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Abstract— In this paper, we address the problem of sampled-
data control design for continuous-time linear parameter vary-
ing (LPV) systems. The state-feedback control design method
we develop in this paper relies on the information from the sam-
pled states. Due to the combination of the system continuous-
time dynamics and the controller discrete-time dynamics con-
nected through A/D and D/A converter devices, the closed-loop
system is a hybrid one. In order to analyze this hybrid system
from both stability and performance perspectives, we employ
the so-called input delay approach to map the closed-loop system
into the continuous-time domain. This would help in the design
of a sampled-data controller in a direct way without actually
discretizing the continuous-time system. Due to the state-
delay representation of the transformed closed-loop system
imposed by the sampled-data controller, we further develop a
delay-dependent approach for control synthesis purposes. The
simulation results demonstrate the viability of the proposed
control design method to satisfy the stability and performance
objectives even for the varying sampling case.

I. INTRODUCTION

Linear parameter varying (LPV) system theory has led to
the significant improvements in the study of time-varying and
nonlinear systems. LPV systems include a class of linear sys-
tems, whose dynamics depends on time-varying parameters.
The problem of sampled-data control for continuous-time
systems has been a matter of great importance in engineering
systems and is more challenging for LPV systems than
for linear time invariant (LTI) systems. Digital control of
analog systems yields a closed-loop system with hybrid
configuration that contains both continuous- and discrete-
time signals and is difficult to handle mathematically. A
particular difficulty, that has been the main concern of
researchers in this area, is to ensure that the digital controller
meets the design specifications in between the samples
[4]. One well-established approach in this category is the
lifting method presented in [1]. This approach addresses the
sampled-data problem in terms of an equivalent discrete-
time system, where the plant is first augmented by the
converter devices and then lifted to a system with a finite
dimensional state-space and infinite dimensional input and
output spaces. Using the lifting technique, the authors in
[13] addressed the problem of sampled-data control design
for LPV systems. Unfortunately, lifting method cannot be
applied to the uncertain sampling system or uncertain system
matrices [6] and also is computationally complicated. An
alternative direct method proposed in [8] and further studied
in [6], [7], [12] copes with the hybrid nature of sampled-data
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control systems by reformulating the digital control law as
a delayed continuous-time one, that is

u(t) = ud(tk) = ud(t− (t− tk)) = ud(t− τ(t)) tk ≤ t < tk+1 (1)

where τ(t) = t− tk denotes a time-varying delay. By taking
advantage of this idea, the closed-loop system is mapped to
the continuous-time domain, to which the recent work on
control design for systems with delay can be applied.

The literature on stability analysis and control of time-
delay systems is rich (see [9], [10] and numerous references
therein). The existing criteria for analysis of time delay
systems are categorized into either delay-independent or
delay-dependent approaches [9]. In the delay-independent
approach, a controller is designed such that the system
remains stable regardless of the time delay magnitude. In
contrast, by considering the information of the time delay,
the delay-dependent approach leads to generally less con-
servative results specifically for smaller time delays. One of
the issues with the input delay approach for sampled-data
control is that the time delay (as formulated in (1)) itself
is time varying. This implies that the sampled-data control
using input delay approach leads to a time delay LPV system
even if the open-loop is a delay-free system. Due to the time
delay LPV nature of the resulting system, one can use the
recent results on analysis and control synthesis of time delay
LPV systems that has been of interest to many researchers in
controls community in the past decade (see, [2], [15], [16]).

Contribution of the present paper is as follows. We propose
a method for the design of sampled-data state feedback
controllers for LPV systems. The design should guarantee
asymptotic stability and a specified level of performance
on the closed-loop hybrid system. The main result of this
paper is inspired by the authors’ recent work in [18] and
the so-called input delay method for sampled-data control
design proposed in [7]. In particular, we use a parameter-
dependent Lyapunov-Krasovskii functional that results in a
delay-dependent synthesis method that, unlike the existing
approaches in the literature, can handle fast-varying time
delay (τ̇ ≥ 1). To ensure that the solution to the synthesis
problem is in the form of a linear matrix inequality (LMI)
optimization problem, we introduce slack variables (see [14])
to relax the resulting condition in terms of an LMI problem.
Using the derived formulation based on the slack variables,
we then obtain the synthesis condition for the state-feedback
sampled-data control design that is considerably simpler
compared to the existing methods.

