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Null-controllable set computation
for a class of constrained bilinear systems

Moritz Schulze Darup! and M. Ménnigmann'

Abstract

We present a method for the exact computation of null-controllable sets for single-input
bilinear systems with input and state constraints. The proposed approach is based on
first linearizing the bilinear system exactly, and applying known methods for the recursive
calculation of null-controllable sets subsequently. While these steps are obvious from a
conceptual point of view, it has to be taken into account that the constraints are trans-
formed in the exact linearization step. Unfortunately, the transformed constraints are
in general non-convex, even if the original constraints are convex. We show how to rep-
resent the transformed constraints in terms of a finite number of convex sets, which is
instrumental for the computer-based evaluation of the null-controllable sets.

1 Introduction

The analysis of controllability has a long history in control theory. For linear unconstrained
systems, Hautus [6] derived the well-known algebraic criterion for the detection of global
null-controllability in 1970. Gutman and Cwikel [5] as well as Keerthi and Gilbert [§]
provided algorithms for the iterative but exact computation of null-controllable sets for
linear systems with input and state constraints. The computation of null-controllable sets
for nonlinear constrained systems is considerably more difficult than for linear constrained
systems. Consequently, approaches for nonlinear systems usually involve approximations
(see, e.g., [1]).

We present an algorithm for the exact computation of null-controllable sets for a partic-
ular, admittedly special, class of nonlinear constrained systems. Specifically, we consider
single-input bilinear systems [2,[4] of the form

z(k+1) = Az(k) + (b+ N (k) u(k), x(0) = o, (1)
with input and state constraints

u(k) eU C R, z(k) e X CR", VEkeN, (2)

f M. Schulze Darup and M. Monnigmann are with Automatic Control and Systems Theory, De-
partment of Mechanical Engineering, Ruhr-Universitdt Bochum, 44801 Bochum, Germany. E-mail:
moritz.schulzedarup@rub.de.



where A, N € R™*" and b € R™. The sets i and X are restricted to be convex polytopes
with the origin in their interiors. A sequence of inputs is called admissible, if all its
elements and the resulting trajectory of (Il) respect ([2). We calculate the i-step null-
controllable set N, i.e., the set of all states 7o € X that can be steered to the origin
with an admissible input sequence that is at most ¢ € N steps long. It is the main idea
behind the proposed algorithm to reformulate system (), (2) in terms of a linearized
system resulting from exact linearization [7]. We then use well-know algorithms for linear
constrained systems [0,[8] to calculate null-controllable sets for (), (2]). Unfortunately,
the state and input transformation required for the exact linearization result in a more
complicated description of the constraints (2). However, we show that the transformed
constraints can be represented by a finite set of convex constraints, which is instrumental
for the exact computation of the null-controllable sets.

We state basic notation and preliminaries in Sect. Bl Section [B] deals with the exact
linearization of bilinear system. The main results of the paper, i.e. the reformulation of
the transformed constraints and the design of an algorithm for the exact computation of
null-controllable sets, are treated in Sect. [ Finally, Sects. Bland [6l present two illustrative
examples and state conclusions, respectively.

2 Notation and Preliminaries

We denote matrices by capital letters, vectors and scalars with lowercase letters and sets
with calligraphic letters. Let A € R™"™ and B € R™™. By B?, rk(B) and cs(B) denote
the transpose, rank and column space of the matrix B. For v € N, define C, (A, B) €
RV (M) yecursively by C,(A,B) := [ C,_1(A,B) A""'B ], where Cy(A, B) := [] is
defined to be an empty matrix. Let I, € R™" and e; € R™ refer to the identity matrix
and the i-th canonical basis vector, respectively. Let A C R” and C C R™. By A* denote
the orthogonal complement of A. Furthermore, we define the sets BC := {Bc¢|c € C}
and B! A := {¢c € R™"| B¢ € A}. Recall that B~' A equals B.A with B = B~!, if B
is invertible, but B~! A is well defined even if B is not invertible. Lz}h(x) denotes the
i-th Lie derivative of h along f, where L(}h(x) = h(x) (see [7] for details). Finally, define

NF:={jeN|i<j<k}

2.1 Null-Controllable Set Computation for Linear Systems

For N = 0 the bilinear system ([Il) degenerates into a linear system of the form z(k+1) =
Ax(k)+bu(k). Gutman and Cwikel [5] introduced an iterative procedure for calculating
i-step null-controllable sets for linear systems subject to constraints (2). Starting with
Ny = {0}, the recursion

