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Abstract—The article is devoted to filtering algorithms that are used to process flight speed data from an
inertial navigation system and from a Doppler speed and angle demolition meter. It is shown that the
compensation scheme and the filtering scheme, the more common name of which is the complementary
filter scheme, are the most common for processing flight and navigational information in inertial-Doppler
navigation systems. The paper proves the equivalence of the compensation scheme and the complementary
filter scheme, and also substantiates that these schemes, unlike Kalman filtering, are simple to implement,
and for design, they require the selection and setting of only one parameter - the filter time constant.
A technique for choosing the optimal value of the filter time constant is proposed, which ensures the
maximum accuracy of the estimated parameter, namely: the aircraft's cruising speed. The methodology is
based on the analysis of error spectra of integrated systems: the inertial system - with a low-frequency
error spectrum, and the Doppler system with a high-frequency spectrum. Studies of synthesized filtering
schemes have been conducted.

Index Terms—Inertial navigation system; Doppler speed meter; Kalman filter; mutual compensation and

filtering; complementary filter; frequency characteristics; spectral characteristics; filter’s time constant.

I. INTRODUCTION

The high efficiency of the use of information
available on board aircraft is ensured by the use of
various methods of its processing.

The best results of increasing the accuracy
characteristics of measuring complexes are achieved
in systems with structural redundancy. Structural
redundancy in flight management and guidance
systems (FMGS) is understood as the possibility of
determining flight and navigation information in
parallel in several ways using signals from
measurement systems built on different physical
principles. The information obtained in this way is
integrated.

In FMGS of modern aircraft, such methods of
joint processing of homogeneous information as the
method of mutual compensation and filtering of errors
of measuring devices measuring the same navigation
parameter, and methods of optimal estimation of the
state vector have become widespread. The latter
include the least squares method, the maximum
likelihood method and the method of optimal
estimation of the state vector using a priori
information about the controlled process and current
measurements using a Kalman filter.

The compensation scheme has become the most
common for processing flight navigation information
in inertial-Doppler navigation systems, since it has the
same parameter, namely: the components of ground

speed are measured by two meters — an inertial
navigation system (INS) and a Doppler speed meter
and angle demolition (DSMD), the operation of
which is based on different physical principles and
their error spectra are in different frequency ranges.

The block diagram that implements the
compensation method in inertial-Doppler navigation
systems is shown in Fig. 1.
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Fig. 1. The block diagram of the compensation method in
inertial-Doppler navigation systems

The output signal of such a system (the evaluation
signal) is described by the equation:

V=V+&-F(p)&—E)

or
P=VH-F+F(pEg =V +E, (1)

where &=[1-F(p)]& +F(p)eq is the error of the
complex system.
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Another scheme for joint processing of
homogeneous information — a filtering scheme (the
more common name is the scheme of
complementary filter) has the form shown in Fig. 2.
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Fig. 2. The block diagram of the of complementary filter
in inertial-Doppler navigation systems
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The signal at the output of such a system is
described by the equation:

V=@ (p)V +E)+D,(p)V +E,),
or

V=[®,(p)+D,(p)]V +D,(p)E +D,(p)E,.

In order for the system not to introduce dynamic
errors, it is necessary to fulfill the condition:

D,(p)+,(p)=1.

In this case, the output signal will have the form:

V=V+[1-0,(p)]& +D,(p)e, =V +E  (2)

where £ = [1 - q)z(p)] &; +CD2(p)§d .

Thus, when ®,(p) = F(p), expression (2) turns
into expression (1), which indicates the equivalence
of the compensation scheme and the scheme of
complementary filter.

The error & will be smaller, the greater the

difference in the spectral characteristics of the
interference (Fig. 3).
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Fig. 3. Spectral characteristics of interference &; and &g

If you choose a filter so that it passes low-
frequency interference & with minimum distortions
and does not pass high-frequency interference &g,

then the interference &; will be completely reproduced
at the output of the filter F(p) of the compensation

scheme. In this case, a more accurate value of the
measured parameter ¥ would be reproduced at the
output of the compensation scheme.

However, real filters passes part of the interference

energy & and does not completely suppress the
interference &q. As a result, in the output signal, in
addition to the desired value, there will be an error &

in the output signal. The desired frequency
characteristics of the filters are shown in Fig. 4.
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Fig. 4. Frequency characteristics of filters
The filter should be a low-pass filter, which in

the simplest case could be implemented as a real
aperiodic link with a transfer function

R

F(p)=Tp+1,

where T is the time constant of the filter.
Then [1- F(jw)] will be a high-pass filter with a

transfer function

TP
[=FP=—5
that is, a real differential link.

