Lecture 6 & 7: Time domain descriptions

So far we have seen some algebraic manipulations on the kernel representation matrix that helps
us to reduce it to some equivalent form (maybe upper triangular or diagonal) which is easy to
solve. The sole aim was to solve for the behavior trajectories explicitly. In this note we will
discuss the characterization of such trajectories for scalar and vector valued behaviors.

We begin by looking at some examples.
Example 1: Consider the dynamical system given by

411 4497 [uy 0
d d, _
ot 25 =1 g

The kernel representation matrix is

R(§) = [5 g ! 52123}

which has full row rank and full column rank. One of the methods to solve for the behavior is
by evaluating the determinant of the matrix.
For this matrix the determinant is

det R(¢) = (£+1)(£2+3)

The roots are Ay = —1 and A\g3 = +i+v/3. The rank of the matrix evaluated at any root \; is less
than the actual rank of the matrix. This implies that there exist vector(s) v; in the nullspace of
R(\;) such that R(\;)v = 0.

In this example for \; = —1, rank R(—1) = 1 < 2, thus there exists v; € C? such that
R(\1)vr = 0. If w(t) := vieM?, then

d
R(%)vle)‘lt =R(A)veMt =0

Mt g a trajectory in the behavior. Similarly for Ao and A3 there exists

Aot

Therefore w(t) := vie
vectors vg,v3 € C? such that R(A\2)ve = 0 and R(A3)vz = 0. Using the same approach vse
and vgeM¥! are trajectories that are in the behaviour. Since R(%) is a linear operator any linear
combinations of the trajectories will also be a trajectory.

But this method of calculating trajectories faces a problem when handling roots having multi-
plicites greater than one and then it doesnot give a complete characterization of the behaviour
as is shown in the next example.

Ezample 2: Consider the systems given by the kernel representation matrices
§+1 0 1 0
(&) [ 0 &+1 2= o (e+1p @)

Here det R1(£) = det Ry(¢) = (£ + 1)% The roots are A2 = —1. For Ry(€), rank Ry(\) =0
which implies there are two linearly independent vectors in the nullspace of Ri(\). For Ry(§),

rank Ra(A\) = 1 which means only one vector ([ﬂ) can be found in the nullspace for both the

0 . . . . . .
roots. Therefore [ J e~t is a trajectory in the behavior. But this does not characterize the full



set of trajectories for [1] te~! is also a legitimate solution which could not be calculated using

this method.
To overcome this problem we need to explore some other ways of characterizing the full solution
set. For this we study the scalar case first.

Characterization of trajectories for the scalar system

Lemma 1. Let the behavior be given by the kernel representation polynomial as

B = ker f(%) where, f(§) € R[¢] and (3)
f(&) = p(&)a(€)

where p(&) and q(§) are coprime then, ker f(%) = ker p(%) P ker q(%). & represents direct
sum.

Proof: Since p(§) and ¢(§) are coprime by Aryabhatta’s identity, there exists polynomials a(§)
and b(¢£) such that

a(§)p(€) +b(§)q(§) =1 (4)

Ao+ b )al e yw = w

where w is a function on which the polynomial acts. Let

d d d, ,d

a)P(*)w and vy := b(%)Q(a

di Ju

vy :=a(

Suppose w is not just any function but is a trajectory in the behavior then, w € ker f (%). If
q(%) acts on vy and p(%) acts on v then

a( s = aCh @ DDy, oo = o ya( D)
a0 = a(DF (. P = b F(
So
(D=0 amd (=

Therefore vo € ker q(%) and v; € ker p(%). From (4), w can be written as sum of v; and vs.
For direct sum we also need to show ker p(%) and ker q(%) are disjoint i.e. both have only the
zero element as the common element. This is proved using contradiction.

Suppose there exists a w € €°(R,R) and w # 0. Let w € ker p(%) N ker q(%). This implies
p(%)w = 0 and q(%)w = 0. Substituting in (4) we get w = 0 which is a contraction to the
assumed fact that w # 0. Thus ker p(%) and ker q(%) have only the zero element in common
and are disjoint. This completes the proves the lemma. O

Generalizing the lemma we have the following theorem.



