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STABILITY OF PLANAR SWITCHED SYSTEMS: THE LINEAR
SINGLE INPUT CASE*

UGO BOSCAINT

Abstract. We study the stability of the origin for the dynamical system z(t) = u(¢)Az(t) + (1 —
u(t))Bz(t), where A and B are two 2 X 2 real matrices with eigenvalues having strictly negative real
part, z € R2, and u(.) : [0, 00[— [0,1] is a completely random measurable function. More precisely,
we find a (coordinates invariant) necessary and sufficient condition on A and B for the origin to be
asymptotically stable for each function wu(.).

The result is obtained without looking for a common Lyapunov function but studying the locus
in which the two vector fields Az and Bz are collinear. There are only three relevant parameters:
the first depends only on the eigenvalues of A, the second depends only on the eigenvalues of B,
and the third contains the interrelation among the two systems, and it is the cross ratio of the four
eigenvectors of A and B in the projective line CP!. In the space of these parameters, the shape and
the convexity of the region in which there is stability are studied.

This bidimensional problem assumes particular interest since linear systems of higher dimensions
can be reduced to our situation.
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1. Introduction. By a switched system we mean a family of continuous-time
dynamical systems and a rule that determines at any time which dynamical system
is responsible for the time evolution. More precisely, let {f, : w € U} be a (finite
or infinite) set of sufficiently regular vector fields on a manifold M, and consider the
family of dynamical systems:

(1) i = fulz), xeM.

The rule is given assigning the so-called switching function u(.) : [0, co[— U. Here we
consider the situation in which the switching function cannot be predicted a priori; it
is given from outside and represents some phenomena (e.g., a disturbance) that it is
not possible to control or include in the dynamical system model.

In the following, we use the notation v € U to label a fixed individual system and
u(.) to indicate the switching function.

Suppose now that all of the f, have a given property for every u € U. A typical
problem is to study under which conditions this property holds for the system (1) for
arbitrary switching functions. For a discussion of various issues related to switched
systems, we refer the reader to [8].

In [1, 7] the case of switched linear systems was considered:

(2) i=Aux, z€R", A, cR"™", wuel,

and the problem of the asymptotic stability of the origin for arbitrary switching
functions was investigated. Clearly we need the asymptotic stability of each single
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subsystem & = A,z, v € U, in order to have the asymptotic stability of (2) for each
switching function (i.e., the eigenvalues of each matrix A, must have strictly negative
real part). This will be assumed to be the case throughout the paper.

Notice the important point that in the case of linear systems, the asymptotic sta-
bility for arbitrary switching functions is equivalent to the more often quoted property
of global exponential stability, uniform with respect to switching (GUES); see, for ex-
ample, [2] and references therein.

In [1, 7], it is shown that the structure of the Lie algebra generated by the matrices
Aua

g={A,: veUlpa,

is crucial for the stability of the system (2) (i.e., the interrelation among the systems).
The main result of [7] is the following theorem.

THEOREM 1.1 (Hespanha, Morse, Liberzon). If g is a solvable Lie algebra, then
the switched system (2) is asymptotically stable for each switching function u(.) :
[0,00[— U.

In [1] a generalization was given. Let g = r B s be the Levi decomposition of
g in its radical (i.e., the maximal solvable ideal of g) and a semisimple subalgebra,
where the symbol P indicates the semidirect sum.

THEOREM 1.2 (Agrachev, Liberzon). If s is a compact Lie algebra, then the
system (2) is asymptotically stable for every switching function u(.) : [0, 00[— U.

Theorem 1.2 contains Theorem 1.1 as a special case. Anyway, the converse of
Theorem 1.2 is not true in general: if s is noncompact, the system can be stable or
unstable. This case was also investigated. In particular, if s is noncompact, then it
contains as a subalgebra sl(2, R). Due to that, in the case in which g has dimension at
most 4 as Lie algebra, the authors were able to reduce the problem of the asymptotic
stability of the system (2) to the problem of the asymptotic stability of an auxiliary
bidimensional system. We refer the reader to [1] for details. For this reason, the
bidimensional problem assumes particular interest, and in this paper we give the
complete description of that case for a single input system.

More precisely, we study the stability of the origin for the switched system

3) &(t) = u(t) Az (t) + (1 — u(t)) Bx(t),

where A and B are two 2 X 2 real matrices with eigenvalues having strictly negative
real part, z € R?, and u(.) : [0,00[— [0,1] is an arbitrary measurable switching
function.

It is well known that asymptotic stability for linear switching systems is equivalent
to the existence of a common Lyapunov function. In [11] necessary and sufficient
conditions were obtained for linear bidimensional systems to share a common quadratic
Lyapunov function, but there are linear bidimensional systems for which this function
may fail to be quadratic (see [6]) so that the problem of finding necessary and sufficient
conditions on A and B for the asymptotic stability of the system (3) was open in
general.

In this paper, we give the solution to this problem. Our result is obtained with
a direct method without looking for a common Lyapunov function but analyzing the
locus in which the two vector fields are collinear, to build the “worst trajectory,”
similarly to what people do in optimal synthesis problems on the plane (see [4, 5, 9,
10]). We also use the concept of feedback. The idea of building the worst trajectory
was used also in [6] for analyzing an example.
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Three cases are analyzed separately. In the first case, both matrices have complex
eigenvalues (in the following (CC) case). In the second case, one of the two matrices
has real and the other has complex eigenvalues (in the following (RC) case). In the
third case, both the matrices have real eigenvalues (in the following (RR) case).

There are only three relevant parameters: one depends on the eigenvalues of A,
one on the eigenvalues of B (we call them, respectively, p4 and pp), and the last
contains the interrelation among the two systems, and it is the cross ratio of the four
eigenvectors of A and B in the projective line CP!.

The result can be obtained quite easily except in one case in which the integration
of the vector fields has to be done. In this case, the computations are not difficult but
long, and they are collected in Appendices A and B. In the (CC) and (RR) cases,
we are even able to write the final result in a relatively compact way (see formulas
(5) and (7)).

Fixing the value of the cross ratio, we study the region R in which the system is
asymptotically stable for arbitrary switching functions in the space of the parameters
pa and pp. In the (CC) and (RR) cases it is constituted by one or two open
unbounded convex regions, while in the (RC) case it is an open unbounded region
but not always convex.

In section 2 we give the basic definitions, we study the properties of the parameters
describing the problem, and we state the stability theorem giving the main ideas of
the proof. In section 3 we prove the stability theorem separately for the three cases
(CC), (RC), (RR), and we give some examples. In section 4 we study the shape
and the convexity of the region R for fixed values of the cross ratio. In section 5 we
make some final remarks.