Nipi={zeX|3ueld: Ax+bueN;} (3)

results in a nested sequence (N; C N;y1) of null-controllable sets [5]. Keerthi and Gilbert
[8] provided a computationally efficient algorithm to evaluate AN;i1 based on projections.
In this context, let the extended state and the associated constraints be defined by

z::[i} and Z :={z|z € X, u €U},

respectively. Then, the recursion (B can be carried out according to [§]

Nigi = P{z€Z|SzeN;} (4)
P(S'N; N Z), (5)



where P, S € R™(+1) with P:=[1, 0]and S:=[ A b]. We state the following
remark for later use. Note that Z is convex, since X and U are convex sets by assumption
and recall that a projection is a particular linear transformation.

Remark 1: The sets Niji1 are convex for linear systems. This follows from (), since
intersections of convex sets are convex sets, and since B A and B~'A are convex sets for
every linear transformation B and every convex set A (see, e.g., [10], Thms. 2.1 and 3.4).

2.2 Exact Linearization of Input Affine Systems

Consider an input affine system of the form

w(k +1) = f(z(k) + g(x(k) uk), y(k) = h(z(k)). (6)
System ([@)) is said to have relative degree r at z*, if the following conditions hold [7]:

LgLi:h(x) =0 for all # in a neighborhood of x*
and all § € Nj 2, (7)
LyL’'h(z*) #0. (8)
The relative degree can be used to determine whether there exists an exact state space lin-

earization to (Bl). This is stated more concisely in Lemmal[llbelow. If an exact linearization
exists, the transformed system has the form

i(k+1) = Az(k) +ba(k), (9)
where
121:[8 I"OI] and b=e,. (10)

Lemma 1 (cf. Lem. 4.2.1 in [7]): The state space system (@) can be transformed into the
linear system () in a neighborhood of x*, if and only if (6]) has relative degree r = n at

z*.

If the condition r = n is satisfied at x*, the transformation from (@) to (@) is given by
u=a(x)(a— B(x)) and T = y(z), where

1 n
a(z) = Wa 5(35):th(95)7 (11)
vi(x) = Ly'h(z), i=1,...,n. (12)

This transformation is in general nonlinear.

3 Exact Linearization of Bilinear Systems

The bilinear system ([II) obviously belongs the system class (6l for f(z) = Az and g(x) =
b+ N x. We restrict ourselves to linear outputs of the form

y(k) = h(z(k)) = c"z(k), (13)

where ¢ € R™. This restriction is imposed in order to keep (1)) and (I2) tractable. We
collect some conditions in the following assumption for ease of reference.



Assumption 1: There ezists a linear output (13) for the bilinear system () such that the
resulting SISO system has relative degree r = n for all x* € X* with

X*={zeR"|b+ Nax#0}. (14)
The Lie derivatives and conditions (), (&) read
L;h(x) =cTAlz and LgLich(x) =AYb+ Nz,
and

TA(b+Nz) =0 Vo R and Viec Nj~2 (15)
AN b+ Nz*) £0 Va* e X%, (16)

respectively, for a bilinear system (Il that satisfies Assumption[Il Note that the relative
degree is not defined for all z* that are not in X*. For every x* € X'*, the exact linearization
(@) results for the linearizing input transformation

1
~ TAY(b+ Nx)

u (it — T A" z) (17)

and the linear coordinate transformation & = v(z) = M x, where
M = CT (AT, 0 (18)

equals the observability matrix for linear systems. Since the transformation z = M~'%
is linear, it turns out to be convenient to express (@) in the original state x instead of Z.
The resulting system reads

a(k+1)=Ax(k)+b

>

(k) (19)

where . 3
A=MTAM, b=M"'p and a=1. (20)
Systems (@) and (I9) are one to one, since M is invertible.
The exact linearization obviously hinges on Assumption [[I Proposition [l given below

states a necessary condition for Assumption[Ilto hold. Unfortunately, the class of tractable
bilinear systems is small as illustrated in Lem. 2] further below.

