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Abstract
The possibility of using integrated system based on GPS to guide the civil aircraft

precision approach and landing is investigated. Using eigenstructure assignment me-

thod, the longitudinal and lateral-directionalautopilot of a feeder aircraft are designed.

Using the state output of the aircraft-autopilot system as filtering object and the out-

put of the integrated system based on GPS as the filtering measurement, a Kalman

filter is designed. To guess the guidance accuracy of the whole system, covariance

analysis and Monte Carlo simulation method are used. The reaults showed that the

integrated system of GPS with the aid of altimeter is possible to meet the guidance

accuracy requirement of ILS, if the accuracy of the altimeter is high enough.

1. Introduction

The GPS ( Global Positioning System) technique
plays an increasing important role in many respects in
the last ten years. It has been used not just for vehic-
le navigation, but also for geodesy, gravimetry and so
on [1.2:3]

One of its interesting application for China is
how to use the GPS technique to guide the civil airc-
raft approach and landing. China really is a large
country, we can not buy so many ILS instruments to
equip our so many small airports and feeder aircraft
due to cost and maintenance reason.

When the GPS technique is used for civil airc-
raft approach and landing, the guidance accuracy
requirement is still worth discussing, but the IFR
regulations of ICAO should be referenced here at
first.

Some of the precision approach and landing
regulation of ICAO is shown in Fig.1, and the guidance
accuracy requirement is listed in Table 1.
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Fig.l. Categories and Visual Conditions of IFR
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Table 1. Guidance Accuracy Requirement of ILS

Categor Decision Lateral Vertical
BOTY | Altitude{m) |Accuracy(20)| Accuracy(20)

1 60 171 m 41 m

1 30 5.7 m 1.7 m

11la 15 4.02 m 0.5 m

From Table 1, it could be seen that the guidance
accuracy requirement is just several meters, and the
vertical accuracy requirement is still one order smaller
than the lateral accuracy requirement. It means, though
a better GPS technique, for example DGPS, is used,
how to meet the accuracy requirement in two di-
rections at the same time perhaps still is a problem.

Trying to find a simple and cheaper way to sol-
ve this problem, an integrated system of GPS aided by
gyroscope and /or altimeter is adopted.

In this paper, the state equations of aircraft-au-
topilot system are introduced firstly. Then using the
state output of the aircraft-autopilot system as the fil-
tering object and the output of the integrated system
based on GPS as the measurement, a Kalman filter is
designed. At last, covariance analysis and Monte Carlo
method are used to quess the guidance accuracy of the
whole system.

From the simulated results it could be seen that
the guidance accuracy could not be meet if only the
GPS signal is used. But the accuracy perhaps could be
meet, even for CATIL, if an integrated system of GPS
aided by altimeter is used, as long as the accuracy




of the altimeter is high enough (for example, 2 sigma
= 0.3 Meter).

2. State Equations of Aircraft-Autopilot System

Assume the approach and landing of the aircraft
is performed automatically. Then based on the flying
quality specification MIL-F-8785C, the longitudinal and
lateral- directional autopilot are designed[4],

(1) Longitudinal state equation of aircraft—auto-
pilot system.

The linearized longitudinal state equation of
aircraft- autopilot system could be written briefly as

X1=A1X1+31U1
Yi=CiX1
U1=F1Y1

Here the state vector T
Xes[u a q & 8¢ 8¢ xe 2]
the control vector
Ur=[8e §:]7
the output vector

Yicflu ¢ $ « 21T

The system matrix ~A1, control matrix Bl, output matrix

(1)

C1 have to be omitted here, because of the space of
this paper is limited.

a keu keq ke& kecx kez
Fir=] ko 0 ke o o

( 2 ) Lateral—directional state equation of air-
raft— autopilot system.

The linearized lateral-directional state equation
could be written briefly as

5(2=A2X2+BZU2
Y2=C2 X2
U2=F2Y>

Here the state vector

Xzz[ﬂ pr e ¢y §a ar]T

the control vector

Uz=[8a 8:]T

the output vector
T
Yo- [p ro ¢y ]

The system matrix A2, control matrix Bz, output

(2)

matrix C2 are also omitted due to the limited space of
of the paper. The feedback matrix

k, kae kay ke
Fz:[op 3(,., k,: 0 ’ 0 ’ ]
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( 3 JFeedback matrix determination of longitu»
dinal autopilot.