2. Basic definitions and statement of the main results. Let A and B be
two diagonalizable 2 x 2 real matrices with eigenvalues having strictly negative real
part. Consider the following property:

(P) The dynamical system in R?: &(t) = u(t)Az(t) + (1 — u(t)) Bz (t) is asymptot-
ically stable at the origin for each measurable function u(.) : [0, co[— [0, 1].
In this section we state the necessary and sufficient conditions on A and B under which
(P) holds. Moreover, we state under which conditions we have at least stability (not
asymptotic) for each function u(.).

Set M(u) := uA+ (1 —u)B, u € [0,1]. In the class of constant functions the
asymptotic stability of the origin of the system (3) occurs iff the matrix M (u) has
eigenvalues with strictly negative real part for each w € [0,1]. So this is a necessary
condition. On the other hand, it is known that if [A, B] = 0, then the system (3) is
asymptotically stable for each function u(.). So in the following we will always assume
the following conditions:

H1. Let Aj, A2 (resp., Az, A4) be the eigenvalues of A (resp., B). Then Re(\;),
Re()\g), Re()\g), Re()\4) < 0.

H2. [A,B] # 0. (That implies that neither A nor B are proportional to the
identity.)

For simplicity we will also assume the following.

H3. A and B are diagonalizable. (Notice that if H2 and H3 hold, then A\; # Ao,
Az # A\.)

H4. Let V1, Vy € CP? (resp., V3,V € CP!) be the eigenvectors of A (resp.,
B). From H2 and H3 we know that they are uniquely defined, and V1 # V4
and V3 # V4. We assume V; # V; for i € {1,2}, j € {3,4}.
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The degenerate cases, in which H1 and H2 hold and H3 or H4 or both do not, are
the following:

e A or B is not diagonalizable. This case (in which (P) can be true or false)
can be treated with techniques entirely similar to the ones of this paper.

e A or B is diagonalizable, but one eigenvector of A coincides with one eigen-
vector of B. In this case, using arguments similar to the ones of the next
section, it is possible to conclude that (P) is true.

Remark 1. One can easily prove that (under the hypotheses H2 and H3), H4
can be violated only in the (RR) case (see also subsection 3.3). Moreover, hypotheses
H2, H3, and H4 imply that V; # V, for i,j € {1,2,3,4}, ¢ # j. This fact permits
us to define the cross ratio without additional hypotheses (see the definition of cross
ratio below).

Theorem 2.3 gives necessary and sufficient conditions for the stability of the sys-
tem (3) in terms of three (coordinates invariant) parameters defined in Definition
2.1. The first (p4) depends on the eigenvalues of A, the second (pg) depends on the
eigenvalues of B, and the third (K) depends on Tr(AB), which is a standard scalar
product in the space of 2 x 2 matrices. Proposition 2.2 gives some properties of these
parameters. Finally, Proposition 2.4 shows the geometrical meaning of /. It is in
one-to-one correspondence with the cross ratio of the four points in the projective line
CP! that corresponds to the four eigenvectors of A and B. This parameter contains
the interrelation among the two systems.

DEFINITION 2.1. Let A and B be two 2 x 2 real matrices, and suppose that H1,
H2, H3, and H4 hold. Moreover, choose the labels (1) and (2) (resp., (3) and (1)) in
such a way that |Aa| > |\1| (resp., |As| > |Mal) if they are real or Im(Xy) < 0 (resp.,
Im(\y) < 0) if they are complex. Define

A1+ Ao A3+ M\ Tr(AB) — $Tr(A)Tr(B)
_Z)\ )\2; pB = . K=
=

= 7 ) =
pA X3 — A O — 2a)(s — M)

Moreover, define the following function of pa,pp,K:

(4) D= K>+ 2p4p5K — (1 + p% + o).

Notice that p4 € R, pa > 0, iff A has complex eigenvalues and pa € iR, pa/i > 1,
iff A has real eigenvalues. The same holds for B. Moreover, D € R. The parameter
contains important information about the matrices A and B. They are stated in the
following proposition, which can be easily proved using the systems of coordinates of
the next section (see also [3]).

PROPOSITION 2.2. Let A and B be as in Definition 2.1. We have the following:

e if A and B have both complex eigenvalues, then K € R and |K| > 1;
e if A and B have both real eigenvalues, then K € R\ {£1};
e A and B have one complex and the other real eigenvalues iff K € iR.

THEOREM 2.3. Let A and B be two real matrices such that H1, H2, H3, and
H4 hold, and define pa, pp, K, D as in Definition 2.1. We have the following stability
conditions:

Case (CC) If A and B have both complex eigenvalues, then:
Case (CC.1) if D <0, then (P) is true;
Case (CC.2) if D > 0, then:
Case (CC.2.1) if K < —1, then (P) is false;
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Case (CC.2.2) if K > 1, then (P) is true iff the following condition

holds:
—paK + pp
(5) Peoc = exp [—pA arctan (\/T))
—pBK ™
— pp arctan (%) - §(PA +PB)]

<1.

" \/(pApB+IC)+\/5
(paps +K) — VD

Case (CC.3) If D =0, then (P) is true or false according, respectively, to
the fact that I > 1 or K < —1.

Case (RC) If A and B have one complex and the other real eigenvalues, define x :=
paK —pp, where pg and pp are chosen in such a way that pa € iR, pp € R.
Then:

Case (RC.1) if D > 0, then (P) is true;
Case (RC.2) if D <0, then x # 0, and we have:
Case (RC.2.1) if x > 0, then (P) is false. Moreover, in this case
K/i<0;
Case (RC.2.2) if x <0, then:
Case (RC2.2.A) if /i <0, then (P) is true;
Case (RC2.2.B) if K/i > 0, then (P) is true iff the following
condition holds:

. 2
(6) Pre = ePB(ﬁg—)\/COSQ &+ E?sin® ¢t

cos2 £~ + E2sin® &~

1 . 7 -
4\ z(=pa/it+l) +\ z(—pa/i—1)
X \/(m) cos2 0+ + <m> sin? 6+ < 1,

m

m

where: E:=K/i+V—-K2+1,

mt —xEv-D
= Coali-DKS
6" := arctanm™,
+ . t mi -1 + o
£F ;= arctan <E(mi—|—l)>’ ETelE, &+l

