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Chapter 1

Introduction

Over the past decades control engineers have developed various methods in an attempt
to control linear time-invariant (LTT) plants as ‘good’ as possible, or at least within design
specifications. Various linear design methods, like classic control theory, state space control
or Hs control, all have their own advantages, but each suffers from the same fundamental
limitations (like Bode’s Sensitivity integral) which are inevitable in the linear control of lin-
ear systems [22,25|. For this reason several non-linear controllers for LTI plants have been
suggested in literature [14|. This master’s thesis intensively discusses one of those non-linear
controllers, namely the reset controller.

A reset controller is basically a linear dynamic controller, whose states or subset of states
are reset to zero whenever its input and/or output satisfy a certain algebraic relation. The
idea of reset control can best be understood when considering an integrating controller in
particular. An integrator ‘sums up’ the error over time in order to achieve a zero steady state
error. However, when the error becomes zero for the first time, the integrator still has the
‘summed’ error stored in its states, which it has to get rid of. During this ‘emptying’ of the
integrator it causes overshoot in the error.

A very obvious choice is then of course to reset the states of this integrator to zero as soon
as its input (the error) becomes zero. This way the states, containing the ‘summed’ error,
are cleared instantaneously, and hence the overshoot is avoided. This concept was indeed
validated by simulations [3,10], and the potential of reset control was furthermore shown in
experiments [9,12,27|. In each case reset control seemed to be able to meet specifications
which linear controllers could not meet.

Triggered by the apparent advantage of reset control over linear control, various people
have tried to analyze the stability and the performance of reset control systems. Highlights
in this respect are the Hg-condition for strictly proper controller in [5] and the Lo analysis
for first order reset elements (FORESs) in [23,26]. Multiple system descriptions and analysis
methodologies have been tried in history, but the state space description and Lyapunov based
stability results expressed in linear matriz inequalities (LMIs) of these papers can be called
the most promising of them all.

Hence, inspired by these results, this master’s thesis continues the work of [23,26], formu-
lating LMI-based performance measures for reset control systems. First, the results for Lo
stability are extended in the paper in Chapter 2 such that the H,, norm can be calculated
for general reset control systems. Hence, we can use any reset controller, instead of merely
FOREs like in [23,26]. Moreover, this extension offers a solution for tracking problems and
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suggests future research directions to further decrease the conservatism present in the analy-
sis. In Chapter 3 a similar methodology is used in a paper where an LMI-based analysis to
calculate the Hy norm of a reset control system is derived. Furthermore, the use of the Hs
norm is illustrated with an example, where reset control is shown to outperform the ‘optimal’
linear controller in terms of a constrained Hs problem.

Extra background information about various related subjects is provided in several ap-
pendices at the end of this thesis. The very first known reset controller, called the Clegg
integrator, is extensively described in Appendix A. The previously mentioned Hg-condition
for stability is explained in Appendix B. Furthermore, Appendix C gives some necessary back-
ground information about dissipativity used in Chapters 2 and 3, whereas Appendices D and E
give an overview of induced norm analysis LMIs for linear systems in continuous and discrete
time, respectively. Finally, synthesis methods for linear systems are discussed in Appendices
F (using a linearizing change of variables) and G (using the elimination lemma).



Chapter 2

Hoo analysis of reset control systems

In this chapter a paper is presented in which the work of [23,26] is generalized. This
paper provides an Ho analysis tool, which is applicable to any reset control system which fits
into the general Ho, framework. It can hence be used for arbitrary linear plants and, more
importantly, for arbitrary reset controllers (with linear flow dynamics). The Ho analysis itself
is derived using dissipativity theory and piecewise quadratic Lyapunov functions, resulting in
a computable set of LMIs.

Another improvement compared to [23,26] is that the generalized system description re-
models the resetting condition, such that e.g. tracking problems are successfully included in
the Hoo analysis. Possible conservatism which can be present when considering these tracking
problems can be removed by including strictly proper input filters, thereby explicitly taking
a priori knowledge about the input signals into account.

Other contributions of the following paper include various future research directions to
reduce the conservatism even further, and a discussion on the usefulness of the H,, norm and
other induced norms for reset control systems.



An LMI-based H ., performance analysis for reset control systems

G. Witvoet, WH.T.M. Aangenent, W.P.M.H. Heemels, M.J.G. van de Molengraft, and M. Steinbuch

Abstract— We present a general LMI-based analysis method
to determine an upperbound on the £, gain of a reset control
system. These results are derived using piecewise quadratic
Lyapunov functions. The computable sufficient conditions for
Lo stability are suitable for all LTI plants and linear-based
reset controllers, thereby generalizing the results available
in literature. Our results furthermore extend literature by
including tracking and measurement noise problems, while
using proper input filters to reduce conservatism. We conclude
by suggesting future research directions to reduce conservatism
even further.

Index Terms— Switched systems, reset control, linear matrix
inequality, Lyapunov stability, £, gain, tracking.

I. INTRODUCTION

In order to overcome the fundamental performance limita-
tions which linear controllers are known to be subject to [1],
[2], various nonlinear feedback controllers for linear time-
invariant (LTI) plants were proposed in literature [3]. An
example of such a nonlinear feedback is the reset controller,
which is basically a linear controller whose states (or subset
of states) are reset to zero whenever its input and output
satisfy certain conditions.

The first resetting element was introduced in 1958 [4],
when Clegg proposed an integrator which resets whenever
the input is zero. The advantage of this Clegg integrator was
illustrated using its describing function, which has the same
magnitude plot as the linear integrator, but its performance
limiting phase lag is 38,1° instead of 90°. However, the use
and effect of this resetting integrator is not straightforward
because of its nonlinear behavior, so its first use in a control
design procedure [S] was not until 1974. Subsequently, a
first order reset element (FORE) was introduced in [6], with
which a controller design procedure was proposed based on
frequency domain techniques. An overview of these results
is given in [7].

At the end of the *90s there has been renewed interest in
reset control systems, resulting in various stability analysis
techniques. The first results were reported in [8], stating a
stability criterion for zero-input closed loops with a second
order plant and a Clegg integrator. However, the criterion
involves explicit computation of reset times and closed
loop solutions. A similar stability analysis for FOREs was
published in [9], again restricted to second order plants, and
hard to generalize for higher order systems. Additionally, in
[10] a stability analysis using an integral quadratic constraint
(IQC) was stated, which is however rather conservative due
to the independency of reset times.

In following publications stability conditions were for-
mulated using Lyapunov based conditions. This was first
done in [11] and [12], considering only second order closed

loops with constant inputs. The result has been extended
in [13] to a sufficient criterion on BIBO (bounded input
bounded output) stability, for which [14] has provided the
proof. These results were generalized in [15], resulting in
the so called Hg-condition. The same paper also addressed
the tracking problem, based on the internal model principe.
Furthermore, the possible advantages of reset controllers over
linear ones have been shown both in simulations [9], [16] and
experiments [7], [14], [17]. A clear overview of [11]-[17] is
provided in [18], summarizing the Hg stability analysis for
general reset systems.

The Hg-condition is a reformulation of Lyapunov based
stability LMIs (linear matrix inequalities) using the Kalman-
Yakubovich-Popov Lemma, in order to provide computable
conditions to check the stability of zero-input reset control
systems. The analysis consists of two stability LMIs, one
corresponding to the flowing of the closed loop (i.e. smooth
evolution of the state) and the other to the reset of the
controller. These LMIs are coupled as a common quadratic
Lyapunov function is searched for both. Therefore the Hg-
condition is conservative, and is only necessary and sufficient
for quadratic stability. Systems violating the H g-condition
can still be stable. Moreover, since the flowing LMI is solved
for the complete state space, it requires the linear part of
the closed loop dynamics to be stable. Since this is over-
restrictive, it introduces additional conservatism.

This conservatism was largely being dealt with in more
recent publications [19], [20]. To make the stability LMIs
less conservative, the authors first suggested a slightly dif-
ferent resetting condition. Indeed, their idea to reset when
controller in- and output have opposite sign instead of when
the input is zero results in a much smaller flow region. This
allows the flowing LMI to be solved over a smaller part
of the state space, thereby releasing the stability constraint
of the linear closed loop and thus sharpening the stability
bounds of the reset system. Second, the authors allowed
piecewise quadratic Lyapunov functions, thus approximating
higher order Lyapunov functions to capture a broader class
of stability problems. On top of this the analysis has been
extended to Lo stability, such that the closed loop Heo-
gain from input to output of a reset control system can be
approximated by an upperbound.

As such, the work in [19], [20] is the most general analysis
framework for reset control systems currently available in
literature. However, it is not generally applicable, since it
treats only FOREs and Clegg integrators. Furthermore, it
does not include a solution to the tracking problem, since
its system description assumes a zero reference. Hence, our
work will form an extension to [19], [20] in several direc-



tions. First, it generalizes the H., analysis to general reset
control systems fitting into the common H., framework.
Second, the tracking problem is successfully included in our
results. A solution to reduce the possible conservatism that
this might introduce, will be provided via input filtering.
Third, additional remaining conservatism problems are dis-
cussed, and several possible solution directions suggested.
Finally, in the discussion we will shortly reflect on synthesis
possibilities, the usefulness of H, for reset control systems
and possible extensions to other induced norms.

This paper is organized as follows. First, Section II intro-
duces the general Ho, framework for reset control systems
and describes the dynamics of the plant and the controller.
In Section III our main results are derived, as well as a
solution to deal with tracking problems. Furthermore, some
future research directions are provided in Section IV. After
the conclusions in Section V, we shortly discuss our results
in Section VI

Notation. The set of real numbers is denoted by IRR.
The identity matrix of dimension n X n is denoted by
I, e R™*™. Given two vectors x1,xo we write (z1,23) to
denote [zT, 2217, A vector x € R" is nonnegative, denoted
by x > 0, if its elements x; > 0 for ¢« = 1,...,n. A
symmetric matrix A € R™*™ is positive definite, denoted
by A = 0if 27 Az > 0 for all x € R"\{0}. A sequence of

scalars (u',u?,... u¥) is called lexicographically nonnega-

tive, written as (u',u?,...,u*) >, 0, if (u',u?, ... ,u¥) =
(0,0,...,0) or u/ >0 where j = min{p=1,...,k: uP#0}.
For a sequence of vectors (z!, 22, ..., z¥) with 27 € R", we
write (z1,22,...,2%) >, 0 when (z},22,...,2F) >, 0 for

alli=1,...,n.

II. GENERAL SYSTEM DESCRIPTION

In this section we present a mathematical description of
the reset controller and the resulting closed loop. These
descriptions are chosen to fit into the common multichannel
Ho framework, as depicted in Figure 1. The augmented
plant P, with state x, € R"», contains the system to
be controlled, together with possible input- and output-
weightings. The reset controller is denoted by K, whose
states are denoted by x; € IR™*. The closed loop state is
defined by z € R” with « = (z,, ). Moreover, w € R"»
and z € R™* denote the exogenous inputs and outputs, and
y,u € R denote the controller input and output, respectively.
Note that we consider SISO plants and controllers only, since
reset control for MIMO systems is still an open issue.

P

K

Fig. 1. General multichannel closed loop system

For the remainder of this paper we will consider LTI
augmented plants P, whose dynamics are described by

tp, = Azp+ Bu+ Byw
z = Cuxp+Dyw+Dou (1)
= Cuxp, + Dyw.

Note that there is no direct feedthrough from u to y, as is
e.g. the case for general motion systems. Furthermore, for
feedback control to make sense, we assume that (A4, B) is at
least stabilizable and (A, C) is at least detectable.

A. Reset controller

The controller K is described by a linear filter whose
(subset of) states are reset whenever its input y and output
u satisfy a certain condition, hence

2y = Agzi+ By if (y,u) e
a:,:r = A,z if (y,u) € @’ 2)
U = Ckxr+ Dgy

This reset controller can thus be seen as a hybrid system,
whose states zj flow linearly conform (Ax, Bx,Ck, D)
in one part of the (y,u)-space and are reset instantaneously
from x to :cz in another part. These parts, or regions, are
defined by a flow set €' and a reset set D' respectively, which
are defined by the resetting condition. There are various
resetting conditions possible, but here we will follow the
lines of [19], [20], where resetting occurs whenever input
and output have opposite sign (i.e. yu < 0). Compared to
[18] this choice reduces the size of the flow set and thus
allows a considerable relaxation of the Lyapunov conditions
later on.

Furthermore, for robustness reasons the sets ¢’ and ®’
should be closed and such that ¢’ U®’ =R?2 [19]. To
describe €’ and D’ we follow the method described in
[21]. The controller states flow whenever y > 0,u > 0 or
y < 0,u < 0, and reset otherwise, hence

Q:/_{|:g:| E]R21Ef |:Z:| >0 or Ef |:Z:| SO} (3a)

o= { [t w20 o pe|l] <ofow

where

1 0 -1 0
Ef:[O 1] and ER:[ 0 1}.

The flow and reset sets can also be expressed in terms of the
closed loop state x. Therefore we introduce a transformation
matrix T'= [ T, | T, | defined as

Yy x C 0 D, Tp
= T = .Tk-
u w DKC CK DKDw w ’



such that

e {[7] e
w

D = {[x] € R ;
w

Note that ¢ and © also depend on the input w when D,, # 0.

The instantaneous reset from xj, to xﬁ itself is described
by the discrete map A, € R™*™ indicating to which val-
ues the controller states are reset to. Various choices for A,
are theoretically possible, but a reasonable and appropriate
choice, commonly used in literature, is typically

_ | fw=nr O
A= Py |

stating that the last n, of the nj controller states are reset
to zero, while the others remain unchanged.

B. Closed loop dynamics

The dynamics of the augmented plant and the reset con-
troller can be combined into one description for the closed
loop dynamics, denoted by :

& = Az + Bw if (z,w) €€
»:!{ zt = Apzx if (z,w) €D (5)
z = Czx+Duw
where
Al B A+ BDgC BCk Bw + BDg D,
|:4‘7C D :| = Bk C Ak Bk Dy
Cz+DzDKC DZCK ‘ Dzw+DzDKDw

Ap = [ IBP XT :| .
The linear closed loop system which results when resetting
is omitted (i.e. when Arp = I,,, € = R™ and ® = 0), is
called the base linear system.

At this point we emphasize that the reset controller should
be such that multiple resets at one point in time are excluded,
in order to guarantee local existence of solutions. For the
remainder of this paper we thus assume that the closed loop
states can flow after each reset for at least a small amount of
time. For convenience we furthermore assume that the input
w is analytic, denoted by w € A™». We can then state our
flow-assumption mathematically as follows:

Assumption 1 The reset controller and the regions € and
© must be such that

x xT
[w} €D = |:w]€.7:¢, (6)
where F¢ is a subset of € defined as

7o e {[2] envnn
w

>0 Vre(0,e) [“"fg@(;)] ec}. 7

The set F¢ thus defines all combinations (xq,w) of initial
conditions xq (or in this case xm) and inputs w for which
the closed loop solution trajectories x4, (T) of (5) stay in €
for at least T > €.

This assumption implies that the state after a reset 2 should
either lie in the interior of &, or when it is on the boundary
of €, should not be driven outside this region by either the
dynamics or the external input. This can also be formulated
with a lexicographic ordening:

Corollary 2 The closed loop system (5) can flow after a
reset v+ = Apx at time t, if at least one of the two following
lexicographic ordenings hold whenever (z,w) € D

(EfoAR(E + EfTww(tr)
E; T, [AApz+Bu(t,)]) + E;Twir(t,),

E/T, [AQARJ)—F.AB’LU )+ Buw(t )]
+E Ty (ty),...) >, 0 (8a)
(EfTTARLE + EfTww(tr),
E;T, [AAgz+Buw(t,)] + EfTww(tr), ...)<¢0. (8b)

Note again that w € A™ is analytic, meaning that all its
derivatives exist and are bounded.

We conclude our system description by making a small
comparison to the work in [19], [20].

