
28 10
2011 10 Control Theory & Applications

Vol. 28 No. 10
Oct. 2011

: 1000−8152(2011)10−1356−07

,

( , 214122)

: (wireless networked control system, WNCS) .
,

, , . , WNCS
, , ,

. Truetime1.5 MATLAB
.

: ; ; ; ; ;
: TP273 : A

Adaptive energy scheduling and cooperative control for
wireless networked control system

WANG Yan, JI Zhi-cheng
(Institute of Electrical Automation, Jiangnan University, Wuxi Jiangsu 214122, China)

Abstract: The limited amount of energy in nodes is a critical factor affecting the system performance in wireless
networked control systems(WNCS). An adaptive energy scheduling method is proposed to compromise the energy conser-
vation for the nodes and the energy consumption in the control. Based on the relation between the sampling period and
the energy consumption, the energy consumption rates are adjusted online to satisfy the requirements of the node-span by
employing dynamical sampling periods. Then, the adaptive sampling WNCS is modeled as a discrete switched system with
a temporarily uncertain switching signal. For the system incorporated with the feedback of switched states, the stability
is analyzed by using the switched system theory, and the constraints on the controller gains and residence time for the
asymptotical stability of the system are derived accordingly. A numerical example validates the proposed approach on
Truetime1.5 and MATLAB platforms.
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2 (Problem description)
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2.1 WNCS (WNCS structure)
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Fig. 1 Structure of wireless networked control system
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τmax > Tmin, Tmin .
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.
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2.2 WNCS (WNCS energy con-
sumption analysis)
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20 nAh, 8 nAh,
1.08 nAh, ADC

0.011 nAh. ,
. 1 bit 100 m

3000
. 1 :

1) , ,
.

2)
,

2.5 .

3) ,
90% .

WNCS ,

,
.

2.3
(Relationship between sensor sampling period
and span)

WNCS ,
[3]:

E(packet) = b ∗ packet−size + c,

: b ; c

.

,
, ,
L̂ :

L̂ =
sum∑
i=1

(t(i) − t(i − 1)),

: sum = �Einit/E(packet)�,
; Einit

; t(i), i ∈ {1, 2, · · · } i

; t(0) .
: ,

, ; ,
. ,

,
Le , ; ,

.

3 (Sampling period ad-
justing strategy)

, 2 .

, TM. j

tM(j) ,
Erem(j),

Erem(j − 1), L̂(j),
,

. ,
,

.
.

2

Fig. 2 Work flow of sensor node

3.1 (Sampling period lower bound)
,

, Tmin , [5]:

Tmin =
Smc ∗ 2 ∗ N

Q
,

Q =
Smc

TDIFS+(CWmin ∗ TSIFS/2)+Tframe+TSIFS+TACK

,

Tframe =
SPHY

Rl
+

SACK + Smc

Rt
,

TACK =
SPHY + SACK

Rl
.

: Rt ; Rl ;
Smc ; SPHY

; SACK ; SACK

ACK , TCP ,
TCP ; TSIFS 802.11b

,
; TDIFS 802.11b

; CW .
802.11b

1.

3.2 (Sampling period upper bound)

, Tmax ,
Tmax :

Step 1 q = 1, 2
Tmin, Tmax(q) = 2Tmin.

, 1 ,
Step 2. Step 3;
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Step 2 q=q+1, Tmax(q)=2Tmax(q−1).
, Step 2;

Tmax = Tmax(q − 1);
Step 3 Tmax(q) = (1+(3/4)q)Tmin,

, q = q + 1,
Step 3; Tmax = Tmax(q).

1 802.11b

Table 1 Wireless parameters of 802.11b in direct
sequence spread spectrum communication

Rt 5.5 Mbps
RL 1 Mbps

TSIFS, TDIFS 10,50,20 μs
SACK, SPHY 34,24 bytes

Smc 80 bytes
SACK 14 bytes+PHY header

CWmin, CWmax 32,1024

3.3 (Candidates for sampling pe-
riod)

[Tmin, Tmax] ,
:

Tl = 2l ∗ Tmin,

l ∈ Z → {0, 1, · · · , �log2(
Tmax

Tmin
)�}.

Tl l .

3.4
(Sampling period adjusting strategy based on
span)

, ,
:

L̂(j + 1) = [tM(j + 1) − t(0)] +
(Erem(j + 1) − Eout) ∗ TM

RET
, (1)

:

RET = (1 − α)[Erem(j − 1) − Erem(j)] +

α[Erem(j) − Erem(j + 1)] =

(1 − α)Erem(j − 1) + (2α − 1)[Erem(j) −
αErem(j + 1),

α , Eout

.