Case (RC.3) If D =0, then (P) is true or false according, respectively, to the fact
that x <0 or x > 0.
Case (RR) If A and B have both real eigenvalues, then:
Case (RR.1) if D <0, then (P) is true. Moreover, we have |K| > 1;
Case (RR.2) if D> 0, then K # —papp (notice that —papp > 1) and:
Case (RR.2.1) if K > —papp, then (P) is false
Case (RR.2.2) if K < —papp, then:
Case (RR.2.2.A) if K > —1, then (P) is true;
Case (RR.2.2.B) if K < —1, then (P) is true iff the following
condition holds:

(7) Prr = —1"(pa,pB,K)f***""(pa, pB,K)
x f*"™(pp, pa, K) <1,
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where:
L+pa/i+ppli+K— VD
L+pa/i+ppli+K+VD

. . 3(pa/i—1)
puli—Kpa)i—vD\ "
pg/i—Kpali+ VD

fsynl(pAa PB; IC) =

faym(pAapBJC) =

Case (RR.3) If D =0, then (P) is true or false according, respectively, to

the fact that I < —papp or K > —papp.
Finally, if (P) is false, then in case (CC.2.2) with P, = 1, case (RC.2.2.B)
with Ppo = 1, case (RR.2.2.B) with Pp, = 1, case (CC.3) with K < —1, case
(RC.3) with x > 0, and case (RR.3) with K > —papp, for every C > 0, there
exists C' < C such that if |v(0)] < C’, then |y(t)] < C for every t € [0,00[ (i.e., we
have stability of the origin). In the other cases, there exists a trajectory y(t) such that

Notice that the expressions (5) and (7) are invariant if we exchange p4 with pg.
The last statement says when we have at least stability (not asymptotic) for every
switching function.

Let us study the geometric meaning of L. Let Vi, Vs, V3, V, belong to the
complex projective line CP!. Suppose Vi # Vy # V3, and let (v1,v]), (v2,v),
(v3,v5), (v4,vy) be the corresponding homogeneous coordinates. The cross ratio
B(V1, V3, V3, Vy) is defined in the following way. Make a Moebius transformation
such that V1, Vy become the fundamental points (i.e., of homogeneous coordinates,
respectively, (0,1) and (1,0)) and V3 the unity point (i.e., of homogeneous coordinates
(1,1)), and let (04,7}) be the new homogeneous coordinates of V4. By definition we
have

V1 U4 V2 U3
vy v vh  vh
o 1 4 2 3
(8) 6(V1,V2,V3,V4) = U4/’U4 = .
V2 U4 V1 U3
! / ! /
Vg Uy vy Us

Now the four eigenvectors of A and B are exactly four directions in C?; i.e., they can
be regarded as four points of CP!, and under the conditions H2, H3, H4, it makes
sense to compute their cross ratio (cf. Remark 1).

One can immediately obtain (suggestion: use the systems of coordinates of the
next section) the following proposition.

PROPOSITION 2.4. Let A and B be two 2 X 2 real matrices such that H1,
H2, H3, and H4 hold, and let V1, V2, V3, Vy be the four points in the space CP!
corresponding, respectively, to the four eigenvectors of A and B chosen in such a
way that they correspond, respectively, to A1, Aa, A3, Ay (see Definition 2.1). Let
B(V1,Va, V3, Vy) be their cross ratio and K the quantity defined in Definition 2.1.
Then 3(V1,V2, V3, Vy) and K are in the one-to-one relation from C U {oo} to
C U {o0}:

B(V1,V3, V3, V) +1 K+1

Vi,Vy5, V3, V)= ——.
ﬁ(Vl,Vg,V37V4)—1’ ﬁ( 1, V2, V3, 4)

K= K—1
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Notice that I # oo so that 8 # 1. From Proposition 2.4 and Definition 2.1 we
have the following expression for the cross ratio of the eigenvectors of A and B:

TI‘(AB) — ()\1)\4 + )\2)\3)
TI‘(AB) — ()\1/\3 + )\2)\4) ’

Theorem 2.3 is proved in the next section. Here we describe the main idea of the
proof.

We build the “worst trajectory,” i.e., the trajectory that at each point has the
velocity forming the angle, with the (exiting) radial direction, having the smallest
absolute value, without taking care of the module of the velocity.

8=

The main idea is that the system (3) is asymptotically stable iff this trajectory tends
to the origin. The worst trajectory is constructed in the following way. We study the
locus @~ 1(0) (the notation is clarified later) in which the two vector fields Ax and
Bz are collinear. We have several cases:

e If Q~1(0) contains only the origin, then, in the (CC) and (RC) cases, one
vector field always points on the same side of the other, and the worst tra-
jectory is a trajectory of the vector field Ax or Bz. In this case, the system
is asymptotically stable (cases (CC.1) and (RC.1) of Theorem 2.3).

;

The situation is similar in case (RR.1). (The worst trajectory tends to the
origin.)

e If @71(0) does not contain only the origin, then it is a couple of straight lines
passing from the origin (see the next section). If at each point of Q~*(0) the
two vector fields have opposite versus, then there exists a trajectory going
to infinity corresponding to a constant switching function (see the following
figure).

This corresponds to cases (CC.2.1), (RC.2.1), and (RR.2.1) of Theorem
2.3, and it is the situation in which there exists u € [0, 1] such that the matrix
M (u) admits an eigenvalue with positive real part. If at each point of @ the
two vector fields have the same versus, then the system is asymptotically
stable iff the worst trajectory turns around the origin and after one turn the
distance from the origin is increasing.
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This corresponds to cases (CC.2.2), (RC.2.2), and (RR.2.2) of Theorem
2.3.
e Finally, (CC.3), (RC.3), and (RR.3) are the degenerate cases in which the
two straight lines coincide.
More details are given later.

3. Proof of the stability theorem. In the following, we prove Theorem 2.3
separately for the three cases in which A and B have both complex, one complex and
the other real, and both real eigenvalues.