Remark 3 Consider a simple tracking problem, depicted
in Figure 2, where H is a dynamical system with output
7, u is the output of the controller C, and 7 and e are the
reference signal and the error, respectively. It is easy to see

r#0 e u i

iy

Fig. 2. Simple tracking problem

that in this case w = r and thus, due to the direct feedthrough
between r and e, D,,=10. This means that the flow and
reset regions € and ® in (4) explicitly depend on w. Hence
the input r clearly influences the reset moment, since resets
should occur at signchanges of u or e. In the analysis of
[20] however, the dependency on w was omitted, making
it not applicable for tracking problems, but for disturbance
rejection only. Indeed, the authors of [20] only include state
information in the definition of € and %, as the latter is
defined as {x : z7 M2 <0}. This results in resets whenever
u or g changes sign. It is easy to see that when r £ 0 this
resetting condition is not correct, since e=7r—7. |

Remark 4 In [19] Assumption 1 is simplified to

re® = ztecd. 9)

Besides the fact that the influence of w is neglected, this rela-
tion corresponds to only the first vector in the lexicographic
ordening in (8). Hence, it is only necessary but not sufficient
to guarantee a state flow after each reset. Still, one way to
satisfy (9) for all (z,w) € D is to assume Cx A, =0. O



III. MAIN RESULTS

In this section we present our main results on Lo stability,
applicable to any LTI plant (1) and any reset controller (2).
These results use the following definition:

Definition 5 The Lo-gain ||T'||2, of an arbitrary dynamical
system I is defined as the worst case finite gain from a
bounded input w to an output z, thus

o _ 1213 _ 2
HFHOO - sup 2 S ) (10)
o<fwll2<o0 [W][3
such that with initial condition x(0) =0
/ 2T zdt < 72/ wlwdt. (11
0 0

Here ||.||3 denotes the square of the 2-norm of a signal.
Furthermore, we rely on the following lemma [22]:

Lemma 6 (Bounded Real Lemma) An arbitrary dynami-
cal system with state x has a finite Lo gain from input w
to output z smaller than or equal to vy when it is strictly
dissipative w.r.t. the supply function

= y2wlw — 272,

12)

s(w, 2)

This means that for this s(w, z) and for all t; > tg

ty
VGalt) - Vialto)) < [ stwle)=(0)de, (3)
to

where V : R™ — R is a storage function of the dissipative
system. Furthermore, this system is stable if V is continuous
and non-negative, and has a strong local minimum at the
equilibrium point of the system. In that case the storage
function V' is a Lyapunov function.

The smallest possible value of v for which Lemma 6 holds
is known as the H,, norm of a dynamical system.

A. General Ly analysis

In order to find the £, gain of a reset system we apply
the Bounded Real Lemma to the closed loop system (5).
As noted before, a reset z7t Agrx is instantaneous,
yielding [ s(w, z)dt = 0 since to = t;. With this and
the differential form of (13) we can formulate a special case
of Lemma 6:

Lemma 7 The reset system (5) is stable and has a finite gain
from w to z smaller than or equal to v > 0 if there exists
a non-negative Lipschitz continuous function V : R™ — R
such that

iV(w) < ywTw — 2Tz
V(zT)-V(x) <0

if (z,w)e€
if (z,w) €D

(14a)
(14b)

Finding the actual lowest possible value of 7 can be
very hard, since it depends on the used storage function V.
Since we are dealing with a nonlinear closed loop system,
the ‘optimal’ V' will probably be a very complex function,
possibly of high order. For the sake of computability we

11

therefore choose to approximate such a complex function
V' by using piecewise quadratic Lyapunov functions [20].
This choice is motivated by the linear flow behavior in a
large part of the state space, and results in computable LMIs.
Nevertheless, it introduces some conservatism, which implies
that the found minimal value of v will only be an upperbound
on the actual H., norm.

The piecewise quadratic Lyapunov functions are ob-
tained by partitioning the flow set €’ into smaller regions
¢! and assigning a different quadratic Lyapunov function
Vi(x) = 2T P;x to each of them [20], see Figure 3.

Fig. 3.

Partitioning of the (y, u)-space

Each region € is bounded by two lines uniquely defined
by the angles #; and 6;_;. These angles should be chosen
such that 0 < 0y < 6; < ... < On = 3, for example
equidistantly distributed as ¢; = + 5, where i =0,..., N
and N is the number of desired subregions. Translated into
the (z,w)-domain using the transformation matrix 7', the

regions €; and ® are then defined by

¢ :{[‘T] € Rrtnw E,»T[x} >0
w w
T
or ET [ } < o} (15
w
o) :{[I] € Rt ERT{I] >0
w w
T
or FERT [w] < O} (15b)
where
L —Sin(@,‘_l) 008(91_1) _ —-10
B = [ sin(6;)  —cos(6;) |’ Er = 0 1
Moreover, using T = [ T, ‘ Tw ], we introduce
ERrT = [ ERT, ‘ ERrTy } = [ Ex,R ‘ Ew,R ] . (16b)



The region borders are defined by the equality
x x
} =o; [ w ] =0, 7

w

[ —sin(f;) cos(b;) }T{

whose solutions are in the kernel of ®,. We can also
use an image representation for these boundaries, yielding
im(Wa;) = ker(®;), where Wg; € R(MHnw)x(ndnw=1) jq
matrix with full columnrank, and im(Wg;) denotes its image.

Using these subregions and borders we can now formulate
LMIs to calculate an upperbound on the Lo gain, as stated
in the following theorem:

Theorem 8 Consider the reset control system in (5) with a
partitioning of the flow set given by (15). This system is stable
and has an Ly gain from w to z smaller than or equal to
~v >0 if the following linear matrix inequalities and equalities
in the variables P;, Pr,U;,Ugr,V;, VR are feasible:

BTPZ+E3:’1U1EQ:’1 _7]+E5,1U1Ew,1 DT < 07
C D T
i:l,...,N (183)
[ AEPRAR_PRJ'_ETRUREI R ETRUREw R
x, R z, , <
L Ey rUrEz r EL wUrBur | = 0 (18b)
[ P.—ET,ViE,; —ET,ViEuw. a
*Eg,iviEz,i ngyiV;Ew’i ] -0, t=1,...,N (18c)
L Pr—EL yVeEsr —EL 3VeBuw
p . _ET -0 18d
L _EngVREm»R _EZ:,RVREw,R (18d)
ng { P; —OPi+1 8 ]W@izo, 1=1,...,N—1 (18e)
Pr—P 0
ij;o[ RO 1 O}quzo (186)
Pv—Pr O

where U;,Ugr,V;, Vi € R?*2 are arbitrary symmetric ma-
trices with non-negative elements. Minimizing (18) over
returns an upperbound on the actual H, norm of (5).

Proof: First, (18a) is the elaboration of the dissipativity
equation (14a) using the quadratic supply function s(w, z) =
y2wTw — 2Tz and piecewise quadratic Lyapunov functions
Vi(z) = 2T Px:

TPz + 2T Pii < v?wTw — 272

T r .ATP,-FP,.A P;B x < w r ’YQI 0 w
w BTPZ‘ 0 w z 0o -1 z
x r .ATPZ-FPZ.A PB T
w BTP; 0 ||w

T

T 0 I ¥I 0 01 ||z
e e s [0 S ][e 5 lo] <o
| ATPi+PA+CTC PB+CTD | 2| _

w B'P,+DTCc  DTD—~I | |w
which should hold for at least all (z,w) belonging to
¢;. As is explained in [21], this subset of (x,w) can be

overapproximated with a quadratic form, hence

Bl

T

B,
’ :|UZ|:EI,’L Ew,i}|:w

B ] >0, (19

12

where U; is a square symmetric matrix with non-negative
elements. Since any (r,w) € €; also satisfies the quadratic
constraint, we know that the subset {(z,w): (19)} > &,
as required. The S-procedure [22] can then be used to
include (19) into the dissipativity inequality, resulting in an
LMI. Finally, applying a Schur complement yields (18a).
Moreover, (18b) results from (14b) in a similar way.

The Lyapunov functions V;(z) = 2T P,z and Vg(z) =
2T Pra should furthermore be positive in their corresponding
domain. Applying the S-procedure in a similar fashion results
in the LMIs (18c) and (18d).

Finally, in Lemma 7 we have assumed that the Lyapunov
function V' is Lipschitz continuous. This also implies that V'
does not increase nor decrease whenever a boundary from ¢;
to ;11 or vice versa in the (x, w)-plane is crossed, i.e. when
switching between 27 P;x and 27 P; ;= takes place. Hence,
we have to require continuity of the Lyapunov function, i.e.
2T P = $T5+1$ across the i-th border. These borders
are spanned by ker(®;), or the matrix Wg; equivalently,
so application of Finsler’s Lemma [22] finally results in
equalities (18e) to (18g). [ |

Remark 9 As already mentioned earlier, the obtained min-
imal value of v will always be an upperbound on the actual
H~ norm. This upperbound can be lowered by increasing
the number of subdivisions NV, see [21]. (Il

Remark 10 Theorem 8 is a generalization of previous sta-
bility results in literature and is applicable to all augmented
plants and reset controllers which fit into the common multi-
channel ‘H., framework described in Section II. It therefore
extends the work in [19], [20], which only considers FOREs
(including the Clegg integrator) and plants in observability
canonical form. Furthermore, as mentioned in Remark 3,
our analysis includes tracking problems, while [19], [20] do
not. Moreover, Theorem 8 is slightly less conservative, since
P; and Pgr are not necessarily positive definite. Compared
to [18], our result is much less conservative, includes H.o
performance and is applicable to cases where Dy # 0. [

B. Ly for tracking problems

The analysis in Theorem 8 is capable of providing an
upperbound on the actual Lo gain of any closed loop reset
control system. However, in some situations the upperbound
may still be too conservative, like in tracking problems as
in Figure 2. The cause of this high upperbound, as is shown
next, is the fact that D,, # 0 in those situations.

First note that T € R2*(n+nw) apnd &, € RI*(ntnw),
Hence the kernel of ®; is spanned by n+n,, —1 independent
columns, so Wg; € RMFmw)x(n+nw=1) Moreover, (18e)
can be rewritten by removing its zeros, such that

W e (P — Py )Wh, =0 (20)

where W4, € R"*("+7w=1) are the first n rows of Wg,;. If

D,, = 0 the last n,, entries of ®; are 0, which implies
that the structure of Wg; is such (it contains columns
[0,---,0,1,,]" or linear combinations of this with its other

columns) that W}, consists of only n — 1 independent



Fig. 4. Common Lyapunov function

columns. Hence its rank is n—1, which gives design freedom
in P,— P,11, since P; € R™. However, when D,, # 0 the
rank of Wy, is equal to n, and the only solution to (20) is
P;—P; 1 =0 for all i. This means that all V; are the same,
yielding V (z) = 2T Pz for all subregions. Hence Theorem 8
is solved with a common quadratic Lyapunov function,
which clearly introduces conservatism, and increases the
upperbound on the H., norm.

This conservatism also allows a more comprehensible
interpretation. Each subregion €; has its own Lyapunov
function V;(z), which solely depends on z, while (15)
shows that the region itself is defined in terms of both =
and w. Figure 4 illustrates this for the simple case where
z,w € R. Continuity of V(z) across the border between
0 and Qs requires that Vi(xz) = Va(x), since V(x) only
depends on z (depicted by the dashed vertical lines).

The above problem of a common Lyapunov function arises
in any situation where D,, # 0, including measurement
noise and tracking problems. This drawback can be avoided
however, by making some explicit assumptions about the
structure of the augmented plant P.

Fig. 5.

Closed loop with filtered inputs

The solution we suggest is to force D,, = 0, which can be
done by including strictly proper input filters for exogenous
signals that enter the closed loop before the controller, see
Figure 5. Since these strictly proper filters have no direct
feedthrough of the input, there is also no direct feedthrough
from w (containing 7 and 7)) to y in the augmented plant in
(1), so D,, = 0. By including input filters in the augmented
plant we assume to have a priori knowledge of the inputs,
which is often the case in practice. As such we are able to
include this knowledge inside the state vector x,. This way
the Lyapunov function V'(z) also depends on this knowledge
of the input, while &; no longer depends on w. Theorem 8
can now be simplified, since T' =T}, F, ; = E,, r = 0 and
im(Wa;) = ker([—sin(6;), cos(6;)] - Ty).

Theorem 11 Consider the reset control system in (5), where
as a special case D,, = 0. This system is stable and has an
Lo gain from w to z smaller than or equal to vy > 0 if the
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following set of linear matrix inequalities and equalities in
the variables P;, Pr,U;,URr,V;, Vi are feasible:

A"P,+PA+EL UE,; PB C"
BTP; —~I DT | <0,

C D —I
i=1,...,N (2la)
ARPRAR—Pr+E] RUrE, r 20 (21b)
P,—El ViE,; = 0, i=1,...,N (2lc)
Pr—E! RVREs g =0 (21d)
Wi, (P — Piy1) Wa; =0, i=1,...,N—1 (2le)
W (Pr — P1) Wao = 0 1)
Wiy (P — Pr) Wey =0 (2lg)

where U;, Ur, Vi, Vi € R?*2 are arbitrary symmetric matri-
ces with non-negative elements. The smallest possible value
of v for which (21) holds, is an upperbound on the actual
Hoo norm of the considered system.

Remark 12 Theorem 11 is similar to the result in [20].
Note however that our result is applicable to all possible LTI
plants and reset controllers which fit the H, framework, as
long as D,, = 0. In contrast to [20] it can cope with tracking
problems and measurement noise, as long as these inputs are
filtered with a strictly proper filter. |

Since the analysis in Theorem 11 encompasses a priori
knowledge of the inputs, it can be performed for a broad
class of desired input types (and corresponding input filters).
Filter examples include

o unit step: W, (s) = o1y

« unit ramp: W,.(s) = 15

« sine wave with frequency w: W,.(s) = GrorTaT
where s is the Laplace variable and € > 0 is a small number
to force the eigenvalues of the filters to the LHP. This is
common in Hs, analysis and necessary to prevent closed
loop poles at s = 0, which causes infeasibility of (21a).

IV. FUTURE RESEARCH DIRECTIONS

Remark 9 already stated that the above analysis tools only
give an upperbound on the actual H, norm of a reset control
system, and are hence to some extend conservative. In this
section we shortly address some future research possibilities
to further reduce this conservatism.

A. Discontinuous Lyapunov function

The equalities (18e) to (18g) result from the assumption
that the Lyapunov function is Lipschitz continuous. This is
necessary when it is unclear whether solutions of (5) move
from ¢; to €;;1, or vice versa (or even both). However, in
some situations we might be able to determine beforehand
whether the closed loop solution follows a purely clockwise
or counterclockwise path in the (y,u) plane. In these cases
the Lipschitz continuity can be dropped, as we can allow
decreases of the Lyapunov function across region boundaries.
Since a pure (counter)clockwise path can be expressed in
terms of y and u (e.g. by using %%), we can formulate a
priori tests. Hence if, depending on the plant and controller



dynamics, either of the following two tests is valid, equalities
(18e) to (18g) may be relaxed into inequalities as follows:

o Counterclockwise path in (y,u): yi—uy >0

= the equality signs in (18e) to (18g) can be replaced

by ‘greater or equal’ signs;
e Clockwise path in (y,u): yu—uy <0
= the equality signs in (18e) to (18g) can be replaced
by ‘less or equal’ signs;

These tests can be hard to use in practise however, so
further research is necessary to formulate computable tests.
Moreover, it still needs to be seen whether or not this
relaxation is advantageous in specific situations.

B. Non-decreasing Lyapunov function

Since Theorem 8 is only a sufficient criterion, it can
still be infeasible for systems where the actual closed loop
is stable. Examples may include unstable linear systems
stabilized through resets or unstable resets compensated by
stable linear behavior. The Lyapunov functions as a function
of time for such systems may evolve as depicted in Figure 6.
Clearly, although the closed loop is stable, in either situation
Theorem 8 is too restrictive to prove stability, since it
requires a decreasing V' (z) over all time.

A possible strategy to prove stability for these cases,
inspired by [23], is to find a Lyapunov function which
decreases between flow-reset-cycles, marked by the dots
in Figure 6. Consider the example of Figure 6(b) and for
simplicity assume no input or output:

T = Ax ifrecd
Z'{x‘*‘ = Agpx ifze® (22)
where
¢ : {zeR":xE/T,2>0} (23a)
D : {zeR":+ExT,z >0} (23b)

Choose z; to be the state right before a reset at time ¢;, x;r
right after it, and x,;4; right before the next reset at t;4;.
Moreover, assume the flow region to be stable, hence

V(z)+aV(z) <0, with « >0, 24)

reset

(a) Unstable flow region, stable reset

(b) Stable flow region, unstable reset

Fig. 6. Possible Lyapunov functions V' (z) as a function of time ¢

If V(x) may not increase between reset times, this yields
V(wipr) <e GV () < V()  (25)

As an example, suppose we again use quadratic Lyapunov
functions V(z) = 27 Px. Then (25) can be written as

xiTAﬁeAT(t"’“_t”’)PeA(ti“_ti)Ain <azl'Pxz;,  (26)
with must be valid for all ; € ©. This then yields
A}geAT(t"*l_ti)PeA(ti“_t'i)AR - P
+E;RURE, g = 0 (27)

Although this result might seem useful, it requires explicit
knowledge of the reset times ¢; and t¢,;;, which are in
practise hard to find and may be state dependent. Further
research in this direction is therefore necessary, possibly in
combination with non-quadratic V'(x).

Note that this approach does not include Lo gains yet.
The needed introduction of w and z further complicates the
analysis, while we believe that the stability proof by itself is
already challenging enough.

V. CONCLUSIONS

In this paper we have derived a set of LMIs with which
the Lo gain of any reset control system which fits into
the H., framework can be calculated, and is therefore a
generalization of the work in [20]. Our analysis can also
be applied to tracking and measurement noise problems;
possible conservatism in these cases can be removed by
including strictly proper input filters. Finally we have sug-
gested possible future research directions to further improve
stability and L9 analysis techniques for reset control systems.