, (1) RET

,

.

, ,
. ,

, 4
, 3 . , ,

g 1 , h 1 .
, 3

, , .
,

, ,
.

3

Fig. 3 Energy consumption region of sensor node

1) L̂(j + 1) � g ∗ Le,
1 , A

,
, ,

Tmax ;

2) g ∗ Le < L̂(j + 1) < Le,
1 2 ,

B , ,
, ,

;

3) Le < L̂(j + 1) < h ∗ Le,
2 3 ,

C ,
, ;

4) L̂(j + 1) � h ∗ Le,
3 , D

, , ,
.

g h

.
TminEinit

E(packet)
Le

, g [

TminEinit
E(packet)

Le
, 1) ,

Tmax , ;
TminEinit

E(packet)
Le , (1,

TminEinit
E(packet)

Le
]
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4 WNCS (Stability analysis of
WNCS)

4.1 WNCS (Switched system model
of WNCS)

:

ẋ(t) = Ax(t) + Bu(t),
y(t) = Cx(t),

(2)

: x(t) ∈ R
n, u(t) ∈ R

m, y(t) ∈ R
p, A ∈

R
n×n, B ∈ R

n×m, C ∈ R
p×n.

k l(k) ,
,

Tl(k) :

x(k + 1) = Ψl(k)x(k) + Γl(k)u(k − τ(k)),
y(k) = Cx(k).

(3)

: Ψl(k) = eATl(k) , Γl(k) =
� Tl(k)

0 eAtdtB, l(k) ∈
Ω. θ̄ = �τmax

Tmin
�, τ(k) ∈ Z → Θ = {0, · · · , θ̄}.

4.2 WNCS (Controller design of
WNCS)

:

u(k) = Kγ(k)x(k), γ(k) ∈ Ω,

(3) :

x(k + 1) = Ψl(k)x(k) + Kγ(k)x(k − τ(k)),
y(k) = Cx(k).

z(k) = [xT(k) · · · xT(k − θ̄)],

z(k + 1) = (Āl(k) + B̄l(k)K̄γ(k),τ(k))z(k),

:

Āl(k) =

⎡
⎢⎢⎢⎢⎢⎢⎣

Ψl(k) 0 · · · · · · 0
I 0 · · · · · · 0
0 I 0 · · · 0
...

. . . . . . . . .
...

0 · · · 0 I 0

⎤
⎥⎥⎥⎥⎥⎥⎦

,

B̄l(k) = [ΓT
l(k) 0 0 · · · 0],

K̄γ(k),τ(k) = [0 · · · 0 Kγ(k) 0 · · · 0],

Kγ(k) K̄γ(k),τ(k) τ(k) + 1 .

Hl(k),γ(k),τ(k) = Āl(k) + B̄l(k)K̄γ(k),τ(k),

z(k + 1) = Hl(k),γ(k),τ(k)z(k). (4)

TM

4 . ,
, γ(k) = l(k);

, ,
γ(k) 	= l(k − 1).

Δm
max

; Δm
min

; Δn

. Δm
max = θ̄, Δm

min =0, Δn =�TM − τmax

Tmax
�.

Δn < 0,
.

, TM

:

TM = max{�τmax�, �ΔnTmax + τmax�}.

4 WNCS

Fig. 4 Signal flow of WNCS in one update period

1 , (4)
.

1 θn > 0, θm > 0
Pn

(l,τ), Pm
(l,γ,τ) :

HT
(l,γ,τ)P

m
(l,γ,τ)H(l,γ,τ) − θmPm

(l,γ,τ) < 0, (5)

HT
(l,l,τ)P

n
(l,τ)H(l,l,τ) − θnPn

(l,τ) < 0, (6)

∀(l, γ, τ) ∈ Φ = Ω × Ω × Θ.

