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H and H, Optimal Sampled-data Controller Synthesis:
A Hybrid Systems Approach with Generalised Disturbance and
Performance Channels

H.J. Dreef

Abstract— Discrete-time controllers, implemented on digital
platforms, are generally used to control continuous-time plants
using sampled-measurements. For these sampled-data systems,
the frequency on which samples are taken and control inputs
are updated is essential for stability and performance of
the system. Still, the available design methods either do not
explicitly account for or make assumptions impairing practical
application. In this paper, a tractable synthesis method is
proposed that gives guarantees for stability and performance
in terms of the H .- and H2-norm, while taking the effect
of sampling explicitly into account. Furthermore, the method
is extended to bridge the gap towards continuous-time design
techniques like Hoo loop shaping by considering generalised
disturbance and performance channels, where both discrete
and continuous signals are weighted by using designed filters.
The hybrid system approach allows formulating Linear Matrix
Inequalities using the explicit solution to the Riccati differential
equation. Furthermore, a new approximation method for the
‘H2-norm is proposed. The resulting controllers are validated
on academic examples and on a more practical design example.

I. INTRODUCTION

The vast majority of modern control problems can be
considered as sampled-data systems, in which a continuous-
time plant is controlled using sampled measurements and
a (discrete-time) controller is implemented on a digital
platform. The frequency on which samples are taken and
control inputs are updated is essential for the performance
and even the stability of the system, which are not rel-
evant in controller design when the sampling frequency is
chosen sufficiently large, see e.g., [1], [2]. However, taking
sampling explicitly into account can give performance and
stability guarantees when resources are limited. In a way,
traditional methods, described in [1], [3], [4], fall into a two-
step category, being sampling/discretisation and controller
design/synthesis in arbitrary order, illustrated by dashed lines
in Fig. 1. A direct method, indicated with a solid line, would
give guarantees on stability and desired behaviour, while
helping the selection of the sampling/update frequency.

There are numerous tools available for controller design
of discrete- and continuous-time plants in different domains,
see e.g., [1], [3], [4]. Nowadays, complex systems with
interaction, uncertainty, disturbances and multiple in- and
outputs are encountered and require advanced controller
design techniques. Computer algorithms can be employed to
deal with these concepts and obtain controllers that satisfy a

priori formulated performance specifications, which is called
synthesis. Usually performance is formulated in terms of the
Hoo- and Hy-norm, while most design methods are presented
with respect to the Ho-norm for continuous-time systems,
see e.g., [3], [4]. Using weighting filters, a weighted plant
model can be formulated, with which the desired output
for the expected magnitudes of the input signals can be
described. Synthesis with respect to this model effectively
shapes the closed-loop transfers and is referred to as Hoo
loop or sensitivity shaping, see e.g., [3], [4].

Extensive research has been done on the topic of sampled-
data controller synthesis with respect to the H,.-norm in the
last few decades, see e.g., [S]-[13]. The proposed methods
can be categorised in two groups, namely results using
the “lifting” technique and another with a hybrid systems
approach. The “lifting” technique, which derives a norm-
equivalent discrete-time system on which well-known syn-
thesis techniques can be applied, was the first tool to solve
the sampled-data problem with the main disadvantage that
measurement noise cannot be present, see e.g., [5]-[8] and
references therein. The hybrid system approach describes
the combined continuous- and discrete-time behaviour, see
e.g., [14]. Using this approach, results are presented in terms
of Riccati differential and difference equations in, e.g., [9],
[10]. It should be noted that solving these Riccati equations
is not trivial, which inspired [11] to reformulate them into
Differential Linear Matrix Inequalities (DLMIs). The advant-
age of this method is that DLMIs can be converted into
Linear Matrix Inequalities (LMIs) by making (conservative)
piecewise linear approximations of the solution to the Riccati

CT plant |[---------- » | CT controller
v v
DT plant |---------- » | DT controller

Fig. 1: The contrast between traditional discretisation and
design/synthesis steps taken in control design (dashed) and
the direct synthesis of a discrete-time controller for a
continuous-time plant (solid).



differential equation. Moreover, although LMIs are sparsely
present in the literature, there are results in, for example
state feedback, see e.g., [12] and output feedback control, see
e.g., [13], where again no measurement noise is considered.
Despite all the presented results, the problem of how to
formulate a practical design problem as an H., sampled-
data synthesis problem has, to the author’s knowledge, not
been considered. For example in all the reviewed literature,
no reference tracking problem is found, for which it should
be noted that consideration of a measurement disturbance is
essential.

The Hz-norm problem has also been addressed in the lit-
erature, albeit that several definitions are treated. Disturbance
impulse interpretations similar to the Linear Time Invariant
(LTI) case are derived in e.g., [9], [15]-[17]. However, a
tractable solution for this definition has not been found in the
reviewed literature. Therefore, approximations are proposed
by either presuming that the disturbance impulse occurs
during the jump part of the system, see e.g., [11], [12], or by
assuming a linear time-dependency in the Lyapunov function,
see e.g., [18].