Thus, the complementary filter, as well as the
compensation circuit, in contrast to Kalman filtering,
are easy to implement, and for design they require
the selection and adjustment of only one parameter —
the filter time constant.

II. PROBLEM STATEMENT

Taking into account the nature of the spectral
characteristics, it is possible to plot graphs of the
spectral characteristics of the errors & and &g
(Fig. 5), obtained as a result of passing the signals
through the appropriate filters.

If the errors are stationary and statistically
independent random functions of time with spectral
densities S; (®) and Se, (©), then the variances of

the errors of the output signals can be determined by
the expressions:
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Dispersion of the system error during the
implementation of the compensation method
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Fig. 5. Spectral characteristics of interference &; and &,

Based on Fig. 5, it can be concluded that the
2
3
more the spectral densities of the errors of the output
signals differ in frequency.

Therefore, the complexation of two meters
consists in choosing such a frequency characteristic
of the filter that after the summation of the signals
passed through this filter, the parameter at the output
of the circuit is close to the measured parameter.

And the problem statement can be formulated as
the development of a methodology for selecting the
optimal value of the filter time constant, ensuring
maximum accuracy of the estimated parameter,
namely: the ground speed of the aircraft. The error
spectrum of the inertial system is low-frequency,
and that of the Doppler meter is high-frequency.

dispersion of the system error o; is smaller, the

—0

III. PROBLEM SOLUTION

When designing a filter, it must be taken into
account that the spectral error density is related to
the correlation function as follows:

0
S(o)= | R(t) e /™dr.
—00
As shown by the evidence of testing and
research, the correlation functions of errors of the
inertial and Doppler meters are described by the
following expressions:

R (=0, R, (1)=cle™"

The spectral density Sj(®) of the error signal of
the inertial meter can be calculated by the formula:

) 0 0 )
—a. — i —olt—7 2 L _(aj—jo)T
S (o) = ,[ ole e/ dr = o ,[e ot gy = o {J‘ el le’)’a’r+J.e dt}
e e 0

Gzoci+joo+ai—joa 52 20,

2
=0;
o, —

That is, we get:

2ca,

Si(e)= o>+

Similarly, the spectral density of the signal &4 of
the Doppler meter is equal to:
260,

S (o) = .
(@) o) + o’

1

—+ = = .
jo ocﬁjoa} ' o+ ol o

Since o; << oy, the spectrum of errors of the
Doppler meter in the passband of the low-pass filter
is almost constant and is equal to the value of the
spectral density at @ = 0:
20,
Sy(@) =S5,(0)=—*

Ay
The dispersion of the signal & of the integrated
system consists of two components — the dispersion

of the inertial meter signal and the dispersion of the
DSMD signal:
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The dispersion of the signal of the Doppler meter
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The dispersion of the inertial system signal:
o« . 2 2 2 o . 2
02_=,[| JTo | 1 ?iai2dmzciaiJ]T0‘)(l_]7;0‘) 21 _do
—oo|1+jT(o| T+ T = 1+(Tw) o +®
clo. | (T(D)2 [1+(T(°)2} 1 cal’ [ o 1
_Oi% | S _do=" | -———do.
T [1+(T(o)2 o +o s fw1+(T(o) o + o

After calculating this integral, we obtain the expression for the dispersion of the inertial system signal

2 2 2
) ool oL 1 1 1
o =% 1 + do
S n 'L(Tzocf—lm2+af 1-T?a} T’ +1
o0
—00

B O'iZOLiTZ o 1 1 rcte ® 0
T T’a} —1a0, S o,
oo T’ n oo (T -1) clo,T
n \Ta>-1 T(T?o’-1) T(ra;-1)  To+1

1 1
+—— —arctg(Tw)—
—0 1-T*a? &l )T

i

The dispersion of the signal & of the integrated dy(z) { (- 1) 1+2z— 1 , m*z? —(z+1)
system

=0
dz | mZ (1+Z)2 22 (z+1)
ol = S N oo, T . _ & m222—22—2z—1: ?(m2—1)22—2z—1
o, To,+1 ' 222 (z+1) oml(z+1)

Analysis of this formula shows that the condition

M

Having marked

0T =z %% 2 % _0 is fulfilled only when
o0, z
(m*—1)z*-2z-1=0.
where z = f(T), m’ =const, o ) ) o
. The discriminant D of this quadratic equation is
we will get
equal to
ol = o, . cia,T _o? oo, 1 LT D=4+4(m*-1)=4m>,
= a0 Ta, +1 cla, o,T o,T+1 ) )
therefore, as a result of solving the equation
1 2 N2 _ 9, 1= .
:cf£ S J v(2). (m”—1)z-=2z—-1=0, we get:
mz l+z
J 2+~N4m 2+2m 1
The function y(z) has a minimum at v _, 4= 20m* —1) 2(m l)(m+1) m—1’
dz
and M

