Chapter 4 ®
Linear Systems with Forcing Term e

The simplest way to model an external input is to introduce an additive term in
the system equations. In this chapter we shall see how the solutions of a system
of differential equations, whose right-hand side is the sum of a linear part and a
time-varying term, can be explicitly found.

4.1 Nonhomogeneous Systems

A linear nonhomogeneous system' of differential equations has the general form
X =Ax+Db() 4.1)

where b(t), frequently referred to as the forcing term, belongs to the space PC(I, R).
Here, I denotes in general any interval of R with nonempty interior, although for
our purposes, the relevant cases are I = R and I = [0, +00). We report below some
basic facts.

Fact 1. For each initial instant ty € I and each initial state xy € R" there exists a
unique solution x = (t) of (4.1) such that 1 (ty) = xo. Moreover, 1 (t) is
defined for each t € I.

Fact2. Ifvy,(t), Y.(t) are solutions of (4.1) defined on I, then 1), (t) — i (t) is a
solution of the so-called associated homogeneous system

X = Ax. 4.2)

! According to a more correct terminology, a system of the form (4.1) should be called an “affine”
system; however, the term “linear nonhomogeneous” is very frequent in the literature.
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Fact3. If p(t) is any solution of the associated homogeneous system (4.2) and
W*(t) is any solution of the nonhomogeneous system (4.1), then o(t) +
*(t) is a solution of the nonhomogeneous system (4.1).

Fact4. (Superposition principle) If ¥ (¢) is a solution of system (4.1) with b(t) =
b1 (t) and ), (t) is a solution of system (4.1) with b(t) = by(t), then(t) +
o () is a solution of system (4.1) with b(t) = bi(t) + b2(2).

From Facts 2 and 3 it follows that in order to determine the set of all the solutions
of system (4.1), we need to find:

(a) a fundamental matrix ®(¢) of (4.2);
(b) a particular solution 1*(¢) of (4.1).

The set of all the solutions of system (4.1) can be therefore represented by the
formula

x =(t) = @(t)c +P*(t) (4.3)

where c is a vector of arbitrary constants. It is called the general integral of system
(4.1). The particular solution corresponding to a given initial condition (#y, xp) can
be obtained solving the algebraic system

xo — P*(t9) = P(t)c.

If (1) = "4 then c = xg — ¥* ().

4.1.1 The Variation of Constants Method

The problem of determining a fundamental matrix of system (4.2) has been solved
in Chap. 2. As far as point (b) is concerned, we have the following general result.
Proposition 4.1 The function
t
Vi) = / " Ab(rydr 4.4)
4]
provides the solution of (4.1) such that {§(ty) = 0.
Taking into account this result, we can write the solution corresponding to the
initial state (¢, xg) as
t t
P(t) = e Ax, + / e""Ab(rydT = e (xg + / e DAb(r)dT). (4.5)
Iy o

This is called Lagrange formula or variation of constants formula. This formula is
very well suited for theoretical purposes but sometimes not so convenient in practice,
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because of the presence of the integral that, for certain functions b(¢), might be hard
or even impossible to compute explicitly.

Remark 4.1 Formula (4.5) is often used with 7y = 0 (provided of course that 0 € I),
that is in the form

(1) = e xo + / e 4b(r)dr. (4.6)
0

There is an interesting interpretation of (4.6): it shows that each solution is the
sum of two contributions. The first one depends on the initial state but not on the
forcing term. On the contrary, the second one depends on the forcing term but not
on the initial state. This suggests that the analysis of the dynamical behavior of a
linear system can be carried out by investigating separately the effect of the initial
conditions (with zeroed forcing term) and the effect of the forcing term (with zeroed
initial state).’ |

Nonhomogeneous equations arise frequently in applications, both in classical
physics and in system theory. In any case, it is natural to presume that b(¢) represents
a signal generated by an exosystem, that is an external system connected to the main
plant by a cascade connection. Exosystems are often simple linear devices without
forcing terms. Hence it is reasonable to focus on forcing terms of the form

H
b(t) = Z P, (t)e’"

h=1

where each Py (¢) is a polynomial with vector coefficients and y;, € C. As illustrated
in the next section, in such cases the computation of the integral in (4.5) can be
avoided by virtue of the superposition principle and the use of some practical rules
which allows us to find a particular solution in a more direct way. These rules are
presented in the next section.