This paper presents a tractable hybrid system based
method for Hs and H., sampled-data controller synthesis,
which is extended to connect to the well-known H., loop
shaping design approach to consider design problems, see

g., [3]. To allow for H., loop shaping, a discrete meas-
urement disturbance, which is required for this extension, is
also included. The solution is formulated in terms of LMIs,
which exploits the explicit solution to the Riccati differential
equation that emerges to find a time-dependent Lyapunov
function during the flow of the hybrid system. Furthermore,
we present an approximation, treating the general case of
the Hy-norm. The proposed controllers are validated on
academic examples found in [11], but also on a more
practical design problem.

The outline of this paper is as follows. Section II presents
the considered sampled-data problem, where the hybrid
system is introduced and its stability and performance spe-
cifications in terms of the H .- and Ho-norm are defined.
In Section III, a method is proposed to solve the synthesis
problem with respect to the Ho.-norm using LMIs, which
are formulated using the explicit solution to the Riccati
differential equation during the flow. The same methodology,
along with an approximation method, is applied to the
‘Ha-norm problem in Section IV. With the proposed Ho
synthesis method, an extension towards H., loop shaping
is made in Section V, for which an academic example and
a more practical example is given in Section VI to show
that indeed the specified conditions are satisfied. At last,
conclusions will be drawn in Section VIIL

Nomenclature: A function f(t) evaluated at ¢ = ¢, €
R>o with & € N is denoted as f[k] = f(tx). For a vector
z € R", we denote by ||z|| := VaTz its 2-norm. For a

signal = : N — R"™, we denote by ||z|le, = /> 1y llz[£]]]?

its ¢3-norm and for a signal x : R — R™, we denote by
lzlle. = /S5~ lla(t

)||2d¢t its Lo-norm, provided that these
quantities are finite. For brevity, we write symmetric matrices

of the form [ ;T g} as [ ;T é} . Furthermore, the trace
of a square matrix is denoted by tr(-) and diag(A44, ..., A4,)
denotes a block-diagonal matrix with the entries A1, ..., A,

on the diagonal. At last, AT € R™*™ denotes the transpose
of matrix A € R™**™,

II. PROBLEM STATEMENT

Sampled-data systems can generally be represented by the
following continuous-time (generalised) plant with sampled
in- and outputs:

P(t) = APxP(t) + BPw.(t) + Blu(t),
)zt = C’pxp(t) + D2 w, (1),
P calk) = (k) + DR gwalt) + D5,
[ [

ylk] =

in which ¢ = kh, with sample time h > 0, time ¢t € R,
sample instants £ € N and initial condition z?(0) = x¢. In
(1), zP € R"» denotes the states of the plant, u € R™ the
continuous input and 4 € R™~ the discrete-time input, which
is the sampled signal of u(t) with zero-order hold (ZOH),
ie.,

szp k] + ydwd [k],

u(t) = ﬂ[k‘], for t e [tk,tk+1), 2)

with £ € N. Furthermore, y € R™ denotes the sampled
output, z. € R™:< the continuous and z5 € R"=4 the discrete
performance channel, just as w. € R"»e and wy € R"a
denote the continuous and discrete generalised disturbance,
respectively. The distinction in performance channels z. and
zq 1s made, because the influence of the discrete generalised
disturbance wq[k] cannot be evaluated by a continuous
performance channel, which is generally not treated, see e.g.,
[51-[8], [11]-[13], [15]-[17]. Furthermore, it can be noticed
that a distinction is made between the continuous signal
we(t) and the discrete signal wq[k]. Often when considering
generalised continuous- or discrete-time plants, the same
disturbance signals are considered on the plant and output.'
However, in this hybrid plant they are separated in w,(t) and
wgq[k], due to their inherently different nature.
The plant is controlled by the discrete-time controller

’C:{ [k + 1] = A°x°[k] + By[k],

“[K] + Dey[h]. @

ulk] = Czx
with the state vector ¢ € R™e. The transfer v — y, in
(1), is strictly proper and can be assumed without loss of
generality, since the controller Kp = K(I + Db K)~* gives
the controller for ng’u # 0, see e.g., [3], [4]. For readability,
the discrete- or continuous-time dependencies will be omitted
in the remainder of this paper, except when more clarity is
required.
Using the defined controller and plant, a closed-loop
system can be formulated as a hybrid system by defining the

'In purely continuous- or discrete-time methods DZ. # 0 or Ds 4 7 0,
respectively, can be handled by using loop shifting. Because of the hybrid
nature of the system, we have decided to keep them in the problem
formulation and address them directly, rather than using a generalised
version of loop-shifting.



new state vector £ = [(2F)" u' (xC)T]T. Combining
(1), (2) and (3) yields the closed-loop jump-flow system

lﬂ = AL+ Bue ,  when 7 €[0,h),
T 1
+
S: ¢ = GE+ Jwa ,  when 7 =h, “4)
T+ 0
Ze = ch + Dcwc,
zg = Ca€ + Dqwg,

with £ € R"™¢, such that ng = ng + n,, + ne, in which

AP BP 0] BP
A:=10 0 0f,B:= , (5a)

0 0 0 0

I 0 0] 0
G:=|DCr 0 C°|,J:=|DDy,|, (5b)

BeCP 0 A° B°Dy,

C.:=[cr 0 0],D.:=[Dr], (5¢)
Cq:=[C§ Dj, 0], Da:=[Dg,]. (5d)

as is done in e.g., [9], [11]. It is assumed that the plant
‘P is stabilisable and detectable and that the sample time h
is non-pathological, which basically means that no sample
times that lose the stabilisability and detectability properties
of the plant are considered, see e.g., [6]. The problem that is
treated is to synthesise controllers that stabilise system S and
minimise the Hoo- or Ho-norm. What is meant by stability
is defined below.

