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Introduction

NBOARD digital flight control systems usually require a

fast and memory-efficient computation of the real-time
response of linear systems. Typical examples are discrete
filters and state estimators, digital control laws, predictive
computations, and so on. Frequently, the computation of the
state transition matrix is required in obtaining the real-time
system response. Since the computational power of onboard
systems is limited, techniques requiring minimal computation
time and Central Processing Unit (CPU) storage space are
essential. ‘

Reference 1 discusses 19 different methods for computing
the state transition matrix. The closed-form solutions,2*
though exact, have the disadvantage that the eigenvalues and
eigenvectors of the system matrix have to be computed first.
Methods based on numerical integration of ordinary dif-
ferential equations are inefficient because they do not take
advantage of the linear, time-invariant nature of the problem.
The polynomial methods® have the disadvantage that the
characteristic polynomial must be known and are also
relatively inefficient for low-order systems. Methods based on
truncated Taylor series®® or Pade approximations® have the
distinct advantage that no a priori knowledge of the eigen-
values is required. The Taylor series method is simple to
implement and therefore, for relatively low-order systems,
very suitable for onboard computers.

Integrals of the state transition matrix can also be com-
puted by a series expansion method, but the result may
become highly inaccurate for large transition intervals. An
effective technique is to subdivide the interval into sufficiently
small segments and then apply an iterative scheme of repeated
squaring. '0-12

In contrast to the sophisticated and universal schemes
mentioned above, the technique in this paper applies to
specific systems of relatively low order which have one or
more poles at the origin (e.g., the lateral dynamics of an
aircraft), or to systems where the input is a polynomial
function of the time ¢. These systems require integration of
either the input or the output signals. Usually, these in-
tegrations are included in the system model, thus raising the
system order. Since transition matrix computations by series
methods are based on matrix multiplications and additions,
the number of arithmetic operations increases approximately
with the third power of the system order. In the technique
applied in this paper, the integrations are not included in the
system, instead, integrals of the state transition matrix are
used in computing the required integrated signals. Since the
system is of reduced order, considerable computational effort
is saved.

Technique Description
Given the linear time-invariant system

X (1) =Apxo(£) +Bou(r) 1)
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where x, is the m-dimensional state vector, u the n-
dimensional vector of control inputs, and A, and B, the
system and input matrices of dimension (mxm) and
(mxn), respectively. Three additional state vectors are
defined, each of dimension m, the first, second, and third
integrals of x,. An augmented system of order 4m is defined
as
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which may be written more compactly as
x(t) =Ax(t) +Bu(r) 3)
The system response at =1, + 7 is given by

x(fo+T)=e’”x(to)+S;eA’Bu(t0+a)da )

Assuming u (o +0) =u(t,) over the interval 0< o<, Eq. (4)
can be written as

x(ty+71)=b(7)x(ty) +T(7)Bu(ty) )

where ¢(7) is the state transition matrix and I'(7) the first
integral of ¢(7). The matrices ¢(7) and I'(r) can be ap-
proximated by the following series expansions:
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Making use of the system matrix 4 of Eq. (2) in Eqgs. (6) and
(7) yields:
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where ¢,(7) is the state transition matrix of A, at 7, and
Lo (7), Ap(7), Ey(7), and Q, (7) are the first, second, third,
and fourth integrals of ¢,, respectively, which are given by
the following series expansions:
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Using Egs. (8) and (9) in Eq. (5) yields the states x;, x,, and x;
att=t,+7:

X (to+7)=Tp(1)xo(8) + Ap () Bu(ty) +x, (1)) (15)
Xy (to+7) =7y (1) x5 (19) + Zy (1) Bu(ty)
+7x, (4) +x,(£p) (16)

X3 (tg+7)=Es(1)X,(tp) + Qo (7)Bu(ty)

2
+2’x1(t0)+rx2(10)+x3(10) (17)

Equations (15-17) show that the integrals of the state x,, can be
computed without raising the dimension of the system. In the
following section an efficient scheme for the computation of
the state transition matrix and the integral matrices is
presented.

Computation of the State Transition
and Integral Matrices

The scheme starts with the computation of the highest
integral matrix which is required; that is, the matrix =Z 0(7') by
means of the series expansion of Eq. (13). The expansion is
continued until the norm of the nth term is sufficiently small.
The state transition matrix and the integral matrices are
computed by using the following expressions, which are
derived from Eqs. (10-13):

7.2
Ao(r)=A050(7)+17 18)

Lo(r) =AgAg(7) + 17 19)

Do (1) =ATo (1) +1 (20)
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Computational accuracy and convergence properties
depend on the value of 7 relative to the shortest time constant
of the system. Computational difficulties may arise when 7 is
considerably larger than the shortest time constant. This
might result either in very slow convergence, or in large ac-
cumulative errors, due to the fact that the terms in the series
may grow very large before they decay. In computing the state
transition matrix, this problem is commonly solved by
subdividing the interval 7 into N sufficiently small subin-
tervals A7, according to A7=7/N, and then using the relation

0 (1) £ 6y (NAT) = { by (A7) }¥ @1)

This relation, however, is not valid for the integrals of ¢,, and
the correct expressions are derived hereafter.

