)
143. L. Li, M.D. Lemmon, Weakly coupled event triggered output feedback control in wireless networked control systems, in Allerton Conference on Communication, Control and Computing
(University of Illinois—Urbana-Champaign, 2011)
144. S. Li, Z. Wang, Y. Sun, Fundamental problems of networked control system from the view of
control and scheduling. IEEE Conf. Control Theory Appl. 2002, 2503–2508 (2002)
145. X. Li, C.E. Souza, LMI approach to delay-dependent robust stability and stabilization of
uncertain linear delay system, in 34th Conference on Decision and Control, New Orleans,
December 1995, pp. 3614–3619
146. X.-G. Li, A. Cela, S.I. Niculescu, A. Reama, Some problems in the stability of networkedcontrol systems with periodic scheduling. Int. J. Control 83(5), 996–1008 (2010)
147. Z. Li, Z. Duan, L. Huang, Leader-follower consensus of multi-agent systems, in American
Control Conference (2009), pp. 3256–3261
148. J. Liang, B. Shen, H. Dong, J. Lam, Robust distributed state estimation for sensor networks
with multiple stochastic communication delays. Int. J. Syst. Sci. 42(9), 1459–1471 (2011)
149. J. Liang, Z. Wang, X. Liu, Distributed state estimation for uncertain Markov-type sensor
networks with mode-dependent distributed delays. Int. J. Robust Nonlinear Control 22(3),
331–346 (2012)
150. D. Liberzon, J.P. Hespanha, Stabilization of nonlinear systems with limited information feedback. IEEE Trans. Autom. Control 50(6), 910–915 (2005)
151. L.-L. Liu, Q.-L. Zhang, Stability analysis of non-linear real-time network control systems.
Dongbei Daxue Xuebao/J. Northeast. Univ. 29(3), 305–307 (2008)
152. Z. Liu, Z. Chen, Z. Yuan, Event-triggered average-consensus of multi-agent systems with
weighted and direct topology. J. Syst. Sci. Complex. 25(5), 845–855 (2012). Averageconsensus; consensus; digraph; Event-triggered; Multi agent system (MAS)
153. T. Lochmatter, P. Roduit, C. Cianci, N. Correll, Swistrack—a flexible open source tracking software for multi-agent systems, in International Conference on Intelligent Robots and
Systems, Nice (2008)
154. J. Lunze, D. Lehmann, A state-feedback approach to event-based control. Automatica 46,
211–215 (2010)
155. T. Luzyanina, K. Engelborghs, D. Roose, Computing stability of differential equations with
bounded distributed delays. Numer. Algorithms 34, 41–66 (2003)
156. S. Ma, C. Zhang, Z. Cheng, Delay-dependent robust h∞ control for uncertain discrete-time
singular systems with time-delays. J. Comput. Appl Math. 217, 194–211 (2010)
157. J.M. Maestre, P. Giselsson, A. Rantzer, Distributed receding horizon Kalman filter, in 49th
IEEE Conference on Decision and Control, Atlanta, December 2010, pp. 5068–5073
158. M.R. Mahfouz, G. To, M.J. Kuhn, Smart instruments: wireless technology invades the operating room, in IEEE Topical Conference on Biomedical Wireless Technologies, Networks,
and Sensing Systems (2012), pp. 33–36