Definition 1 The closed-loop hybrid system S, is said to be
globally exponentially stable (GES), if there exist ¢ > 0 and
0 < p < 1 such that for all initial conditions £(0) = & €
R™ with w. =0 and wg =0 for allt € R and k € N, the
corresponding solutions to (4) satisfy ||£(t)]] < ce™PH|&|.

To define the sampled-data H ., and Hs performance, we
introduce the following signal norm, taken from [9], [10]:

e

Compared to [9], [10], a scaling with respect to h is
introduced to make the generalised plant formulation (1) less
dependent on the choice of h. The rationale behind it is that
the discrete-time signal is interpreted as a continuous-time
signal with ZOH, as in (2). This yields the following relation
between the discrete-time /- and Lo-norm

leal, = /O ral®) )it = 3 /0 zalk] T zalkldr

=3 haalk) walk] = |zl
k=0

= (lzel?, + hllzall])2.  ©)

)

which explains the factor A in (6). This can be used to define
the Ho-norm, which is given below.

Definition 2 The closed-loop sampled-data system S with
& =0, is said to have an Ho-norm defined as

il
B )

Ez XZQ

ISl =
weF#0,wa#0

The definition for the Hs-norm is inspired by [5], [9],
[15]. In this definition, with the necessary assumption that

D. = D?. = 0. We use the causal state transition function

of (4), such that the solution x(t) = S(¢,tp)xo with

0 t < 1o,
eAlt—t0) t>to,t €[0,h),

S(t7 tO)IO = eA(tfh)GeA(hfto)xo t>tg,t € [h’ Qh)’

i )

which can be used to define the Hs-norm, given below.

Definition 3 The closed-loop sampled-data system S with
& =0, is said to have an Hs-norm defined as
ds +

s, = (X ’L H{CSts ]
2 CaS(kh,$)B]||, .

1
C.S(t,0M).J } - :
+ D, Dy .

(H[Cds kh, 09) ||| 1, 0 ))

(10)
The focus of this paper is solving the problem of synthesising
controllers that satisfy stability and performance require-
ments following these definitions.

2

III. H., CONTROL

The method to synthesise discrete-time controllers that
stabilise the sampled-data system S and guarantee a certain
Hoo-norm, is presented in this section. First, a method to
analyse the H,-norm is proposed. This method uses the
solution to a Riccati differential equation to formulate LMIs,
which analyse stability and the H.,-norm of the sampled-
data system. Then the analysis procedure is translated into
a synthesis procedure, using a linearising congruence trans-
formation, see e.g., [19].

A. Hoo Analysis

The procedure for the H..-norm analysis is inspired by
the impulsive system approach in [20]. Stability and Ho-
norm performance will be studied using a Lyapunov/storage
function of the form

V(,T)=¢"P(r)¢ (11)

for 7 € [0,h), where P : [0, h] — R"<*"¢ with P(7) > 0.
This function needs to satisfy several conditions to achieve
the defined H,,-norm, which are formulated in Lemma 4.
This lemma states that the conditions for the Lyapunov
function are separated in a flow and jump part, which



allows us to solve the flow part explicitly and evaluate the
satisfaction of the jump conditions with its solution.

Lemma 4 Consider the closed-loop sampled-data system S
and suppose that a valid Lyapunov/storage function V (€, 1),
given by (11), satisfies the conditions

V(fa T) < fYQw;rwc - Z:Zc, (12a)
V(ET,0) = V(& h) <y hw) wg — hz] 2a. (12b)

Then, the system S is GES and has a sampled-data H -
norm smaller than or equal to .

Proof:  Stability is shown by setting w. =0 and
wgq = 0, which yields a non-increasing Lyapunov/storage
function. The remainder of the proof is inspired by [12],
which shows that the combined hypotheses lead to the
defined norm. To do so, we take (12a) and integrate over the
flow, i.e., until right before the jump denoted by ¢, , which
yields

t;+1
Vitr) = Vitk) < / V2wl we — 2] zedt.
tr

(13)

Including the jump dynamics leads to

i
V(tks1) — V(te) S/ " (V2w we — 2] 2.)dt
t (14)

+ v2hw, wg — hz, 24,

which with £ = 0 and summed from £ = 0 to £k — oo

yields
I | ]

since V(0) =0 and V(tx) =0, which yields that the
Hoo-norm is smaller than or equal to . This concludes the
proof. ]

The results of Lemma 4 will first be used to derive
tractable conditions for analysing stability and the H.-norm
of §, To do so, the function P is chosen to satisfy the Riccati
differential inequality

d

dr

2
0<~?