4.1.2 The Method of Undetermined Coefficients

We can limit ourselves to assume b(t) = P(r)e¥’, where P(¢) is a polynomial with
vector coefficients. We distinguish two cases.

Case 1: y is not an eigenvalue of A. Then, there exists a particular solution of (4.1)
with the following structure: *(t) = Q(¢)e¥" where Q is a polynomial with vector
coefficients and the same degree of P.

Case 2: y is an eigenvalue of A, with algebraic multiplicity 1 > 1. Then, there exists
a particular solution of (4.1) with the following structure: ¥*(t) = Q(t)e"" where Q

2This agrees with the conclusions of Chap. 1 (Sect. 1.3.5) provided that the forcing term is interpreted
as an input and taking into account Proposition 1.10.
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is a polynomial with vector coefficients, and deg Q = deg P + u: in this case, we
say that the system exhibits resonance.

In both cases, the coefficients of Q depend on A, y and the coefficients of P (z);
they can be determined by exploiting the identity V¥ (1) = AY*(1) 4+ P(t)eY, which
leads to a system of merely algebraic equations. This is the reason why this procedure
is called the method of undetermined coefficients. We emphasize that these rules hold
even if y is a complex number. By virtue of the formula

eiwt + e—iwt ) eiwt _ e—iwl
coswt = ——— sinwt = ————
2 2i
the method of undetermined coefficients can be therefore extended to forcing terms
of the form b(¢) = P;(t) coswt + P>(t) sinwt (P;(t) and P,(¢) being polynomials
with real vector coefficients).

Example 4.1 We are especially interested in the case where the forcing term is a
periodic function of the form

b(t) = (coswt)u + (sinwt)v 4.7)

where u, v € R" are constant vectors. This case occurs frequently in applications,
and it will be further developed later in this chapter, in different situations. Let us
apply the method of undetermined coefficients separately to the systems

iwt —iwt

(u—iv) and x = Ax +

e
C A
X x+2 >

(u+1iv).

Assuming for simplicity that resonance does not occur and taking into account
that the elements of A and u are real, we find respectively particular solutions of the
type

Pi(t) = e“'c and a(1) = e I¥IG

for some constant vector ¢ € C". According to the superposition principle, a partic-
ular solution of the system will be found of the form

w*(t) — eiwlc_i_e—iwla

This solution is actually real, since it is the sum of two conjugate terms. It can be
rewritten as
*(t) = (coswr)a + (sinwt)b (4.8)

for some vector constants a, b € R". |

Remark 4.2 1t is important to notice that (4.8) is a periodic solution, with the same
frequency as the forcing term (4.7). It should be also noticed that in (4.8) @ and b
may be both nonzero, even if in (4.7) one between u and v is zero. |
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Remark 4.3 Notice that in general it is not possible to preassign the initial state of the
particular solution obtained by the method of undetermined coefficients. In general,
we will have ¥*(fy) # 0, so that it does not coincide with the solution introduced
in Proposition 4.1. More precisely, let 1)*(¢) be a particular solution obtained by the
method of undetermined coefficients, and let for simplicity 7o = 0. We may rewrite
(4.3), as

x =" (xo — ¥*(0) + * () (4.9)

where x( stands for the desired initial state. The particular solution provided by the
method of variation of constants can be recovered as

Yo (1) = ¥ (1) — ey (0). (4.10)

4.2 Transient and Steady State

Throughout this section, we assume that I = [0, +00) and 7y = 0. In addition, we
assume that the matrix A in (4.1) possesses the Hurwitz property (Definition 3.1).

Using (2.14), we may give an asymptotic estimation of the solutions also for
nonhomogeneous systems of type (4.1).