2

ρn =
max((l,τ)∈Ω×Θ) eigmax(Pn

(l,τ))

min((l,τ)∈Ω×Θ) eigmin(Pn
(l,τ))

,

ρm =
max((l,γ,τ)∈Φ) eigmax(Pm

(l,γ,τ))

min((l,γ,τ)∈Φ) eigmin(Pm
(l,γ,τ))

,

θ∗n = min θn, θ∗m = min θm,

: eigmax(X) X ;
eigmin(X) X . Δn
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:

ρn · ρm · (θ∗n)Δn · (θ∗m)θ̄ < 1, θ∗m � 1, (7)

ρn · ρm · (θ∗n)Δn
< 1, θ∗m < 1. (8)

, Pn
(l,τ), P

m
(l,γ,τ), eigmax(Pn

(l,τ)),
eigmin(Pn

(l,τ)), eigmax(Pm
(l,γ,τ)), eigmin(Pm

(l,γ,τ))
Pn, Pm, Pmax

n , Pmin
n , Pmax

m , Pmin
m .

Lyapunov :

Vn(k) = zT(k)Pnz(k),

Vm(k) = zT(k)Pmz(k),

:

min(Pmin
n )‖z(k)‖2 < Vn(k) <

max(Pmax
n )‖z(k)‖2, (9)

min(Pmin
m )‖z(k)‖2 < Vn(k) <

max(Pmax
m )‖z(k)‖2. (10)

k0, k1 ,
(5)(6)

Vn(k1) < (θ∗n)k1−k0Vn(k0), (11)

Vm(k1) < (θ∗m)k1−k0Vm(k0). (12)

(9) (11)

min(Pmin
n )‖z(k1)‖2 <

(θ∗n)k1−k0 max(Pmax
n )‖z(k0)‖2. (13)

(10) (12)

min(Pmin
m )‖z(k1)‖2 <

(θ∗m)k1−k0 max(Pmax
m )‖z(k0)‖2, (14)

‖z(k1)‖2 <{
ρn · (θ∗n)k1−k0‖z(k0)‖2, ∀(l, τ) ∈ Ω × Θ,

ρm · (θ∗m)k1−k0‖z(k0)‖2, ∀(l, γ, τ) ∈ Φ.

kj,m j

; kj,n j

,

Δm
min � kj,n − kj,m � Δm

max,

kj+1,m − kj,n � Δn.

‖z(kj+1,m)‖2 <

ρnρm(θ∗n)kj+1,m−kj,n · (θ∗m)kj,n−kj,m‖z(kj,m)‖2.

Kγ(k) (3)
Tγ(k) Schur ,

Vn(k)
θ∗n, θ∗n < 1. :

(θ∗n)kj+1,m−kj,n � (θ∗n)Δn
,

(θ∗m)kj,n−kj,m �
{

(θ∗m)Δm
max , θ∗m > 1,

(θ∗m)Δm
min , θ∗m � 1.

‖z(kj+1,m)‖2 <{
ρnρm(θ∗n)Δn · (θ∗m)Δm

max‖z(kj,m)‖2, θ∗m > 1,

ρnρm(θ∗n)Δn · (θ∗m)Δm
min‖z(kj,m)‖2, θ∗m � 1.

Δm
min = 0, (6)(7) ,

‖z(kj+1,m)‖2 < ‖z(kj,m)‖2,

, (4) .

5 (Simulation analysis)
:

ẋ(t) =

[
−1 −0.1

0 0.95

]
x(t) +

[
−0.15
−0.43

]
u(t),

x(0) = [−5 5]T, τmax = 0.0045 s,

t(0) = 0 s,
Einit = 0.15 J, Eout = 0.02 J,

Le = 60 s. 25 dbm
, (0, 50) ,

(0, 0) . α = 0.8, g = 0.1, h = 1.1.

MATLAB7.0 LUND
Truetime1.5 , IEEE.802.11b

. ,
: Tmin =1 ms, Tmax = 256 ms; 3.3

, M = 9, 1
(1), 2 .

2
Table 2 Sampling period and control gain

t/ s t/ s
0.001 [10.34 10.62] 0.002 [8.72 6.92]
0.004 [6.66 6.27] 0.008 [5.71 5.92]
0.016 [5.17 5.39] 0.032 [4.72 4.85]
0.064 [4.33 4.52] 0.128 [3.90 4.02]
0.256 [3.78 3.82] — —

1 (2) Δm
max = θ̄ = 5, Δn =

10, TM = 3 s.
5∼7 . 5 ,

60 s ,
. , 0.02 J, Eout

, .
, 0 s∼30 s , 0.8 J;

30 s∼60 s , 0.5 J. 6 ,
3 s ,
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. , 7 , 1

.

5

Fig. 5 Energy of senor node

6

Fig. 6 Life prediction of sensor node

7

Fig. 7 State response of system

6 (Conclusion)

. WNCS ,
.

,
, .

WNCS
, .

,
.
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