Proposition 1: Let B:=[ b N | and let X* be as in (Ij). Assume there exists a ¢ € R
for the binlinear system (D) such that the SISO system with output y = ¢’ x(k) has relative
degree r = n for all x* € X*. Then

rk(C_1(A, B)) < tk(C(A, B)). (21)

Proof. There exists a ¢ such that the SISO system with output y = ¢’ x(k) has relative
degree r = n for all z* € X* if and only if (I5]), (I6) hold. Since the L.h.s. in (I5) can be

written as

A+ Na)=cTATB | L ] (22)

T

condition (I5) holds for all z € R™ if and only if

cA'B=0 forall i€ Nj 2 (23)



It remains to apply 22]) to ([I6). This yields

Larip 1 [#0 = damipro, (24)

x*

where the converse does in general not hold. Note that Prop. [I] essentially states only a
necessary condition, because (24)) is only an implication but not an equivalence. Relation
[23]) and the relation on the r.h.s. of (24]) can equivalently be written as

'Cp1(A,B)=0 and A" 1B #0, or (25)
cecs(Cp1(A,B)t and c¢ cs(A"1B)L. (26)

We complete the proof by showing that (26]) implies
cs(Cr—1(A, B)) C cs(Cyr(A, B)) (27)

which in turn implies the claim (2I)). To show (26) = (21 assume (26]) holds, assume
(27) does not hold, and show a contradiction results. If (27)) does not hold, we have the
first of the following two relations

cs(Cr-1(A,B)) 2 cs(Ch(A,B)) (28)
= cs(] Cho1(A,B) A"'B ) (29)

and the second relation holds by definition of C), (A, B) (cf. Sect. 2]). Relation (29) implies
cs(A""1B) C ¢s(Cy,_1(A, B)), from which we infer cs(A" "' B)* D cs(Cp,_1(A, B))*, which
in turn yields

ceces(Cr1(A,B)t = cecs(A”1B)*

The last statement contradicts (26]), which completes the proof. |
Lemma 2: A necessary condition for ({21)) to be fulfilled is tk(B) = 1.

Proof. 1t is well-known from linear systems theory (see e.g. [3], p. 151) that rk(S, (A, B)) =
rk(Sp (A4, B)) for all
v>n+1-1k(B).

In order to satisfy (2II), we must have n + 1 — rk(B) > n — 1 or equivalently rk(B) < 2.
On the other hand (2] implies rk(B) > 0. [ |

4 Null-Controllable Set Computation for Bilinear Systems

In principle, the computation of null-controllable sets for bilinear systems can be carried
out analogously to the procedure in the linear case. The recursion (8] for linear systems
has to be replaced by

Nijpi={zeX|Fueld:Ax+ (b+ Nz)u € N;}, (30)

with My = {0} in the bilinear case. It is possible to adapt the projection method (),
() to the bilinear case by using the exact linearization (I9). This will be shown in the
remainder of the section. As a preparation we show that (I9) is not only useful for all
x € X* but all x € R™ in the following lemma.



Lemma 3: Let c € R" be such that conditions (I5), (8) hold for the bilinear system (1),
@) and let A, b be as in [I9). Define p : R" x R = R by

o(z,u) = cT AV Y b+ Na)u+ T Az (31)

Then

~ ~

Ax+ b+ Nz)u=Azxz+by(x,u), (32)
for all x € R™ and all u € R.

Proof. Let x € X* at first, where X* is defined as in (I4). Rearranging (I7) yields 4 =
@(x,u), where we use that (I7) is well defined, since x € X* implies ¢ A"~ (b+ N z) # 0.
We infer from (I9) and the last equation in @0) that z(k + 1) = Az (k) + bo(x(k), u(k)).
On the other hand z(k + 1) = Az(k) + (b + N z(k))u(k) according to (), therefore the
claim holds for all x € A* and all u € R.
Now let x € R™\ X*. According to the definition of X* in (I4]), x € R™\ X* is equivalent
to b+ Nz = 0, therefore
o(x,u) = A"z, (33)

Substituting b + N 2 = 0 and (B3] into (32)) yields
A=A+bclAm (34)

Thus, ([32) holds for all z € R™\ X* if and only if (4] holds. Equation (34)) can be proved
by substituting the coordinate transformation (20)), the definition of A and b from (I0)
and the definition of M from (I8) into the r.h.s. of (34). |

It remains to state the original constraints (2)) in terms of the variables x and @ = p(z, u)
of the linearized system (I9). Let

:2::[2}andZA::{z?M:gp(x,u),xEX,uEU}. (35)

Then, by definition, we have z € X, v € U if and only if 2 € Z. The following lemma
provides a more detailed description of Z.