3.1. The case in which A and B have both complex eigenvalues. Let
—b64 tiwa (6a,wa > 0) be the eigenvalues of A and —6p + iwp (6p,wp > 0) be
the eigenvalues of B. We have pg = 64/wa, pp = ép/wp. Choose a system of
coordinates in which

. —64 —wa/E _ —0p —wp
A= ( waF —6a ’ B= wWRB —0B ’
where E' € R\ {0}. This corresponds to put B in the normal form in which its integral
curves are “circular spirals” and then, using the invariance of B under rotation, to
rotate the coordinates in such a way that the integral curves of A are elliptical spirals

with axes corresponding to the x; and x5 directions (see, for example, Figure 3.1).
We have

a8 =onenE-1B) (o ) ),

so we assume E # +1; otherwise, [A, B] = 0. In this case we have K = %(E + %),
and without loss of generality we may assume |E| > 1.
The locus in which Az and Bz are collinear is Q~1(0), where

Q = det(Az, Bx) = 22 (=6 wp + 6pwaE)
+ 2113 (wawp(E — 1/E)) + 23(—6awp + 6pwa/E)

and z = (z1,22). Now let Doe be the discriminant of the quadratic form Q. We
have

(9) Dee = wiw%(E — 1/E)2 — 4(—6AUJB + 6BwAE)(—6AwB + 6BwA/E)
= 403w D,

where D is defined in Definition 2.1.
Case 1. If D < 0, then the quadratic form @ has strictly defined sign and Q~1(0) =
{0}. In this case, one vector field always points on the same side of the other.
Making a suitable change of coordinates and possibly exchanging the labels
(4) and (p), we can realize the situation in which Az always points on the
left of Bz for every z € R?\ {0}. We have two cases.
e Suppose first that £ > 1. In this case, Az always points in the grey
region of the following picture.
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Fix an arbitrary measurable switching function u(.) : [0,00[— [0, 1],
and let (x1(t), z2(t)) (resp., (p(t),0(t))) be the Cartesian (resp., polar)
coordinates of the solution of &(t) = u(t)Az(t) + (1 —u(t))Bz(t), (0) =
zo € R?\{0}. In this case, we have p(t) < 0 for almost every ¢ € [0, 4-o00[
and (P) is true.

Suppose now that £ < —1. Fix zo € R*\ {0}, and let v be a trajectory
of the switched system (3) such that (0) = zo. Let ¥4 : [0,t4] — R?
(resp., v2 : [0,t5] — R?) be a trajectory of the vector field Az (resp.,
Bzx) such that y4(0) = x¢ (resp., v2(0) = x), and define t4 and tp in
such a way that y4(t4) = vB(tg) =: T is the first intersection point of
v4 and 7B after z.

X

<
>
o

x|

Let Q be the simply connected closed set whose border is

9 = Supp(y* 0,4, UY”

0,t5])-

For every x € 02 we have the following. Define V,, = uAz + (1 — u)Bz.
For each w €]0,1[, V,, points inside 2. Moreover, if z ¢ {zo,z}, V1
(resp., Vo) points inside © or it is tangent to 9Q. Fix ¢ > max{ta,tp}.
We clearly have T := (f) € int(Q2). Using homothety invariance of the
system (3), we may easily conclude that lim; . y(t) = 0 and (P) is
true. This proves case (CC.1) of Theorem 2.3 (see Example 1 below).

Case 2. If D > 0, then @ has no definite sign and Q~1(0) is a couple of noncoinciding
straight lines passing from the origin and forming the following angles with

the 27 axis:
(10) 0% = arctan(m®), where
(11) mE — —wawp(E —1/FE) £ vDcc

2(—5Aw3 +(SBWA/E)

—(E—-1/E)+2VD .
= if —pa+ E #0,
2 patpp/B) | PATPEIET

(12) m- —=oo. m 5Aw3—6BwAE

" wawp(E — 1/E)
_ pa—pBE

if — E=0
Efl/El pa+ps/ ;
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where we assume that = € [-5, %[ and 67 €]6~,0 + x[. Notice that if

E < —1, then 4(—bawp + 6pwaE)(—bawp + 6pwa/E) > 0, which implies

that 6+ € [-Z,0[.

Case 2.1. If E < —1 (K < —1), then at each point of @~%(0) \ {0} the
two vector fields have opposite versus. Consider the four connected
components of R\ Q~1(0). In this case, for each point zo belonging to
two of these regions (see the figure below), it is possible to find ug € [0, 1]
such that uwgAxg + (1 — ug) Bz has the exiting radial direction. So the
system is not stable for arbitrary switching functions. This situation
corresponds to the case in which there exists u € [0, 1] such that M (u) :=
uA + (1 — u)B admits an eigenvalue with positive real part; i.e., there
exist trajectories v corresponding to constant switching functions such
that lim_, |7(t)| = 0o. Case (CC.2.1) of Theorem 2.3 is proved (see
Example 4 below).

o

. . 1
. Q(0)
S|

.
.
.

Case 2.2. If E > 1 (K > 1), then at each point of @~1(0)\ {0} the two vector fields

have the same versus (counterclockwise). Fix zo € R?\ {0}, and let ™ :
[0, 00— R? M (0) = zp be the trajectory corresponding to the feedback

M, [ OO, 0 [or0e[d + 70"+,
(13)  w¥(z) { +1if0e[0T,0" +m[or e [0t +m, 0 +2r,

where 6 € [07,0~ + 2x[ is defined by x1 = pcos(f), 2 = psin(6).

u=+1 0

u=0 u=+1

Let (p™(t),0M(t)) be the polar coordinates of v and a the time defined by
0M(a) = 0M(0) + 2. If pM(a) < pM(0), then let | be the segment joining
the points (p™(0),0(0)) with (p™(a), M (a)) and Q the simply connected
region whose border is 0f) := Supp(fyM“O,a] ul).

19
]/
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Example 4

F1G. 3.1. Ezamples in the (CC) case.

For every x € 00, we have the following. Define V,, as in Case 1, £ < —1.
For each u €]0, 1], V,, points inside . Moreover, if z ¢ {v*(0),v*(a)}, V4
(resp., Vo) points inside Q or is tangent to 9. Similarly to Case 1 (E < 1),
we can conclude that (P) is true (see Example 3 below). On the other hand if
pM(a) > pM(0), then v (t) does not tend to the origin and (P) is false (see
Example 2 below). The condition p* (a) < pM (0) is satisfied iff condition (5)
holds. Formula (5) is obtained in Appendix A . The condition p* (a) = p™ (0)
(i.e., Poe = 1) is the case in which we have at least stability (not asymptotic)
for every switching function. This concludes the proof of case (CC.2.2).

Case 3. If D = 0, then the two straight lines coincide. If E > 1, it is easy to
understand that we are in the same situation as that of Case 1. If £ < —1,
then to every = € @ there exists u € [0, 1] such that uAz + (1 —u)Bx = 0. In
this case, (P) is false, but we have at least stability (not asymptotic). This
proves case (CC.3) of Theorem 2.3.

Examples. In the following, we give some examples of the various situations in
the (CC) case. We refer to Figure 3.1.