The notation used in this paper is standard. R denotes
the set of real numbers, R+ is the set of non-negative real

51st IEEE Conference on Decision and Control
December 10-13, 2012. Maui, Hawaii, USA

978-1-4673-2064-1/12/$31.00 ©2012 IEEE 6303978-1-4673-2066-5/12/$31.00 ©2012 IEEE



numbers. Rn and Rk×m are used to denote the set of real
vectors of dimension n and the set of real k×m matrices,
respectively. In addition, Sn×n and Sn×n

+ denote the set of
real symmetric n×n matrices and symmetric positive definite
matrices, respectively. In a symmetric matrix, the asterisk ?
in the (i, j) element denotes transpose of ( j, i) element.

II. PRELIMINARIES AND PROBLEM STATEMENT

We consider the following state-space representation for a
linear parameter varying (LPV) system

ẋ(t) = A(ρ(t))x(t)+B1(ρ(t))w(t)+B2(ρ(t))u(t)

z(t) = C1(ρ(t))x(t)+D11(ρ(t))w(t)+D12(ρ(t))u(t), (2)

where x(t) ∈ Rn is the state vector, z(t) ∈ Rnz is the vector
of controlled outputs, w(t) ∈ Rnw is exogenous disturbance
vector containing both process and measurement noise with
finite energy and u(t) ∈ Rnu is the control input vector. The
system matrices A(·), B1(·), B2(·), C1(·), D11(·) and D12(·)
are real continuous functions of a time varying parameter
vector ρ(t)∈F v

P and of appropriate dimensions, where F v
P

is the set of allowable parameter trajectories defined as

F v
P ≡ {ρ : ρ(t) ∈C(R,Rs) : ρ(t) ∈P, |ρ̇i(t)| ≤ vi

i = 1,2, ...,s, ∀t ∈ R+} (3)

where C(R,Rs) is the set of continuous-time functions from
R to Rs, P is a compact set of Rs, and {vi}s

i=1 are
nonnegative numbers. The constraints in (3) imply that the
parameter trajectories and their variations are bounded. In
the present paper, we are interested in designing a sampled-
data state-feedback controller that uses the discrete samples
of system states as input and provides control input to the
plant by holding the controller’s discrete output. Shown in
Fig. 1 is the configuration of the closed-loop system. For

Fig. 1. Sampled data control of a continuous-time system

control design purposes, we assume that the system states
are fully available and are sampled by an ideal sampler (see
Fig. 1). We further assume that the sampling instants are not
necessarily equi-spaced but are constrained to tk+1− tk ≤ h
for two consecutive samples k and k + 1. The controller
output at each sampling instant is updated based on the value
of the state vector and corresponding LPV parameter vector.
That is,

ud(tk) = K(ρ(tk))x(tk). (4)

Using a zero-order hold (ZOH shown in Fig. 1), the con-
troller output becomes a piecewise-constant signal and is fed

to the continuous-time plant, i.e.,

u(t) = ud(tk) tk ≤ t < tk+1. (5)

The design has to ensure the stability of the closed-loop
hybrid system and leads to an optimal performance measured
in terms of the induced L2 gain (or H∞ norm) of the
closed-loop system. This measure is used to minimize the
worst-case energy of the output z(t) over all bounded energy
disturbances w(t) in Fig. 1 defined by

‖Twz‖i,2 = sup
ρ∈F v

P

sup
w∈L2−{0}

‖z‖L2

‖w‖L2

(6)

where Twz is the operator mapping the input vector w(t)
to the output vector z(t). The γ-suboptimal H∞ control
problem seeks for a controller that yields ‖Twz‖i,2 < γ for
some positive scalar value γ . One might rather state that
the condition ‖Twz‖i,2 < γ guarantees that the output vector
energy will be bounded by γ‖w‖L2 for all possible bounded
energy disturbances w(t). Due to the hybrid nature of
the closed-loop system determined from the aforedescribed
sampled-data control problem, representation of the closed-
loop system in a unified domain is difficult. In this paper,
we use the input delay approach based on (1) to represent
the digital control law as a continuous time-varying delay.
The time-varying delay is bounded as τ ≤ tk+1− tk ≤ h and
is also piecewise linear with the rate of variation dτ

dt = 1 for
t 6= tk. The closed-loop system interconnection of (2), (4) and
(5) is