2>0: 2—+4m 2-2m 1
dz

Z, = -

2(m* -1) 2(m—1)(m+1) m—1"
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Since z=0.7T is always greater than zero, that
the root z, is not taken into account in the future, and

2
d Wgz) -0
/7

the condition takes the

at z = 4
following form:

dzw(z)zo_{ 2 2 }_ZGf(m—lf(l_iJ

dz’ " 1+2) - 2 m

m223 m
_26i(m-1’m-1_2c;(m-1)* .

m2 m m3

0.

Therefore, the found value of z; is optimal

1
t:a"T =,
m—1

ZO

p 17 opt

and the final result looks like

1, sec
Fig. 6. Transient processes of changes in

flight speed ¥ and flight speed estimates
for different filter time constants 7'

IV. CONCLUSIONS

The equivalence of the compensation scheme and
the filtering scheme, the more common name of
which is the complementary filter scheme, is proved,
and it is also substantiated that these schemes, unlike
Kalman filtering, are easy to implement, and for
design needs to selected and adjusted only one
parameter — the filter time constant.

A technique for choosing the optimal value of the
filter time constant is proposed. The methodology is
based on the analysis of error spectra of integrated
systems.
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M. K. ®inamkin, 0. M. Kemensm. Komniementapumii ¢inbTp B iHepuiaabHo-momjiepiBebKiil cucrtemi
HaBiramii

CTaTTIO IPUCBSYEHO aITOpUTMaM (ibTparii, sIKi 3aCTOCOBYIOTHCS IJIsl 0OPOOKH JaHWUX NPO MIBUIKICTH MONBOTY BiJl
iHEepIliaJbHOI HABITAIIIHOI CHCTEMH Ta Bij JOIUIEPIBCHKOr0 BHUMIipHMKA IIBUIKOCTI Ta KyTa 3HeceHHs. [TokazaHo, mo
HAWITOMIMPEHIIUMHY JJIs1 00pOOJIeHHs IMIOTa)XXHO-HaBiramiiHoi iHdopmanii B iHepLiaIbHO-IOIUIEPIBCHKUX CHCTEMax
HaBiramii craju cxema KoMIeHcalii Ta cxema (irbTparii, OLIBII MOIIMPEHa Ha3Ba SKOI € cXxeMa KOMIUIEMEHTapHOTO
¢inbTpa. Y podoTi TOBOAUTHCS CKBIBAJICHTHICTh CXEMH KOMIIGHCAIlI Ta CXEMH KOMIUIEMEHTApHOro (iIbTpa, a TAKOoK
OOTpYHTOBYETBCS, IO IIi CXeMHU Ha BinMmiHy Bix ¢inbrpanii Kanmana, mpocti B peamizamii, a mpu IpOeKTyBaHHI
BHMararoTh BHOOpPY 1 HaJalTyBaHHs TUIBKH OJHOTO IapaMeTpa — cTajol yacy ¢iibpTpa. 3amporoHOBaHAa METOAMKA
BUOOpY ONTHUMAaJBHOTO 3HA4YeHHsA cTaynoi yacy ¢inbTpa, mo 3abe3neuye MaKCHMajbHY TOYHICTH OI[IHFOBAHOT'O
rapamerpa, a came: IUIIXOBOI IIBHIKOCTI JiTaka. Meromuka 0a3yeThCsl Ha aHaNi3i CHEKTPiB MOXHOOK CHUCTEM, IO
KOMIUIEKCYIOThCS: 1HEpILIaJIbHOI CHCTEMH — 3 HHM3bKOYAaCTOTHHUM CIEKTPOM MOXHMOOK, Ta JOIUIEPOBCHKOI 3
BHCOKOYACTOTHUM crieKTpoM. [IpoBeieHo JOCHiKeHHsI CHHTE30BaHUX cXeM (ijbTparii.

KarwudoBi cnoBa: iHepuianbHa HaBiramiliHa cucTeMa; JOIUICPIBCBKHH BHMiproBau MMBHIKOCTI; (ineTp Kanmana;
B3a€MHa KOMIEHcalliss Ta (iIbTpamis; KOMIDIEMEHTapHHH (UIBTP; YaCTOTHI XapaKTepUCTHKH; CIIEKTPasbHI
XapaKTEPUCTUKHU; CTajia Yyacy QiIbTpy.
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