Example 1. pa = 0.05, pgp = 0.06, K = —1.005. In this case, D ~ —0.002,



100 UGO BOSCAIN

and (P) is true. In Figure 3.1, two integral curves of the vector fields Az and Bx
are shown. A similar situation but with the two trajectories rotating with the same
versus can be obtained with the same values of p4 and pp but with £ = +1.00001.
In this case, D ~ —0.00008 and (P) is true (see case (CC.1)).

Ezample 2. py = 0.0375, pp = 0.05, K = 1.67. In this case, D ~ 1.79, P o ~
2.62 and (P) is false. In Figure 3.1, two integral curves of the vector fields Az and
Bz, D that are the two straight lines (one almost coincides with the x5 axis) and a
trajectory 7 such that lim;_ . |y(¢)| = oo (cf. case (CC.2.2)) are shown.

Ezxample 3. pa = 0.0375, pp = 0.0425, K = 1.00455. In this case, D ~
0.0091, Pqe ~ 0.96, and (P) is true (cf. case (CC.1)).

Example 4. Suppose py = 0.0375, pp = 0.05, K = —1.67. In this case, D ~ 1.77
and (P) is false (cf. case (CC.2.1)).

3.2. The case in which A and B have one complex and the other real
eigenvalues. Suppose that A has real eigenvalues A1, Aa (A1, A2 < 0, |[A2] > |A\q])

and B complex eigenvalues A\3 = —8 + iw, \y = —6 — iw (6,w > 0). We have

pa = —1(A1+X2)/(A1 — A2) and pp = 6/w. We recall that pa/i > 1, pp > 0. Define
. cos(p)  sin(y)

(14) R(p) == ( —sin(p) cos(¢p) € 50(2),

and choose a system of coordinates in which

) a= (% 0,
) m=( ¢ 0 )=rw( gp % ) Re)

_ < —6 —w(E — 1/E)sin(p) cos(p) —w(Esin*(p) 4+ 1/E cos?(p)) )
w(Ecos?(¢) + 1/Esin®(¢))  —6+w(E — 1/E)sin(p) cos(¢) |-

We have K = i(E — 1/E) cos(p) sin(p) € iR, and without loss of generality we may
assume that ¢ € [0,7/2[, |E| > 1. Notice that in this case

4, B] ()\1)\2)( ol ) £ 0 for cach K € iR.

Similarly to the previous subsection, the locus in which Ax and Bx are collinear is
Q~1(0), where

Q = det(Az, Bx) = 23(\ic) + 122X + 22(—A2b),

and by definition ¥ := Ajd — Aga = (A + A2)wK /i — (A1 — A2)d = (A1 — Ag)wy, where
X := paK — pp (see Theorem 2.3). In this case, the discriminant of the quadratic
form Q@ is

(17) Dpgre = )22 + 4 1 Aabc = )22 — 4/\1/\2(4)2(—IC2 + 1) = —w2(>\1 — A2)2D.

Notice that y = 0 implies ¥ = 0, which implies Drc < 0, i.e., D > 0. Moreover,
x > 0 implies K/i < 0, which implies E < —1. Similarly to the previous subsection,
we have the following cases.

Case 1. If Dre < 0 (D > 0), then (P) is true (see Example 1 below).
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Case 2. If Dpc > 0 (D < 0), then Q~1(0) is a couple of noncoinciding straight lines
passing from the origin and forming the following angles with the x; axis:

(18) 0 = arctan(mi),
e XEVDae VD
' 2(—A2b) 2522 (Esin®(¢) + 1/ E cos?(p))

From (17) it follows that Drc < x? (i.e., =D < x?) so that in this case we
have x # 0 and we may assume

0~,0% €]0,7/2[ if x and E have the same sign,
0=,0" €] — /2,0 if x and E have opposite sign.

Case 2.1 If x > 0, then K/i < 0, which implies E < —1, and we have
=6+ €] — m/2,0[. In this case, at each point of @~1(0) \ {0} the two
vector fields have opposite versus. The same argument of Case 2.1 of
section 3.1 shows that (P) is false (see Example 4 below).

Case 2.2 If x < 0, then in both cases where £ > 1, E < —1 at each point
of Q71(0) \ {0} the two vector fields have the same versus.

Case 2.2.A If E < —1 (which implies K£/i < 0), then (P) is true be-
cause of the following argument.
From x = paK — pp < 0 we have
(19) _Kfi < ! - < 1.

pB  pali
Now let v be an integral of the vector field Bz and (p(t),0(t)) its
polar coordinates. We have

—5t
B poe % cos(wt + o)
’Y(t) - R(SO) ( poEe_ét Sln(Wt + @0)7 )

and p(t) = poe= 0/ cos?(wt + @) + E2sin®(wt + ¢y). Now we prove
that the condition (19) implies p(t) < 0 for every t € Dom(~y), which
clearly implies that (P) is true. We have

p(t) = poe® ( (B2 — 1)wsin(wt + po) cos(wt + o)
\/cosz(wt + o) + E2 sin®(wt + o)

- 6\/c052(wt + o) + E2sin®(wt + @0)) .

Therefore, p(t) < 0 iff
(E? — 1wsin(wt + ¢g) cos(wt + o)
\/C082 (wt + o) + E2sin’(wt + ¢q)

_ 5\/6052(wt + o) + E2 sin®(wt + o) < 0
or, equivalently, iff
(20) cos? (wt + @o) + E? sin®(wt + pp)
— (B = 1)5 sin(wt + po) cos(wt + o) > 0.
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Now if (E? — 1)w/§ < —2F (that choosing a system of coordinates
in which ¢ = 7/4 is equivalent to —/C/(ipp) < 1; see Appendix B),
then the condition (20) is satisfied. Hence from (19) we can conclude
that p(t) < 0 for each t € Dom(~) and (P) is true (see Example 5
below).

Case 2.2.B If £ > 1 (which implies /i > 0), then (P) is true iff
condition (6) is satisfied (see Appendix B). Notice that in the case
where K = 0 we clearly have that 0., < 1 and (P) is true (see
Examples 2 and 3 below). The case in which 0, =1 is the case
in which we have at least stability (but not asymptotic) for every
switching function.

