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The objective of this paper is to develop a new and more accurate local linearization algorithm for numerically
solving sets of linear time-varying differential equations. Of special interest is the application of this algorithm to
the quaternion rate equations. The results are compared, both analytically and experimentally, with previous
results using local linearization methods. The new algorithm requires approximately one-third more calculations
per step than the previously developed local linearization algoi‘ithm; however, this disadvantage could be
reduced by using parallel implementation. For some cases the new algorithm yields significant improvement in
accuracy, even with an enlarged sampling interval. The reverse is true in other cases: The errors depend on the
values of angular velocity, angular acceleration, and integration step size. One important result is that for the
worst case the new algorithm can guarantee eigenvalues nearer the region of stability than can the previously

developed algorithm.

Introduction

UE to the extensive use of digital computers in the past

decade, people have developed many integration
algorithms. These range from the Euler method, which is very
simple but less accurate, to the Runge-Kutta method, which is
very accurate but time consuming.!? In real-time digital
simulation, we desire a numerical algorithm that is both
accurate and fast.>* Unfortunately, it is a general rule that
there is a tradeoff between speed and accuracy; that is, a more
accurate method would be more time consuming.

The second-order Adams-Bashforth method (AB-2) is an
algorithm which has been used to solve the quaternion rate
equations that are widely used for determining the orientation
of missiles and aircraft in real-time, both in actual flight and
in simulation problems.!* Here the use of more computation
permits the use of simpler instrumentation. The AB-2 method
is accurate enough for moderate angular velocity, but with the
advent of high-performance aircraft we encounter high
angular velocities which make the AB-2 method less accurate.
To improve this situation, a more accurate integration
algorithm based on local linearization (I.LL) was developed.!
Based on this same reasoning, we have developed a new
algorithm (NLL) which is an extension of the LL algorithm as
an attempt to provide further improvement. In this paper, the
NLL algorithm is compared with the LL algorithm both
analytically and experimentally. The comparison includes
both stability analysis and error analysis. In one of the
examples simulated, the NLL algorithm has the more accurate
behavior, while in another example the LL algorithm is better.
In general, however, the NLL algorithm is expected to
provide the better performance because of its superior
stability properties.

AN

Development of the NLL
The quaternion equations can be written in matrix form,

X(ty=A(HX()
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where
0 ~r() —q@) ~-p(r)
1) 0 —p@) q()
A(t)y == a
2 lgty p(y 0  —r@)
p) —q(t) r() 0

and with p, ¢, and r, being pitch, roll, and yaw rates,
respectively.
One might expect the solution of Eq. (1) to be of the form

X(t) =exp($:a A(t)dt)X(to)

where
éA'=I+At+A2t2/21, t...

but, in general, this is not true.

The most general solution of Eq. (1) is
X()=®(5,1y) X (), where ®(4,1,) is the solution of
db(1,1))=A(t)®(1,t,) and @(to,to)—I” Unfortunately,
even for a very simple time- varymg system, it is dxfflcult to
determine ®(z,,) analytically.”

For the NLL algorithm, we first expand A (¢) about ¢,

AW =AW +A) (1=1,)

Letting A (¢,) =A, and A (¢,) =A,, we have
X()y=A,X(t) + A, (1=1) X (1) : (2)
Although A,, A, are now constants, it is still difficult to

find a closed-form analytic solution of Eq. (2) due to the
tX(t) term in the second part of the right side. One has to

. make a further approximation in this term. Let .

X(1) =X(1) +X(8;) (1=1;) 3

Letting X (¢,) =X, and X (f,) =X,, and substituting Eq.
(3) into the second part of the right side of Eq. (2), we get

X() =AX() +A X, (t—t)+A X, (t—1t,)2 ()
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The first. term in the right side of Eq. (2) has been left exact
since it presents no complication.
Because X, = A, X, we can rewrite Eq. (4) as

X=X +AX (t—1) + A A X, (1—1)2  (5)
Comparing with the LL algorithm,

X()=A X)) +A X (t—1,) (6)
we find that the NLL algorithm has an extra term,
AA X, (t=1,)2.