) (15)

2 ‘
LoX Lo

P<-ATP-PA-C!C,
~(PB+C!D)M(B"P+D]C.)

(16)

with the matrix M = (y2I — D] D.)~!. This follows easily
by elaborating the condition (12a) and applying Schur’s
complement. The matrix M is assumed to exist and to be
positive definite, which means that Ayax (D) D.) < 72

Now, only condition (12b) still needs to be satisfied, which
requires a relation between P, := P(h) and P, := P(0).
This relation can be established by finding the explicit solu-
tion to the Riccati differential equation using the Hamiltonian
matrix

BMBT

_ [A+BMD]C, an
—(A+BMD]C,)T

B=1" _c7rc,

with L := (I —y~2D.D])~1, which is positive definite if
again A\pax(DeD.) = Amax (D) D.) < +2. Then the matrix
exponential

(18)

F(r) = e H7 = {FH(T) Flz(T)}

F21 (7’) F22 (’7’)

can be used to write the relation between P, and P, as
Py = (Fa1(h) 4 Foa(h)Py)(Fr1(h) + Fia(h)Py) ™", (19)

which is well-defined on [0, h] when the following assump-

tion holds.

Assumption 5 Fy,(7) is invertible for all T € [0, h].

Since we are evaluating the matrix exponential at 7 = h the
time-dependencies for its partitions are henceforth omitted.

Using Assumption 5 the following matrices can be intro-
duced

A:=F7, (20a)
BB" := —F'Fys, (20b)
CTC = Fy F, (20¢)

for which it is shown in [20, Lemma A.1] that the products
—FﬁlFlg and FglFfll are positive semi-definite. These
are conveniently denoted by A, B and C, since they are
closely related to the equivalent discrete-time “lifted” system,
see e.g., [21]. Using these matrices the function Py can,
according to [20, Theorem III.2], be rewritten as

Py=CTC+A"(P,+P,BI-B"P,B)"*B" P,)A, (21)

and Theorem 6 can be established.

Theorem 6 Consider the closed-loop hybrid system S and

let v > \/Amax(D] D.) and Assumption 5 hold. Suppose
that there exists a matrix Py, = 0 such that
Py, * * *  x *
0 hvy? * * K *
0 0 1 *  x *
PAG PA] PB P o« o« | 70 (3D
cG ¢cJ 0 0 I %
Cy Dy 0 0 0 hlrI

Then, the sampled-data system S is GES and has an
Hoo-norm smaller than or equal to 7.

Proof: The proof is based on showing that the condi-
tions, given in Lemma 4, are satisfied and provide GES by
the hypothesis of the theorem. For the proof that the storage
function (11) is a well-defined function and the method to
yield (21), the reader is referred to [20]. The first condition
(12a) is satisfied by (16), for which the resulting relation
between P, and P, is given by (21). The second condition,
given by (12b), where the Lyapunov function (11) and z4
from (4) are substituted yields

P, 0 el cT
[oh W} - [JT]PO[G J]- {Dﬂh[% D4] =0, (23)



which after substitution of (21) and followed by repeated use
of Schur’s complement yields the LMI (22), concluding the
proof. [ ]

Remark 7 This solution makes use of matrix exponentials,
which impairs maintaining the direct parameters dependence
of the system. However, polytopic embeddings that account
for all bounded parameter variations, see e.g. [22], can still
be used.

B. Hoo Synthesis

It is evident from (22) that the controller parameters, which
are concealed in G and J, appear in products with Pj. To
retrieve an optimal controller in the H, sense, a linearising
congruence transformation has to be performed. Due to
the similar structure as the LTI case, the same congruence
transformation can be done, see e.g., [19].

This transformation uses a partitioning of the matrix Pj

Y V]

as follows
Pl = X U
vl vy ot X|°

Ph = |:
with U = (I - XY)VT, Y =V (Y - X 1)V and X =
VLY XY ~-Y)V~T. All partitions are of dimension 7, xn,.
and the transformation matrix is given by
'Yy I
vrtool
Let us then introduce the partitioning for the other matrices
that adopt the following structure

[z o 0 Q][4 B°][0 T
S ]

24)

T .= (25)

0 0 I 0]
[0 Q][4 B<] o
p Al
. A 0] % Bl - ~
A:[0 I},B:[O},C:[C 0], (26¢)
Cq= [C’d O],Dd:l_)d, (26d)

which requires that the controller order is equal to
Ne = Ny + N, in order to retrieve the controller parameters.
The bar notation is used to indicate known matrices for
the following results. These steps can be used to present
Theorem 8.