Case 3. If D = 0, then the two straight lines coincide. If x < 0, it is easy to
understand that we are in the same situation as that of Case 1. If x > 0,
then to every x € Q~1(0) there exists u € [0, 1] such that uAz+(1—u)Bz = 0.
In this case, (P) is false, but we have at least stability (not asymptotic). This
proves case (RC.3) of Theorem 2.3.
This concludes the proof of cases (RC).
Examples. In the following, we give some examples of the various situations in
the (RC) case. We refer to Figure 3.2.
Ezample 1. pa/i = 1.11, pp = 0.045, K /i = 0.095. In this case, x ~ —0.15, D ~
0.2, and (P) is true (cf. case (RC.1)).
Ezample 2. pa/i = 1.11, pp = 0.02, £/i = 1.33. In this case, x ~ —1.49, D ~
—1.62, Ppo ~ 1.4, and (P) is false (cf. case (RC.2.2.B)).
Ezample 3. pa/i = 1.11, pp = 0.03, /i = 0.75. In this case, x ~ —0.85, D ~
—0.37, Ppe ~ 0.98, and (P) is true (cf. case (RC.2.2.B)).
Ezample 4. pa/i = 1.11, pp = 0.045, K/i = —2.4. In this case, x ~ 2.6, D ~
—5.3, and (P) is false (cf. case (RC.2.1)).
Ezample 5. pa/i =114, pp = 1.67, K/i = —0.42. In this case, x ~ —1.19, D ~
—1.06, and (P) is true (cf. case (RC.2.2.A)).

3.3. The case in which A and B have both real eigenvalues. Let A1, Ao
(A1, A2 < 0, [A2] > |A1]) be the eigenvalues of A and Az, Ay (Ag, A\a < 0, |Ag] > |As])
be the eigenvalues of B. Choose a system of coordinates such that

ey a=(G )

(22) B= ( o ! ) — R (r/4) ( " O‘(A‘*A: As) )R(w/4)
_1 ( A3+ A1) —a(da—A3) (A3 — A1) +a(As — A3) >
- 2 ()\3 — )\4) — Oé()\4 — )\3) ()\3 + )\4) + Oé()\4 — )\3) ’

where R(p) is defined as in formula (14) and o € R\ {£1}. In this system of
coordinates the eigenvectors of A are proportional to Vi = (1,0), Vo = (0,1) and the
eigenvectors of B to V3 = (1,1), V4 = ((e« — 1)/(a+ 1),1). The geometric meaning
of a is the following. Arctan(a) is the angle between the vector (—1,1) and Vy,
measured clockwise. We have K = a. Notice that

[A,B]:—%()\l_AQ)(A3_)\4) < (043—1) <a81) >7

so [A, B] # 0 for every value of a. The case o = %1 is excluded (otherwise Vy is
parallel to Vy or to V7, respectively, and (H4) fails).
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Example 4

Example 3

Example 5

FiG. 3.2. Ezamples in the (RC) case.

), where

Q70

The locus in which Az and Bz are collinear is

_>\2b)7

+ T122Y + 25 (

)

L = Aa)(As + A

det(Az, Bx) = 22 (\ic

Q=

KA+ A2)(As — A\4))

)

i(A1 — A2)(A3 — Ag)x, where x := paK — pp € iR. In this case, the discriminant

1 -

and by definition Y := Ad — X\2a
2
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of the quadratic form @ is
(23) Drr = x> + 4\ abe = X2 + Mda(Ag — M)2(—K% +1)
1
= Z(Al —X2)2(\3 — \y)?D.

Notice that if L < 1, then D > 0. The following lemma states that in the case where
I] <1 (P) is true.

LEMMA 3.1. Let A, B be two 2 X 2 real matrices satisfying H1, H2, H3, and
H4 and such that their eigenvalues are real. Fix an arbitrary measurable switching
function u(.) : [0, 00[— [0, 1], and let (x1(t),z2(t)) (resp., (p(t),0(t))) be the Cartesian
(resp., polar) coordinates of the solution ofx( ) =wu(t)Az(t)+ (1 —wu(t))Bzx(t), (0) =
zo € R?\ {0}. If K €] — 1,1, we have that p(t) < 0 for almost every t € [0, 400].

Proof. In this case, it is possible to choose a system of coordinates such that

(A0
(8 )

s=r) (5 1) R
= < cos®(p)As +sin’(¢) A (A3 — As)sin(p) cos(p) )
(A3 — Ag)sin(g) cos(p)(As — Ag)  sin?(@)As + cos?(p) Ay )’

where we assume ¢ €]0,7/2[. Notice that ¢ = 0 is excluded (otherwise [A4, B] = 0).
We have

p(t) = @1(t) cos O(t) + ig( ) sin 6(t)
= p(t) (u(t) (A1 cos® O(t) + A2 sin® 0(2))
+ (1= u(t) (A3 cos®(0(t) — @) + Aasin®(0(t) — ¢)).

This means that p(¢) has the expression

p(t) = p(0) exp ( / (W(®) (1) + (1 — u(t)) fa(2)) dt) ,

where f; and f5 are analytic functions satisfying f1 < A1, fo < As. ]
If |K] > 1 we have the following cases.
Case 1. If D < 0, then (P) is true.
Case 2. If D > 0, then Q~!(0) is a couple of noncoinciding straight lines passing
from the origin and forming the following angles with the z; axis:

i) mE = —XivDRR —X/ii\/»
’ To2(=Xed) (pa/i+ 1)1 -K)

From (23) it follows that Drr < ¥? so that in this case we have y # 0 and
we may assume

(24) 6% = arctan(m

6=,0" €]0,7/2[ if x/i and K have the same sign,
0=,0% €] —/2,0[ if x/i and K have opposite sign.

We have the following lemma.
LEMMA 3.2. Let D > 0; then
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(a) K> —papp;

(b) at each point of Q=1(0)\ {0}, Az and Bx have the same (resp., opposite)
sign iff K < —papp (resp., K> —papp).

Proof. (a) can be checked directly. Let us prove (b). Define A* := K4++v/D —

papp- By direct computation it follows that

o AF>0iff K> —papp;

o (ﬁ) = (Hg—i”) for every x = (h,m*h), h € R\ {0}, iff A* < 0;

o (Hﬁil\) = —(%) for every x = (h,m*h), h € R\ {0}, iff A* > 0.

This concludes the proof. ]

From Lemma (3.2) we have the following cases (notice that —papp > 1).
Case 2.1 If £ > —papp, then (P) is false.

Case 2.2 If K < —papp, then:

Case 2.2.A If £ > 1, one can easily check that the worst trajectory
cannot rotate around the origin and (P) is true.

Case 2.2.B If £ < —1, then the worst trajectory rotates around the
origin and (P) is true iff condition (7) is satisfied. Condition (7) can
be obtained with arguments entirely similar to the ones of Appen-
dices A and B. The case in which P, = 1 is the case in which we
have at least stability (not asymptotic) for every switching function.

Case 3. If D = 0, then the two straight lines coincide. Similarly to the (CC) and
(RC) cases, if K < —papp, then (P) is true. Vice versa, if K > —papp, then
(P) is false but we have stability (not asymptotic).