ẋ(t) = Ax(t)+B2K(ρ(t− τ(t)))x(t− τ(t))+B1w(t)

z(t) = C1x(t)+D12K(ρ(t− τ(t)))x(t− τ(t))+D11w(t). (7)

By introducing Ah and C1h as

Ah(ρ(t)) = B2(ρ(t))K(ρ(t− τ(t)))
C1h(ρ(t)) = D12(ρ(t))K(ρ(t− τ(t))), (8)

the following parameter-dependent delayed state-space rep-
resentation is obtained

ẋ(t) = A(ρ(t))x(t)+Ah(ρ(t))x(t− τ(t)))+B1(ρ(t))w(t)

z(t) = C1(ρ(t))x(t)+C1h(ρ(t))x(t− τ(t))+D11(ρ(t))w(t). (9)

In summary, the interconnection of the open-loop system
(2) and the controller (5) is represented as a continuous-time
LPV state delay system using the input delay approach.

Next, we provide some useful lemmas that will play a key
role in the proofs of the main results of the paper.

Lemma 1 [17] (Cauchy-Schwartz Inequality): For any
positive definite matrix P and any v(α) ∈ Rn

h
∫ t

t−h
v(α)T Pv(α)dα ≥

[∫ t

t−h
v(α)dα

]T

P
[∫ t

t−h
v(α)dα

]
.

Lemma 2 [11] (Projection Lemma): Given a symmetric
matrix Ψ ∈ Rm×m and two matrices Λ and Γ of appropriate
dimensions, the linear matrix inequality

Ψ+Λ
T

Θ
T

Γ+Γ
T

ΘΛ < 0 (10)
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is feasible in matrix Θ if and only if

N T
Λ ΨNΛ < 0 (11)

and

N T
Γ ΨNΓ < 0 (12)

where NΛ and NΓ are the corresponding null spaces.

III. STABILITY AND PERFORMANCE ANALYSIS OF
TIME-DELAY LPV SYSTEMS

In this section, we present stability and H∞ norm perfor-
mance analysis conditions for time-delay LPV systems by
deriving a set of linear matrix inequality (LMI) problems.
We note that the existing LMI-based results in the literature
on analysis of time-delay LPV systems are only applicable to
the systems, in which the time-delay satisfies the condition
τ̇ < 1. For the sampled-data control problem under study in
this paper, we have τ̇ = 1 and hence a set of new conditions
must be developed.

A. Stability Analysis

We first consider the following unforced LPV system with
the state delay

ẋ(t) = A(ρ(t))x(t)+Ah(ρ(t))x(t− τ(t)). (13)

Lyapunov-Krasovskii stability theory serves as a useful tool
to achieve delay-dependent conditions for the stability analy-
sis of the system represented by (13). To this aim, we need to
find a positive definite functional with an infinitesimal upper
bound, whose time derivative is negative. The interested
reader is referred to [5], [9], [17] for an extensive review of
the theory and the Lyapunov-Krasovskii functional selection.
As the first result of this paper, we present the following the-
orem as a sufficient condition to ensure asymptotic stability
of the LPV system (13).

Theorem 1: The time-delay LPV system (13) is asymp-
totically stable for all τ(t)≤ h if there exist a continuously
differentiable matrix function P : Rs→ Sn×n

+ and a constant
matrix R ∈ Sn×n

+ such that for all ρ(t) ∈ F v
P , there is a

feasible solution to the following LMI problem[
AT P+PA+ Ṗ−R PAh +R hAT R

? −R hAhR
? ? −R

]
< 0. (14)