VI. DISCUSSION

As mentioned before, previous publications have shown in
both simulations [9], [16] and experiments [7], [14], [17] that
reset control can perform ‘better’ than linear control in some
situations. This brings on the need for a performance measure
to quantify this ‘betterness’. Therefore the H ., analysis for
reset control systems published in this paper and previously
introduced in [19], [20] can be very useful.

Using Ho, techniques it is now theoretically possible to
define the best linear controller for an LTI system, e.g. by
using the synthesis method in [24], and then search for a
reset controller which outperforms it. The search for this
reset controller might however be impossible.

First of all, it seems impossible to formulate H ., synthesis
LMIs with the currently available knowledge, hence the H o
optimal reset controller is hard to find. This problem is to a
large extend caused by the ET U.E.. terms in (18) and (21),
which introduce nonlinear combinations of design variables.
Unfortunately this nonlinearity cannot be eliminated using
the results in [25] or linearized by the change of variables
described in [24], so the synthesis does not yield an LMI.

Secondly, we question whether reset control can ever
outperform the optimal Ly-minimizing linear controller. As
is shown in [26] and [27], for LTI plants there exists no non-
linear (possibly time-varying) controller which yields a lower



L5 gain than the optimal linear controller. Unfortunately, we
expect reset control to be no exception to this. We therefore
point out that Examples 2 and 3 in [19] do not provide a
fair comparison between linear and reset controllers; in both
examples it is easy to find linear controllers with much lower
Hoo nOrms.

We therefore suggest to use other norms than H., to
quantify reset control performance. Since the proof of The-
orem 8 shows that (18a) is the result of using a specific
quadratic supply function, we believe that it is possible to
derive analysis LMIs for various other induced norms too, as
long as they can be described using other specific quadratic
supply functions. Moreover, the advantage of reset control
was especially shown in the transient behavior of the step
response, hence we believe the Hy analysis in particular to
be very useful. Since one of the interpretations of H; is the
total output energy to specific initial values, we foresee reset
opportunities in this area. Furthermore, it is recommended
to examine whether reset control is advantageous in mixed
problems, like in mixed Ha/H~ analysis.

Finally, note that nonlinear controllers might be better than
linear controllers in H., sense, when we consider structured
uncertainties, i.e. in the robust stabilization problem. Future
research might indeed show that in these situations there are
also possibilities for reset controllers.

ACKNOWLEDGMENTS

The authors would like to thank Prof. C.W. Scherer and
Prof. A.R. Teel for sharing their insights and their helpful
contribution to the discussion.

REFERENCES
[1]

R. Middleton, “Trade-offs in linear control system design,” Automa-
tica, vol. 27, no. 2, pp. 281-292, March 1991.

M. Seron, J. Braslavsky, and G. Goodwin, Fundamental Limitations
in Filtering and Control. London: Springer-Verlag, 1997.

A. Feuer, G. Goodwin, and M. Saldago, “Potential benefits of hybrid
control for linear time invariant plants,” in Proc. Amer. Contr. Conf.,
Albuquerque, NM, June 1997, pp. 2790-2794.

J. Clegg, “A nonlinear integrator for servomechanisms,” Transactions
A.LE.E. Part I, vol. 77, pp. 41-42, March 1958.

K. Krishnan and I. Horowitz, “Synthesis of a non-linear feedback sys-
tem with significant plant-ignorance for prescribed system tolerances,”
Int. J. Contr., vol. 19, pp. 689-706, April 1974.

I. Horowitz and P. Rosenbaum, “Non-linear design for cost of feedback
reduction in systems with large parameter uncertainty,” Int. J. Contr.,
vol. 21, pp. 977-1001, June 1975.

Y. Chait and C. Hollot, “On Horowitzs contributions to reset control,”
Int. J. Rob. Nonlin. Contr., vol. 12, no. 4, pp. 335-355, April 2002.
H. Hu, Y. Zheng, Y. Chait, and C. Hollot, “On the zero-input stability
of control systems with Clegg integrators,” in Proc. Amer. Contr. Conf.,
Albuquerque, NM, June 1997, pp. 408—410.

Q. Chen, Y. Chait, and C. Hollot, “Analysis of reset control systems
consisting of a FORE and second-order loop,” ASME Journal of
Dynamic Systems, Measurement and Control, vol. 123, no. 2, pp. 279—
283, June 2001.

C. Hollot, Y. Zheng, and Y. Chait, “Stability analysis for control
systems with reset integrators,” in Proc. 36th Conf. Decis. Contr., San
Diego, CA, December 1997, pp. 1717-1719.

0. Beker, C. Hollot, Q. Chen, and Y. Chait, “Stability of a reset control
system under constant inputs,” in Proc. Amer. Contr. Conf., San Diego,
CA, June 1999, pp. 3044-3045.

O. Beker, C. Hollot, and Y. Chait, “Stability of a MIMO reset control
system under constant inputs,” in Proc. 38th Conf. Decis. Contr.,
Phoenix, AZ, December 1999, pp. 2780-2781.

[2]
[3]

[4]
[5]

[6]

[7

—

[8

—_

[9]

[10]

(11]

[12]

15

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Q. Chen, C. Hollot, and Y. Chait, “BIBO stability of a class of
reset control system,” in Proc. 2000 Conf. Information Sciences and
Systems, Princeton, NJ, March 2000, pp. TP8-39.

, “Stability and asymptotic performance analysis of a class of
reset control systems,” in Proc. 39th Conf. Decis. Contr., Sydney,
Australia, December 2000, pp. 251-256.

C. Hollot, O. Beker, Y. Chait, and Q. Chen, “On establishing classic
performance measures for reset control systems,” in Perspectives in
Robust Control, S. Moheimani, Ed. Springer-Verlag, April 2001, pp.
123-148.

O. Beker, C. Hollot, and Y. Chait, “Plant with integrator: An example
of reset control overcoming limitations of linear feedback,” IEEE
Trans. Automat. Contr., vol. 46, no. 11, pp. 1797-1799, November
2001.

Y. Zheng, Y. Chait, C. Hollot, M. Steinbuch, and M. Norg, “Exper-
imental demonstration of reset control design,” Control Engineering
Practice, vol. 8, no. 2, pp. 113-120, February 2000.

0. Beker, C. Hollot, Y. Chait, and H. Han, “Fundamental properties of
reset control systems,” Automatica, vol. 40, no. 6, pp. 905-915, June
2004.

D. Nesi¢, L. Zaccarian, and A. Teel, “Stability properties of reset
systems,” in IFAC World Congress, Prague (CZ), 2005.

L. Zaccarian, D. NeSi¢, and A. Teel, “First order reset elements and
the Clegg integrator revisited,” in Proc. Amer. Contr. Conf., Portland,
OR, June 2005, pp. 563-568.

M. Johansson and A. Rantzer, “Computation of piecewise quadratic
Lyapunov functions for hybrid systems,” I[EEE Trans. Automat. Contr.,
vol. 43, no. 4, pp. 555-559, April 1998.

S. Boyd, L. El Ghaoui, E. Feron, and V. Balakrishnan, Linear Matrix
Inequalities in System and Control Theory. Philadelphia, PA: SIAM,
1994.

M. S. Branicky, “Multiple Lyapunov functions and other analysis
tools for switched and hybrid systems,” IEEE Trans. Automat. Contr.,
vol. 43, no. 4, pp. 475-482, April 1998.

C. Scherer, P. Gahinet, and M. Chilali, “Multiobjective output-
feedback control via LMI optimization,” IEEE Trans. Automat. Contr.,
vol. 42, no. 7, pp. 896-911, July 1997.

P. Gahinet and P. Apkarian, “A Linear Matrix Inequality approach to
Hoo control,” Int. J. Rob. Nonlin. Contr., vol. 4, no. 4, pp. 421-448,
1994.

P. Khargonekar and K. Poolla, “Uniformly optimal control of linear
time-invariant plants: Nonlinear time-varying controllers,” Systems &
Control Letters, vol. 6, no. 5, pp. 303-308, January 1986.

S. Rangan, “Multiobjective Hoo problems: Linear and nonlinear
control,” Systems & Control Letters, vol. 32, no. 3, pp. 135-141,
November 1997.




Chapter 3

Ho analysis of reset control systems

As already mentioned in Chapter 1, reset control is one of the possible non-linear control
methods which might overcome some or all limitations which linear controllers are subject
to. Indeed, both simulations [3,10] and experiments [9,12,27] have shown the potential of
reset control, especially in the transient behavior of the step response. Although there are
some connections between H, and step responses, the H, performance analysis of Chapter 2
is mostly a steady state measure however. Hence, this brings on the need for a different
performance measure, which has a clear transient time domain interpretation. A possible
answer is the Hy norm, for which the paper in this chapter provides an analysis tool.

Analogous to Chapter 2, this analysis is derived using dissipativity theory and piecewise
quadratic Lyapunov functions. The result is again a computable set of LMIs, which returns
an upperbound on the actual Ho norm for reset control systems. The usefulness of this LMI-
based Hs norm calculation is shown in a simple though convincing example, where it is shown
that reset control can outperform the ‘optimal’ linear controller for specific input-constrained
‘Ho problems.
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Abstract—To overcome fundamental limitations of linear
controllers, reset controllers were proposed in literature. Since
the closed loop system including such a reset controller is of
a hybrid nature, it is difficult to determine its performance.
The focus in this paper is the performance determination of
a reset control system in H, sense. The method is generally
applicable in the sense that it is valid for any proper LTI plant
and linear-based reset controller. We derive convex optimization
problems in terms of LMIs to compute an upperbound on the
total output energy, using dissipativity theory with piecewise
quadratic Lyapunov functions. Finally, by means of a simple
multiobjective tracking example, we show that reset control
can outperform a linear controller obtained via a standard
multiobjective control design method.

Index Terms— Reset control, H., stability, hybrid systems,
linear matrix inequality, step response.

I. INTRODUCTION

In order to overcome the fundamental performance lim-
itations that linear controllers are known to be subject to
[1]-[3], various nonlinear feedback controllers for linear
time-invariant (LTI) plants were proposed in literature. An
example of such a nonlinear feedback is the reset controller,
which is basically a linear controller whose states (or subset
of states) are reset to zero whenever its input and output
satisfy certain conditions.

The concept of reset control was first introduced in 1958
by means of the resetting integrator of Clegg [4]. The
describing function of the Clegg integrator has the same
magnitude plot as a linear integrator, but its performance
limiting phase lag is only 38,1° instead of the normal 90°.
However, because of its nonlinear hybrid behavior, the use
and effect of this resetting integrator is not straightforward,
so it was not until 1974 that it was first used in a control
design procedure [5]. Subsequently, in [6] a first order
reset element (FORE) was introduced, which was used in
a controller design procedure based on frequency domain
techniques. An overview of these results is given in [7].

At the end of the 90s there has been renewed interest in
reset control systems, resulting in various stability analysis
techniques. The first results were reported in [8] and [9],
stating stability criterions for zero-input closed loops with a
second order plant and a Clegg integrator or a FORE, respec-
tively. However, these criterions involve explicit computation
of reset times and closed loop solutions, and are hard to
generalize for higher order systems.

In following publications stability conditions were formu-
lated using Lyapunov based conditions. This was first done in
[10] and [11], in which only second order closed loops with
constant inputs were considered. These results have been
extended in [12] and [13] to a sufficient criterion for BIBO

(bounded input bounded output) stability, and later to the so-
called Hg-condition [14]. The latter paper also addressed the
tracking problem, based on the internal model principe. The
possible advantages of reset controllers over linear ones have
been shown both in simulations [9], [15] and experiments
[7], [13], [16]. A clear overview of this work is provided in
[17], summarizing the Hpg stability analysis for general reset
systems.

The H g-condition is a computable stability check for zero-
input reset control systems, based on a reformulation of
Lyapunov based stability linear matrix inequalities (LMIs)
using the well known Kalman-Yakubovich-Popov Lemma.
The Hg-condition is however conservative, since it considers
only quadratic stability by using common quadratic Lya-
punov functions, and it requires stability of the linear closed
loop dynamics.

In more recent publications [18], [19] the authors were
able to remove part of this conservatism by introducing two
important adjustments. First, a slightly different resetting
condition was suggested, i.e. resetting when the controller
input and output have opposite sign instead of when the input
is zero. Second, piecewise quadratic Lyapunov functions
were used, to capture a broader class of stability problems
than merely quadratic stability. On top of this the analysis
has been extended to Ly stability, such that the closed loop
'H~o-gain from input to output of a reset control system can
be approximated by an upperbound. However, the results in
[18] and [19] are not universally applicable, since it considers
only Clegg integrators and FOREs.

Still, the proposed calculation of the L4 gain is very useful,
since it expresses the performance of certain reset control
systems (in this case FOREs) in a quantitative measure.
Hence, it provides a measure to objectively compare the
performance of reset controllers to that of linear ones.
Although there are known to be some connections between
Lo and closed loop step responses, the £, gain is typically a
steady state measure, whereas the advantage of reset control
over linear control is especially apparent during the transient
behavior [15]. In particular, it has been shown that reset
controllers are able to reduce the overshoot of step responses,
thereby decreasing the total energy of the error signal. This
observation shows similarities with one of the interpretations
of the Hs norm, which can be seen as the total output
energy (of in this case the tracking error) of a closed loop
system to either an impulse input or non-zero initial values.
Because of this transient interpretation, we believe that the
‘H2 norm might be a very helpful measure, even more than
the Lo gain, to objectively show that reset controllers can
outperform linear ones in specific situations.



For this reason this paper derives an LMI-based analysis
method to calculate upperbounds on the Hy norm of a
closed loop reset control system. The results can be used to
approximate the energy content of the output resulting from
specific input signals. We will use the same reset condition
as in [19] and also adopt piecewise quadratic Lyapunov
functions to reduce conservatism of the analysis. However, in
contrast to [19] our results are not only useful for FOREs, but
for any reset controller with linear flow dynamics. Moreover,
they use Ho performance instead of the £, gain. Finally, we
provide a simple though convincing example to illustrate the
accuracy of our proposed Hy norm calculation and show
that, for an input-constrained Hs problem, reset control can
indeed outperform a linear controller designed by a common
multiobjective design method.

This paper is organized as follows. Section II provides
some background on the Hs norm for linear systems. In
Section III we introduce the closed loop layout under consid-
eration, and give mathematical descriptions of the dynamics
of the plant and the reset controller. Our main results on the
‘H2 norm for reset control systems are derived in Section IV.
Finally, the advantage of reset control in Hy sense is shown
by an example in Section V.

Notation. The set of real numbers is denoted by R, the set
of positive real numbers is denoted by R. The set of real
symmetric matrices with non-negative elements is denoted
by S . The identity matrix of dimension nxn is denoted by
I, e R™*™. Given two vectors x1,ze we write (x1,x2) to
denote [zT, 2277, A vector x € R™ is nonnegative, denoted
by z > 0, if its elements x; > 0 for ¢ = 1,...,n. A
symmetric matrix A € R™*™ is positive definite, denoted
by A = 0if 27 Az > 0 for all z € R™\{0}. A sequence of
scalars (u',u? k) is called lexicographically nonnega-

ut u?
tive, written as (u',u?,...,uk) >, 0, if (ut,u?,... u¥) =

ul,u?, ...
(0,0,...,0) or u/ >0 where j = min{p=1,...,k: u’#0}.
For a sequence of vectors (2!, 22, ..., z%) with 27 € R", we
write (! 2% ..., 2%) >, 0 when (x},22,...,2%) >, 0 for
alli=1,...,n.

II. LINEAR Ho THEORY

Our main results on the Hy analysis of reset control
systems uses some common s results for linear single input
single output (SISO) systems

|

where A € R™*", B € R**!, and C € R'*™ are the system
matrices, z € R™ is the state, and w € R and z € R denote
the input and output, respectively. We shortly summarize
some of these results here (see [20], [21] for more details).

Az + Bw
Cx.

z
z

(D

A. Hy norm for linear systems

It is well-known that one of the possible interpretations of
the H2 norm is the total energy content of the output z due to
an impulsive input w. The response of system (1) to such an
impulsive input is equivalent to the response obtained when
the system is subjected to the initial condition o = B. In
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this paper we focus on the latter and hence assume w.l.o.g.
that w = 0.

Definition 1 Consider the linear system (1), with initial state
zo € R™ and no input, so w = 0. The total output energy in
z is then defined by:

/ szdt:/ xgeATtCTCeAtxodt. 2)
0 0

The square root of this integral is called the Ho norm for
xo and is denoted by ||Z||2,z,-

To calculate (2) we introduce the observability gramian

(oo}
M = / eATtCTCeAtdt, 3)
0
so that the Hy norm is equal to
0

It is well known that for Hurwitz matrices A the observability
gramian M is the solution to the Lyapunov equality

ATM + MA+CTC=0.
B. An LMI-approach to Hs

The Ho norm of a linear system can also be formulated
using the concept of dissipativity [20]:

®)

Definition 2 The linear system (1) with state x € R", input
w € R and output z € R is stable and strictly dissipative
w.rt. a supply function s : R x R — R if there exists a
storage function V : R™ — Ry such that

V(a(th) - V(z(to)) < / Cs(u(t), 2(B)dt (©)

to

Sor all t1 > tg and V(0) = 0.