Proposition 4.2 If A is a Hurwitz matrix and b(t) is bounded on the interval
[0, +00), then for each solution 1)(t) of (4.1) we have

Y@ < kollxolle™ + ki - by, >0,

where ko and ki are positive constants, o < 0, by = sup,_.q [|b(7)|l, and xo = ¥(0).

Proof The assumptions imply the existence of constants & < 0 and kg > 0 such that
for each ¢ and each 7 € [0, 7]

le"""Ab(r)|| < kollb(r)lle" ™.

Since the initial state x is assigned for fy = 0, we may use the version (4.6) of
the variation of constants formula. We have:

! bok,
@Il < kollxolle™ + boko f "D dr = ky||xol|e® — % [e“=7°],
0
bok
= kollxolle® + % [ —1].

Being o < 0, we have e < 1 fort > 0. Setting k; = %I’ the previous inequality

reduces to the desired one. |
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Proposition 4.2 implies in particular that if the matrix A is Hurwitz and the forcing
term is bounded, then every solution is bounded on [0, +00). We want to focus on
the following two particular cases:

(1) the forcing term b(t) is constant;
(2) the forcing term b(t) is a periodic function of the form (4.7).

Note that in force of the Hurwitz property, resonance does not occur neither in
case (1) nor in case (2). As a consequence, the system admits a unique constant
solution in case (1) and, respectively, a unique periodic solution® in case (2). One
such solution *(¢) can be used in (4.9), in order to represent a generic solution.
Recalling again that A is Hurwitz and using (2.14) with o < 0, we have that

lim ¢c=0
t——4+00

for each ¢ € R". This means that in (4.9), for sufficiently large ¢, the term e’ (xo —
1*(0)) can be neglected and the evolution of the system “becomes independent”
of the initial state x,. It is approximately constant or periodic, and it is essentially
determined by the forcing term. It is customary to distinguish two stages in the
time evolution of the system. The first stage, where the evolution is appreciably
affected by the initial state x, is called the transient. The subsequent stage, where
the effect of the initial state is no more perceptible, is called the steady state. Of course,
the distinction between the transient and the steady state is not rigorous, since the
term e'4(xo — 1*(0)) in (4.9) will never be exactly equal to zero. Distinguishing
the two stages depends on the admitted error margins and on the precision of the
measurements, but it is very impressive and convenient, at least from the heuristic
point of view.

Remark 4.4 The steady state solution is be more correctly thought of as a “limit”
solution, asymptotically approached by all the solutions of system (4.1). As already
noticed, such a limit solution does not necessarily vanish for ¢t = 0, and so it does
not coincide, in general, with the particular solution appearing in the variation of
constants formula (4.6). Indeed, as we can understand from (4.10), further terms
vanishing when ¢ — 400, could be hidden in the particular solution appearing in
(4.6). These terms compensate for the gap between the assigned initial state and the
initial state of the steady state solution. The steady state solution is found in a natural
way when the method of undetermined coefficients is adopted. ]

Example 4.2 Consider the system represented by the scalar differential equation
X=—-x+2 4.11)

with the initial condition x(0) = 1. The general integral of the associated homoge-
neous system is x = e ‘c, with ¢ an arbitrary constant. A solution of the

30n the other hand, it is easy to check that there exists a constant or periodic solution only if the
forcing term is, respectively, constant or periodic.
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Fig. 4.1 The curve in bold represents the graph of the solution of (4.11) such that x(0) = 1; the
curve marked by A represents the graph of the solution of the associated homogeneous equation with
the same initial condition x (0) = 1; the curve marked by R represents the graph of the steady state
solution; the curve marked by N represents the graph of the solution of (4.11) such that x(0) = 0

nonhomogeneous equation (4.11) can be found by applying Proposition 4.1: we
obtain x = 2[0[ e "N dr =2 —2¢7!. Since it vanishes for t =0, we set ¢ =
x(0) = 1. According to (4.6), the required solution writes

x=e ' —2e"+2. 4.12)
Alternatively, we can use the method of undetermined coefficients. In this way

we find directly the steady state solution x = 2. The general integral of (4.11) takes
therefore the form

x=e'c+2
and imposing the condition x(0) = 1, now we find ¢ = —1. Of course, the two
approaches lead to the same result. The graphs of the various components of the sum
(4.12) are shown in Fig. 4.1. [ |