Proof. We consider the following Lyapunov-Krasovskii func-
tional

V (xt ,ρ) = xT (t)P(ρ(t))x(t)+
∫ 0

−h

∫ t

t+θ

ẋT (ξ )hRẋ(ξ ) dξ dθ , (15)

where P and R are as defined in Theorem 1 and the notation
xt(θ) is used to represent x(t + θ) for θ ∈ [−h 0]. It can
be shown that (15) is a positive definite with infinitesimal
upper bound functional. It is noted that (15) is chosen to
be dependent on the LPV parameter vector ρ(t) and the
maximum sampling interval h to result in less conservative
stability conditions [3]. In order for the system (13) to be
asymptotically stable, it suffices that time derivative of (15)

along the trajectories of the system (13) is negative definite.
We have

V̇ (xt ,ρ) = ẋT Px+ xT Pẋ+ xT Ṗx+h2ẋT Rx−
∫ t

t−h
ẋT (θ)hRẋ(θ)dθ . (16)

Since τ(t)≤ h, the integral term in the above satisfies

−
∫ t

t−h
ẋT (θ)hRẋ(θ) dθ ≤−

∫ t

t−τ

ẋT (θ)hRẋ(θ)dθ .

Employing Lemma 1, we can bound the right hand side of
the above inequality by

−
∫ t

t−τ

ẋT (θ)hRẋ(θ) dθ ≤− h
τ

(∫ t

t−τ

ẋT (θ) dθ

)T

R
(∫ t

t−τ

ẋT (θ) dθ

)
=− h

τ
[x(t)− x(t− τ(t))]T R [x(t)− x(t− τ(t))]

Since − h
τ
≤−1, the following inequality is obtained

−
∫ t

t−h
ẋT (θ)hRẋ(θ) dθ ≤− [x(t)− x(t− τ(t))]T R [x(t)− x(t− τ(t))] (17)

Substituting (17) in (16), we obtain

V̇ (xt ,ρ) ≤ ẋT Px+ xT Pẋ+ xT Ṗx+h2ẋT Rẋ

− [x(t)− x(t− τ(t))]T R [x(t)− x(t− τ(t))] . (18)

Further simplification and collecting the terms in (18) yields

V̇ (xt ,ρ) ≤

 x(t)

x(t− τ)

T X +

AT

AT
h

h2R

AT

AT
h

T x(t)

x(t− τ)


=

 x(t)

x(t− τ)

T X +

hAT R

hAT
h R

R−1

hAT R

hAT
h R

T x(t)

x(t− τ)

 , (19)

where

X =
[

AT P+PA+ Ṗ−R PAh +R
? −R

]
.

To ensure that V̇ (xt ,ρ) < 0 using (19), it is sufficient that[
AT P+PA+ Ṗ−R PAh +R

? −R

]
+

[
hAT R
hAT

h R

]
R−1

[
hAT R
hAT

h R

]T

< 0.

Finally, applying Schur complement to the above LMI results
in the condition (14), and this completes the proof. �

B. Performance Analysis

In this part, we present the performance analysis condition
for the time-delay LPV system (9). The derived condition
which is in LMI form will be used in the next section for
sampled-data control design.

Theorem 2: The LPV system (9) is asymptotically stable
and the condition ‖z‖L2 ≤ γ‖w‖L2 holds true for τ(t) ≤
h and zero initial condition if there exist a continuously
differentiable matrix function P : Rs → Sn×n

+ , a constant
matrix R ∈ Sn×n

+ and a positive scalar γ such that
AT P+PA+ Ṗ−R PAh +R PB1 CT

1 hAT R
? −R 0 CT

1h hAT
h R

? ? −γI DT
11 hBT

1 R
? ? ? −γI 0
? ? ? ? −R

< 0 (20)
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Proof: We first define a Lyapunov-Krasovskii functional
similar to the one introduced in Theorem 1. Next, we apply
the following congruent transformation

T =


I 0 0 0 0
0 I 0 0 0
0 0 0 0 I
0 0 I 0 0
0 0 0 I 0


to (20). In the obtained inequality, it can be observed that the
negative definiteness of the upper left 3×3 block matrix, in
light of Theorem 1, concludes the asymptotical stability of
the system (9). Applying Schur complement to (20) results
in

AT P+PA+ Ṗ−R PAh +R PB1 CT
1

? −R 0 CT
1h

? ? −γI DT
11

? ? ? −γI

+


AT

AT
h

BT
1

0

h2R


AT

AT
h

BT
1

0


T

< 0. (21)

By another use of Schur complement on (21), we obtainAT P+PA+ Ṗ−R PAh +R PB1
? −R 0
? ? −γI

+

CT
1

CT
1h

DT
11

γ
−1

CT
1

CT
1h

DT
11

T

+

AT

AT
h

BT
1

h2R

AT

AT
h

BT
1

T

< 0.