4. Asymptotic stability in the space of parameters. Fix a value of the cross
ratio, and let R (resp., R) be the region in the (pa, pg) plane in which the system
is asymptotically stable (resp., asymptotically stable or only stable) for arbitrary
switching functions. In this section, we study the shape and the convexity of R and
R.

4.1. The complex-complex case. In Figure 4.1 we show R for a fixed value
of K in the case in which both A and B have complex eigenvalues.

In the case X < —1, R is determined by the condition D < 0. The set of
values of ps and pp such that D = 0 is the two curved lines of equations pp =
pak £ /(p% + 1)(K2 — 1) of Figure 4.1 (case K < —1). The points of intersection
with the two axes are

(25) (PA»PB) = ( K2 — 170)7

(26) (pa,pB) = (0, VK2 —1).

In this case, R is constituted by two connected open convex unbounded regions, while
to get R we have to add the points in which D = 0.

In the case where K > 1, R is determined by the condition O, < 1. In Figure
4.1 (case K > 1) the locus D = 0 is drawn with dotted lines, while the locus 0, =1
is drawn with a solid line. The points in which the two loci intersect each other and
intersect the two axes are given again by formulas (25) and (26). In this case, to study
the convexity of R, we have to check if, expressing the locus P~ = 0 as pp = fic(pa),
we find a convex function. In the following, the label (k) is a parameter, and it will be
dropped. Let us indicate the derivative of 0. with respect to the first and second
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Y p

B

Asymptotic
Stability

Asymptotic b
\[2 Stability ,76’/(
K -1 : /)
, ; -
p Pa
L\/K 21 8 vk
CaseK<-1 Case K>1

Fi1G. 4.1. R (the grey region) for a fized value of KC, in the complex—complex case.

variable as (pcc)1 and (pcc)z' We have that

B—pA K s

p arctan(£2—£A%) + T
F(pa) = F (par f(pa)), where F(pa, p) = —Lech _ )05
(Pec)s arctan(f4—£2=) + 3

f"(pa) = G(pa, f(pa)), where
OF (pa,pB) | OF(pa,pB)
+
Opa Opp
2

3
(1+p%) 1+ p%) VD (77 +2 arctan(%))

G(pa,pB) = F(pa,pB)

x| [Phpe +paph +2(1+ ph + 0B+ paps + parE) + K2+ p% + pp)] 7°
pPA— PB /C)

VD
PB — PA /C)

VD

+4(1+p5) A+ p4+paps+K) Warctan(

+4(1+p?4) (1+p23+poA+/C) Warctan(

PB —PA’C>2
VD

2
pa—psK
+4 (14 p? + K) arctan <>
( pB) (pA PB ) \/5

—pak pa—peK
+ 8 (1+ p? 1+ p2%) arctan ('OB/)A) arctan <*> .
( PA) ( PB) D 5

Now the only terms that can be negative are the ones in the third and fourth rows,
but it is easy to check numerically that the sum of these two terms with the one in
the second row is always bigger than zero. The convexity follows. In this case, R is a
convex open unbounded region, while R is a convex not-open unbounded region (we

+ 4 (14 %) (papp +K) arctan (
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P, = (KM (R/) p,

- (K/i)

P, /i

L - p/

CaseK/i <0 CaseK/i >0

Fic. 4.2. R (the grey region) for a fized value of K, in the (RC) case.

have to add the points such that p., = 1).

4.2. The real-complex case. In the case in which A and B have one complex
and the other real eigenvalues, R is drawn in Figure 4.2. We recall that pa/i > 1,
pe >0, K/i € R.

In the case where x > 0 (which implies /i < 0 and pg < (—=K/i)(pa/i)), R is
determined by the condition D > 0. The locus D = 0 is the set of points such that
pe = —(pa/i)(K/i)£/(=(pa/i)® + 1)(—(K/i)2 — 1). The intersection point with the
pA axis is

(27) (pa/i,pp) = (V(K/i)* +1,0),

and the intersection with the pa/i = 1 set is

(pA/iva) = (la _(IC/Z))

In the case when x < 0 and K/i < 0, we have asymptotic stability. We conclude that
in the case when /i <0, R is a convex open unbounded region (see Figure 4.2 (case
K/i <0)), while to get R, we have to add the points in which D = 0.

In the case when x < 0 and K/i > 0, R is determined by the condition P, < 1.
In Figure 4.2 (case IC/i > 0), the locus D = 0 is drawn with a dotted line, while the
locus P =1 is drawn with a solid line. The points in which the two loci intersect
each other are given by formula (27). In this case, R is a nonconvex open unbounded
region. Again the points in which we have at least stability are the points in which
we have asymptotic stability plus the points such that 0, = 1.

4.3. The real-real case. In the case in which A and B have both real eigen-
values, R is drawn in Figure 4.3. We recall that p4 /i, pp/i > 1, K € R\ {£1}. If
K < —1, R is determined by P, > 0, while, if £ > 1, R is determined by D > 0.
Similarly to the (CC) case, we can conclude that R is a convex open unbounded
region, while R is a convex not-open unbounded region. (We have to add the points
such that P, =1and D =0.)
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K/il-

1/i

Case K<-1 Case -1<K<1 : Asymp. Stab. Case K>1

Fic. 4.3. R (the grey region) for a fized value of K, in the (RR) case.

5. Final remarks. Using the results of [1, 7] and by Theorem 2.3, we have a
complete algorithm to study the asymptotic stability of a switched linear system in
any dimension at least in the case in which

Ay =ud'z 4+ (1 —u)A%z, wel0,1], A", AZcR™",

where A and B are diagonalizable and dim{A41, A2} 4. < 4. The case in which A or
B is not diagonalizable can be treated with similar techniques.

Generalization can be done for more complex sets U. One is the following m-input
system:

m m

. i . 1 ,

x:E u; Az, E wp=1, w; >0 (i=1,...,m), z€R", A" ... A" eR"™"
i=1 i=1

With exactly the same techniques used in this paper, one can find a coordinates
invariant necessary and sufficient condition for the stabilizability of a control system
of the kind (2), where all the matrices have eigenvalues with strictly positive real
part. This problem was also studied in [12] but not in terms of a minimum number
of coordinate-free parameters. We refer to [12] for details.