The solution of Eq. (5) is
Xy =X, + A, —2[ekT~1- A, T1A X,
2477 [eMT ~T— A, T-AIT2 214, A X, (D)
where | ‘
T=ty =t
Equation (7) is the NLL algorithm.
If A(¢) is constant, A,=0, Eq. (7) becomes
Xy, =e%TX,, which corresponds to a time-invariant

system,

Simulation

We have used the following two sets of data for testing the
NLL and LL algorithm, respectively:
Data set 1 )

=10sin0.5¢
=2 sint
=q

T

Data set 2

=5 sin0.25¢
=0.25cos 12¢
=0.25 sin 12¢

TQT

Because we did not have angular acceleration data as a
direct input, we used the following strategies: For K=0 we
used (A, —A,)/T to approximate A,, and for K= 1 we used
(A, —Ag_;)/2T to approximate A,. Note that our solution
is for time k + 1; therefore, A, , is available to use in forming
A,

One may wonder why the angular velocities are not dif-
ferentiated electronically to obtain the acceleration signals.
Certainly this is possible, however, the signals obtained would
generally be quite noisy. For this reason the finite differencing
operation is proposed.

If w, =0, it means that no rotation occurs; we omit the
calculation and X, . ; will be equal to X.

The calculations required by the two algorithms were
evaluated with respect to computation time. It was assumed
that addition requires T seconds, multiplication 27 seconds,
square roots 47T seconds, and trigonometric functions 107
seconds. Some economy ‘was achieved through noting the
appearance of certain terms several times in both the
algorithms. With the above assumptions, it was found that
computing X, ; given 4,,, and X, required 1547 seconds
using the LL algorithm and 2037 seconds using the NLL
algorithm, or approximately one third more time using the
NLL algorithm. Some of this increase could be eliminated
through the use of parallel operations.

The figures compare the accuracy of the simulations in
terms of deviation from the ‘‘ideal’’ solution (the one ob-
tained using fourth-order Runge-Kutta with a very small
integration interval).
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In Figs. 1 and 2, we use approximately three cycles of

" output data to calculate the mean-square errors (MSE). In

Figs. 3 and 4, we illustrate how the mean-square error varied
with simulation time. It is obvious that for data set 1 the NLL
algorithm yields a better result than the LL algorithm, but for
data set 2 the situation is reversed. We will discuss these in the
section on stability and error analysis. These calculations were
performed at the University of Virginia on a Cyber 170 series
computer.

Stability and Error Analysis

The eigenvalues of the system [Eq. (1)] which has the
quaternion matrix as its system matrix are purely imaginary
with multiplicity two, that is, £ (w/2)i, + (w/2)i where
w? =p? + @2 +r?. One difficulty is that all classical explicit

" methods which are suitable for real-time simulation have

stability boundaries that do not include the imaginary axis
except at the origin.! Therefore, any truncation or roundoff
errors* introduced in the solution process will, in general, not
die out and the integral curve can diverge.

The NLL algorithm can be written as

Xev1 =M, X, ®

Mean Square Error

| 1
G.03 0.045 .06

Fig. 1 Relations between MSE and step size for LL and NLL
algorithm, data set 1.
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Fig. 2 Relations between MSE and simulation time for LL and NLL
algorithm, data set 2.
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Mean Square Error
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Fig. 3 Relations between MSE and different step size for LL and
NLL algorithm for different step size.
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Fig. 4 Relations between MSE and simulation time for LL and NLL
algorithm for different step size.

where
1 0 0 0 0 -G -J -K
0 1 0 . 0 G 0 -K J
M,=H + &)
0. 0 1 0 J K 0 G
0 0 0 1 K -J -G 0

with
H =CIl+(C4+C5)S81
G =4%(C2r,+C3r,)+ (C5—-C4)S2+ C6S5
J =1 (C2q,+C3G,) + (C5—-C4)S3+ C6S6
K =Vz(CZpk+C31}k)+(C5—C4)S4+C657V
where
Cl =coslsW, T
C2 =2/W)sinaw, T

C3 =(4/Wi)(U—cos¥s W, T)
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C4 =(4/W) T2/ W,)sinks W, T]
C5 =2C4
C6 = (4/W}) [T? — (8/W}) (I —cos Vs W, T))
SI =Y (r e+ a4, +pube)
82 =Y (Prqi —qiDr)
83 =Y (riby—pily)
84 =Yi(q,r, —reqy)
55 =% [P (pE+ai—ri) —2rqiGe — 2rpiby )
86 =%14, (P} —qi+ri) =2 DyBi — 29,7 ]
S7 =%wk(—pi+‘1i+"i)“2Pka‘?k‘2Pk’kfk] v
The eigenvalues of the matrix M, are ‘
£, =8, =H+ir £, =t,=H-ir 10$)