Multiplying the above inequality from left and right by
[xT (t) xT (t − τ) wT (t)]T and its transpose respectively
and further algebraic manipulations, we obtain

ẋT Px+ xT Pẋ+ xT Ṗx−h2ẋT Rẋ

− [x(t)− x(t− τ(t))]T R [x(t)− x(t− τ(t))]

−γwT (t)w(t)+
1
γ

zT (t)z(t) < 0,

and using (18), we have

V̇ (xt ,ρ)− γwT (t)w(t)+
1
γ

zT (t)z(t) < 0. (22)

Integrating both sides of the inequality (22) from 0 to ∞ and
using V |t=0 = V |t=∞ = 0 (due to the asymptotical stability
and zero initial condition), we arrive at ‖z‖L2 ≤ γ‖w‖L2 and
this completes the proof. �

IV. LMI RELAXATION USING SLACK VARIABLES

We first describe the motivation behind the use of slack
variables in this paper. In the design of the sampled-data
controller, the goal is to establish a synthesis condition to
ensure that (7) is stable and satisfies a prescribed level of
H∞ performance. To this purpose, the corresponding system
matrices are substituted in (20); this, however, results in a
bilinear matrix inequality problem due to the byproduct of
the controller matrix K with the unknown matrix function P
and matrix R. Therefore, we will seek an alternative method
based on the introduction of slack variables to reformulate
the corresponding problem to ensure that an LMI is achieved.

The following theorem provides an alternative way to solve
the matrix inequality (20).

Theorem 3: The LPV system (9) is asymptotically stable
for all τ(t) ≤ h and satisfies ‖z‖L2 ≤ γ‖w‖L2 if there exist
a continuously differentiable matrix function P : Rs→ Sn×n

+ ,
constant matrices R, V1, V2, V3 ∈ Sn×n

+ and a positive scalar γ

such that for any admissible parameter trajectory ρ(t)∈F v
P ,

the following LMI problem has a feasible solution
−V1−V T

1 P−V T
2 +V1A −V T

3 +V1Ah
? Ṗ−R+ATV T

2 +V2A R+ATV T
3 +V2Ah

? ? −R+AT
h V T

3 +V3Ah
? ? ?
? ? ?
? ? ?

V1B1 0 hR
V2B1 CT

1 0
V3B1 CT

1h 0
−γI DT

11 0
? −γI 0
? ? −R

< 0. (23)

Proof: We rewrite (23) as Ψ+ΛT ΘT Γ+ΓT ΘΛ < 0, with

Ψ =



0 P 0 0 0 hR
? Ṗ−R R 0 CT

1 0
? ? −R 0 C1h 0
? ? ? −γI DT

11 0
? ? ? ? −γI 0
? ? ? ? ? −R


,

Λ =
[
−I A Ah B1 0 0

]
,

and

Γ =

I 0 0 0 0 0
0 I 0 0 0 0
0 0 I 0 0 0

 , Θ =

V1
V2
V3

 . (24)

The matrix variables V1, V2 and V3 are known as slack
variables [14]. We next use Lemma 2 (Projection Lemma)
by finding the bases for the null space of Λ and Γ as

NΛ =



A Ah B1 0 0
I 0 0 0 0
0 I 0 0 0
0 0 I 0 0
0 0 0 I 0
0 0 0 0 I


, NΓ =


0 0 0
0 0 0
I 0 0
0 I 0
0 0 I

 .