Lemma 4: The set Z defined in (38) can be expressed as Z = Z' U Z", where

A i —cl A" ¢
z’:{A xXnas o —¢ }
Zlx e ’cTA"—l(b—l—Nx)eu’

2= {slze X\ X, 0=cTA ).

Proof. Since X = (X NX*) U (X \ X*), we may rewrite (B5) as the union

A~

Z = (r,u), r€e XNX*, uel} U

P
olr,u), z € X\ X*, uel}.

N>
s
Il

(36)

N>
=33
I

{z]
{z]
Consider the case x € XNX™* first. In this case, the input transformation (7)) applies and,
with @& = @ from (20), we have u = (@ — ¢/ A" x)/(cT A"~1(b+ N z)). Upon substituting
this expression for u into the r.h.s. of (36 Z' results. If, on the other hand, x € X'\ X,
then equation (B3]) implies that the second set on the r.h.s. of (@) is equal to Z". |



At first sight, it is surprising that the set I/ from the input constraints does not appear
in the definition of the set Z”. This is due to the fact that ¢ A"~ 1(b+ N z) = 0 for all
x ¢ X*. Hence, according to (3II), the original input u has no effect on the artificial input
4 and we may choose u = 0 to satisfy the constraints U.

Having specified Z, null-controllable sets for the bilinear system (), (2]) can be computed
with the recursion

Nipp =P ([A BN N z) , (37)

which is the analogue of (Bl for bilinear systems. Unfortunately, it is not obvious how
to apply (87) in a computational procedure, since Z is in general not convex. We try to
reformulate Z (and later N;y1) in terms of the union of convex sets as a remedy. First
note that the polytopic constraints (2]) can be expressed as

U={ueRhu<d,}, X={xeR"H,z <d,}, (38)

where h,, d, € R?, H, € RP*" d, € RP, and p € N refers to the number of hyperplanes
required to state the constraints X'. Note that U can also be stated as U = {u € R|u <
u < u} in the single-input case, where u,u € R and u < 0 < w. A comparison of the
interval ¢ and (B8] yields

hu:[_i] and du:[ H] (39)

—u

which we note for later use. The set Z can now be expressed as a union of convex polytopes
as detailed in Lemma

Lemma 5: Let U and X be convex polytopes of the form (B8]). Then, the set Z as defined
in (33) can be expressed as the union Z = Z' U Z2 of the two convex polytopes

21 = erHM 2 <dY) and (40)
22 = {zer™ H2<d ), (41)
where
_ H, 0
Héi) _ :FcTAnle 0 , (42)
Fhy A" Fd, cTAIN  +h,
- d.
dg:t) _ 4T A1y ) (43)
| +dy clAn—1p

Proof: We prove the claim by showing that 2! U 22 = 2/ U £”, where £’ and Z” are
as in Lem. Hl First note that 2 = (27 @)T € Z’ if and only if

Hyz < dg, (44)
b+Nz # 0, (45)
i —clA™x
ha < dy 46
(CTAn_l(b—i-Nm')) — ( )
According to (I6]), we have
b+ Nz#0 < A b+ Nz)#0. (47)



Since ¢/’ A"~1(b+ N z) is a real number, condition (4H) is equivalent to
AN b4+ Nz)>0 or FA" Y b+ Nz) <0. (48)

Z' can be written as the union 2’ = 2" U 2", where 2 and £ are described by the
inequalities

H,x

A" 1(b+ N x)

hy (i — cT A" )

if the Lh.s. in (@8] applies, and

dz,
0, (49)
dyc" A" (b+ N x)

IN VA

H,x
A" 1(b+ N x)
hy (6 — cT A" x0)

dz,
0, (50)
dy ' A" (b+ N z),

(AVAANRVAN

if the r.h.s. in (@8] applies. Note that the last inequality in (49) (resp. (B0))) results from
the multiplication with the positive (resp. negative) value ¢/ A"~ 1(b + N x). A careful
inspection of the coefficients in (49) and (B0) shows that we found the matrices Héi)