Theorem 8 Consider the closed-loop hybrid system S and
let v > \/Amax(DJ D.) and Assumption 5 hold. Suppose
that there exist the matrices L,M,F,H and symmetric
matrices X,Y > 0 with appropriate dimensions such that

Y * * * Kk Kk kX

I X * * Kk Kk kX

0 0 Y2 % ok ok kK

0 0 0 I *x %% *% 0
YAZ+MW L MR YBX x+ » |7
A(Z+QHW) A(ZX+QF) AQHR B 1Y x x
C(Z+QHW) C(ZX+QF) CQHR 0 0 01 «x

éd C’dX Dd 0 000 h_lf_

(27)

Then, the controller (3) with matrices
Ac Bl [V YAQ U ([L M]
ce D¢l |0 I F H

[ )l o]

(28)

o

0 0] ) |WX
where U and V' are invertible and can be chosen, such
that UVT = I — XY, renders the closed-loop sampled-
data system S GES and guarantees it to have an Ho-norm
smaller than or equal to .

~

Proof: Applying the congruence transformation
diag(P, 'T, 1,1, P, 'T,1,1) to (22) yields
TTP,: Ir * * * *  x
0 hy? o % * I
0 0 I * *  x
TTAGP T TTAJ TTB TTPT « % | 70
CGP'T  CJ 0 0 I «
CyP'T Dg 0 0 0h7l
(29)

Then, using the matrix partitionings (24), (25) and (26) and
the controller parametrisation (28), the matrix inequality (29)
can be rewritten to (27). This concludes the proof. [ |

IV. Ho CONTROL

Controllers that stabilise the sampled-data system S and
guarantee a certain Hy-norm can be done using approxim-
ately the same procedure as for the H., case. Similar to
the previous section, first the Ho-norm analysis method is
presented, using LMIs that are formulated in terms of the
explicit solution to the emerging Riccati differential equation
to find a valid sampled-data observability Gramian. Then, the
analysis procedure is translated into a synthesis procedure,
using a linearising congruence transformation, see e.g., [19].
At last a computational approximation is given to yield
tractable results.

A. Ho Analysis

The main difference for the H2 procedure is that observab-
ility Gramians are used instead of a Lyapunov/storage func-
tion. This is also done in [9], which leads to conditions given
in Lemma 9. Using these conditions a similar procedure as
for the H,-norm can be performed.

Lemma 9 Consider the closed-loop hybrid system S and
suppose that a valid sampled-data observability Gramian
P(7) > 0 satisfies the conditions

%P(T) < —ATP(1) - P(1)A - C!C¢, (30a)
P(h) < GTP(0)G + hC, Cy. (30b)

Then, the sampled-data system S is GES and has the
Ho-norm:

h
IS|l, = (;/ tr (BTP(s)B) ds +
0
, 31
tr(JTP(O)JJrDJDd)) )



Proof: The proof can be found in [9, Th. 4.1]. |
First, the continuous-time part of the observability
Gramian, given by (30a), is calculated. For this Riccati
differential inequality, another Hamiltonian matrix can be
formulated as follows

A 0
H = [—CCTCC —AT} , (32)
for which the matrix exponential
_ Fi1(7) 0
F(r)=e Hm = |1 } , 33
e B BN PR CE)

where again Assumption 5 holds and thus can be used to
write the relation between P, and P}, as

P(h— 1) = (Far(7) + Faa(7) Pu) F1y (7),

. R . . 34

=CT(n)C(r) + AT (1) P, A(T), e
for 7 € [0,h) with matrices A and C' described by (26).
For the sake of clarity, the following notation is introduced
Ay = A(0) and Cy = C(0), which is also applied to its

partitions Ay and C, defined in (26).

Theorem 10 Consider the closed-loop hybrid-system S, and
let Assumption 5 hold. Suppose that the matrix Py, > 0 exists
such that

Py, * % *
PhA()G Ph * *
L = 0. 35
GG 0 I o« (35)
Cy 0 0 hlI

Then, the sampled-data system has an Ho-norm given by

31).

Proof: The proof is similar to the proof of Theorem 6
with slightly different conditions, given by Lemma 9. |

B. Hy Synthesis

The same procedure as in Section III-B is applied. There-
fore, the partitioning and congruence transformation, given
by (24), (25) and (26), is used. By taking these steps with
respect to Theorem 10, Theorem 11 can be established.

Theorem 11 Consider the closed-loop hybrid-system S, and
let Assumption 5 hold. Suppose that the matrices L, M, F, H
and symmetric matrices X,Y > 0 and S exist such that

Y * * Kk KX x
I X * Kk x ok
}/AQZ—O—_MV_T/ LY xx ok 0
Ao(Z+QHW) Ag(ZX +QF) I X x * -
Co(Z+QHW) Co(ZX+QF) 0 0 I
Cy CyX 0 00AR
(36)
S *x  x *
Co(J+QHR) I *
MR 0y |7 37
AQHR 0 I X

Then, the controller (3) with matrices
Ac B _ [V YAQ| ' ([L M| _
ce D¢ |0 1 F H
YAZX o]\ [UT o]
0 0 WX ’
where U and V' are invertible and can be chosen, such
that UVT = I — XY, renders the closed-loop sampled-

data system S and guarantees it to have an upper bounded
Ho-norm given by

(38)

~ O

h
IS, < (;/O tr (BTP(s)B) ds +
(39)

N[=

tr(S + Dng),) .