We then substitute the two matrices above in the solvability
conditions of Lemma 2. Using the solvability condition (11)
results in the LMI condition (23). On the other hand, the
second solvability condition, i.e., (12), leads to an LMI which
is the lower left 3× 3 block of LMI (23) and is always
satisfied as long as there is a feasible solution to (23). In
summary, feasibility of the LMI condition (23) ensures that
the LMI problem (20) is feasible and based on Theorem 2,
the proof of Theorem 3 is complete. �

Remark 1: The choice of slack variables as in (24) is
inspired by the authors’ previous work [18]. It is noted that
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choosing lower number of slack variables, e.g., one or two,
would be also possible but leads to more conservative results
compared to those proposed here. On the other hand, we
found out that stacking more than three slack variables in
(24) results in a complicated LMI problem, which adds to
the design complexity.

V. STATE-FEEDBACK H∞ CONTROL DESIGN FOR
TIME-DELAY LPV SYSTEMS

In this section, we employ the performance analysis condi-
tions presented in previous section to develop an LMI-based
procedure for the sampled-data control design.

Theorem 4: Consider the time-delay LPV system repre-
sented by (2). There exist a sampled-data controller of the
form (5) such that the corresponding hybrid closed-loop
system is asymptotically stable and satisfies ‖z‖L2 ≤ γ‖w‖L2
for all τ(t) ≤ h if there exist a continuously differentiable
matrix function P̃ : Rs→ Sn×n

+ , a matrix function K̃ : Rs→
Snu×n

+ , constant matrices R̃ and U ∈ Sn×n
+ , a positive scalar γ

and real scalars λ2 and λ3 such that the LMI condition
−2U P̃−λ2U +AU −λ3U +B2K̃

? ˙̃P− R̃+λ2(AU +UAT ) R̃+λ3UAT +λ2B2K̃
? ? −R̃+λ3(B2K̃ + K̃T BT

2 )
? ? ?
? ? ?
? ? ?

B1 0 hR̃
λ2B1 UCT

1 0
λ3B1 K̃T DT

12 0
−γI DT

11 0
? −γI 0
? ? −R̃

< 0 (25)

is feasible for any admissible trajectory ρ(t) ∈F v
P . Then,

the corresponding controller gain in (5) is obtained by
K(ρ(t))|t=tk = K̃(ρ(t))|t=tkU

−1

Proof: We first start from the LMI (23) and substitute the
system matrices from (8). Then, we place a constraint on the
slack variables as V1 =V , V2 = λ2V and V3 = λ3V , where V ∈
Sn×n

+ and λ2 and λ3 are real scalars. Applying the congruent
transformation T = diag(U,U,U, I, I,U) with U = V−1 and
considering UT PU = P̃, UT RU = R̃ and KU = K̃, the LMI
condition in (25) is obtained and this completes the proof.
�

Remark 2: In the matrix inequality (25), the (2,2) entry
includes a derivative term that can be replaced by ˙̃P = ∂ P̃

∂ρ
ρ̇ .

Due to the affine dependency of this matrix inequality on ρ̇ ,
it is only required to solve this feasibility problem at vertices
of ρ̇ . Therefore, in matrix inequality (25), one can replace
the term ˙̃P with ∑

s
i=1±

(
vi

∂ P̃
∂ρ

)
[15]. The summation means

that every combination of + and - should be included in the
inequality. That is, the inequality (25) actually represents 2s

different combinations in the summation.

Remark 3: It is noted that the matrix function K̃ in LMI
(25) can be considered to be dependent on the delayed
version of scheduling parameter vector, i.e., K̃(ρ(t− τ)) =
K̃(ρ(t))|t=tk for tk ≤ t < tk+1. This implies that K̃ is updated

once at each interval. With this choice of dependency of the
control matrix gain on LPV parameter vector, we can replace
ρ(t− τ(t)) by r(t) in (25) and treat it as a new parameter
vector r ∈F v

P . In this case, the feasibility or optimization
problem corresponding to the sampled-data control can be
solved over the new parameter space F v

P ×F v
P .