For the initial state Hy problem for (1) there is no input
and we are only interested in the energy content of the
output, hence we select s(w,z) = —z7z. Using quadratic
Lyapunov functions V (z) = 27 Pz with P positive definite,
the differential form of (6) then yields

Wi < s(w,z) Vr#0

iTPr+2TPi < 272 Vo #0

2T (ATP+ PA)x +27CTCx < 0 Vo #0
ATP+PA+CTC < 0, (7

which is an LMI in the design variable P > 0. The actual
‘H2 norm again follows from 6 and can be upperbounded
by using to = 0 and letting ¢t; — oo, V(x(t1)) = 0 and
s(w,z) = —z72. We then obtain:

12113,

/ 2zdt < V(x(ty)) = xf Pro.  (8)
0
We now approximate the H> norm by infimizing 2 subject

to the LMI constraints

ATP+pPA+CTC < 0O
< 42

(9a)
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Fig. 1. Closed loop layout with input w and output z

which should be solved for P = 0 and 2. The infimum
of this optimization problem retrieves ||X||3 , . These LMIs
are, of course, closely related to (4) and (5).

III. SYSTEM DESCRIPTION

In this section we introduce the closed loop layout and re-
set control system for which the Hs norm will be calculated.

A. Closed loop layout

In recent papers (see e.g. [15]), reset control is shown
to be advantageous when the transient response to specific
input signals (like step functions) is considered. Therefore,
we focus on the general reset control system layout depicted
in Figure 1, consisting of various input filters, a linear plant
P and a reset controller K. Our goal is to calculate the
total output energy of the unfiltered output z, consisting of
the signals e (tracking error), u, (control) and y, (plant
output) or a subset of these signals, subject to certain specific
exogenous inputs w, consisting of the signals r (reference), d
(disturbance) and 7 (measurement noise) or a subset of these
inputs. For ease of exposition, all these signals are assumed
to take values in R, i.e. we only consider SISO plants and
controllers. The input w is assumed to be known a priori,
and this knowledge is captured in input filters W,., W, and
W,,. Possible filters include:

- unit step: W(s) = ooy
unit ramp: W (s) = @;
sine wave with frequency w: W (s) = GroTTae

where s is the Laplace variable and € > 0 is a small offset to
ensure stability of the filter. This offset is needed to guarantee
closed loop stability, as is standard in Hs and H, problems
[22]. Note that when an impulse input is applied to these
filters, the filter outputs indeed approximate a step, ramp or
sine wave respectively, when ¢ tends to zero. Hence, the
total energy in z as a result of these specific input signals
gets arbitrarily close to the total output energy of the impulse
response from w to z, which is one of the interpretations of
the Hy norm. As discussed in Section II, to compute the Ho
norm we can equivalently use the initial condition setting
and assume w = 0. For reasons of generality, however, we
will elaborate on the plant and controller dynamics without
this assumption.

B. Plant dynamics

The plant P and all input filters are LTI systems. Together
they form the augmented plant P,,, depicted by the dashed
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box in Figure 1. Since this augmented plant is also LTI, we
can describe the dynamics by:

iy = Azxp,+ Byw+ Bu
z = Cirp+Dyw+Dou (10)
e = Czp+ Dyw,

where A, B,,,B,C,, D, D,,C, D,, are matrices of appro-
priate dimension, x,, € R™ is the augmented plant state,
and w € R™ and z € R"= are the exogenous input and
output, respectively. The tracking or stabilization error is
available for feedback and we assume that there is no direct
feedthrough from w to e, as is e.g. the case for general motion
systems.

C. Reset controller

The reset controller K is modeled as a linear controller
which resets whenever its input e and output u satisfy a
certain condition. This controller is thus described by

ir = Agwr+ Bge if (e,u) € @
= Ay if (e,u) € D’ (11)
U = Ckxi + Die,

where x; € R™ is the controller state. The closed loop

state then becomes x = (x,,z;) where z € R™. The
reset controller can be considered as a hybrid system with
a flow set ¢ and a reset set ©' [18]. Indeed, as long as
(e,u) € € the controller behaves linearly and its output
flows conform (Ax,Bk,Ck,Dg). When (e,u) € D' the
state is changed instantaneously from z; to JU',; by the
discrete map A, € R+ *"x,

For analysis purposes the sets €’ and D’ should be closed
and such that ¢/ U®’ = R? [18]. The sets are defined by
a resetting condition, for which many choices are possible,
but here we will follow [18] and [19] where resetting occurs
whenever input and output have opposite sign, i.e. eu < 0.
Hence, the controller flows whenever e > 0,u > 0 or
e < 0,u < 0, which yields, using the notation from [23],

@’::{[Z] eR?: E; m >0 or Ej m < o} (12a)

@’::{[2] cR?: Ep m >0 or Ep [Z] < 0}(12b)

where
B - { } |

The flow set (12a) and reset set (12b) can also be expressed
in terms of  and w. Therefore we introduce a transformation
matrix T'= [ T, | T, |:

-1 0

1 0
] and ER:[O 1

0 1

e x C 0 D, o
= T = Ik 5
u w DKC CK DKDw
such that
¢ :{[x] € Rt EfT[x} >0
w w
T
or EfT[w} <0} (13a)
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or ERTM] go}. (13b)

The flow and reset regions ¢ and D depend in general
on both the closed loop state x and the exogenous input
w, due to the presence of D,,. However, it is known that
the Hs norm of a linear system is bounded, only if the
corresponding closed loop transfer matrix between w and
z is strictly proper [21], [22]. As in our closed loop system
the transfer between e.g. r and e is defined by the sensitivity
function, which is biproper, we need a strictly proper W, to
obtain a strictly proper transfer matrix from 7 to e. A similar
reasoning can be applied to the other input signals, which
implies that the following assumption is needed to ensure a
bounded H5 norm

Assumption 3 The input filters W,, Wq and W, are all
strictly proper.

Note that strict properness of the input filters is quite natural
in practice, as is also indicated by the three examples in
Section III-A. The strict properness of the input filters
implies that there is no direct feedthrough between the input
w and the controller input signal e (i.e. D,, = 0) or between
w and z (i.e. D,,, = 0). This simplifies the definitions of ¢
and D to:

¢
@._

{r eR" : EfTox >0 or E;T,x <0} (l4a)
{xeR": EgT,x >0 or ErT,z <0} (14b)

which now only depend on x. These flow and reset maps are
used in the remainder of this paper.

The reset action itself is defined by the reset matrix A,.,
indicating to which values the controller states are reset
to. Various choices of A, are possible, depending among
others on the plant and controller dynamics. A common and
appropriate choice in most cases, is to reset (a subset of) the
states to zero, i.e.

0
o |

A, = [
stating that that only the last n,. of the n; controller states
are reset to zero, while the other states remain unchanged.

Inkfnr

0

D. Closed loop dynamics

We can now combine the augmented plant and the reset
controller into one closed loop system, described by X:

& = Az + Bw ifred
Y:< xt = Apx ifze® (15)

z = Czx+ Dw,

where, using D, =0 and D,,, =0,
A+BDKC BCK Bw
[%‘i} = Bk C Ax 0
C.+D.DgC D.Cgk ‘ 0

I, 0
Ar = { 0" A, } .
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The linear closed loop system which results when resetting
is omitted (i.e. when Agp = I,,, € = R” and ® = 0), is
called the base linear system. At this point we return to the
assumption that w = 0 and consider non-zero initial values
of the input filters. Hence, we assume w = 0 and zg = B;
where B; denotes the j-th column of B, corresponding to
the j-th input (filter). Note that xq = B; + B; where i # j
is also a valid initial condition.

To exclude multiple resets at one point in time, hence to
guarantee that after each reset the system can flow on a non-
trivial time interval (local existence of solutions), we adopt
the following assumption:

Assumption 4 The reset controller and the regions € and
© are such that

re® = 1€ Fe (16)
where F¢ is given by
Fe={x0€€:3e>0 Vrel0,e) x,(1)€ €} (17)

defining all initial conditions xo (or in this case x¥) for
which the closed loop solution x,,(T) remains inside € at
least on the interval T € [0, €).

This assumption implies that the state after a reset 2 should
either lie in the interior of &, or the flow dynamics should not
drive x outside € when it is on the boundary of €. Hence,
we can formulate a check for Assumption 4, based on a
lexicographic ordering.

Corollary 5 The closed loop system (15) can flow after
a reset T = Apx if at least one of the two following
lexicographic orderings holds whenever x € ©

(E¢T, Apx, EfTy AAgz, E¢T, A* Apz,

o BT, A" Agz) >4 0 (18a)
(E¢T,Agz, EfTy AAgz, E¢T, A* Apz,

o By T, A" Agz) <, 0 (18b)

Remark 6 As Fy C €, we at least need

reE® = zteg, (19)

to satisfy (16), which corresponds to the first vector in the
lexicographic ordering of (18). Hence, this relation as used
in [18] is only a necessary condition that can be obtained
from Corollary 5. One way to satisfy this condition is to
assume that Cx A, =0 for all z € ©. O

The goal of this paper is to compute the H2 norm for reset
control systems, which is defined as follows:

Definition 7 The Hy norm of the reset control system (15),
or equivalently the total energy in its output z € R"* due to
a non-zero initial value oy € R", is defined as

/ 2T 2dt
0

It turns out that the concept of dissipativity and the LMI
formulation can be extended to calculate the Hs norm for
reset control systems as will be done in the next section.

2
27I0

(20)

1%




IV. MAIN RESULTS

We now present our main results on the LMI-based
calculation of an upperbound on the 2 norm of reset control
systems. For this initial state Hy analysis we extend the
approach of Section II-B, i.e. we derive analysis LMIs based
on dissipativity theory using a common quadratic Lyapunov
function, after which we relax the Lyapunov conditions by
introducing piecewise quadratic Lyapunov functions as in
[24].

A. Common Lyapunov function

Although a reset control system behaves in a hybrid
manner, the mathematical description of its dynamics (15)
shows that both the flow and the reset part can be described in
a linear fashion. This motivates our choice to use a common
quadratic Lyapunov function V (z) = 27 Pu.

Theorem 8 Consider the reset control system (15) with €
and © as defined in (14). The following statements are
equivalent

i) system (15) is asymptotically stable and ||3||2 4, < ¥
ii) there exists P = 0 and Uy,Ug € $2+X2 such that

ATP+ PA+CTC+ T EfUEfT, < 0 (2la)
ALPAR — P4+ TIELURERT, =< 0 (21b)
72 — wOTPxo > 0 (2l¢)

Proof: The proof is based on showing that the hypoth-
esis of the theorem imply, for V (z) = 27 Px, that

%V(m) < s(w,z) when z € €\{0} (22a)
V(zt) <V(r) whenze® (22b)
Indeed, if (22) holds then
t1
Vix(tr)) — V(z(tg)) < / s(w(t), z(¢))dt (23)
to

which means that system (15) is dissipative w.r.t. the supply
function s(w, z). Furthermore, by letting ¢; — oo and using
V(x(t1)) =0, s(w, z) = —2T2, this yields that

||E||%x0 = / 2T 2dt = 7/ s(w, z)dt < V(z(ty)) < 72
‘ 0 (24)
To show (22a) and (22b), note that
reC = xTTxTEfoEszx >0 (252)
re® =  o'T'ERURERT,x>0.  (25b)
Hence, combining (25a) with (21a) yields that
2T(ATP+ PA+CTC)x <0  if x € @\{0} (26)
and combining (25a) with (21b) gives
2T (ALPAR — Pz <0 ifze®, (7)

which are just reformulations of (22a) and (22b). Hence, the
proof is complete. u
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B. Piecewise quadratic Lyapunov functions

Although Theorem 8 provides an easy way to determine
an upperbound on the Hy norm for a specific xg, it can be
conservative. Indeed, recalling the dissipativity inequalities

<

V() — V(x(to) / s(w(t), 2(6))dt

to

2> V(z(to)),

v
it is easy to see that by considering quadratic Lyapunov
functions we have restricted the storage function V() cor-
responding to the computed Ho norm v to be quadratic as
well. However, since a reset control system (15) behaves in a
hybrid manner, we expect the storage function corresponding
to the actual H norm of the reset system, V(zo)s||, .,
|1%]13,,,» to be a complex function, possibly of high order.

u

Oit1

(9]\7 :

L6y

Fig. 2. Partitioning of the (e, u)-space

To reduce this conservatism, we will approximate this
complex storage function by using piecewise quadratic Lya-
punov functions [24], which also results in a set of LMIs.
These piecewise Lyapunov functions are obtained by parti-
tioning the flow set €’ into smaller regions ¢, and assigning
a different quadratic Lyapunov function V;(z) = 27 P,z to
each of them, see Figure 2. The angles 6; and 6;_; uniquely
define two lines

ucos(f;) = esin(6;)

esin(f;_1)

wcos(f;_1)

which bound each region €. These angles should be chosen
such that 0 < fp <6 <... <6y = 5. Here we choose to
distribute 0; equidistantly, so 0; = 5, where 1=0,..., N
and N is the number of desired subregions. Using the
coordinate transformation matrix 7,, we can now define
regions €; and ® as

Q:i'
D

{reR":ET,2>0 or
{r eR": ERT,z >0 or

ET,x <0} (28a)
ErT,z <0} (28b)



where
— sin(@i_ 1 )
sin(6;)

cos(f;—1)
—cos(6;)

-1 0

b= 0 1

| e[

Furthermore, the boundaries of the regions are defined by
[ —sin(;) cos(b;) | Tpr = @z =0, (29)

whose solutions are in the kernel of ®,. We can also
use an image representation for these boundaries, yielding
im(Weg;) = ker(®;), where Wg; € R**(=1D is a matrix
with full column rank, and im(Ws;) denotes its image.

Using this partitioning we can now formulate our main
result on the calculation of an Ho upperbound, as stated in
the following theorem:

Theorem 9 The following statements are equivalent
i) system (15) is asymptotically stable and ||2||2 5, < ¥
ii) there exists P;, Pr = 0 and U;,Ugr,V;, Vg € SiXQ such
that

AP+ PA+CTC+TIEIUE T, <0,

i=1,...,N  (30a)
ALPRrAR — Pp+ T ELURERT, <0 (30b)
P, —TY'E'V,ET, - 0 i=1,...,N  (30c)
Pr — TYELVRERT, = 0 (30d)
Wi, (P — Piy1) Wa; =0, i=1,...,N—1 (30e)
Wi, (Pr — P1) Wao =0 (30
Win (Px — Pr)Wen =0 (30g)
v — 2l Pjag > 0, j e I(zo) (30h)
where I(xg) := {i:z9 € &} denotes the indices of the

regions that contain x.

Proof: We will show that V, defined as V (z) = 2T Pz
when = € ¢; and V(z) = 27 Prz when z € D, is Lipschitz
continuous and satisfies

ov;

Ar < =272 ifzed, #0. (3la)

X
Vit -V(@)<0 ifzred (31b)
v2 > V(xg), (3lc)

Using the results in [25] it can be proven that (31a) and (31b)
guarantee that

V(a(t) - Vix(to)) < / s(uw(t), 2(6)dt

to

(32)

which yields similarly as in the proof of Theorem 8 that
12]13,., < ~?. To show that V' is Lipschitz continuous we
will use (30e), (30f), and (30g). As €; N €1 € iIm(Wy,)
we have that any z € €; N, can be written as z = Wy, T
for some = and thus

2T (Pyy — P)a = 2WE (Pipy — P)Wa, 2 (30e)

We,z2 = 0. (33)

The same applies for the intersections €; N® and Cx ND.
As ® UU;€; = R™ this proves the Lipschitz continuity of
V.

Applying a similar reasoning to (30a) and (30b) as in the
proof of Theorem 8, yields (31a) and (31b), respectively.
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Finally, to show that V' is a positive definite function, note
that for x € €;\{0} it holds that

(30c)
V(z) =2 Pz > 2T E,V;E; T,z >0  (34)

as r € ¢; = xTT_TTEl-Vl-Eisz > 0 due to the fact that
V; has non-negative elements. The same applies for x € ©
using (30d). This establishes (31).