Theorem 2. Let the behavior be given by the kernel representation polynomial as

B = ker (1) where, f(€) € Rl (5)
= {wl (5w =0}

where the solution set w(t) € €°(R,C).
Invoking the fundamental theorem of algebra which says any polynomial over the field of complex
numbers can be written as a product of linear prime factors, we write

n

F€) =T1(€ =) where, n = deg f(€)
=1
N

~ Tl -2~

=1

where all ;s are distinct and their respective multiplicities are denoted by v;. Let *B; denote the
behaviors of the respective factors i.e. B; := ker (% — \)Yi then

B =P B (6)
Exercise: Modify the theorem if the solution set is defined over €*°(R,R).

Parametric representation of solutions
Theorem 3. Let B = ker (% — A)”. Then the following are true
1. B forms a finite dimensional vector space of C.

2. Every trajectory in B is a linear combination of the following functions wi = e, wy =

teM, ... w, =tV e,
Proof: To prove B is a finite dimensional vector space we need to show
1. wi,wo,...,w, are linearly independent, and
2. dim B =v

1. Proof by contradiction:
Suppose w1, wo, ..., w, are linearly dependent. This implies there exists constants aq, as, ..., q,
not all zero such that

oqwy +asws + -+ aw, =0 (7)

e + aoteM + -+t leM =0
Putting ¢t = 0 we get oy = 0. Differentiating (7) w.r.t. ¢t we get
agleM + MM+ a[(v = DT AN =0

Substituting t = 0, we get as = 0. Differentating v times and putting ¢ = 0 we get all the
coefficients as zero. This is the trivial linear combination which contradicts our assumption that



some «; should be nonzero, hence wy, ws, ..., w, are linearly independent.

2. We use induction to prove dim 5 = v.

As induction basis (% — Aw = 0 is true because the solution is obtained as w = ke for some
constant k € R which is a linear combination of the first constituent.

Assuming the inductive step is true i.e. (% — A)™w = 0 has every solution given by linear
combinations of n constituent solutions, we need to show that every w satisfying

d

(2~ A) Dy =0

can be written as a linear combination of n 4+ 1 constituent functions.

Defining
d
Pi= (= =\
W i= (5= Aw (®)
we get p
— = A" =0.
(5 =N =0 (9)

If w’ = 0 then w is given by w = ke*. Thus, w is indeed in the linear span of e*. On the other
hand, if w’ # 0 then equation (9) together with the inductive hypothesis tells us that w’ will be
a linear combination of n constituent functions. Solving w from (8) we get

t
w = / A (1) dr + ke
0
t
w= / A kyw (1) 4 kawa (1) + - -+ + knwy (7)]dr 4 ke
0

t t t
w =k / A (1)dT + kg / Ay (TYdr + - + kn/ A, (7)dr + ke
0 0 0

Therefore, every solution of (% — Ny = 0 is a linear combination of 7+ 1 constituent func-
tions: {fg =T (7)dr, Ote)\(t_T)’UJQ(T)dT, . .,fg =T, (7)dr, e)‘t}. Since w was chosen

arbitrarily, we must have dim(ker ( % — N <41,

Now, it is easy to check that each of wi,we, ..., w,, defined in the statement of the theorem,
is a solution of (% — A)”. Therefore, by linearity, the linear span of {w1,ws, ..., w,} is contained
in B. Since {wy,ws,...,w,} are linearly independent, the dimension of (wy,ws, ..., w,) is v.
Therefore, dim(B) > v. On the other hand, by the last paragraph, we know that dim(8) < v.
Therefore, dim(B) = v, and hence

(w1, wa, ..., wy) =B.
O

Summarizing the above facts, if 8 = ker f (%) where f (%) € R[¢] then the complete parametric
representation of the solution is given by

w = pl(t)e)‘lt +p2(t)e/\2t + .- —l—pN(t)e)‘Nt

v—1)

where p;(t) are polynomials of the form k;; + kjot + - - - + Kt with v being the multiplicity

of a single factor and N the number of distinct factors.



Characterization of trajectories for vector differential equations

For the kernel representation B = ker R(%), with R(§) € R?7*?[¢] and detR(§) # 0 (full row
rank) then the best way to solve for the solution is to convert R({) to the Smith canonical form

* dy (&) 0 0
0 d 0
ro-ve | | P v
0 0 ... dy&)

because in that case the equations are decoupled and dependent on one variable only. With the
previous knowledge of solving the scalar equations the diagonal terms can be solved for w as

d. .
dl(&)wl = O
d
do (= )iy =
2502 =0
d. .
dq(%)wq =0

The original behavior trajectories can be obtained by premultiplying the unimodular matrix

V(¢) ie.

w1 w1
wo d . |we
— V(=
: (dt) :
Wq Wq