4.3 The Nonhomogeneous Scalar Equation of Order n

By the same procedure illustrated in Sect. 2.10, the nonhomogeneous scalar equation
of order n (with constant coefficients)

y(ﬂ) + aly(”*l) 4+ 4 an—ly, +a,y = g([) 4.13)
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can be rewritten as a system of the form (4.1) with a matrix A in companion form,

and
0

b(t) =
g(®)

Thus, (4.13) can be considered a particular case of (4.1), the function g(¢) playing
the role of the forcing term. It follows that for each function g(-) € PC(I, R) and for
each set of initial conditions

y(to) = yo, Y (to) = 1, ..., Y V(to) = yur (4.14)

(to € I) there is a unique solution defined for ¢+ € I. We emphasize that by this
procedure, we are led to identify the state of the system with the vector whose
components are (y, y', ..., y" D).

In order to determine the solutions of (4.13), the methods described in the previ-
ous sections can be applied. However, if g(¢) = p(¢)e" where y € C and p(¢) is a
polynomial with real or complex coefficients, it is more convenient to work directly
with (4.13). Indeed, we can write the general integral as

V() = c1y1(t) + -+ 4+ cayn(t) + XF(@) 4.15)

where y;(t), ..., y,(¢) are linearly independent solutions of the associated homoge-
neous (or unforced) equation

y(ﬂ) + aly("*l) 4+ .o+ anily, —+ a,y = O’ (416)

ci,...,C, are arbitrary constants, and x*(¢) is a particular solution of (4.13). Now,
the method of undetermined coefficients gives rise to the following simplified rules:
a particular solution x*(¢) can be sought of the form

1. x*(t) = q(t)e¥" provided that y is not a characteristic root of (4.16);
2. x*(r) = t'q(r)e"" provided that y is a characteristic root of (4.16) with algebraic
multiplicity o (case of resonance).

In both cases, g(¢) represents a polynomial of the same degree as p(z). Recall
that the solution x*(#) obtained by the method of undetermined coefficients does not
coincide, in general, with the solution of (4.13) vanishing at t = 1.

Remark 4.5 1If all the characteristic roots have strictly negative real part, then all the
solutions of the associated homogeneous system (4.16) (and all their derivatives)
go to zero when t — +-00. Hence, if the forcing term ¢(¢) is constant or periodic,
the particular solution x*(¢) can be interpreted, also in this case, as the steady state
solution. |
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Fig. 4.2 Examples 4.3 and 4.4: steady state solution and transient

Example 4.3 The linear equation of order 2 in general form
y'+ay + by = g() 4.17)

constitutes a model for a large variety of physical problems, and it is appropriate to
illustrate the transient and the steady state phenomena. To this end, we assume that
the characteristic polynomial of the associated homogeneous equation has a pair of
complex conjugate roots o =13 with &« = —a/2 < 0 and 3 # 0 (which necessarily
yields b # 0).

If the forcing term is constant, say g(¢#) = go, the unique constant solution is
X*() = go/b. Its graph is drawn in Fig. 4.2 (left), for the case a =1, b =6,
go = 3. The figure shows also the graph of a solution corresponding to different
initial conditions. The transient stage can be recognized in the interval where the two
graphs can be clearly distinguished. ]

Example 4.4 Considered again the general second order equation (4.17) under the
same assumptions about the coefficients a, b, but now with a periodic forcing term

g(t) = pycoswt + prsinwt, pi1, p2 € R.
By the same procedure of Example 4.1, we can find a particular solution of the
form