Consider the system of Eq. (2) for which the augmented
system matrix ¢(7) is given by Eq. (8). The first column of
partition of ¢ (7) contains the required state transition matrix
and integral matrices. The relation given in Eq. (21) is applied
to the augmented state transition matrix of Eq. (8); thus
¢(Ar) is raised to the power N by (N-1) repeated
multiplications. The nth multiplication yields the transition
matrix at (zn+ 1)Ar, from which the first partition column
contains the following expressions:

o4t =ohoh 22)
Lo+ =TG4y +T% (23)
A = Afoh+niTh+ A 24)
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where the superscripts I, n, and n+ I denote the values of the
matrices at Ar, nAr,and (n+ 1)Ar, respectively; for example,
¢} =¢,(nAr), and so on.

The algorithm starts with computing &}, A}, T4, and ¢} by
means of Egs. (13) and (18-20). Substitution of these matrices
into Eqgs. (22-23) yields the value of the matrices at 2A7. The
substitution is repeated until n=N— 1, which yields the values
of the matrices at 7=NA7. The recursive form of Egs. (22-25)
is easily translated into simple computer software.

The abovementioned technique was successfully used in
computing the predicted lateral response of a DC-8 aircraft.!?
In order to compute the lateral displacement of the vehicle,
two integrations were required, in addition to the basic
fourth-order system. The matrices ¢4, 'y, Ay, and E, were
computed for 7=6 s, by subdivision into six intervals of 1 s
each. The expansion of &, was continued until the 27th term,
for which the norm was less than 1073%, The computations
were performed in floating point arithmetic at 32-bit precision
and required 7,824 arithmetic operations (multiplication or
addition). For comparison, the computations were performed
for an augmented system of order six, in which the two in-
tegrations were included. In order to reach the same accuracy
in the results, this scheme required 15,012 arithmetic
operations, which is about twice as many as with the proposed
method.

Computational Examples

Exagnple 1: Consider the system of Eq. (1) with
Xo (1) =[x, (2),x,(2) 17, u(t) =uy (1), and

[ -05 -1
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where the superscript ¢ indicates the transpose. Two ad-
ditional states are defined, the first and second integrals of x,
according to X;(f) =x,(¢) and x,(¢)=x;(¢t). Given the
initial conditions x(0)= [0, 1, 0, 0]* with u,(¢) being a unit
step function [u,(#) =0 for t=<0; u,(t)=1 for t>0] the
value of x, is required at t=2s.

The state transition matrix and the integral matrices
computed according to Egs. (13) and (18-20) at t=2 s are:

—0.585

~0.363
$9(2) = (27a)
0.585 —0.071 |

[ 0.585 —1.071

(2= (27b)
| 1071 1.120 |

, [ 1.071 —0.880

Ap(2)= (270)
| 0.880 1.510 |
[ 0.880 —0.489

Eo(2)= (274d)
| 0.480  1.124 |

Then according to Eq. (16) the value of x,(2) is givey by
x4(2)=1[0.8801.510]1[0 1]*

+[0.4891.124}[2 2]'-1=4.738 (28)

Example 2: For the system of the first example the value of
state x; is required at t=2 s, while the input u(z) =u, (¢)
is -a polynomial function of ¢ according to u,(¢)=(c,
+cyt+c3t2/,) uy(t), where u, (¢) is a unit step function. The
initial conditions are set to zero, i.e., x,(0) = [0,0]‘. In order
to include the first and second powers of ¢ in the system, an
augmented state equation is defined according to

EAGHE | 171 x,(0)
! A, ! By B, (0]
X2 (1) _ E x;(t)

- T
X3 (1) o :' 0 0 x; (1)
IR0 2 R o || x|
¢;By
L ug (1)
1
0

29

Expanding the system matrix of Eq. (29) with Egs. (6) and (7)
and applying Eq. (5) yields the solution for x(¢), from which
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the first row is given by
X (tg+7)=10W,; {99 (1) X0 (2p} + [Ty (7)c,
+Ag(r)c+Ep ()3 1Bou(ty) ) (30)

With ¢,=0, 7=25,x,=[00]/, and ¢; =1, ¢; =2, and ¢; =3,
x,(2) becomes

x;(2)=1{[0.585 —1.07111+ [1.071 —0.880]2

+[0.880 —0.489]3}[2 2] -1=2.133 G

Conclusions

The method proves efficient and sufficiently accurate for
low-order systems with one or more poles at the origin. The
simplicity of the method makes it very suitable for im-
plementation in onboard computers. For higher-order
systems (i.e., above order 10), the advantage of the method
will be marginal, and efficiency and accuracy, in particular
for systems with large differences in time constants, is not yet
known.
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