Applying now analogous arguments as in the proof of
Theorem 8, completes this proof. ]

Remark 10 The results of Theorem 9 are related to [24],
in which an Hs analysis is provided for piecewise affine
systems. Analogously to [24] we thus have to conclude
that the found minimal value of v is only an upperbound
on the actual Hy norm. However, as is explained in [24],
this upperbound can be lowered by increasing the number
of subregions N, thereby increasing the tightness of the
approximation of the actual Hs norm. Hence, Theorem 9
is always less conservative than Theorem 8. ]

Remark 11 Note that continuity of V' is a very natural re-
quirement, since we do not know beforehand whether or not
closed loop solutions will go from €; to €; 4 or vice versa.
As such we use continuity to prevent the Lyapunov function
to increase along border crossings. However, in some special
cases we might be able to determine the path of the solution
in the (e,u)-plane beforehand. If this movement is purely
clockwise or counterclockwise, the Lipschitz continuity of V'
can be dropped, allowing decreases of the Lyapunov function
across border crossings. This removes conservatism in the
stability analysis even further. ([

Remark 12 In situations where D,, # 0 and w # 0, e.g.
in certain H ., problems, the flow and reset regions could still
depend on the input w. In that case each piecewise quadratic
Lyapunov function V;(z) = 27 P,z depends only on x, but
should be valid in a subregion ¢; which depends on both
z and w, ie. V(z) = 27 Pz when (z,w) € &;. Since for
any x there is a w; such that (z,w;) € €;, it must hold that
2T Pix = V(x) = 2T Pjx and thus P; = P;. For example,
with (z,w) € R""w:

() solz]ov o sl o) o

Since for any x we can always find a w such that (35) is
valid, subregion él covers all x, and hence V; should hold
for all z. Since this holds for all 7, the piecewise Lyapunov
approach reduces to a common quadratic one, which is a
more conservative analysis, as discussed earlier. O

Qi:

V. EXAMPLE

As we mentioned before, performance improvement by
using reset control is especially apparent in the transient
closed loop behavior, which motivates our choice to consider
the H2 norm of reset control systems. Indeed, in this section
we show, by means of a multiobjective Ho/H o, problem,
that reset control can perform better than the optimal linear
controller for this problem. We wish to minimize the energy



content of the error e, subject to a maximum allowed control
effort u. Moreover, the example illustrates the accuracy of
our proposed LMI method in Theorem 9.

Example 1 (Tracking performance of an integrator plant)
In this example we consider a closed loop system with an
integrator plant, G(s) = 1 where s is the Laplace variable,
which should track a unit step reference r(t) = 1(¢). Our
goal is to minimize the energy in the error e for this specific
reference, subject to a maximum allowed control signal u
to the plant, as is usually the case in practical situations.
Hence, our design problem is defined by the multiobjective

problem
min / e2dt (36a)
K 0
subject to  |u(t)| < 1 (36b)

The theoretical best non-linear controller for our integrator
plant is described by the discontinuous feedback

u = sign(e). 37

This controller produces the maximum control signal as
long as possible, and vanishes as soon as the plant output
reaches the desired value. This way the plant reacts as fast
as possible, without any overshoot, thus realizing a minimal
amount of energy in e, i.e. \/m ~ 0.577. The closed loop
response resulting from this hybrid feedback is depicted in
Figure 4 in grey.

Common multiobjective controller design methods rely on
norm based optimization functionals and constraints [21].
Problem (36), however, is given in terms of time domain
signals. As discussed in Section III, the step reference can
be accurately approximated by including an input filter
W,(s) = i and considering an impulsive input to this
filter. A common attempt to capture the essence of time
domain specifications such as (36b) is the reformulation into
the frequency domain. In general such reformulations are
either approximate or conservative. However, in [26] the
authors propose to use a static output filter W,, = {J—’; for
a standard H ., optimization problem in order to obtain that
|u(t)| < Up for the specific step reference r(t) = m - 1(t).
These considerations result in the multiobjective problem as
depicted in Figure 3, where, using Uy = m =1, e = 1074,
the matrices defining the augmented plant P, are given by

00 1 00
S A TR |

-11 0
cz_[o 0}, c=[-11] D, M
This allows us to translate (36) into the mixed Ho/Hoo
problem

m}}n Yo = ||T2]|2 (38a)
subject 0 ||Too|]oo < Yoo (38b)

where 75 denotes the transfer function from w; to z1, T
denotes the transfer between wsy and zo, and v, = 1. This
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A

Fig. 3. Augmented plant description for the multiobjective problem

multiobjective problem is hard to solve in general since
the corresponding LMIs involve products of the Lyapunov
variables and controller parameters. The standard method
to convexify (38) is by requiring a common Lyapunov
function for both specifications, and is thus to some extend
conservative [21]. It is therefore necessary to iteratively
increase 7y, until the H,,-norm of the control sensitivity
function R(s) = % = H_LKG is just below 1, which in this
case happens when 7., = 1.25. Furthermore, the actual H,
norm with the obtained controller should be recalculated with
a separate linear H, analysis afterwards. Using this method,
we obtain 75 = 1 and the static linear controller K = 1.
The closed loop response using this controller is depicted
in Figure 4 by the dashed line. The actual Hs norm from
wi to z7 18 \/m ~ 0.707 for this linear controller, which
can be validated by either an LMI optimization or numerical
integration of the output energy in e.

However, a better performance, i.e. a smaller minimum
for (36a) while maintaining (36b), can easily be obtained by
using the reset controller satisfying (11) where

—0.01 7.8125 0
AK{ 0 —62.5}’ BK[S}’
0 0
Cx=[132 7.0313 ], Dg=0, A,,_[O 0]'

The solid lines in Figure 4 show its closed loop response.

control signal u

Fig. 4. Closed loop responses u and e using hybrid feedback (grey), the
linear controller (dashed), and a reset controller (solid)



TABLE I
H2 NORMS FOR VARIOUS CONTROLLERS

reset control
hybrid | linear N=2 N=5 N=10 | N=50
Numerical int. 0.577 0.707 | 0.601 | 0.601 | 0.601 | 0.601
LMI approx. 0.577 | 0.707 | 0.721 | 0.618 | 0.604 | 0.601

Theorem 9 can now be applied to calculate the energy
content in e for this controller by selecting the appropriate
rows and columns of the augmented plant matrices. With
N = 5 subregions to divide the state space, we obtain vy, =
0.618, which is much smaller than the linear H5 norm. It can
be seen in Figure 4 that our reset controller approximates
the discontinuous controller (37) fairly well, resulting in an
almost as fast response and an Hs norm that is only slightly
larger. The actual Hy norm from w; to z; obtained by the
reset controller and calculated by numerical integration of
the output energy in e equals \/m ~ 0.601. To check the
approximation power of Theorem 9, we divide the state space
into more regions N. All results are summarized in Table I.
Note that indeed our LMI-based Hs analysis converges to
the correct value as N increases. ]

VI. CONCLUSION

Motivated by recent publications on the potential ad-
vantages of reset control, we have developed a framework
which can be used to calculate the Ho norm of a reset
control system. The framework is based on LMIs obtained
via Lyapunov and dissipativity theories. We removed much
conservatism by introducing piecewise quadratic Lyapunov
functions, which are much more flexible than quadratic
ones. Furthermore, we have presented an example which
shows that reset control can be close to the performance of
the optimal (discontinuous) controller for a constrained Ha
problem, while a common method to design a good linear
controller provides a worse Ho performance. The example
also shows the accuracy of our LMI-based calculation of
the Ho norm in the sense that by increasing the number
of regions in the piecewise quadratic Lyapunov function, we
recover the actual Hy performance of the reset control system
for this specific case.
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Chapter 4

Synthesis of reset controllers

Now Chapters 2 and 3 have provided analysis techniques to evaluate the performance of
general reset control systems, a next step would be to synthesize reset controllers, based on the
same H, and Ho performance measures. It would be desirable to define a method, such as the
ones for linear systems in Appendices F and G, which automatically returns the optimal reset
controller. Unfortunately, with the current knowledge such an LMI-based synthesis is hard, if
not impossible, to formulate for reset control systems. This chapter will shortly address why.

As described in Chapters 2 and 3, both the Hy, and the Hy analysis for reset control
systems contain the terms

A"P + PA+ T E[UsEfT, (4.1)
in the flow region €, where

C 0 1 0
e[l &1 wa w10

For synthesis problems, the terms A, P, T, and Uy in (4.1) are all design variables, hence
(4.1) is a non-linear relation. However, for convenience and w.l.o.g. we assume that

0 1
Up=a [ 10 } ’
such that, using Di € R,

(4.2)

T T
TTETULEST, = TTU T, = a [ 20TDC CTCk } '

ctc 0
If we furthermore fix «, this term becomes linear in the design variables Cx and Dg.
First consider the approach of the linearizing change of variables (LCV) described in

Appendix F and [24]. This method removes the non-linearity in A7 P + PA by pre- and
post-multiplication with II;. However, this introduces non-linearities in Tg UiT,:

Tl [ X M |[20"DgC CTCk X I
NI, Uptalh = 10 crc 0 MT 0
[ 2XCTDCX + MCECX + XCTCxM" 2XCTDC+ MCEC
- 2CTDCX + CTCxM™ 2CTDgC

' xct¢+Tox ¢To+ xcTho

. . A , 4.3
CcTC +CcTDCcx 20T DC (43)
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CHAPTER 4. Synthesis of reset controllers

which contains nonlinear combinations of the new design variables X, C and D. Hence (4.3)
will turn the synthesis problem into a BMI, which is generally hard to solve. Unfortunately,
the non-linear terms cannot be removed using e.g. a Schur complement like

arrr
«+ IPTTUS LI <0 — { I

T, U} } <0,

since this requires Uy > 0 which is by definition not the case. In summary, the LCV of [24]
linearizes the term AT P + PA, at the cost of de-linearizing 7./ E]?U tE;T,. The synthesis
problem can hence not be written as an LMI.

As an alternative one can try to use the elimination method described in Appendix G
and [15]. Therefore, (4.1) should be written in the affine form ¥ + K7OTL 4+ LTOK. Again
using (4.2), this yields

A"P + PA+T]E[U;EfT, = (Aj P+ PAy) + BOC + C"e" BT (4.4)

where A is as defined in (G.3), and

_ 0 I _ 0 B 0 aCT
C[C’O} and BP[IO}+[O 0 }

The design variables in 4.4 are P and ©, which appear non-linearly (through B). Hence, P
should be removed from B, as is done by multiplication with P~! in Appendix G, but this is
impossible here. Removal of P from the first term in B, introduces it in the second. As such,
due to this dependency on P, it is impossible to find the kernel of B, and thus to apply the
elimination lemma.

Besides this, note that the analysis LMI for the reset region ® contains a term sim-
ilar to (4.1). Analogous to the drawback mentioned in the discussion at the end of Ap-
pendix G, the elimination method will check the feasibility of these LMIs separately. Hence
this can only guarantee the existence of a © f;,,, and a ©,..5¢ separately, whilst not necessarily
© = Ofiow = Oreset- The elimination method thus cannot guarantee the existence of a con-
troller which makes both the flow and the reset LMI feasible.

In an attempt to make the last term in (4.1) independent on the design variables, one
might choose to fix Bg, Cx and Dy and to synthesize only Ax. However, this cannot be
solved using the linearizing change of variables, since this LCV demands full freedom in at
least Ax, Bix and Cgk. Fixing By, Cx and D results in an inequality linear in the design
variables X, Y, M and N. However, the matrices M and IN should follow from X and Y
afterwards, using the non-linear relation MNT = I — XY, hence the LMI-obtained M and
N make no sense and cannot be used to construct P, let alone Ag. A similar problem arises
when using the elimination lemma.

The above described problems hence make it impossible to construct computable synthesis
LMIs. However, further research might yield that the resulting BMIs might still be solvable in
specific situations. The described problems also arise in output feedback synthesis problems
for general hybrid systems, which thus makes research in this direction very relevant.
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Appendix A

The Clegg integrator

In control, ordinary linear integrators are often needed to avoid steady-state errors. How-
ever, using integrators can also cause stability problems, since each linear integrator introduces
a phase lag of 90 degrees for all frequencies:

I(s)=1 = I(jw)=24
Magnitude: ﬁ = \/% =1 (A.1)
Phase: arctan(?) — arctan(¥) = 0 — arctan(co) = —90°

To overcome this problem J.C. Clegg introduced a special non-

linear integrator in 1958, which has much less phase loss. His | Input L

integrator resets itself anytime the input of the integrator be- %o s

comes 0. Figure A.1 shows how such an integrator can be

e . . . Initial Clegg
modeled in Simulink® . The behavior of this Clegg integrator |condition Integrator

is illustrated in Figure A.2, where its response to a sinusoidal
input u(t) = sin(wt) is depicted. Note that the output of a
linear integrator (with initial condition 0) is given by

Figure A.1: Clegg integrator

/sin(wt) = —% cos(wt) + % (A.2)

One can see in figure A.2 that the output of the Clegg integrator can be described as the
sum of a square wave (in phase with the input) and a cosine (90° phase lag), both with

T —

S e Input
----- Linear integrator| |
| = Clegg integrator |

Voltage (V)
o

1
0 5 10 15 20
Time (s)

Figure A.2: Output of linear and Clegg integrator
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APPENDIX A. The Clegg integrator

amplitude % In order to estimate the effective amplitude and phase of the Clegg output,
the describing function concept can be used. Therefore one calculates the first harmonic of
its Fourier transform, which defines its fundamental component. The Fourier transform of a
function f(t) is given by:

o0

F(t)=Lao+ 3> ancos(nt) + 3 bysin(nt)

™

where a9 =2 [ f(t)dt

T (A.3)
ap =1 f f(t) cos(nt)d
71rf f(t)sin(nt)d

The cosine of course has only one fundamental component, so its magnitude and phase are %
and —90°. For a square wave with amplitude 1 and period 27 the integral over one period is
zero, since the positive and the negative square cancel each other. Hence ag = 0, while the
other components are:

a zl O—COS Fcos :l —sin (1” 1 sin(t)]y =
e Lo s
T \J—m 0

by = % ( / " sin(t)dt + /0 Wsin(t)dt) _ % [cos()]”.. + % = cos(t)]F = %(2 +2)
by = & < / " sin(nt)d + / ﬂsin(nt)dt) _ % (leos(mt), + [ cos(nt)fg) = = (A.5)

— 0 nm

Hence a square wave g¢(t) with amplitude % and frequency w can be approximated by:

g(t) = — sin(wt) + Si sin(3wt) +...= Y

wT W7
n=1,3,5,...

sin(nwt), (A.6)

nwm

Its first harmonic is thus simply defined by ﬁ. When combined with the cosine part of the
Clegg output, defined by -~ = —< this then results in:
Jw w

Ytotal = Ysquare + Yeos = % (% _ ])
Amplitude: % (%)2 +1r zﬁ (A7)
Phase: arctan(—%) ~ —38.1°

This indeed shows that the Clegg integrator has much less phase lag than a linear integrator,
and on top of that, has a little bit more gain. Note however that the other harmonics are
omitted in this. Since the Clegg integrator is a nonlinear element, it cannot simply be used
as a linear filter, and care must be taken when implementing it in linear feedback systems.
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Appendix B

Reset control and the H ﬂ—condition

In this appendix the so called Hg-condition, or 3 positive real condition, is derived and
explained, a theorem used to analyse the stability of reset control systems. Its most general
form is given in [5], which will be used in this appendix.

Definition of a reset control system

Before continuing, the reset control system has to be defined explicitly. Here, the general
description proposed in [5] and schematically shown in Figure B.1 is adopted. In this figure
P(s) with states x, € R" represents the LTI plant and R represents the reset controller with
states x, € R". The latter is a system with linear flow dynamics, whose states or subset of
states reset to zero when its input (in this case e) is zero. The plant P(s) is described by:

p(t) = Aprp(t) + Byu(l)

B.1
wlt) = Cprylt), B
where A, € R»*" B, € R"™*! and C, € R""». The reset controller is described by:
z.(t) = Apxz,(t) + Bre(t) ife(t) #0
z(tT) = Apxz,(t) if e(t) =0 (B.2)

ur(t) = Cra,(t),

where A, € R™*™ B, € R™*! and C, € R"*™. When e(t) = 0 the last n, of the n,
controller states are reset to zero, whilst the others remain unchanged. This is embedded in

d

R P(s)

Figure B.1: Block diagram of a reset control system [5]
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APPENDIX B. Reset control and the Hg-condition

the matrix A, € R™*"", which has the diagonal form

I, O
AQ_|: 0 O”Q:|‘

The controller which arises when resetting is omitted (i.e. A, = I,,,) is called the base linear
controller, which is denoted by Ry (s) = C,.(sI — A,) ' B,.