X*(t) = g coswt + gy sinwt, q1,92 €R (4.18)

which can be recognized as the steady state solution. The general integral can be
written as

y(t) = (c1 cos Bt + ¢ sin Bt)e™ + g1 cos wt + g, sin wt. (4.19)
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The transient will be shorter and shorter, as the absolute value of o becomes larger
and larger.
The coefficients ¢g; and ¢, in (4.18) depend on p;, p» and w (as well as on a and
b) and can be computed by direct substitution.* Sometimes, it may be convenient to
rewrite (4.18) as
x*(t) = pcos(wt + 0) (4.20)

where g = pcos 6, g; = psin 6. The quantities p and 6 represent the amplitude and,
respectively, the phase of the periodic function at hand (compare with Example 2.2).
Also the forcing term can be rewritten in a similar way. Note that the initial conditions
contribute to determine the values of ¢; and c¢; in (4.19), but not the values of g1, ¢»
(equivalently, p, ) characterizing the shape of (4.18).

Consistently with Remark 4.2, we see that the frequency of the steady state solution
isunchanged, when compared with the frequency of the forcing term. On the contrary,
while the signal goes through the system, the phase and the amplitude may undergo
a variation.

A simulation is presented in Fig. 4.2 (right), for the casea = 1,b = 6, gy = sint.
The periodic steady state solution is x*(¢#) = (—cost + 5sint)/26. |

Example 4.5 Let us consider again the Eq. (4.17), with the same forcing term but
now with a = 0. If w?> = b then i w is a solution of the characteristic equation. The
system resonates. The form of the general integral is

x* () = (c1 + tq1) coswt + (¢3 + tgp) sinwt. 4.21)
The constants g, g, characterizing the particular solution can be easily determined

by direct substitution. The solutions exhibit an oscillatory behavior, and the amplitude
of the oscillations goes to 400 when t — oc. ]

4.4 The Laplace Transform Method

In this section we discuss a different approach to the problem of determining the
solutions of (4.13), based on the Laplace transform (see Appendix B for notation
and properties of the Laplace transform).

4.4.1 Transfer Function

Let us assume that the forcing term g(-) is defined for r > 0, and that it belongs to
the set of subexponential functions of class PC([0, +00), R™). According to what

4Recall that p; = 0 (i = 1, 2) does not imply in general g; = 0.
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exposed in the previous sections, we know that the solution y(#) is defined for ¢ > 0,
and that it is a subexponential function, as well. This justifies the use of the Laplace
transform.

Let us apply the Laplace transform to both side of (4.13). Recalling (4.14) and
(B.10), from

LIy" +ay” P+ + a1y +anyl = LIg(1)]
we have

" +as" N Fa)Y(s)

—{s" v+ 5"y A" Ty
+[s" v+ "y + ] @
+[s"Pyo+ -+ yums]a

+yoan-1} = G(s).
We recognize that s” 4+ a;s"~! + - - + a, is nothing else but the characteristic

polynomial p.,(s) of the homogeneous equation (4.16) associated to (4.13). Thus
we can write

Pen($)Y (s) — Po(s) = G(s) (4.22)
where
Po(s) = Aps" "+ Ais" 24+ + Apy (4.23)
with
Ao=y0, Ai=y1+a1yo,---, Ap1 =Yn1+ @1 Y2+ -+ an1Yo.

‘We remark that:

(1) pen(s) is independent of both the forcing term and the initial conditions;
(ii) deg Po(s) < deg pen(s);
(iii) Py(s) vanishes if and only if yg = --- = y,_; = 0.

From (4.22) we obtain formally

Py(s) = G(s)
pch(s) Pch(S).

Y(s) = 4.24)

Formula (4.24) is well defined provided that s is not a solution of the characteristic
equation p.,(s) = 0. Since the characteristic equation has finitely many solutions,
there exists a real number o such that (4.24) holds in the half plane {s € C: Re s >
g0 } .
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Formula (4.24) provides in a purely algebraic way the Laplace transform of the
solution y(#) corresponding to the given initial conditions. Therefore, the solution
y(t) can be now determined for # > 0 by applying the inverse of the Laplace transform
L~ It is convenient to set

Poy(s)

=L! [
sa(t) pch(s)

i| and (1) =L7! [&]

Pch (S )

so that y(1) = ¢(¢) + x(¢). The following remarks point out the analogy between
the structures of (4.24) and of (4.15).