+ « ¢ . ~ ~
and dg ). where “+” and “—” refer to @9) and (B0), respectively. However, Z” c Z!

and Z" C Z2, because there appear strict inequalities in (49)) and (B0), where non-strict
inequalities apply in the definition of Z' and Z2?. More precisely, Z! is defined by the
non-strict inequalities

Hyxz < d,
c'A1b+ Nx) > 0, (51)
hy(— cA”z) < dycTA" 1 (b+ Nx)

A comparison of @3) and (5I) shows that the elements of Z1\ Z” obey

Hyx < dg,
c'Al(b+ Nx) = 0, (52)
hy (o — cTAMz) < 0,

where 0 on the Lh.s. of the last inequality results from ¢/ A"~1(b + N z) = 0. Moreover,
due to the special structure of h,, as specified in (39]), we have

ho(t— cTA"2) <0 & 4—cTA"z=0. (53)

Finally, from (47]) we infer that

A b4+ Nz)=0 & b+ Nz=0. (54)
Using (53) and (54)), we may rewrite (52)) as
Hex < d,
b+ Nz = 0, (55)
04— cl'Anx = 0,

which is the set of conditions that defines Z” as introduced in Lemma Fl This implies
Z" = Z'\ Z" therefore

21 — (21 \2///) U 2/,/ — 2// U 2,/,.



Analogously, it can be shown that 22 = Z” U 2" holds. These statements complete the
proof, since we have

~

Z = 2/ U 2” — 2// U 2/// U 2////
(2// U 2///) U (2// U 2////) — 21 U 22 ]
We pointed out above that the sets N; i1 are in general not convex for bilinear systems.

Just as for Z , a representation of the sets N1 in terms of convex sets can be found. This
is summarized in the following lemma.

Lemma 6: Let 2! and 22 be deﬁned as in Eqs. (Z0)-(43). Assume there exist convex sets

N o NY such that N = U . Define the sets
NZTL = p ([A b INY m%l) and (56)
N = P(1A BTN N 2?) (57)

forj=1,...,1. Then, for every j € {1,...,21}, ./\/ijJrl s a convex set and

A2l
Nip1 = Ug 1 H—Jl U-/\/z+1 (58)

for Niy1 as specified in ([{37).

Proof. The sets ./\/ 2571 and N2 i1 can be shown to be convex using the arguments from
Rem. [I since Ml, . ,J\/'Z-l and Z', Z2 are convex by assumption and due to Lem. [,
respectively. In order to prove relation (58]), we have to show that the r.h.s. in (87) and
(B8)) are equal. This can be seen from from the following chain of equalities, which are
commented below. Let § = [A ]! for short.

P(SN;nZ) = P(SW!U---UN)N (Zlu22)
= P((SN}U---USNHN (2 U Z2Y)
= ((SNlmzl) U (SNIN 2?)
= (SNk mzl) - UP(SNIN2?)
:MH UN+17

zZ
zZ

The first equality holds, since N; = ngl ./\/ij and Z = 21 U 22 by assumption and due
to Lem. [ respectively. The second and fourth equality hold, because S (AU B) =
[A b)Y (AUB)=[A b ' AU[A b]~' B for arbitrary sets A, B C R™. The third equality
results with the distributive law. The last equality results by substituting (56), (7). W

The following proposition summarizes how exact null-controllable sets can be calculated
for bilinear systems based on Lemmas 3], Bl and [Gl

Proposition 2: Assume the bilinear system (1)), (2) satisfies Assumption [l Let i* € N,
i* > 0 be arbitrary. Then, the null-controllable set N« can be computed with Alg. [

Proof of Prop. [2. Assumption [ guarantees the existence of an output (I3]) such that the
exact linearization can be carried out. An appropriate ¢ € R” is selected in line 1 of Alg.
[l The linearized system (I9]), which applies for all x € R"™ and u € U according to Lem.
Bl is defined in lines 2 and 3. Lines 4 and 5 implement the constraints 2 = Z! U 22
from Lem. Bl The null-controllable sets N7,...,N;« are computed with the procedure
introduced in Lem. [Blin lines 6-10. |