Assume the feeder aircraft Y7 is approaching
with altitude 1000 meter, Mach number 0.25, and the
glide path angle -3.0 degree. Then according to the
flying quality requirement and using the eigenstructure
assignment method the constrained output feedback
matrix is calculated as[S],

F -0.007922 -0.2825 0.005957 -0.4591 -0.00062
1=[—0.000026 0.0 0.00119 0.0 0.0 :I
and the assigned eigenvalues are listed in Table 2.

Table 2 Assigned Eigenvalues of Aircraft(Longitudinal)

Short . InnerLoop of
Period Phugoid Control dee Mide
Mode Mode System Mode| °

-0.54%1.323| -0.1+ 0.1 |-10.0 [ -10.0 0.0 0.0

{ 4 )Feedback matrix determination of lateral—
directional autopilot.

Using the same reference flight condition and
eigenstructure assignment method, the constrained
output feedback matrix is calculated as

3.007

Fi - 0.9632 0.0
- 6.141

-0.1253 -0.000349 ]
0.0 0.1946

0.0 0.0

and the assigned eigenvalues are listed in Table 3.

Table 3. Assigned Eigenvalues of Aircraft(Late.-Direc.)

Deutch| Spiral

Coupled |InnerLoop
Roll Mode | Mode |of Control ll’Mode Y Mode
-0.6t3.5] -0.005 [6.3919.64j] -13.351 -2.142 | -0.004

3. Kalman Filter Design

In order to improve the guidance accuracy, a
Kalman filter is designed. In which, the state output
of the aircraft autopilot system is used as the filtering
object, and the output of the integrated system based
on GPS is used as the filtering measurement[6],

The advantages of this Kalman filter are obvio-
us. That means, the aijrcraft dynamic characteristics
has been considered, the low data rate of the GPS co-
uld be compensated by the high data rate of the aid
instrument, and the redundancy of the flight guidance
system is also improved.

The longitudinal and lateral-directional state
equation of the aircraft-autopilot system could be

combined together and be written as
X =AX+BU+W

Here the state vector

e [x]




} A:+B1FiCy 0 ]
S R

Bz[o1 gz]
v-[v.]

W is the system noise, and its variance matrix

Q = E{WW }. After discreting, the state equation of
aircraft-autopilot system could be written as

Xc=0x k1 Xiit Het Ukr # Tkt Wit (3)
Here
|

Drr-1=1+AAT+ 'Q'AZIS'I'2

fier <[8] (14 AuTs+ 3 A7)+ 41 1B

T1= QAT + [ AQ + (AQ)T]-TZ—Z:+{AQ + (AQ)T
3
+[AQ+ (AQ)T]T}g—!

The measuement equation could be written in
the form of Ye = CXi + Ve

Here Vi is the measurement noise, and the variancg

matrix of Vi is R= E{VkV{} .

If Pi is the variance matrix of system estimatio
error, and Pr.x-1is the square mean error matrix of
one step prediction, then the Kalman filter equation
will be

ﬁk=&kk4+Kk(Yk‘C§kkd)

ﬁkkd=Qkhlik1+HkﬂUk1
Kk=Prx1CT(CPrx-1 €T+ RiJ !

Pkk4=@kqukJQka1+Fk1Qk4FQE
Pr=(1+ Kk C) Pic k-t

Based on the equations mentioned above, the
guidance accuracy could be estimated with covariance
analysis method. To verify the results of covariance
analysis, Monte Carlo simulation method is also used.

4.Guidance Accuracy Analysis

The state equation of aircraft-autopilot system
in discret form is mentioned before, formula (3). The
simplified measurement equation could be written as

Y=Cng+Vg (4)

1000000000000000
00000000U0000000O
Cg= | 0U00000000000000
0000001000000000
0000000000000100
0000000100000000 |

Here Vg is the measurement noise, and if R= E {Vg Vg},
then

R=diag [ 6vx Ovy Ovz 0x Gy 0z ]
Ox.0y and 0z are the components of § in the three
axis of the coordinate, and 0 is the mean error of
velocity which is measured by GPS receiver.

From equations ( 3 ) and ( 4 ), and using the
covariance analysis and Monte Carlo method, the
guidance accuracy of the whole system has been
estimated.

The accuracy analysis are done for several cases.

(1) Case 1. Only GPS signal is used and no sy-
stem noise is added.

In this case, the results of covariance analysis
are shown in Fig.2 with dotted lines, and the results
of Monte Carlo simulation are shown in the same fi-
gure with solid lines.