Using e(t) = r(t) — (y(t) + n(t)) = r(t) — (yp(t) + d(t) + () and w(t) = r(t) — n(t) — d(¢),
one can write e(t) = w(t) — y,(t). With this the closed loop dynamics can be written as:

i(t) = Aaz(t) + Baw(l) if z(t) ¢ M(t)
z(tT) = Agx(t) if z(t) € M(t) (B.3)
y(t) = Cax(t) +d(t)
where
xp(t) B A,  B,C, | o
0= 2 | ae=| g, M| =5
camt o) m=’y £]["m 2]

so Ay € R"Xnet Ap € Rt B, € R%*! and Cy € R where ny = (np+ny).
The reset surface M (t) defines the states where the controller (B.2) resets, so when e(t) = 0.
These states are denoted by . The trivial case where & = 0 is avoided, since a reset then
again yields & = 0 and is thus useless. Hence M(t) is defined by:

M(t) = {€ € R™ - e(t) = 0, (I — AR)E # O} (B.4)

This definition also states that when z(t.) € M(t,), a single reset causes z(t}) ¢ M(t]).
Finally, note that when resets are omitted (hence Ar = I,, ;) and Ry(s) is used, the resulting
closed loop is LTI, which is called the base linear system:

CCZ(SI — Acl)ichl' (B5)

Derivation of Hj for stability

In the following stability analysis, based on Lyapunov theory, only zero-input stability is
considered. Hence, (B.3) is simplified to the unforced case, i.e. w = 0, resulting in

B(t) = Aga(t)  ita(t) ¢ M
x(tT) = Agx(t) if x(t) e M (B.6)
y(t) = Cax(t),

with initial condition z(0) = x¢ and where M = {£ € R™ : Cy& = 0,(I — Ar)§ # 0}.
The equilibrium point = 0 of this system is globally asymptotically stable if there exists a
continuously-differentiable positive definite function V(z) : R"¢ — R, such that

V(ac) = [g‘;] Agx <0 ifx#0 (B.7)
AV(z) = V(Agx)—V(z)<0 ifze M. (B.8)
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APPENDIX B. Reset control and the Hg-condition

Furthermore, (B.6) is quadratically stable if V(z) = 27 Pz, with P a symmetric positive-
definite matrix. For convenience this matrix P is divided into a number of submatrices:

Py
(np+nz)x (np+ng) T XN
p_ P pg ,  with: ]P;l_ E En:xn: P ; ]Rgng’xpi?ge e
P2 P@ ‘ Pg 0 y 0

Based on (B.7) and (B.8), a reset control system is thus quadratically stable if

V(z) = i'Pr+ 2" Pi=aTALPr+ 2" PA e
= 2T(ALP + PAy)z <0 if z#0 (B.9)
AV(z) = aTALPApx — 2" Px = 2T (ALPAR —P)x <0 ifzeM (B.10)

Since M = {£ € R™ : Cy& = 0,(I — Ar)¢ # 0} (B.10) is valid for all (non-zero) states
& € R™! for which Cy& = 0. These states £ are all in the kernel of C,;. Hence one can define
im(0) = ker(Cy;), where im(©) denotes the image of ©, such that £ = ©n for any n. Hence

C'clg =0

On=¢, VneRma! } = CuOn=0, VpeR™" = Cu0=0 (B

where C; € R and hence © € R™*("=1) Now M can be rewritten as
M={0n:ne R 1}, (B.12)
such that (B.10), using Finsler’s Lemma, now becomes:
oT(ALPAR — P)O <. (B.13)

Since the first (n,+ng) X (n,+mnz) block of Ag is identity and the other blocks zero, and P
is symmetric, AgPAR — P returns a symmetric n. X ny matrix, which is equal to —P with
zeros on the first (n,+ng) x (np+ng) elements. Schematically:

_p2T
_péT
-P, -P; | P,

ALPAR — P =

Furthermore, the kernel of Cy, spanned by © € R"* (1) can be related to the null space
of Cy, spanned by ©,, € R > (e=1) since Oy = [Ch, 0]:

0= O Oy s } : (B.14)
Onrx(npfl) InTXnT

The left hand side of (B.13) thus returns a symmetric (ng—1) X (ng—1) matrix, with zeros

on the first (n,+nz—1)x(np+mnz—1) elements. Schematically:

0
-X -P; | -P,

T
—PQT <0

oT(ALPAR — P)O =

This matrix should thus be negative semi-definite. Because of its shape, this is only possible if
¥ = P; = 0 and if P, is positive definite. The latter is always true, since P is positive definite,
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but the former specifies restrictions on P. Because of its symmetry, it suffices to look only to
the last n, rows of (B.13), which then yields

| -P, -P; —P,|0=[-% —-P;, —P,|=[0 0 —P,].
Because of the structure of ©, see (B.14), this gives:
P; =0 and P,o,=0

Since ©,, is defined by C,0, = 0 (similar to (B.11)), this latter statement can only be true
when P consists of n, linear combinations of Cp: Py = BC, with 3 € R™*!. In summary,
the last n, rows of the symmetric positive definite matrix P should be equal to [3C), 0, P,]:

[0 0 L, |P=[BCy Oppxn, Po| or BP=C" (B.15)

Hence, system (B.6) is quadratically stable if there exists a positive definite P which satisfies
both (B.9) and (B.15). These relations correspond to the Kalman-Yakubovich-Popov Lemma,
which states that this P exists if and only if the system & = Agx + Bfu, y = Clz, or
equivalently

Onpxng
Hg(s) = [ BCyp Onyxn, Po | (sI—Ag)™" | Opyxn, (B.16)
I,

is strictly positive real (SPR), for some 3 € R"*1. So if Hg is SPR for some value of 8 and
some positive definite P,, the unforced reset control system is quadratically stable. Note that
this Hg-condition is both necessary and sufficient for quadratic stability, and only sufficient
to prove stability. Moreover, note that (B.9) indicates that the Hg-condition at least requires
stability of the base linear system, which is quite restrictive.

Example

Consider the plant P(s) = 1/s and reset controller Ry (s) = 1/(s+ 1). This means that
A, =0, B,=1, C,=1, A, =-1 B,=1, C,=1 A,=0,

[ 4 BC 1 [0 1
vl g, L0 A

Without loss of generality one can take P, = 1, such that the Hg-condition becomes

-1
o= s 5]
_ [ }21 [s+1 1“0]: B+s
s24+s+1] -1 s 1 s2+s+1
which is a minimum phase stable system for § > 0. Its SPR-ness is tested with Hg(jw):
jwt+ B 1-w—jw  ju(l-w? = f) +wP(1-6)+ 8

-+ jw 1—w?—jw 1 —w?]? 4+ w?

w?(1-p3)+ 1

[1—w?)? +w?

Hp(jw) =

= Re[Hpg(jw)] = >0 Yw>0, if 0<p8<1.

So indeed there exists a 3 (here 0 < 3 < 1) for which Hg is SPR, so the reset control system
is quadratically stable.
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Other results

As a consequence of the quadratic stability result defined above, [5] also states bounded-
input bounded-state (BIBS) stability and asymptotic tracking results. Without further de-
tailed explanation this appendix will shortly summarize these results.

First note that the Hg analysis only holds for unforced systems, so w(t) = 0. However,
in [5] is was shown that systems satisfying the Hg condition are also BIBS-stable, meaning
that x(t) is bounded for bounded w(t), if the controller system matrix A, has the shape

| A A
AT_[ 0 Ar22:|

which means that the derivatives of the resetting controller states not explicitly depend on
the non-resetting states.

BIBS stability does not guarantee asymptotic tracking of a reference r(t). However, if an
internal model of r(t) is present in the plant P(s) or in the non-resetted part of the controller
R and the closed loop reset control system satisfies the Hg-condition, asymptotic tracking is
achieved [5]. Hence, when r(¢) is an initial condition response of a linear system M(s), then
P(s) (or the non-resetted part of R) should contain the same system M(s). For example,
for step references r(t) = 1(t) it is known that M(s) = 1/s, so P(s) should also contain an
integrator to guarantee asymptotic tracking.

It is important to note that the internal model should not be present in the resetted part
of the reset controller R. This is illustrated by the following example. Consider a plant
P(s) =1/(s + 1) controlled by a Clegg integrator. The Hg-condition yields

s+1 —1]1[0] s+8+1

(B.17)

1 s 1] 2+s+1
B(l—w?)+1
1 —w?]? +w?

Hy = [P 1]{

= Re[Hp(jw)] = >0 Vw>0, if —1<p<0.

Hence, this reset control system is (zero-input) quadratically stable and thus  — 0 for ¢ — oc.
Furthermore, since all states of the reset controller are reset, as required in (B.17), the system
is also BIBS stable, so any bounded input results in a bounded output. However, when a step
reference (1/s) is applied, there is no guaranteed asymptotic tracking, since P(s) lacks an
internal model of the reference. The plant P(s) needs a persistent input u to keep its output
at the desired value. The Clegg integrator however reset this u to zero as soon as y = r. The
three described situations are shown in figure B.2.

Unforced

15 Bounded input Step response
2 25
1.5
10 2
5 1\ 15
> = B = 1.
o 3 : >
55 £ 05 £
o o) : O 1
0 B
0
~05 050
-5 _ 5 3 5 R B
0 0.5 1 15 2 10 5 10 15 GO 5 10 15
Time (s) Time (s) Time (s)

Figure B.2: Typical responses of a reset control system: P(s) = 1/(s+ 1) with Clegg
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Appendix C

Dissipativity and stability

Dissipativity and stability of dynamical systems are often linked to each other in litera-
ture. In particular, this can be used to derive LMIs to determine closed loop stability and
performance (e.g. the Lo gain). This appendix will shortly explain dissipative behavior of
dynamical systems and how this can be linked to stability. This knowledge will then be used
to derive stability LMIs, after which some examples will be given.

Dissipativity
For a dynamical system Y described by
2:{ &= flzw) (C.1)

z = g(z,w)
dissipativity can be defined as follows:

Definition 1 The system X is dissipative with respect to a certain supply function s if there
exists a storage function V : X — R such that
t1

V(x(tl))—V(x(to))g/ s(w(t), =(8))dt (C.2)

to
for all ty > to and all signals satisfying (C.1).

Whether or not a certain system is labeled ‘dissipative’ hence depends on s. A system X could
be dissipative with respect to a certain s; but not with respect to ss. This supply function
(or supply rate) should thus be chosen with care, depending on each specific situation.
Basically the dissipativity definition just states that ‘energy’ is lost, or dissipated, inside the
system. It states that the difference between the final and the initial energy, given by the
storage functions V(x(t1)) — V(z(tp)), can never exceed the energy supplied to the system,
given by the ‘sum’ of the supply rate, ftzl s(w(t), z(t))dt.

Note that in (C.2) the storage function V' is not necessarily non-negative to show dissipative
behavior of (C.1). Such constraints on V' are only needed to link dissipativity to stability:

Definition 2 When the system in (C.1) has an equilibrium point x* and its storage function
V' satisfying (C.2) for some s is in fact continuous and non-negative and attains a strong
local minimum at x*, then the point x* is in fact a stable point of the dissipative system 3.
Furthermore, the storage function V' is then a Lyapunov function in the neighborhood of x*.
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APPENDIX C. Dissipativity and stability

This definition thus states that V(x(t)) — V(z*) > 0, V¢, so if the initial condition of (C.1)
is at the equilibrium z(tp) = z*, the supply function for a stable system must satisfy

/tl s(w(t), 2()dt > V(z(t) = V(&*) >0, ¥ > 0. (C.3)

to

Linear systems and quadratic supply and storage functions

This section limits itself to linear systems, for which it will derive some general dissipativity
and stability results. First consider a simple linear system with a non-zero initial condition

T = Az, z(0) = xg (C.4)

and no in- or output, so s = 0. Following Definitions 1 and 2 its equilibrium point z* = 0 is
stable if and only if there exists a positive definite Lyapunov function V', with a strong local
minimum at z*, e.g. V(a*) = 0, satisfying

V(x(to)) — V(:E(tl)) Z 0, th 2 to,

which is thus monotonically decreasing over time, i.e. %V < 0. For linear systems one can even

define asymptotic stability by taking a quadratic Lyapunov function V(z) = 2’ Pz, whose

derivative V (z) = %—‘;a} = 27 (ATP + PA)x should be negative. Hence (C.4) is asymptotically
stable if and only if the following inequalities hold

eTPz >0, and zT(ATP+ PA)x <0, Vz#0 (C.5)

= P>0, and ATP + PA <0. (C.6)

Now expanded system (C.4) with an input w and an output z, so that

J 2 = Ax+ Bw
T'{ z = Cx+ Dw. (C.7)

For such linear systems we can assume quadratic supply and storage functions without loss of
generality. In other words, in (C.2) one can assume

s(w,z):[frs[fj] and  V(z) =27 Pz,

so that the derivative of the positive definite Lyapunov function V' (z) then satisfies
V(z) = i'Px+a2TPi
= (zTAT + wTBT)Pz 4 2T P(Az + Buw)
T (ATP 4+ PA)x + w' BT Px + 2" PBw
¢ 1" ATP+PA PB][ x
L L 9

Using this and wi_ |0 e in the differential form of (C.2), one then obtains:
z CD||lw

d d

&V(ﬂf):@x(t)TPx(t) < s(w(t), 2(t)) (C.9)
T T .
iR | RN M P R A (A A
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or in LMI formulation:

BTPp 0 C D C D (C.11)

ATP 4 PA PB] [o I]TS[O I]
According to Definition 1, if this LMI is feasible for some arbitrary P, the original system
(C.7) is dissipative with respect to the chosen quadratic supply function s. Then (C.7) is said
to satisfy a certain quadratic performance measure, defined by the matrix S. Furthermore,
following Definition 2, if the Lyapunov function is restricted to be non-negative with a local
minimum V' (z*) = 0, hence if (C.11) is feasible for some P > 0, system (C.7) is also stable.

The only remaining problem is now how to choose the supply function s. For a system
with input w and output z a reasonable choice could be

5 = ‘input energy’ — ‘output energy’ = ||wl||3 — ||2][3.

In this equation ||w||3 can be seen as the total amount of energy put into the system and
||2||3 the amount of energy that comes out of the system. The difference is the net amount of
supplied energy and is thus an appropriate choice for the supply function. In this interpretation
the internal energy storage is then given by the Lyapunov function V(z) = 2% Px.

The previous supply function can be written in matrix form:

s:wTw—sz:[Z’]T[é _OIHZ} (C.12)

So in order to check the stability of (C.7) and its dissipativity w.r.t the supply function (C.12),
one has to test the feasibility of the following LMIs:

ATP+ PA PB o 115 =1 o]0 I
BTp 0 C D 0o I C D

} <0, P>0. (C.13)

Hence, if the LMIs (C.13) are feasible, it means that the system is asymptotically stable and
dissipative with respect to ||w||3 — ||z]|3. The latter means that the performance of (C.7) is
such that the output energy is always less than the supplied input energy.

Stability and H.,, performance

The above dissipativity theory can hence be used to derive quadratic performance measures
in terms of LMIs. A well-known example is the Hs, norm, also known as the Lo induced norm,
which is the worst case energy gain from w to z. For system (C.7) this norm is defined as

12113
1713 = 7

= <2
[Jwl|3 7

Whether or not |||« is smaller than  can be tested with appropriate LMIs. Therefore
define the supply function s as:

w1’ v 0 w
s(w,2) =Pl = 1 =t =T = | |0 O]
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2
Hence inserting S = [FYOI _OI] in (C.11), then yields the following LMI:
ATP+PA PB 0o 117.,[0 I

(mrA ) [0 TS0 Ly o

ATP+PA PB 0 1717721 010 I]
[ BTP o} [C D} [ 0 IHC p] =0 (C.15b)

ATP+PA+CTC PB+CTD ]
|: BTP+DTC DTD _721. | =< 0 (C15C)

This LMI can be reformulated by multiplying it with y~! > 0, substituting P = v~ P, and
applying a Schur complement:

ATP + PA+~~ICTC PB+~'CTD ~ 0
BTP +~71DTC vy IDTD —~I
ATP +PA PB y-1cTe 4~'cTD ~ 0
BTP —~I *1DTC’ v 'DTD
ATP+PA PB cr .
{ BTP —7]]_[DT}(_VI[ bl <0
ATP+PA PB ., CT
T B™P I DT <0 (C.16)
C D ' —~I

Note again that if this LMI holds for some P, that ||T'||oc < . If (C.16) is feasible for some
P > 0, then (C.7) is also stable. The latter can easily be verified by noting that element (1,1)
of (C.16), i.e. ATP+PA <0, together with P > 0 again form the stability LMI in (C.6).
The result in (C.16) is also known as the Bounded Real Lemma.

Example

As an example, consider the following system:

R RRE
z = [1 0]z

Suppose a supply rate as in (C.12) is chosen. Then (C.13) is feasible, with e.g.

p_ 2.3672  0.5352
~ | 05352 0.5791

Note however, that if one chooses the opposite supply function s = ||z||3 — ||w]|3, the resulting
LMI is infeasible. This shows that for this system ||z||3 < ||w]||2, and not ||z||3 > ||w||3. Hence
the input energy always exceeds the output energy.

One can also perform an H analysis on this system by solving the LMI in (C.16) for some
~v. When the objective to minimize ~ is added to this LMI, one finds the following optimal
solution:

15 0.5
P‘{0.5 0.4358} for  y=05
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Appendix D

Overview of system analysis LMIs

This appendix shortly summarizes some of the most important continuous time LMIs, used
to analyse linear time-invariant systems in terms of induced norms. Moreover, some common
interpretations of these norms are provided. The following system description will be used:

z = Cx+ Duw,

where x is the system state, w is the input and z is the output.

H, analysis
The definition of the Hoo-norm, or Lo induced norm, of system (D.1) is the following:

Z(|2 z .
[|T||lco =  sup [l = sup [#llpow = Sup Opmaz(T(jw)) (D.2)
0<[jwlja<oo 1Wl2  0<jwlla<oo [Wllpow — weRr

It thus denotes the maximum possible gain from the input energy of w to the output energy
of z. It is the largest possible gain when the system T is fed by harmonic input signals, and
thus it corresponds to the maximum singular value (denoted by y4z) of T over all w.