Algorithm 1: Null-controllable set computation.
choose ¢ € R" such that (I3, (I6) hold

calculate transformation matrix M according to (IS))
define linearized system by A = M~1A M and b=M"1b
compute Héﬂ, dg), Hé_) and dg_) according to (42]), @3]
define Z' and Z? according to (@), @) and set N = {0}
for i =0 to :* —1do

for j =1tol=2"do

‘ calculate ./\/ifl_l and N, ‘2+]1 according to (B6]), (B7)

)

ol 2j—1 2

7
return sets AL, ..., N2! that describe Aj« and terminate

© 00 N o oA~ W N =

[y
o

Remark 2: Alg. M results inl := 2% convex regions. This exponential growth of the number
of regions cannot be avoided, but mitigated by fusing regions to form larger convex regions.
Formally, this results in an optimization problem of the form

min [ s.t. Uzzl./\?j = Ul»zl N,
LA, o (59)
N convex for j=1,...,1.

It is generally not possible to solve (B9)) exactly. However, there exists algorithms for an
approzimate solution [9].

Remark 2] results in a significant simplification in Sect. [Bl

5 Numerical examples

We present two examples. We begin with a one-dimensional system to illustrate the
convex subsets 2! and Z2 and the constraints Z = Z' U Z2 of the transformed linearized
system (I9). Moreover, the computation of the null-controllable sets N; can be analyzed in
detail for such a simple example. Subsequently, we study a two-dimensional example and
illustrate the non-convexity of the sets ;. For both examples, we consider the constraints

X ={z eR"|||z|loc <2} and U = {u € R ||Ju|loc <1}

and evaluate the null-controllable set AN+ = Ao, where i* = 12 was chosen more or less
arbitrarily.

Example 1: Consider the bilinear system (1), (2) with the parameters A = 1.2, b = 0.4
and N = 0.8. Note that condition (Z1]) holds, which is necessary for the existence of an
appropriate linear output. The choice ¢ = 1.0 defines an output (13) such that the resulting
SISO system has relative degree r =n = 1. The transformation matriz M defined in ([I8)
Z’eads M = c' =1.0. The system matrices of the linearized system (I9) read A=0.0 and
b=1.0.

The sets Z' and Z2 defined in 40)-(43), where

1.0 0.0 2.0

~1.0 0.0 2.0

HE = 08 00 |, dF = +04
F12F08 +1.0 +£0.4
+12F08 F1.0 +0.4

10



in this example, are visualized in Fig. [l Algorithm [ yields the null-controllable sets listed
on the l.h.s. in Tab. I. Since the example is one-dimensional, the sets N; are intervals,
which we denote by N; = [€.,§;]. Consider the first step

[A 7Ny =[0.0 1.0]7 {0} = {2 e R? | 5 = & = 0}

for illustration. The intersection [fl B]_lNo NZLis highlighted in Fig. [l in green. The
projection of this line segment according to (50) results in N1 = [—0.2,1.0], which is the
result listed in Tab. I. An analysis of the subsequent steps reveals that the upper bound &,
quickly converges to the bound T = 2 of the state constraints X = [z,T|. In contrast, the
lower bound §Z tends towards —0.4 > x. This is reasonable, since initial states xy < —0.4
cannot be steered to the origin. For example, consider x(0) = —0.4, which results in
z(1) = —0.48 + 0.08 u(0). Obviously, even choosing the largest admissible control action
u(0) =1 does not result in convergence to the origin.

xT

Figure 1: Sets Z! and Z2 for example 1. The set [A b]"INy N £, which is required
in step k = 0 of the recursion ([B6)—(57), is marked in green.

Example 2: Consider the bilinear system (dl)—(2) with the parameters

112 0.54 0.5 0.4 —0.6
A‘[o.m 0.92}’b_[—1.0]’N_[—0.8 1.2]'

It is easy to prove that condition (Z1)) is satisfied and that ¢ = [ 2.0 1.0 ] defines an
appropriate output (I3). This choice results in

20 1.0] ; [ 60 40] ; [-10
M‘[&o 2.0]"4_[—9.0 —6.0}’1)_[ 2.0]'

The sets Z' and Z* can be defined according to [F0)-(#3). Finally, evaluating the null-
controllable sets N1 through Nio according to Alg. [ yields the null-controllable region

11



shown in Fig. [A In contrast to the one-dimensional example above, the sets N; are non-
convex for every i > 0. The sets N are therefore represented as a union of convex sets
N7 as described in Sect.[f} The example can also serve as an illustration of the reduction
of the number of the /\/;-j mentioned in Rem. [ In step i = 12, for example, the number
of regions can be reduced from | = 2t = 4096 to | = 18 (see r.h.s. of Tab. I for additional
values).