328

References

159. M.S. Mahmoud, A. Ismail, Role of delays in networked control systems. Proc. IEEE Conf.
Control Syst. 153(4), 40–43 (2003)
160. P. di Marco, Modeling and design of multi-hop energy efficient wireless networks for control
applications. Licentiate thesis, Royal Institute of Technology (KTH) (2010)
161. N.C. Martins, M.A. Dahleh, Feedback control in the presence of noisy channels: “Bodelike” fundamental limitations of performance. IEEE Trans. Autom. Control 53(7), 1604–1615
(2008)
162. I. Mas, Cluster space framework for multi-robot formation control. Ph.D. dissertation, Santa
Clara University, School of Engineering (2011)
163. M. Mazo, A. Anta, P. Tabuada, On self-triggered control for linear systems: guarantees and
complexity, in European Control Conference (2009)
164. M. Mazo, A. Anta, P. Tabuada, An ISS self-triggered implementation of linear controllers.
Automatica 46(8), 1310–1314 (2010)
165. M. Mazo, P. Tabuada, On event-triggered and self-triggered control over sensor/actuator networks, in 47th IEEE Conference on Decision and Control, Cancun (2008), pp. 435–440
166. M. Mazo, P. Tabuada, Decentralized event-triggered control over wireless sensor/actuator
networks. IEEE Trans. Autom. Control 56(10), 2456–2461 (2011)
167. C. Meng, T. Wang, W. Chou, S. Luan, Y. Zhang, Z. Tian, Remote surgery case: robot-assisted
teleneurosurgery. IEEE Int. Conf. Robot. Autom. 1, 819–823 (2004)
168. W. Michiels, V. van Assche, S.I. Niculescu, Stabilization of time-delay systems with a controlled time-varying delay and applications. IEEE Trans. Autom. Control 50, 493–504 (2005)
169. P. Millán, I. Jurado, C. Vivas, F.R. Rubio, Networked predictive control of systems with large
data dropouts, in 47th IEEE Conference on Decision and Control, Cancun, Mexico, December
2008, pp. 2704–2709
170. P. Millán, L. Orihuela, G. Bejarano, C. Vivas, T. Alamo, F.R. Rubio, Design and application
of suboptimal mixed H2 /H∞ controllers for networked control systems. IEEE Trans. Control
Syst. Technol. 20(4), 1057–1065 (2012)
171. P. Millán, L. Orihuela, I. Jurado, C. Vivas, F.R. Rubio, Distributed estimation in networked
systems under periodic and event-based communication policies. Int. J. Syst. Sci. (2013). In
press
172. P. Millán, L. Orihuela, D. Muñoz de la Peña, C. Vivas, F.R. Rubio, Self-triggered sampling
selection based on quadratic programming, in 18th IFAC World Congress, Milano, Italy,
August–September 2011, pp. 8896–8901
173. P. Millán, L. Orihuela, C. Vivas, F.R. Rubio, Improved delay-dependent stability for uncertain networked control systems with induced time-varying delays, in 1st IFAC Workshop on
Estimation and Control of Networked Systems (Italy, Venice, September, 2009), pp. 346–351
174. P. Millán, L. Orihuela, C. Vivas, and F. R. Rubio. An optimal control L2 -gain disturbance
rejection design for networked control systems, in American Control Conference, Baltimore,
Maryland, USA, June–July 2010, pp. 1344–1349
175. P. Millán, L. Orihuela, C. Vivas, F.R. Rubio, Distributed consensus-based estimation considering network induced delays and dropouts. Automatica 48(10), 2726–2729 (2012)
176. P. Millán, L. Orihuela, C. Vivas, F.R. Rubio, Control óptimo-L2 basado en red mediante
funcionales de Lyapunov-Krasovskii. Revista Iberoamericana de Automática e Informática
Industrial 9(1), 14–23 (2012)
177. P. Millan, L. Orihuela, I. Jurado, F.R. Rubio, Formation control of autonomous underwater
vehicles subject to communication delays. IEEE Trans. Control Syst. Technol. 22(2), 770–
777 (2014). Autonomous underwater vehicles (AUVs); Communication delays; Feed-forward
controllers; Formation control; Formation control problems; Inter vehicle communications;
Of autonomous underwater vehicles; Underwater environments
178. J.A. Misener, S.E. Shladover, Path investigations in vehicle-roadside cooperation and safety:
a foundation for safety and vehicle-infrastructure integration research, in IEEE Intelligent
Transportation Systems Conference, ITSC’06 (IEEE, 2006), pp. 9–16
179. Y. Mo, R. Ambrosino, B. Sinopoli, Sensor selection strategies for state estimation in energy
constrained wireless sensor networks. Automatica 47(7), 1330–1338 (2011)

References

329

180. Adept MobileRobots. Website (2013). http://www.mobilerobots.com/
181. L.A. Montestruque, P. Antsaklis, On the model-based control of networked systems. Automatica 39(10), 1837–1843 (2003)
182. L.A. Montestruque, P. Antsaklis, Stability of model-based networked control systems with
time varying transmission times. IEEE Trans. Autom. Control 49(9), 1562–1572 (2004)
183. L.A. Montestruque, P. Antsaklis, State and output feedback in model-based networked control
systems, in IEEE Conference on Decision and Control, Las Vegas (2002)
184. Y.S. Moon, P. Park, W.H. Kwon, Y.S. Lee, Delay-dependent robust stabilization of uncertain
state-delayed systems. Int. J. Control 74(14), 1447–1455 (2001)
185. mOway. moway user manual v2.1.0. Website, June 2010. http://www.adrirobot.it/moway/
pdf/mOway20User20Manua202.1.0.pdf
186. mOway. Website (2013). http://moway-robot.com/en/
187. R.M. Murray, Recent research in cooperative control of multivehicle systems. J. Dyn. Syst.
Meas. Control 129(5), 571–583 (2007)
188. R.M. Murray, K.J. Astrom, S.P. Boyd, R.W. Brockett, G. Stein, Future directions in control
in an information-rich world. IEEE Control Syst. Mag. 23(2), 20–33 (2003)
189. P. Naghshtabrizi, J. Hespanha, Designing an observer-based controller for a network control system, in 44th IEEE Conference on Decision and Control and the European Control
Conference, Seville, Spain, December 2005, pp. 848–853
190. P. Naghshtabrizi, J.P. Hespanha, Anticipative and non-anticipative controller design for network control systems. Netw. Embed. Sens. Control 331, 203–218 (2006)
191. G. Nair, R. Evans, I.M.Y. Mareels, Topological feedback entropy and nonlinear stabilization.
IEEE Trans. Autom. Control 49(9), 1585–1597 (2004)
192. S. Nethi, M. Pohjola, L. Eriksson, R. Jäntt, Platform for emulating networked control systems
in laboratory environments, in International Symposium on a World of Wireless (Mobile and
Multimedia Networks, Helsinki, 2007)
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