Proof: The proof for this theorem is similar to the
proof of Theorem 8, where the difference comes from the
extra condition (37). This matrix inequality arises from

JTP(0)J <8, (40)

where S functions as an upper bound. This concludes the
proof. [ ]

C. Ho Approximation

In order to get to tractable results for the sampled-data
‘Ho-norm, an approximation is required, which will be ex-
plained in this section. The presented Hs-norm includes the
computation of an integral over the trace of the sampled-data
observability Gramian, which cannot be calculated directly.
Existing approximations for this Hy-norm definition only
consider impulses right before the jump, see e.g., [11], [12].
An approximation that closer represents the definition is
proposed. The method consists of taking finite grid points

1 N
IS, =~ (h St (BTPm)B) +
= s (41)
tr(J T P(0)J + Dde)> ,

where P(7) is given by (34) and 7, = %h with i €
{0,...,N}, N € Nand 7o = 0 if N = 0. By taking a
sufficiently large NN, a close approximation of the sampled-
data Ho-norm can be found.

When considering the synthesis problem where the par-
titioning of (24) and (26) is used, the function needs to be
rewritten in terms of the optimisation variables. To do so,
the following realisation is made

B™P(h—7)B =BT (OT(T)O(T)+AT(T)PhA(T)) B

_ {BO«%T(CT(T)C(T) + AT(NYA()) [%5} 42)

for which the new partitioned function P(7) can be defined
by

P(h—71)=C"(1)C(r) + AT (7)Y A(7). (43)



This yields the upper bound of the synthesis object-
ive function, which yields a close approximation for
tr(S) — tr(J T P(0)J), given by

ISl ~ (2 ﬁ_vjt (m b ﬁwD ;

2

44)
tr(S + D}Dd)> ,

where 7; = ﬁh and 7; = %h with ¢ € {0,...,N}, N ¢ N
and 75 = 0 if N = 0.

V. Hoo LOOP SHAPING

It has been shown that the sampled-data H..-norm con-
troller synthesis problem can be solved. However, applying
synthesis methods for practical applications requires addi-
tional steps. Traditional H ., loop shaping appends weighting
filters to the plant on which the same synthesis techniques
can be applied, see e.g., [3]. However, due to the hybrid
nature of the plant, some modifications of this method have
to be made. Therefore, this section focusses on formulating
a so-called generalised plant for sampled-data systems, for
which the procedure described in Section III-B can be
applied. This formulation that is developed for continuous-
time systems uses weighting filters to describe the behaviour
of the loop transfers of the closed-loop systems, see e.g., [3],
[4] and references therein.

A. Generalised Plant Formulation

The main issue that is encountered in the generalised
plant formulation for the hybrid system is dealing with
the discrete- and continuous-time part. This means that the
weighting filters cannot be applied directly to a plant to
obtain the generalised plant on which the synthesis procedure
can be performed. Instead, the weighting filters that are
designed for the discrete-time signals need to be applied on
the discrete part of the hybrid system and the converse for the
continuous part. The issue is that in the synthesis procedure
the discrete-time state transition of the plant (1) is assumed
to be

2Pt = 2P, (45)
which does not hold when weighting filters are applied, since
the filter dynamics are included in the plant. This requires
some changes that will be illustrated in this section.

Recall the continuous-time dynamics of the plant (1) and
the discrete-time dynamics (45). For this hybrid plant, we
introduce the hybrid weighting filters for the correspond-
ing signals Wy, Wy,,, W,  and W, that normalise and
shape the signals with the following relation w. = W, .,
wg = Wy, W4, 2. = W 2. and Zqg = W, 2,4, such as shown
in Fig. 2. The normalised signals w, and w, are defined such

j

We—4>Wa [ W, o Ze

W,
__>WZ L
Y

t

__)Zd

Fig. 2: The generalised plant with the appended filters, where
the dashed lines indicate discrete signals.

that |||, <1 and [[@all,, < 1. Then, these hybrid filters
are given by

1% = A%ex"e + BV,
W, : 4 2% = [x%, (46a)
we = CYex™e + DY,
v =0,
Wi, a4 = AWzt By, (46b)
wg = CPex™e + DYpy,
i%e = A*ex? + B*ez,,
W... zZet = Iz, (46¢)
Ze = CPex® + D*z,.,
T7d =
W,, : { ot = A%ig® 4 B2z, (46d)
Zg = C%ax?e Dz,
The application of these filters to the plant
(1) and (45) yields a  new . state vector
TP = [:BPT gWel gl gwal deT} due to the

filter dynamics that are now also included in the plant.
The generalised plant that includes all these filters can be
rewritten to the sampled-data generalised plant

]
P:q Z(t) = Cla"(t) + D, (47
Zalk) = C4a? [k] + Dj balk] + Df, alk],
ylk] = CYa°[k] + Dy yalk],



with
AP BECwe 0 0 0] BEDve
: 0 Awe 0 00| _ Bwe
AP .= |B*CE B*DE.C%e Ave 0 0|, BY := | B*<DE.Dve
0 0 0 00 0
0 0 0 00] 0 J
(48a)
I 00 0 0 7 0 1
0 10 0 0 0
Gri=| 0 oI 0 0 |, Jr:= 0
0 00  Awd 0 B?aDh Dwa
B#aC%h 0 0 B*aDh ,Cva A%d] D#a Db Dwd |
(48b)
CP := [B*<CE D?DE.C¥e C* 0 0], DB, := [D?DE.Dv¢],
(48¢)
CY = [D*C% 0 0 D*Dh Cwa C%], Db, = [D*4 D} Dvd],
(48d)
~ P P j 2 P
Cp:=[Cy 00 Dy,C¥ 0], D = [Dy, D] .
(48e)