Table 1: Numerical results for examples 1 (left) and 2 (right).

i N; i 1=2 1
0 [ 0.0000,0.0000] 0 1 1
1 [-0.2000,1.0000] 1 2 2
2 [—0.3000, 2.0000] 2 4 4
5 [—0.3875,2.0000] 5 32 13
12 [—0.3999, 2.0000] 12 4096 18

In order to verify the computed null-controllable region, we calculated an approximation
of the infeasible set, i.e. the complement of the mazximal null-controllable set Ny, :=
lim; oo N;. We used an algorithm introduced in [11)] for this purpose, which is based
on a sequential hyperrectangular partition of the state space. The outer approximation
of the infeasible set, which is shown in red in Fig. [3, confirms the result found for the
null-controllable set.

-2 -1 0 1 2
1

Figure 2: Exact null-controllable set A5 for example 2 shown in green. Inner approx-
imation of the infeasible set based on [11] shown in red.
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6 Conclusions

We presented a method for the exact computation of null-controllable sets for bilinear
systems with input and state constraints. The proposed approach is based on an exact
linearization of the dynamical system, a corresponding transformation for the constraints,
and the application of recursive methods for the calculation of null-controllable sets for
linear constrained systems. The transformation of the constraints results in non-convex
constraints even if the bilinear system was originally subject to convex input and state
constraints. However, we showed that the transformed constraints can be represented
by two convex sets. This is essential for an efficient computer-based evaluation of the
null-controllable sets. We illustrated the approach with two examples. For the more
complicated two-dimensional example, we found, as anticipated, a non-convex shape of
the null-controllable set. We verified our results with outer approximations of the null-
controllable set.

We pointed out that the approach in the current form only applies to a small class of
bilinear systems (), specifically single-input systems with rk(B) = 1, where B = [b N |.
Future work has to address the extension to multi-input systems and output constraints.

References

[1] J. M. Bravo, D. Limon, T. Alamo, and E. F. Camacho. On the computation of
invariant sets for constrained nonlinear systems: An interval arithmetic approach.
Automatica, 41(9):1583-1589, 2005.

[2] C. Bruni, G. DiPillo, and G. Koch. Bilinear systems: An appealing class of "nearly
linear” systems in theory and applications. IEEE Trans. Autom. Control, 19(4):334—
348, 1974.

[3] C.-T. Chen. Linear System Theory and Design. Oxford University Press, New York,
1998.

[4] D. Elliot. Bilinear Control Systems. Springer, 2009.

[5] P. O. Gutman and M. Cwikel. An algorithm to find maximal state constraint sets
for discrete-time linear dynamical systems with bounded control and states. IFEFE
Trans. Autom. Control, 32(3):251-253, 1987.

[6] M.L.J. Hautus. Stabilization, controllability and observability of linear autonomous
systems.  Proc. of the Koninklijke Nederlandse Akademie van Wetenschappen,
73(5):448-455, 1970.

[7] A. Isidori. Nonlinear Control Systems. Springer, 1995.

[8] S. S. Keerthi and E. G. Gilbert. Computation of minimum-time feedback control
laws for discrete-time systems with state-control constraints. IEEFE Trans. Autom.
Control, 32(5):432—-435, 1987.

[9] M. Kvasnica, P. Grieder, M. Baoti¢, and M. Morari. Multi-parametric toolbox (MPT).
In Proc. of 7th International Workshop on Hybrid Systems - Computation and Con-
trol, pages 448-462, 2004.

[10] R. T. Rockafellar. Convex Analysis. Princeton University Press, 1997.

13



[11] M. Schulze Darup and M. Moénnigmann. Low complexity suboptimal explicit nmpc.
In Proc. of 4th IFAC Nonlinear Model Predictive Control Conference, pages 406—411,
Noordwijkerhout, Netherlands, 2012.

14



	Introduction
	Notation and Preliminaries
	Null-Controllable Set Computation for Linear Systems
	Exact Linearization of Input Affine Systems

	Exact Linearization of Bilinear Systems
	Null-Controllable Set Computation for Bilinear Systems
	Numerical examples
	Conclusions