The system (D.1) is asymptotically stable and ||T'||oc < 7 for some value of v >0, if and
only if there exists a P > 0 such that

ATP+PA PB; CT
BI'P —~I DJ < 0. (D.3)
Cj Dj —’)/I

H, analysis

The (ordinary) Ha-norm of a system 7' given in (D.1) is defined by:
1 o0
I|T||5 = 2trace/ T(jw)T (jw)*dw (D.4)
7r

—00

and is thus equal to the surface beneath the magnitude of the Bode plot of T'(jw). The Ha-
norm coincides with the total output energy of the impulse responses of T'. A more practical
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interpretation is that the Ha-norm corresponds to the asymptotic variance of the output when
it is excited by white noise input signals.
The Ho analysis can be done with the following definition of the Ho-norm:

||T]|3 = trace(CjWCjT) = trace(B;‘FMBj) <2 (D.5)
where W and M are the controllability and the observability gramians defined by:

AW + WAT + B;B] = 0 (D.6a)
ATM +MA+C]C; = 0 (D.6b)

A typical computation of the Hs-norm is equivalent to: there exists a X > 0, such that
AX + XAT +B;B] <0,  trace(C;XC]) <+

Pre- and post-multiplying this with 2 = X! and introducing an auxiliary variable @, this
means there exists a P > 0 such that

AT"P+PA+PB;B[P <0, CPICI <Q,  trace(Q) <y’

Using two Schur complements this finally leads to the result: system (D.1) is asymptotically
stable and ||T||2 < v for some value v >0, if and only if there exists a P > 0 and @ such that

ATP+PA PB;

[ Bﬁ _IJ} 0 (D.7a)
P cr
[ ¢ o } ~ 0 (D.7b)
trace(Q) < ~ (D.7¢)

Note that the He-norm is bounded, thus ||T'||2 < oo, if and only if D=0.

Generalized H» analysis

The generalized Ha-norm, or Lo-L+ induced norm, differs slightly from the ordinary Ho-
norm, since the former is defined by:

z
Tllg = |[Tl20e =  sup Pl D)

o<|jwlja<oo |[Wl[2”

This norm is also called the ‘energy to peak’ norm, since it measures the peak amplitude (in
time) of the output signal z over all unity energy inputs w.

An alternative definition of the generalized Hs-norm, which resembles the ordinary Hs-norm
to a large extend, is given by

T3, = CWEF <421, with AW+ WAT +B;57 =0 (D.9)
In LMI-form this thus becomes

AX + XAT + BBl <0,  C;XC] <~+*1
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The rest of the derivation is completely analogous to the ordinary Ho-norm. And thus system
(D.1) is asymptotically stable and ||T'||2q < v for some v > 0, if and only if there exists a
P > 0 such that

ATP+PA PB;
[ BIP _IJ} 0 (D.10a)
P CT
J
[Cj 721} - 0. (D.10b)

Peak to peak analysis

The peak to peak gain, or Lo, induced norm, is simply defined by

HTHpeak — Sup HZHOO

Nzlloo (D.11)
0<|lwllce<oo |[W]]oo

which defines a mapping from the (bounded) maximum amplitude of the input w to the
(bounded) maximum amplitude of the output z. Note that ||T'||oc < ||T'||peak-
If, for some value v >0, there exists a P > 0, A > 0 and p such that

ATP + PA+ AP PB;

AP 0 cl
0 (y-wI DJ = 0. (D.12b)

Cj Dj ’)/I

is feasible, then (D.1) is asymptotically stable and ||T||pear < 7. Note that this condition is
sufficient but not necessary.
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Appendix E

Discrete time analysis LMIs

In an answer to the previous appendix, some analysis LMIs for discrete time systems will
now be derived. The results in this appendix cover stability LMIs as well as Ho,, Ho and
generalized Hy results. Starting point is the following linear discrete time system:

) Trr1 = Axp+ Bwg
T.{ S e (E.1)

where xj, is the state, wy the input and z; the output at timestep k. Furthermore, quadratic
Lyapunov (or storage) functions will be used, such that V(z) at timestep k is defined by

V(zg) =2t Pz, >0 for a3, #0, hence P > 0. (E.2)

Discrete time stability LMI

Internal asymptotic stability of the state xj, is determined by the system matrix A, since for
internal stability wy = 0 and hence it follows that x;11 = Azy. Internal asymptotic stability
for such linear systems can be proven if the quadratic Lyapunov function (E.2) is monotonically
decreasing in time, hence the change in the Lyapunov function AV = V(xg41) — V (2x) should
be negative, in other words

AV = :1:£+1P$k+1 —aFPxp < 0
eF ATPAzy, — 2T Pz < 0
tH(ATPA—-P)z, < 0 (E.3)

Hence, system (E.1) is internally asymptotically stable if and only if the inequalities
A'PA-P <0, PO, (E.4)
are feasible. Using a Schur complement (E.4) can be transformed into a single LMI :

P—ATPA >0, P>0
P—(ATP)P7Y(PA) =0, P>0
Sehur [ P ATP}>O

PA P
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Discrete time H., LMI

The derivation of the LMI for the Ho, norm is done by using the concept of dissipativity,
see Definition 1 in Appendix C. For the discrete case the inequality (C.2) can be stated as

AV = V(zp41) —
where s(wg, zx) is a certain supply function. For the discrete system (E.1) AV becomes

AV

Since here the Hqo

(z

= 2} (ATPA — P)xy + wl BT PAxy, + o} AT PBwy, + w] BT PBuwy,

o 17T ATPA—P ATPB
BTPB

|

THoo =

T
$k+1p$k+1

— aF Pxy,

Vi(xr) < s(wg, 21),

TAT + wl'BT)P(Axy, + Bwy,) — a1 Py,

Wi,

sup

-norm of

BTPA

(E.1) is considered, i.e.
|

IEIE

0<|lwljz<oo |[W]]2

Tk
k

the supply function s(wg, zx) in E.6 should be chosen as

s(wg, z) =

asymptotically stable and ||T||sc < 7 if and only if the following LMI in P > 0

2T T
’}/ U}kwkfzk,Zk

2]
o]

~2
0

c

[

By using this AV and s(wg,z;) in (E.6), it can then be concluded that system (E.1) is

BTPA BTPpP

B [ ATPA—P ATPB }
B

P—ATpA—-CTC
—-BTpA - DTC

I 0
—1I

717
D

crco

[ ctco

1[5

['yQI 0

e n]l]

T
DTc DTD—nyI] [wk]

cTD

DTC DTD —~2I
—~ATPB-C"TD
—BTPB - DTD ++2I

] -

| -

is feasible. Using a Schur complement this LMI can be rewritten:

|

P-CcTc
-DT¢C

|

-cfc  -C"D [ A"PA ATPB
-DTC  —DTD ++%I BTPA BTPB
-C0TD [ ATP)P~L(PA) (ATP)P
—DTD +~2I (BTP)P~1(PA) (BTP
P-CTC ~-CTD ATp
-DTC  —DTD++%1 ] - [ BTP]P [PA PB
P . PA rB
Schur, ATpTP-CTC ~ —-CTD
B'P 1 -DTC DD +~*1
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Now multiply with y~! > 0, define P = ' P, and apply another Schur complement:

P PA PB
ATp P —~~ICTC —~10TD =
B™P  —7'DTC  —7'DTD +AI |
P PA PB 0 0 0
Afp P 0 | -|0 y'cTC ~'CTD =
BTP 0 AI 0 v 'DTC ~7'DTD |
P PA PB 0
ATp P 0 |—-|CT |4y7'[0 C D] = 0
BTP 0 ~I DT
P PA PB, 0
T | T
Schur AP P 0 ‘C . 0 (E8)

BT 0 ~I DT

Of course, Schur complements are not unique; it is allowed to pre- and post-multiply the
obtained matrix to interchange rows and columns, e.g.:

00101"[ P PAPB 0 0010 P 0 ATP CT
1000 ATpp o OT 1000 0 ~I BTP DT
0100 B™P 0 A1 DT||0100|" |ParE P o |70 (EY
0001 0 C D ~I|]l0001 c D 0 ~I

One thus needs just a single LMI (E.8) or (E.9), if desired with the objective to minimize -,
to solve the Ho, problem. Note that the additional constraint P > 0 is no longer necessary,
since it is already contained inside LMIs.

Discrete time Hy LMI

The definition for the Ho-norm is the discrete case differs slightly from the continuous
case. For discrete systems the Ho-norm is defined by

||T]|3 = trace(DDT + CWCT) < 72, (E.10)
where W is the controllability gramian, defined by the solution of

AW AT —w + BBT = 0. (E.11)
These definitions are equivalent to the following inequalities, where X > 0:

AXAT - X +BBT <0, DDT+CXCT <Z,  trace(Z) <+? (E.12)

One can again apply various Schur complements, multiplications and substitutions to simplify
the above LMIs. The first Schur complement results in

X —BBT —AXX'x4AT » o, X =0

Schur X X AT
———

ax x-ppt| 70
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Pre- and post-multiplication by X ~!, substitution of P = X ! and a Schur complement yields:
x1 o0 1" x  XxAT X1 0 ]

0o x! AX X -BBT 0o x!

X1 ATX 1 [ r ATp ]

XA X 1'-X"'BBTX! PA P-PBBTP |

[ P ATP ] 3 [ 0 0

PA P 0 PBBTP | —
P ATP 0 T
{PA P ]—[PB]I[O BTP] = 0
P ATP, 0
Schur, ‘PA P 'PB| » 0 (E.13)
0 BTpPI I

Again, one might wish to switch rows and columns to obtain a more common LMI:

T

010 P ATpP 0 010 P PA PB
100 PA P PB 100 |=|ATP P 0 |=0 (E14)
0 0 1 0 BTP I 0 0 1 BTpP 0 I

Note that the constraint X = P~! = 0 does not have to be formulated explicitly anymore,
since P > 0 is already explicitly included in (E.14).
The second inequality in (E.12) can also be rewritten, again using P = X 1

Z-cxct—-pp"'=z—-cptc”—-DDT = o, P>0

I, DT
Schur [ Lo - GPIET ] = 0, P>=0

T
{é DZ }—[g]P_l[O ct'] -0, P>0

Pio T
Schur, 0'7T DT | = 0 (E.15)
c'D Z

In summary, the discrete time system given in (E.1) is asymptotically stable and its perfor-

mance such that its Hz norm ||T'||2 < 7, if and only if the following LMIs in the variables P
and Z are feasible:

P PA PB P o CT
ATp P 0 | >0, 0 I DT | =0, trace(Z)<~? (E.16)
BTpP 0 I C D Z

If desired, the objective to minimize 4% can be added, in order to find an upperbound on the
actual Ha-norm of the system.
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Discrete time generalized Hy LMI

As in the continuous case, the generalized He-norm resembles the ordinary He-norm to a
large extend. For a discrete system (E.1) its definition is given by

T3, = DD + CWCT < I, (E.17)
where W is the controllability gramian, defined by the solution of

AWAT — W + BBT =o. (E.18)
Introducing X > 0, these equations are equivalent to the inequalities

AXAT — x + BB <0, DDT + cxCT <A1,

which, completely analogous to the ordinary Hs-norm, finally results in the LMIs:

P PA PB P 0o CT
ATp P 0 | =0, 0 I DT | =0 (E.19)
BTP 0 I C D %I

Hence, if and only if the above LMIs in the variable P are feasible, then the discrete time
system (E.1) is asymptotically stable and its performance such that ||T|[ag < vI.
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Appendix F

Controller synthesis using LMIs and a
change of variables

The analysis methods mentioned in Appendices D and E can also be used to synthesize
controllers. However, these methods often result in non-linear sets of equations, which are
numerically hard to solve. Fortunately, for these situations a smart linearizing change of
variables (LCV) can be found [24], which results in computable sets of LMIs. These LCVs are
discussed in this appendix.

State feedback: stability

The simplest illustration of the necessity of a change of variables is the stabilizing state
feedback control situation. Consider the following system

| 2 = Az + Bu
T'{y = Czx+ Du (F.1)

which should be stabilized using a state feedback controller, u = Kx, where the controller
gain K has to be designed. The stability of the closed loop

& =Ax+ BKx = (A+ BK)x
is determined by (A + BK). The stability analysis and controller synthesis follow from the
same optimization problem, using a quadratic Lyapunov function V(z) = 27 Pz > 0, Va # 0:

V(z) = #'Pz+ 2T Pi

= 21(A+ BK) Pz +2TP(A+ BK)
= 27ATP+PA+K'BTP+ PBK)z <0
resulting in the following inequality in the variables P > 0 and K:

ATP+ PA+ K"BTP 4+ PBK <0, (F.2)
which is non-linear in its decision variables, since it contains products of K and P. However,
pre- and post-multiplying with P~! and introducing Q=P and Y =KQ=KP~! yields:

P Y ATP+PA+KTBTP+PBK)P™! < 0, P=0

PIAT 4 AP '+ PTKTBT + BKP™' < 0, P>0

QAT + AQ+Y"BT +BY < 0, Q>0 (F.3)
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APPENDIX F. Controller synthesis using LMIs and a change of variables

These inequalities are now linear in its decision variables ) and Y, and are thus LMIs which
can easily be solved. The actual controller can be retrieved using P = Q! and K = Y P.

State feedback: pole placement

LMIs can also be used to place the poles of a closed loop system. In that case a so called
LMI region should be defined, inside which the poles of the closed loop system matrix must
lie. In the state feedback case the LMI region thus defines a set of allowed eigenvalues of the
closed loop system matrix (A + BK).

An LMI region R is a subset of the complex plane C, usually defined as

R:={seC:L+sM+3sM"+5Ns<0}, (F.4)

where 5 is the complex conjugate of s, or alternatively by

RT::{seC:<SII>*T<SII><O} with T:[JT ]‘A{] (F.5)

In practice, often N = 0, so an LMI region is the set of all s satisfying L + sM + sMT < 0.
For example, the region Re(s) < —a can be written as an LMI region by choosing

L M 20 1 _
T= [ uT N ] = [ 1 0} = 2a+s+5=2a+2Re(s) <0

These LMI regions can be used to check the location of the eigenvalues of a matrix A.
Assuming N = 0, all these eigenvalues are inside the LMI region R defined by (F.4) if and
only if there exists a matrix P > 0 satisfying

[lijP + mijATP + mjiP‘A]ij <0 (F.6a)
1P +mpATP+mpPA -+ 11,P +mip ATP 4+ m, PA
01 P+ mQIATP +mpPA - o, P+ anATP +mpaPA

: _ ) <0 (F.6b)
lnlp + mnlATP + mlnPA te lnnP + mnn-ATP + mnnP-A

where [;; and m;; are the ¢, j-th elements of the n x n matrices L and M respectively. Note
that when state feedback is considered A = (A+ BK). To synthesize the controller K in that
case, (F.2) is replaced by the following inequality in the variables P > 0 and K:

[1ij P + mij(ATP + KT BT P) +mji(PA+ PBK)], . < 0 (F.7)

Pre- and post-multiplying by P~! and using the same change of variables as before (Q = P~}
and Y = KQ = KP71), this results in the LML:

[1;Q + mi;(QAT + YT BT) + myi(AQ + BY)],; =<0, Q>0 (F.8)

o4



APPENDIX F. Controller synthesis using LMIs and a change of variables

As an example, consider the case where the closed loop
poles should be placed inside a certain vertical band in the
left half plane (to achieve a certain speed) and within a cone :
to assure some amount of damping. These regions can be Si..
defined separately and then stacked together. The actual
LMI region is then the intersection of these regions. |

First define the vertical band: —as < Re(s) < —ay. Re
Hence we specify L and M in (F.4) as _

7 | 201 0 10 _|1 0
L+sM+35M —{ 0 2y +s 0 —1 +5 01l

Im

such that (F.8), with @ > 0, becomes

Figure F.1: Conic stability region
201Q + QAT + YTBT 4 AQ + BY 0 <0
0 —200Q — QAT —YTBT — AQ — BY '

The idea of the cone is illustrated in figure F.1. The conic region is defined by the inequality
Re(s) tan(¢) < —|Im(s)|, and thus the matrices L and M should be specified as

T = sin(¢)  cos(¢) 5 sin(¢) — cos(¢)
Lt oM sME=s] cos() sm<¢>] [cosw) sin(9) ]

The closed loop poles are inside this region if and only if there exists a () > 0 such that

(QAT +YTBT + AQ + BY)sin(¢p) (QAT +YTBT — AQ — BY ) cos(¢) ~0
(QAT +YTBT — AQ — BY)T cos(¢) (QAT +YTBT + AQ + BY)sin(¢) '

If the system is controllable, solving both LMIs simultaneously and applying P = Q' and
K =Y P will finally result in a control matrix K placing the poles in the predefined region.

Output feedback: H., controller synthesis

This section will discuss the H, controller synthesis for output feedback systems. The
considered general system layout is given in figure F.2, where P is the augmented plant with
states x € R™ and K is the controller with states x; € R™K, which uses y to calculate
the control signal u. Notice there are n,, exogenous inputs w and n, exogenous outputs z.
Moreover, with w; and z; specific in/outputs or combinations of in/outputs will be denoted.