These filters do not only increase the order of the plant, but
also alter the matrices G and J. Although the changes of

i G0 0] JP
G=|DCy 0 co|.J:=|DDy,|. (9
BCr 0 A° B°Dy,

seem minor, more modifications are required for synthesis,
since partitioning (26) is no longer valid. Despite these new
matrices, the analysis of Theorem 6 can still be applied.

B. Synthesis Procedure for H, Loop Shaping

The modification described in (47), (48) and (49) is
applied, which introduces the new matrices A, B and C,
which are the resulting matrices from (20). The Hamiltonian,
as in (17), is constructed using the new continuous-time plant
matrices from (48a) and (48c). The required modification to

partitioning (26) yields

= _ [z o]  Jo Q][4 B°|[0 I

e A R AP A R
+

|
S

A¢ Be| |0
£l
i [A 0] 5 _[B] ~._ A
A._[O I},B._[O},C.—[C 0, (500
Ca=[Cs 0].Dy=Da. (50)

for which all the affected known matrices are now denoted
with a tilde instead of a bar. Furthermore, is the generalised
closed-loop system S formulated in the same way as (4)-(5),
but now using the generalised plant P with (49).

Theorem 12 Consider the closed-loop hybrid system S and

let v > \/)\max(b;rbc) and Assumption 5 hold. Suppose

that there exist the matrices L,M,F,H and symmetric

matrices X,Y > 0 with appropriate dimensions such that

Y * * * ok ok ok x|
I X * P T
0 0 h~? * ok K Kk
0 0 0 I x x % *
YAZ+MW L YAE+MR YBX %+ » | 70
A(Z+QHW) A(ZX+QF) A(E+QHR) B TY » «
C(Z+QHW) C(ZX+QF) C(E+QHR) 0 0 01 «
Cy CyX Dy 0 0 00h ]
(51
Then, the controller (3) with matrices
Ac Bl _ [V YAQ| ' ([L M| _
ce D¢ |0 I F
. N €23
YAZX O (~] 0
0 0 WX 1 ’

where U and V are invertible and can be chosen, such
that UV"T = I — XY, renders the closed-loop sampled-
data system S GES and guarantees it to have an H.-norm
smaller than or equal to .

Proof: The proof is similar to the proof of Theorem 8
with the slight change introduced by the different partitioning
(50b). ]

VI. EXAMPLES

In this section, we will illustrate the presented results using
numerical examples. This section is split in two parts, where
first an academic example, complying to the literature, is
considered. Then, a simple practical loop shaping design
problem is presented to illustrate the generalised plant for-
mulation proposed in this paper.

A. Academic Example

This example is taken from [11] and the plant is given by

(1) = l_ol (ﬂ (1) + ‘1’] we®) + |7 ut)
zc(t):[l 0} 2P (t),
zq[k] = di[k],
ylk] = [1 0] a”[K] + duwalK],
(53)

where d € {0,1} is a parameter that can be chosen d = 0
to compare with results based on continuous lifting, see e.g.,
[5], [8], [17], while d = 1 includes discrete noise, but can
just be compared to results of [11]. The sampling time is
chosen to be h = 1. In this section the notation -, is used to
indicate the H,o-norm of the system for the corresponding
parameter d.

Let us start with the case when d = 0, for which our
results can be compared with the existing MATLAB routine
sdhinfsyn, which is based on the lifting approach of [5].
This routine returns o = 0.84, while the approach of [11]
yields o = 0.88. The conservatism of this result is due
to the linearising approximation of the Riccati differential
equation that has been used to obtain a tractable solution.
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Fig. 4: Response for d = 1 with w.(t) = wq[k] = VT

Employing Theorem 8 and reducing the controller with
balanced truncation, see e.g., [3], to compare controllers of
the same order, results in 7y = 0.84, which indicates for this
case that no conservatism is introduced. This means that,
according to the H,-norm definition used in this paper, the
relation [[z¢||;, <70 [|welz, holds. Therefore, if the plant
is simulated with disturbance w,(t) = % the steady state
performance output should yield z.(¢) < 1. The simulation
results are presented in Fig. 3 and indeed yield this relation.

Moving on to the case that d = 1, which the MAT-
LAB routine sdhinfsyn cannot solve. The method pro-
posed in [11] yields v; = 2.16, while v; = 2.09 is
obtained by applying Theorem 8, which is less conser-
vative, due to the reasons explained before. In this case,
when the noise input w,.(t) = wqlk] = ;\/i is chosen, the
Hoo-norm definition (8) should 1requi1re1 the steady state
response \/z.(tx)? + zq[k]> < 1. The simulation results
for this case are presented in Fig. 4, for which the result

ze(te)? + zalk]? =~ 095 < 1, for which it can be
concluded that the H.-norm is indeed satisfied.