Some results can be obtained for the nonlinear version of the problem treated in
this paper,

(28) & =uF(z)+ (1 —u)G(z),

where 2z € R?, F(.), G(.) are C> generic functions from R? to R? such that F(0) = 0,
G(0) = 0, and the two dynamical systems @ = F(z), ¢ = G(x) are globally asymptot-
ically stable at the origin. We are interested in studying under which conditions on
F(.) and G(.) the origin of the system (28) is globally asymptotically stable for every
measurable function u(.) : [0, co[— [0, 1].

Appendix A: Proof of formula (5). We refer to the following figure.
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.p=1
uxl/ - P
[ Dere
U:O ‘\\\‘\pzl

Let p(t), 0(t) (vesp., x(t),y(t)) be the polar coordinates (resp., Cartesian) of vM (¢),
where we fix the initial condition by setting p(0) = 1, #(0) = 6. We have to
check if at the time a such that 6(a) = 6(0) + 27 we have p(a) < 1. Due to the
symmetries of the system, this happens iff at the time ¢ such that 0(¢) = 07 + 7 we
have 0, = p(t) < 1. Notice that £ = a/2. The trajectory v () corresponds to the
constant switching function w = +1 up to the time ¢’ in which 6(¢') = 6~ + w. This
time is defined by the equations

z(t') = poe 4" cos(wat’ + 0%),
y(t') = poEe 04" sin(wat’ + 0L),
+ T
+ _ m- [77T/277T/2[1f0 € [7,”/277(/2[)

Op = arctan( E ) { |7/2,3m /4] if 0T €|n /2,37 /4],

po = (cos?(6F) + B sin®(0})) 2,

y(t') =m"a(t').
It follows that tan(wat’ + 0}) = m~/E. If we set 05 = arctan(m™/E) €]0}, 01, + |,
we have t' = (0 — 0})/wa.

After time t', v (¢) corresponds to the constant switching function u = 0 up to

the first time ¢ in which 6(¢) = 6 + 7. This time is defined by the equations

It follows that tan(wp(f —t') + 0~ + ) = tan(wp(t —t') +67) = m™ = tan(6T), and
we have t = (0T — 07)/wp + t'. Finally,

B gy _34 (9= _oty_ 2B g+ _g—y [cos2 Oy + E2sin®(0)
5 (D) = e St _ A (05 —0f)— 2B (67 —07) = 5)
p=p(t) = p(t) o 0+ a0

This formula is not in a good form because it is not explicitly invariant for the exchange
of 64,wa with 0p,wp and because the quantity £ does not appear only in the form
E + 1/E. Recalling the definition of pa, pp, K (see Definition 2.1) and using the
equality

ab+1
arctan a — arctan b = arctan ( b *

+7r/2> ,

—a
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which holds for a > b, it is possible to obtain the relations

—6—’4(0]} —0%) = —pa (arctan (M\/ng> +7r/2) ,

wAa

OB gt gy = (arctan <p“‘_\/gB’C> + 77/2) :

wB
Moreover, with elementary computation we can show that

cos? 0, + E2sin?(05) ~ |paps+VD
cos? 05 + E2sin®(0))  \ paps — VD'

Formula (5) is obtained.
Appendix B: Proof of formula (6). To obtain a result that explicitly does

not depend on the choice of the system of coordinates, we need to write the formulas

of section 3.2 in a more invariant way. Set

v = Ecos2p+1/Esin® ¢
-\ Esin?p+1/Ecos?¢’

and make the coordinates transformation
1 0
x — U(¢)x, where U(¢) := 0 o )

In this case (E > 1), the new coordinates A, B, and #* have the expressions

A:\Il—l(w)()al i)xpmm:(?; i)

I a b B —5—-wk/i —wV-KZ+1

B=Vv (d’)(c d)@(¢)<+wm -6+ wk/i )’
-x£V-D . —x+v-D

N TKZA1 (—pali- OWKE+ 1

2 A1—A2

6* = arctanm®™, mT =

Equivalently, we can use the expressions (15), (16), (18) for A, B,6* with E > 1 and

o =m/4.
A 0
A= < O1 A2 >’
5 :Rl(ﬁ/@( 5 /B >R(7r/4),
+_ + +  —XxxVv-D x=V-D
(29) 6F = arctanm™, m™T = Al’%'AQ(E+1/E)72(_PA/Z'—1)(E+1/E>'

The relation between I and FE is

1
K=ig(E~1/E), E=K/i+V-K*+1.

Moreover, we are considering the case x < 0 so that 61,0~ €] — /2,0[. From (29) it

follows that 67 < 6.
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In this case, Y (.) corresponds to the feedback (see the following figure):

(z) = 1if0€lft,0 [or O €0t +m, 0" + |,
Y= 0if 0 €]0-,6% + [ or 0 €]0~ +m,6F + 2x].

u=+1 u=0

u=0 6

+
N u=+1

Make the following coordinates transformation: x — & = R(w/4)x. We have

A—>A:R(7r/4)< N AOQ )Rl(ﬂ/él),

- (-6 —w/E
B—B= < wE =6 ) ’
_ m* —1
0F — 6F = 0* — 1/4 = arctanm™ € [3/4w, /4], mT = SETT

Similarly to Appendix A, we compute +M in polar coordinates with the initial con-
dition p(0) = 1, #(0) = 6~. Let ¢’ be the first time such that (¢') = 07 + 7. We
have

=" —¢&)/w,

N -t (ET—E) cos? £ + E2sin? &+
p(t') =e —,
cos?2 &~ + E2sin® -

where ¢* := arctan(m*/E), ¢ €)¢,¢7 + 7l
Now we come back to the old coordinates (Z — z = R™!(7/4)%), and we integrate
Bz up to the first time ¢ such that 6(¢) = 6~ + 7. We have

2(b) = p(t) cos(8" +m)eM ),
y(@) = p(t') sin(9" + m)eX 1),

y(t) =m”x(t).

It follows that

mte(@e=A)-t) — p= ¢/ = 1 In (m_) .

Finally,

A1 — A _
Pre = p(t) = p(t’)\/cos2 feamxt 0mT/mT) 4 in2 gt xpony n(m/m)

_B(et_gm) cos2 &+ + E2sin? ¢+
= e w — - 2 —
cos2 ¢~ + E?sin” €
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A Ao

m™ \ *2—M . m~ \ A2~
XAl cosZ2 Ot | — +sin? 0+ [ —
m+t mt

Cpp(et—g-) [cos? {4+ B2 sin? £+

=e
cos2 &~ 4 E2sin? ¢
1 3 1 -
+ 5(_pA/7'+1) + 5(—pA/Z—1)
x4/ cos2 6+ (m) +sin? 9+ (m) 7
m— m—

which is formula (6). This formula is complicated but acceptable because there are
no further symmetries.
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