The results showed that the work of the Kalman
filter is stable, the state estimation error approach to

zero when time T is infinitive,

( 2 )Case 2. Only GPS signal is used but the sy-
stem noise is added.

For this case, the covariance analysis and Monte
Carlo simulation results are shown in Fig.3, respecti-
vely.

From these results, it could be seen that the
work of the Kalman filter is good, the steady state
could be obtained in less than twenty seconds.The
guidance accuarcy in lateral direction could meet the
requirement of CATIIa, but can not meet the require-
ment of vertical direction at all.

{ 3 )Case 3. Integrated system of GPS aided by
rate gyroscope

When the pitch rate gyroscope is used as an aid
instrument to GPS, the measurement equation of the
integrated system should be written as

ve[ee, Jne [y, ]

Cwq qu
Cwq=[0010000000000000 ]
Similarly, if the roll and yaw rate gyroscopes

are used to aid the GPS, the measurement equations
should be written as




ve[g Tx[ V]
Y[ Jxelye ]

Cwp= [0000000001000000]
Cwr= [0000000000100000]

The results of covariance analysis and Monte
Carlo method are shown in Fig.4, 5, 6, respectively.
The results showed thatif the signal of anyone of the
rate gyroscope is added to the GPS, the influence on
the position accuracy improvment is very small, only
the estimation accuracy of the relevant rate is impro-
ved and the rate error is suppressed.

( 4 )Case 4. Integrated system of GPS with the
aid of altimeter.

When the altimeter is used as an aid instrument
to GPS,
system should be written as

ve[ch e [¥e,]

Cwh=[0000000100000000]

the measurement equation of the integrated

The covariance analysis and Monte Carlo simu-
lation results are shown in Fig. 7, repectively.

The results showed that if the altimeter signal
is added to GPS, the improvement of guidance accura-
¢y in lateral direction is small, but the guidance accu-
racy improvement in vertical direction is very clear. If
the accuracy of the altimeter could be higher and
higher, then the guidance accuracy requirment in
vertical direction would be better and better, even the
requirement of CATIa also could be meet.

In order to investigate the relationship between
altimeter accuracy (1 sigma)and the guidance accuracy
requirement (2 sigma), for different given altimeter
accuracy the guidance accuracy analysis with the same
procedure mentioned before is done, and the results
are shown in Fig. 8.

From the curves, we could see that when the
accuracy of the altimeter is higher and higher, the gu-
idance accuracy in vertical direction is smaller and
smaller, but there is no influence in the lateral direc-
tion.

If On is used as the independant variable, and
the 20z as the dependent variable, the curve could be

matched by the formula

2
267 =0.06118 + 1.580n - 0.268 (0n) +
4
+0.02331(61n)® - 0.0008106(G 1)
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Or it could be expressed as

0.9154 (26 z)
6n=0187 €

Based upon these formula and the guidance accuracy
requirement of ILS regulation, Table 4 could be created.

Table 4 Altimeter Accuracy Required
by Precision Approach Requirement

Error Limit of Reguired Altimeter
Category Vertical Direction Accuracy
(2062) (m) (1 0n) (m)
CAT I 41 7.97
CATII 1.7 0.89
CAT Illla 0.5 0.295

From Table 4, if the guidance accuracy (26,) of
CAT1ila in vertical direction 0.5 meter is required, then
it is easy to see that the required altimeter accuracy
(1G4,) should be 0.295 meter.

5.Conclusions

(1 )The GPS technique is a very useful and po-
werful tool for vehicle navigation. Especialy for civil
aircraft approach and landing, it would has a brilliant
future.

The guidance accuracy requirements of ILS in
lateral and vertical direction are different---one order
difference. If only the GPS is used for civil aircraft
approach and landing, perhaps it would be not so easy
to meet the requirement in both directions at the same
time.

( 2 )integrated system of GPS with the aid of
altimeter may be, is a simple and cheaper way to solve
this problem. According to the investigation of this
paper, the guidance accuracy requirement of ILS, even
for CATiIla, is possible to meet, as long as the accu-
racy of the altimeter is high enough.

( 3 JAs an example, a typical feeder aircraft Y7
is used and calculated in this paper. Based upon the
covariance analysis and Monte Carlo simulation results
which we have gotten in the paper, a relationship bet-
ween altimeter accuracy and the guidance accuracy re-
quirement is obtained.

Using this relationship, we could guess what
kind of altimeter we should have, radio or laser, if the
guidance accuracy requirement of ILS we would like to

meet.
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