The augmented plant P in figure F.2 is defined by

z = Ax+ Byw+ Bu
P z = Cyz+ Dyw-+ Dyu (F.9)
= Czx+ Dyw

Notice that D = 0, so there is no direct coupling between v and y, hence P is strictly proper.
The controller K can be described by

x’k = AK$k+BKy
K F.10
{ u = CKSL‘k—I—DKy ( )
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w 14> 4»21
w24> 4»2’2
Wy, P L
—_—— —
U Y
K

Figure F.2: General multichannel closed loop system

With these descriptions the closed loop dynamics can be obtained:
t = Az + Byw+ B(Ckzy + D (Cx + Dyw))
= (A4 BDkC)x + BCkxy, + (By + BDg Dy,)w
i = Agxp+ Brg(Cx+ Dyw) = BxkCx + Agxy + B Dyw
z = Cyrx+ Dyyw+ D,(Cgar + D (Cx + Dyw))
= (C,+ D,DgC)x+ D,Crxy+ (D + D.Dg Dy)w

With z1, = [T, 2T] this closed loop T' can be written as

T T
| 2q = Azg+Bw . | A|B
T'{ : = Cog+Dw |2k _{c D} —k (F.11)

z

where

Al B A+ BDgC BCk B, + BDgD,,
C,+D,DxC D,Ck ‘ D,,+D,DgD,

That the dimensions of this matrix are indeed correct is shown in figure F.3. The closed loop
in (F.11) represents the transfer from all inputs w to all outputs z. If only specific in- and

(n X ny)(ny X ng)
(nxn) 4+ (n x ny)(n, x ny)(ny xn) (n X 1) + (X 1) (R X 1) (11 X 1)

(nk X ny)(ny, x n)

(ne X n) + (n2 X 1) (g X 1) (ny X 1) (n2 % n) (1 % 1) (M2 X M) 4 (12 X 1y,) (M X 1y ) (Mg X M)

Figure F.3: Size check of closed loop matrix. Total size is (n+ng+n,) X (n+ng+ny).
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outputs w; and z; should be considered (w; and z; can still be multidimensional!), one can
apply a matrix multiplication to select the right channels and/or combination of channels:

7}‘ = LjTRj = w = ijj and Zj = LjZ, (F12)

where L; € R™*" and R; € R™*™wi. Here n,; < n, and n.; <n, are the number of
considered inputs and outputs in the Ho, synthesis. With this transformation any input and
any output (or combinations of these) can now be selected. Hence, the j-th realization of the
closed loop transfer T; = L;TR; from w; to z; is now completely described by

A ‘ Bj A ‘ BRj A+ BDgC BCg Bj +BDKF]'
J J J J J Cj + EjDKC EjCK ‘ Dj + EjDKFj

where
Bj = B, Rj, C; = L;C;, Dj=L;D.,R;,
E; =L;D,, F; = Dy R;.

The Hoo controller synthesis starts with the analysis LMI (C.16), derived in Appendix C.
It states that the closed loop system Tj is asymptotically stable and ||Tj||oc < 7 if and only if
there exists a P > 0 and v > 0 such that

AP +PA PB; C]
BIP —~I D] | <0. (F.14)
Cj D; -1

Furthermore, minimization of  in (F.14) returns the actual Ho, norm of 7j.

When a controller needs to be designed, the matrices A, Br, Cx and Dk are unknown
and should be found using the above inequality. However, P is also unknown, resulting in
non-linear terms like P.A and PB;. Thus a linearizing change of variables is needed. This
LCV starts with the partitioning of the positive definite matrix P and its inverse P~1:

Y N _ X M
P:|:NT *:l a.nd ’P 1:|:MT * :| (F15)

where X, Y € R™ " and symmetric. Since PP~ = I it holds that P []g[‘;] = [5], and thus

: X I 1Y
Pl =1Is with II; = |: MT 0 :| and IIy = |: 0 NT ]
With this, by pre- and post-multiplying with I1;, the constraint P > 0 can be converted into
X I
P, = 07 11, = [ Iy ] - 0. (F.16)

The Hoo LMI (F.14) should also be pre- and post-multiplied with the scaling II;:

n’ o o ATP+PA PB; C] I, 0 0]
0 I 0 BIP  —I DJ 0 I 0| <0
0 0 I C; D; -1 0 0 I |
7 ATPIL + II{ PAIL, TI{ PB; T{CT T
B PII —I D] < 0 (F.17)
CjHl Dj —’y[ |
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APPENDIX F. Controller synthesis using LMIs and a change of variables

Now calculate all the terms containing II; and define new variables A, B, C and D:

D = Dj + EjDkF; = D; + E;DF;
= D =Dk (F.18a)
X I
CjHl = [C—f—EDKC ECK][MTO]
= [ C;X +Ej(DkCX +CxMT) Cj+ E;DkC |
= [¢;X+E;C C;+E;DC |
= C =DgCX+CxgMT (F.18b)
T T | I 0 ][ Bj+BDgEF;
wrps, — ugs - L0 ][R
B B; + BDkF;j [ B+ BDF;
~ | YBj+(YBDk +NBk)F; |~ | YB; + BF;
= B =YBDg+ NByg (F.18c)
T 1. | I 07[]A+BDKkC BCk X I
IpAlL - = HQAHl_[Y N BrC Ag MT 0
[ AX + B(DxCX + CxgMT) A+ BDgC
B xbig termsx Y A+ (YBDg + NBg)C
[ AX+BC A+ BDkC
B A YA+ BC

= A =YAX +YBDxCX + NBxCX + YBCxM”* + NAxMT (F.18d)

Using this change of variables, (F.17) now becomes linear in the decision variables A B, C,
D, X and Y, thereby creating a computable set of LMIs:

[ x 1
A (F.19a)
[ AX + XA" + BC +C" BT A" +(A+BDO) * *
A A T - 75T
A+(A+1?DCT) YA+ A"Y +BC+O"B * * | <0 (F.19b)
(B + BDF)) (Y B; + BE;) - *
L CjX + ch Cj + EjDC Dj+ E;DF;  —I

When all inputs w and outputs z are considered (so L; = R; = I), LMI (F.19b) becomes:

AX + XAT + BC +C" BT A" +(A+ BDO) * .
A+ (A+BDO)T YA+ ATY + BC+CTB" * * | <0 (F.20)
J00) - .
(B, + BDD.,) (Y B, + BD.) T *
C.X + D.C C.+ D.DC D.w+ D.DD, —~I

The new variables can then be used to derive the controller matrices and the Lyapunov

matrix P. First note that P~'P = I yields MNT = I — XY . Since [)I( {,} > 0 and

thus I — XY < 0, the matrix MN” is nonsingular. Thus one can always find square and
nonsingular matrices M and N satisfying MNT = I — XY, for example by making an SVD-
decomposition of I — XY

I-XY =MNT=UxvT =uvsvzv?T
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1 1
M=UVY = M'=UT = = MT=U~=
. VE VS
N=vVsV = N'=—2VvT
VE
Once M~T and N~! are found, the controller matrices can easily be computed:
Dk = D (F.21a)
Cx = (C—-DgCX)M~T (F.21b)
Bx = N YB-YBDg) (F.21c)
Ax = N'AMT - BgCcXM™T
~NYYBCx - N'Y(A+ BDgC)XM™T (F.21d)

It can easily be shown that the dimensions of the new linearizing variables are:

X:nxn D :n, xny, B :nxmny,
Y : nxn C:n,xn A:nxn

With this, and the fact that the matrices M and N must be invertible and thus nonsingular,
it can be proven that both M and N should be n x n, yielding that ng = n. In other words,
the order of the controller is equal to the order of the plant.
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Appendix G

Alternative H,o controller synthesis

This appendix will discuss an alternative way to formulate the H,, controller synthesis,
as is described in [15]. This synthesis does not use a change of variables, as in Appendix F,
but instead pulls the controller parameters out of the inequalities and eliminates them to find
an appropriate Lyapunov function. After that, the controller is subtracted using a similar LMI.

Problem description

The method is illustrated by means of an ordinary linear system. Therefore, the same
closed loop configuration as in figure F.2 is used, and furthermore the dynamics of the aug-
mented plant and the controller are identical to the ones in (F.9) and (F.10). The closed loop

dynamics, with state 2, = [z, 2T]7, is thus given by

x z
ba = Awg+Buw 1 [A|B
2= Cog+Dw |7 { clD| |-k (G.1)

where
Al B A+ BDgC BCk B, + BDgD,,
[T‘—] = BrC Ag Bg D,
Cz+DzDKC DzCK ‘ Dzw+DzDKDw

The controller parameters Ax, By, Ck and Dk can be pulled out of these matrices, and
written in one matrix ©:

0= [ ’éﬁ gﬂ (G.2)

so that A, B, C and D can be written as

40 BDgC BCk
A= [0 O}JF{BKC AK]
A0 0 B 0 I

= |:0 O:|+|:I 0:|@|:C 0:|:A0+31901 (G.3a)
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- [

= [%”]+[? §:|®|:l§)w:|:Bo+31@D2 (G.3b)
C = [C. 0]+ D.DxkC D.Ck |

— [c. 0]+]0 Dz]@[g é]:Co—i—Dl@Cl (G30)
D = Duy+D.DiDy=Doyy+] 0 DZ]@[D()w]:Dzw+D1®D2 (G.3d)

Since Ag, By, Co, Dy, B1, C1, D1 and Dy are all parameters of the augmented plant and
thus known beforehand, one can conclude that the closed loop matrices A, B, C and D depend
affinely on the controller parameters ©, a property that will be used in the next section.

Moreover, the remainder of this appendix will use the following elimination lemma.

Lemma 1 Given a symmetric matriz ¥ and two matrices K and L, consider the problem of
finding a matrix © which satisfies the LMI

¥+ K'e'L+LTOK <0 (G.4)

If Wi and Wi, denote the null spaces of K and L respectively, then this LMI is feasible if and
only if the LMIs

T
W o (©5
are feasible. Note that the actual solution © is eliminated in the latter LMIs.
Feasibility LMIs
Recall from (C.16) that the Hoo-norm of a system can be found with the LMI
ATP+PA PB CT
BTp —~I DT | <0. (G.6)

C D —I

If this LMI is feasible for a certain P > 0 and v > 0, then the closed loop system (G.1) is
asymptotically stable and the L£o-gain lzllz ~v. When the definitions of (G.3) are substituted

[[wl]2

into (G.6), the following result is obtained:

(A(] + Bl®Cl)TP + P(Ao + Bl@Cl) P(Bo + Bl@Dg) (C() + Dl@Cl)T

(Bo + B1©D2)TP —~1 (D, + D1©Do)T
Co+ D16C, D,, +D10D, —~I
AP+ PAy+CTOTBI P+ PB1OC, PBy+ PB1©Dy CF +CTeT DY
= B{P+ D} B P 1 DY, + DJeT DT
Co + D10C, Dy + D1©Ds —~I
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[ ATP+PAy, PBy Ccf 1 [cferBfp o clfe’DT PB1©C, PB1©D; 0
= BI'P —I DI, |+ | DIeTBTP 0 DIeTDT | + 0 0 0
L 00 Dzw —’)/I i L 0 0 0 D1®C’1 D1@D2 0
[ ATP+PAy, PBy CT 7 [cCf PBy
= BIP —~I DL |+ |DY|e"[BfPoDI]|+| 0 |©[C Dy 0]
Co D,y —I| [0 Dy

=V 4+ K'0TLp + LEOK <0

According to Lemma 1, there is a parameter set © for which this inequality is feasible if and
only if the LMIs

WEUWg <0
WE OWr, <0

are feasible for some P > 0 and v > 0. Here Wx and Wy, are matrices whose columns span
the kernels of K and Lp respectively. These should be known beforehand, but Wy, contains
P which is yet unknown. However, for any im(Wgq) = ker(2) it holds that

AWa=0 = QQQ 'Wo=0 = im(Q 'Wq) = ker(QQ).

P 0O P71 0 0
Sofor L=[Bf 0 D Jand Lp=L| 0 I O |,then Wy,=| 0 I 0 Wy
0 0 I 0 0 I
This thus means that WEP‘PWLP < 0 can be rewritten using Wp:
P71 0 0 AP+ PAy PBy CF P71 0 0]
Wil o I o0 BI'P —I DT, 0 I 0|Wg
0 01 Co D., —vI 0 0 I |
APt +PtAT By Pt
=wl BY —I DL |w, = wWlew,<o0
CoP~! D.,., —vI

Thus there exists a controller which yields a stable closed loop with an Ls-gain smaller than
~ > 0 if and only if the following LMIs are feasible for some P > 0:

W;‘IJWK <0
{ wlew, <0 (G.7)
with  im(Wg) =ker([ Cv Dy 0]), im(W)=ker([ Bl 0 D{ ]) and
ATP+PAy PBy CT APt + P AT By, PICT
U= BlP —~I DT, and & = Bt —~I DT,
Co D., —~I CoP~! D., —~I

However, since these inequalities should be solved for P, they are not linear (due to P~1).
This can be solved by assuming the following structure of P:

[Y N L [ X M
P.—[NT *]>-0 and P '_[MT *}>-O (G.8)
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By introducing a proper multiplication matrix (see Appendix F), the constraint P > 0 can be
written as

o] L V][ 0)=[7 7]

The structure of (G.8) and the definitions of (G.3) can be substituted into the matrices ¥
and ¢, which then become

[ ATY +YA ATN | YB, , CT

g - |..NA 0 IN'By: 0
B By BIN, —I DI,
o 0 ' Da —oI

[ AX +XAT AM | B, , XCT

MT AT 0o ' o0 'MTCT

d = |----= g - t- oo B
Bw 0 \_fyl Dzw
- C.X  C.M D, I

. 0O I 0 O 0 I 0 0],
Now since L = BT 0 0 DT ] and K = [ C 0 D, 0 ] it holds that the second row
of both W, and W contains solely zeros:
Wll 0 Wkl 0
0 0 0 0
Wi, = 0 1 and Wk = Wi 0
Wiz 0 0 1

Therefore the second rows and columns in ¥ and ® do not influence WI?\I/WK < 0 and

Wi
Wi ] and

}, where the columns of Nx span ker(| BY DI ]) and the columns of Ny

WLT<I>WL < 0 and can thus be canceled. Furthermore, if one defines Ny = [

| Wi
Ay = [ Wi
span ker([ ¢ DY |), this finally results in the following set of feasibility LMIs:

r[ AX + XAT B, XCI] ;
BZ; _’71 DZw N
r[ ATY +YA YB, CI ] -
[Aéy ?] BTy —~I DT, |:./\éy ? < 0 (G.9Db)
C, D, —~I | -
[ A (G-9¢)

It is clear to see that these inequalities are linear in their decision variables X and Y, and
can thus easily be solved. If these LMIs are feasible for a certain v > 0, then there exists a
controller which can achieve this . By minimizing over v one can find optimal values of X
and Y, which guarantees the existence of a controller at this optimal value of ~.
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Controller synthesis
The obtained X and Y can then be used to derive P according to

which is solvable by using e.g. the SVD-decomposition of I — XY. In was shown in the
previous section that this P guarantees the existence of a controller, which can again be found
using (C.16):

ATP+PA PB (T
B'P —I DT | =v+KTeTLp+ LEOK <0 (G.11)
C D —I

Now all terms on the left hand side of this inequality are known, except for the controller ©.
Hence (G.11) is linear in its design variable ©. So using the obtained P and -y, this LMI will
result in a controller ©® with an Ls-gain smaller or equal to ~.

Discussion

Compared to the method of the linearizing change of variables described in Appendix F, the
above described elimination method has a major drawback, which is the reason why the former
is more commonly used. Namely, the elimination method will not work for multichannel or
mixed problems. Take for example a mixed Ha/Hoo problem, where the elimination lemma will
result in two sets of feasibility LMIs. Feasibility of the first set only guarantees the existence
of an Ho-controller O, and the second only guarantees the existence of an He-controller o,
however, these two are not necessarily equal! Even if these LMIs are solved for a common P,
there is no guarantee that the controller synthesis LMI can find one © = O,, = O9, since this
equality is not taken into account in the first feasibility LMI. In the LCV method however,
all controller variables are explicitly present in the same LMI which checks the feasibility,
hence the Ho, and Hy LMIs can be solved simultaneously using a common controller (and
necessarily a common P). This controller is then guaranteed to satisfy both the Ho, and Ho
constraints, which is impossible with the elimination method.

65



	Voorblad

	Contents

	1. Introduction

	2. Hoo analysis of reset control systems 
	3. H2 analysis of reset control systems

	4. Synthesis of reset controllers

	References

	Appendix A. The Clegg integrator

	Appendix B. Reset control and the Hß-condition

	Appendix C. Dissipativity and stability

	Appendix D. Overview of system analysis LMIs

	Appendix E. Discrete time analysis LMIs

	Appendix F. Controller synthesis using LMIs and a change of variables

	Appendix G. Alternative Hoo controller synthesis