where r=vG? +J? + K2,
The magnitude of £; (j=1,...,4) is given as

|£j|£=1+ [(Y/Z)P(Z)+(Y/Z)?Q(Z)],
+(T?W3/4)R?(Z) — T* W, (sinZ) R(Z) (115,
where
Y=W,T? Z=W,T/2
P(Z)=sinZ/Z—-cosZ—2¢cosZ(l—sinZ/Z)
Q(Z)=(5/42?) (1 —cosZ)?
+(9/4) (1 —sinZ/Z)? — 42 (I —cosZ)
R(Z)=1-2(1—co0sZ)/Z?
Because the eigenvalués of A(t) arevdn the imaginary axis,
a good discrete time algorithm would necessarily have root
locations on the unit circle, i.e., 1£§;1Z=1. The error in I¢ 12
is defined as
Error, =(Y/Z)P(Z) + (Y/Z)?Q(Z),
+(T*W3i/4)R*(Z) — T2 W, (sinZ)R(Z) 12)
For W, #0and W, =0,

limit error, =0
=0

that is, the method is consistent.
For sufﬁciently small T,

g,12=1+W3T*/16+0(T?) a3
The corresponding result for LL! is
1§13 =1+ WiT*/16+ W, W, T° /6 +0(T°) (149

The implications of these equations will be discussed later.
Let us now turn our attention to Eq. (8). ‘

For any rotation step from k to k+ 1, there exists a tran-
sition matrix M which exactly represents the rotation step.
This is true regardless of whether the step is infinitesimal or
finite. In fact, the true M is the matrix equivalent of the
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quaternion associated with the rotation. One source of error
in both the LL and NLL algorithms is that, for a finite
rotation, the matrix M computed is at best a good ap-
proximation of the true transition matrix. In the general case,
M is the sum of a true term MT and an error term ME;

M=MT+ME, and also the state X is the sum of the true -

state X (¢,) and an error term E, . Using these definitions, the
state transition equation

Xer1 =M X,
becomes
X(tk+l) +Ey, ;= (MT,+ME,) (X () +E) +r(t,T)

Subtracting X (¢, ,) =MT,X(¢,) from both sides yields the
error propagation equation

E,,; =ME,X(t,) +M.E, +r(t,,T) (15)

It is seen that the behavior of E; depends not only on M,
but also on ME, . By making M, have very small eigenvalues,
the homogeneous behavior of Eq. (15) would die out very
rapidly. However, if the eigenvalues of M, are very small, this
means that M, must deviate considerably from the true value
for M (since the eigenvalues for the true M have magnitudes
of unity) and, therefore, ME, will be large. Thus the solution
is not simply to choose an M, with arbitrarily small eigen-
values. .

On the other hand, if the eigenvalues of M, are greater than
unity, one not only has the presence of the ME, X (¢,) term as
a forcing function in Eq. (15) but also unstable homogeneous
behavior.

Thus, one simple measure of accuracy of solution is the
deviation of the eigenvalues of M, from unity in magnitude.
(Note that having eigenvalues of unity magnitude is a
necessary but not sufficient condition for accurate per-
formance.) Looking at Eqs. (13) -and (14), certain ob-
servations can be made in this regard.

If W, and W, are of the same sign, it is obvious that the
NLL algorithm is superior to the LL algorithm. In aerospace
applications, the angular acceleration W, must eventually
change sign; the eigenvalues of NLL algorithm will always lie
outside the unit circle; however, the eigenvalues of LL
algorithm will not always lie outside the unit circle. In this
situation, it is really hard to compare the two algorithms. One
may be better some of the time and the other better at other
times. This can also be seen from Figs. 1-4.

Based on Eqs. (13) and (14), one can make comparisons on
the least upper bounds of the eigenvalues. For the LL
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algorithm, dropping terms in 7T of order five and higher, one
has

g 02 <1+ |\WETY/161 + (W, W T /6
while for the NLL algorithm one has
1,12 <1+ \W}T/161

Thus, a guarantee of stability in the worst case is more
nearly satisfied for the NLL algorithm than for the LL
algorithm.

Conclusion

A new local linearization algorithm has been developed for
solving the quaternion rate equations. This algorithm is
slightly more complex and requires one third more com-
putation time than the previously developed local
linearization algorithm. For two examples tested, the new
algorithm performed better in one case and poorer in the
other. Based on a stability analysis, however, the new method
does guarantee better behavior under the worst case.
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