Remark 4.6 The first summand of (4.24) contains the information about the initial
conditions: it coincides with the solution of the homogeneous equation (4.16) associ-
ated to (4.13), with the same initial conditions. This term is a proper rational function:
once it has been decomposed as a sum of partial fractions, we may easily go back to
(1) by means of the table of inverse Laplace transforms.

Of course, in this way we recover the well known conclusions about the structure
of the form of the general integral of a linear homogeneous differential equation.
Indeed, the inverse transform of the rational function Py(s)/p.x(s) is given by the
sum of functions of the form Q (¢)e®™ cos 3t and Q,(t)e® sin Bt where Q(¢), Q»(t)
are polynomials of degree less than n, whose coefficients depend on the initial con-
ditions. ]

Remark 4.7 The second summand of (4.24) depends on the forcing term. It coin-
cides with the solution obtained solving (4.13) with zero initial state (instead of
the conditions (4.14)). It is written as a product H(s)G(s), where the function
H(s) = 1/pcn(s) (defined on the half plane {s € C : Res > o0y}) is called the trans-
fer function. Let h(t) be the function which coincides with the inverse Laplace
transform of H(s) for ¢+ > 0, and vanishes for ¢+ < 0. Then the solution of (4.13)
corresponding to the initial conditions yp = --- = y,—; = 0 can be represented by
the formula

x(@) = / h(t —T)g(t)dr per t >0 (4.25)
0

(recall (B.12)). In particular, if we interpret g(¢) as an input and we agree that it
vanishes for r < 0, then /() can be reviewed as the impulse response function of
the system defined by (4.13).

Formula (4.25) can be considered as an extension of the variation of constants
formula to the differential equation (4.13). |

Example 4.6 We want to find the solution of the system defined by the linear differ-
ential equation of second order

Y 43y +2y=1 (4.26)
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with initial conditions y(0) = 1, y'(0) = 0. We apply to both sides of (4.26) the
operator L. We have

L[Y']+3L[Y]+ 2L ==y O +sL[Y]+3L[y]+2L1y]
= —y'(0) + (s + 3)(sY(s) — y(0)) + 2Y(s)

= (2435 4+2)Y(s) — y(0)(s + 3) — y'(0)
1

N

The Laplace transform of the forcing term requires the restriction Re s > 0. In
this region of the complex plane there is no solutions of the characteristic equation

s?+3s+2=0
which are both real and negative. So we obtain

s+3 1 243541
2435+2  s(s24+35+2)  sG+2DG+1)

_i(ron 2
T 2\s s+2 s+1/)°

By applying the inverse transform £~!, we easily get

Y(s) =

y(t) == (1—e +2¢7)

N =

fort > 0. Werecognize in this last expression the sum of a particular solution of (4.26)
and a particular solution of the associated homogeneous equation. The computations
above deserve some comments. In particular, we remark that Y (s) was obtained as
the sum of two terms: then we passed to a single rational expression and finally we
performed the partial fraction decomposition. This approach is the most natural and
convenient for practical purposes. However, we may also rearrange the computation
in a different way. Consistently with the previous analysis (Remarks 4.6 and 4.7), we
now maintain separate the term carrying the information about the initial conditions
and the term carrying the information about the forcing term. We have

Ys) 1 n 2 +1 1+ 1 2
S)=|—-——— —| - -
s+2 s+1 2\s s4+2 s+1

which yields

y(t) = (—6_2’ + Ze_’) + |:
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Now it is easier to interpret the structure of y(¢). The first summand represents the
solution corresponding to the zero input (that is, the solution of the associated homo-
geneous equation) and the same initial conditions. Since the roots of the characteristic
polynomial are negative, this part affects only the transient.

The second summand represents the solution corresponding to zero initial condi-
tions. In turn, it is formed by a constant term (the steady state solution) plus other
terms whose effect can be appreciated only in the transient. As already mentioned,
the presence of these terms is due to the need of compensating the difference between
the initial data of the actual solution and the steady state solution.