To illustrate the Ho results, the same example is used as
the previous section, which is described by the matrices in
(53). The results of the impulse response right before the
jump of the hybrid system, denoted by d(h), from [11],
yields an Hs-norm of 1.10. This method, with a single grid
point, can also be used for the proposed LMIs in this paper.
This choice of approximation can then be compared with
using more grid points, conform to the defined method in
this paper. This comparison is made in Fig. 5 where next to
N =0 also N = 1000 is used. It is visible that for N =0
the response to impulses around the sample moment are
damped faster, but not for pulses at other times during the
intersample-time. The resulting Ho-norm for various choices
of N are shown in Fig. 6, which shows that for this case

0 0.2 0.4 0.6 0.8 1
Time h — 7

(a) Ho objective functions

0 2 4 6 8 10
Time ¢t

(b) we(t) = 8(t — h)

0 2 4 6 8 10
Time ¢
(© we(t) = 6(t — 3h)
Fig. 5: The difference in objective functions and the resulting

time-domain impulse responses at different moments for the
case d =0 with N = 0 (blue) and N = 1000 (orange).

1
ol
%09t
0.8 . . . .
0 20 40 60 80 100

N
Fig. 6: The Hy-norm for several choices of N with d = 0.

not that many points need to be taken. Furthermore, it can
be seen that Theorem (11) results in a smaller value of the
Ho-norm for N = 0 than in [11], while using the same
approximation method, which indicates that the proposed
LMIs introduce less conservatism.

1

F AN T
— T . Mo
—

Fig. 7: The considered plant, where we want to control the
velocity of the non-collocated mass s.



B. Ho Loop Shaping of a Mass-spring-damper System

Generally, reference tracking is one of the main goals
in control. Therefore, design problems for sampled-data
systems will be illustrated on a mass-spring-damper-mass
system, which is shown in Fig. 7. For this example, we want
to have the velocity of the non-collocated mass @9 track
a user-defined reference r, while rejecting the disturbance
signal w. The model for this system is given by

Bl [-wwmowmow |[[R] [+ "
i L0 00 |fo| 0] |0
P . w u,
Bl 7| d & k] e o] o
i 0 0 1 0 ]| |0 0
oo-10] , [1] , fo].
24 = xt + r+ u,
0000 0 1
y = h)o 1 O}IP-FT,
(54)

with sampling time A = 0.1 s and where the parameters
are given in Table I. These parameters are chosen such that
the low-frequent dynamics allow a low sampling frequency
to better illustrate the sampled output in the response. The
Bode diagram of the system can be found in Fig. 8.

TABLE I: The considered parameters for the example sys-
tem, described in (54).

Parameter Value  Unit
m 0.1 kg
d 0.01 Ns/m
k 0.01 N/m

Then, weighting filters are designed to reject disturbances
until 0.01 Hz and achieve a bandwidth of around 0.6 Hz
for references up to 10 m/s. Next to that, the input should

100

Mag. [dB]

—100
103

100

10~1 101

Phase. [deg]

—100
10—3

10! 10t
Freq. [Hz|
Fig. 8: The Bode diagram of the considered plant.

10

not exceed 2000 N. However, evaluating if the performance
criteria are met and tuning these weighting filters is generally
done using Bode diagrams, which are not available for
sampled-data systems. Therefore, we chose to discretise
the plant using Tustin’s discretisation method, see e.g., [1],
yielding the closed-loop transfers shown in Fig. 9. This
shows that the design criteria are met and are validated by
the step response shown in Fig. 10.

VII. CONCLUSION

Digital platforms are often employed to control
continuous-time systems, while in controller design
_ 50
M
= of
ob =50 ¢
= —100

10°? 107! 10t
Freq. [Hz]
@ r— zq
50
a8
= ol

eb —50 ¢
- —100 :

1073 10! 10
Freq. [Hz]
(b) w— z4

Fig. 9: The closed-loop transfers of the discretised plant with
the synthesised controller (blue) with their corresponding
weighting filters (orange) that were used for design.
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~1000 . . . .
0 2 4 6 8 10
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(b) Input

Fig. 10: The step response of the sampled-data system.



the effect of the introduced sampling is often neglected
by selecting a sufficiently high sampling/update frequency.
In this paper, a tractable method is proposed to synthesise
optimal controllers for these sampled-data systems with
respect to the Hoo- and Ho-norm. This is done by
formulating LMIs using the explicit solution to a Riccati
differential equation. This solution does incorporate matrix
exponentials, complicating extensions towards parameter
dependencies.

This methodology is extended to perform continuous-time
design techniques, such as H, loop shaping, to sampled-
data systems. This is done by applying hybrid filters and
adjusting certain assumptions during the synthesis procedure.
These methods are illustrated using an academic example
from the literature and a practical design problem for a
simple mass-spring-damper system. The presented results
show that controllers with a good approximation of the
optimal Ho.- and Ha-norm are synthesised. Furthermore,
it is shown that H., loop shaping can be applied to more
practical systems, while taking the effect of sampling into
account.
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