VI. SIMULATION RESULTS

In this section, we demonstrate the viability of the pro-
posed sampled-data control design method by an example.
We consider the following linear time-varying system

ẋ(t) =

[
2sin(0.2t) 1.1+ sin(0.2t)

−2.2+ sin(0.2t) −3.3+0.1sin(0.2t)

]
x(t)+

[
0.2
0.2

]
w(t)

+

[
2sin(0.2t)

0.1+ sin(0.2t)

]
u(t)

z(t) =

[
0 1
0 0

]
x(t)+

[
0
1

]
u(t). (26)

A sampled-data controller is designed to stabilize the plant
and attenuate the effect of disturbance w(t) on the state
x2(t) while maintaining a reasonable control action. We are
also interested in determining the maximum sampling period
such that the system remains stable. It is assumed that the
system is affected by a rectangular disturbance w(t) in the
time interval t ∈ [0,5]. In the model shown above, the sine
term is assumed to be an LPV parameter, whose functional
representation is not known a priori but can be measured in
real time. Defining ρ(t) = sin(0.2t), we obtain an LPV state-
space representation with the parameter space ρ ∈ [−1,1] and
v = 0.2. To solve the LMI problem (25), we have to decide
on the function variables P̃ and K̃, as well as the scalars λ2
and λ3. A widely used choice of the matrix functions is

P̃(ρ) = P̃0 +ρP̃1 +
ρ2

2
P̃2 + · · ·

K̃(ρ) = K̃0 +ρK̃1 +
ρ2

2
K̃2 + · · · (27)

The structure of the matrix functions is part of the design and
is an ad hoc procedure. It is also noted that the optimal value
of γ corresponding to a given bound on sampling rate, i.e., h,
is quite sensitive to the scalars λ2 and λ3. These two scalars
can be optimized by performing a 2-dimensional search.
To solve the LMI problem corresponding to the sampled-
data control design problem, we consider two cases: (i) with
parameter-independent matrices, i.e., P̃(ρ) = P̃0 and K̃(ρ) =
K̃0, and (ii) with second-order polynomials in (27). Table I
shows the optimized H∞ norm of the closed-loop system
with respect to different maximum sampling rates and two
choices of parameter-dependency for the matrix functions
P̃(ρ) and K̃(ρ). Shown in Fig. 2 is the response of the system
(26) to the disturbance w with a constant sampling rate
h = 0.3 and using parameter-independent function variables.
The dashed line corresponds to the state x2 of the continuous-
time system and the solid line indicates the staircase control
action. The obtained H∞ performance level is γ = 0.513. It is
noted that the output response would be improved for smaller
sampling rates. Finally, we examine the case of variable sam-
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TABLE I
H∞ NORM FOR DIFFERENT SAMPLING RATES AND BASIS FUNCTIONS

h parameter-independent 2nd-order
functions polynomial

0.1 0.328 0.325
0.2 0.379 0.375
0.3 0.513 0.495
0.4 1.2 0.905
0.5 Infeasible 1.93
0.6 Infeasible 8.04
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Fig. 2. Output response for h = 0.3; the two scalars are tuned as λ2 = 1.6
and λ3 = 0.1

pling rate, that changes corresponding to the periodic pattern
{0.3,0.4,0.5,0.3,0.4,0.5, . . .}sec. This implies the sampling
time instants {0,0.3,0.7,1.2,1.5,1.9,2.4,2.7, . . .}sec. In order
to handle the sampling rate of 0.5sec, we use parameter-
dependent function variables. In addition, we tune the two
scalars for h = 0.4 as λ2 = 1.6 and λ3 = 1 to yield an
acceptable performance for various sampling rates around
this nominal value. Figure 3 shows the simulation results
demonstrating an acceptable disturbance attenuation obtained
by the sampled-data controller with a reasonable control
action.

VII. CONCLUDING REMARKS

In this paper, we employ the so-called input delay approach
for sampled-data control design of continuous-time LPV
systems by mapping the hybrid closed-loop system to a
continuous-time state-delayed LPV system. Then, to ensure
the asymptotic stability and H∞ performance of the resulting
closed-loop hybrid system, we utilize the slack variables
to relax the resulting inequality condition in terms of an
LMI problem. It is shown that our choice of the Lyapunov-
Krasovskii functional results in successfully handling the
fast-varying time delays which is essential for sampled-data
control design. We further show that the proposed sampled-
data control design method can be used for state-feedback
design in systems with varying sampling rates.
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Fig. 3. Output response for variable sampling rate case; the two scalars
are tuned as λ2 = 1.6 and λ3 = 1
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