When the forcing term is not constant, the problem of the factorization of a
polynomial of higher degree arises, For instance, if we take an input signal g(¢) =
sin ¢, we have:

s+3 1
Y(s) = + 5
s+ +D  G+2E+DE2+1D
P43 4s+4 1 -2 25 1-3
TG+ +DE2+D T 10\s+2  s+1 0 241

and so

1
y(t) = M (—12¢7% 4 25¢™" +sint — 3cost).

4.4.2 Frequency Response Analysis

In this section we present some further developments about the study of a linear
differential equation (4.13), with a periodic forcing term of the form

g(t) = pjpcoswt + p; sinwt 4.27)

under the assumption that all the solutions of the characteristic equation p.,(s) = 0
have strictly negative real part. As well known, under these conditions the steady
state solution is periodic, with the same frequency as the forcing term (4.27). One of
the classical problems at the origin of system theory is the analysis of the solution
(response) corresponding to a periodic forcing term (input) of this form.

The problem has been already studied in the case where the order of the equation is
n = 2 (Example 4.4), as an application of the method of undetermined coefficients.
For the general case, the method illustrated in this section, based on the Laplace
transform, provides a very efficient tool which allows us to obtain further information,
and in particular to determine the parameters of the system and of the forcing term in
such a way that the solutions have preassigned amplitude and phase. This approach
is the so-called frequency response analysis. Taking into account (4.27), we may
rewrite (4.24) as
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Po(s) 1 pis+ pw
pch(s) pch(s) 52+w2

Y(s) =

Since the solutions of the characteristic equation p.,(s) = 0 lies in the negative
complex half-plane, we have p.;(iw) # 0; hence 52 + w? is not a divisor of pe;, (s).
We can rewrite the right-hand side as

Py(s) P(s)  qis+q2
Y(s) = 2 2
Pen(s)  pen(s)  s*+w

where P(s) is a polynomial, and ¢, ¢, are constants such that
P(5)s* + q1 pen(5)s + P()w” + q2pen(s) = pis + pow . (4.28)

We already know (see Remark 4.6) that the inverse transform of the rational
function Py(s)/pen(s) is the sum of functions of the form Q;(¢)e® cos Bt and
0, (t)e™ sin 5t where Q(t), Q,(¢t) are polynomials of degree less than n. Our
hypothesis that all the characteristic roots have negative real part implies that these
terms go to zero when r — +o00. Formula (4.28) shows in particular that deg P <
deg p.,. Thus, the same reasoning can be repeated about the term P(s)/pcn(s),
as well. We finally conclude that the contributions of the terms Py(s)/p.n(s) and
P(s)/pen(s) can be ultimately neglected, and the steady state response depends
essentially on the third summand (g;s + ¢2)/(s*> + w?), whose inverse transform is

L} [ql;——i_qz} = gj coswt + ke sin wt = k sin(wt + 0)
s 4+ w? w

being g; = ksin 6 and ¢, = kw cos 6. Recall that the term Py(s)/pcr(s) represents
the solution of the unforced system with the same initial conditions of the given
system. The term P(s)/p.y(s) compensates the difference between the assigned
initial conditions and the (in general, different) initial conditions of the steady state
solution (compare these comments with those in Remark 4.4).

Finally, we show how to compute ¢; and ¢,, and hence k and 6. Replacing s = i w,
from (4.28) we find "

Pen(iw)

@ +iqw = (p2 +1ip1),

which yields g> = Re [=4—(p> +i pn)]and g1 = Im [,—— (p2 + i p1)]. Alterna-

tively, we can compute p; and p; as functions of some desired values of ¢; and g5.

Chapter Summary

This chapter constitutes a different development of Chap. 2. We consider the prob-
lem of representing the solutions of nonhomogeneous (i.e., with forcing term) sys-
tems of linear differential equations. We present the variation of constants formula
and the method of undetermined coefficients. Moreover, we illustrate the qualitative
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notions of transient and steady state solution. Finally we present the Laplace trans-
form method and, as an application, we discuss the frequency response analysis of a
system under periodic input.
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