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Abstract: To reduce the error in transfer alignment caused by
reference information delay, a time delay estimation method is
developed based on least-squares curve fitting of the angular rate
integration. First, the gyro sensor measurements of the main
strapdown inertial navigation system ( M-SINS) and the slave
strapdown inertial navigation system ( S-SINS) are recorded for a
few seconds and the integration of the data is calculated. Then,
the possible maximum range of the delay value is defined and the
points of the curve at different intervals are moved. The square
of the differences between the corresponding points are
calculated. Finally, the delay estimation can be acquired by the
least-squares curve fitting of the M-SINS and the S-SINS. A
delay compensation method by local data shifting is also
presented. The simulation results demonstrate the effectiveness of
delay estimation and indicate that the estimation accuracy is
independent of the delay value. And the local data shifting
compensation method can effectively reduce the errors of the
transfer alignment caused by the reference information delay.
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he design of transfer alignment algorithms for tactical

missiles has been an area of intense research due to the
targeting accuracy dependency upon them. Different match-
ing methods are implemented on various kinds of moving
platforms and dynamic conditions. Information such as ve-
locity, altitude, position and angular rate is transmitted by
the reference strapdown inertial navigation system ( M-
SINS) to the slave strapdown inertial navigation system (S-
SINS). During transmission parameters such as bus arbitra-
tion, RAM access, addressing, electro magnetic interfer-
ence, coding, decoding and modulation can cause transmis-
sion delay.

Time delay may cause some misalignment between the M-
SINS and S-SINS, which can reduce the accuracy of the
transfer alignment. So it is necessary to synchronize the data
between different navigation systems. A commonly used
time delay estimation method is to add a delay variable to
the Kalman filter state vector. But the Kalman filter is a
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state estimator based on the statistic characteristics of the
state vector which needs to be predefined. It is not adaptive
to different dynamic conditions and systems.

In this paper, a time delay estimation method based on
the least-squares curve fitting algorithm is presented. The
estimated time delay is compensated for by S-SINS data
shifting. The effectiveness of the delay estimation and com-
pensation algorithm is demonstrated by simulation results.

1 Commonly Used Delay Estimation Method

To reduce the impact of transmission time delay, different
methods are implemented. The commonly applied delay es-
timation methods are as follows:

1) Kalman filter estimation

Time delay can be added to the state vector of the Kalman
filter. During iterations, the measurements will update the
time delay estimation. The delay impact is compensated for
during the iteration. But time delay is coupled with the
whole state vector before the filter converges. The time de-
lay model and the statistical characteristics should be pre-
cisely known and pre-defined.

2) Adding time stamp to communication data package'"

Some modern communication protocols have time stamps
in the data package which can be used to synchronize differ-
ent systems which work on the bus. But the command exe-
cution time of most computer systems, even real-time oper-
ation systems, is unpredictable. The bus arbitration time
and the sensor sampling time are not considered, but they
cannot be ignored.

3) Direct measurement by two-way communication'”’

Time delay can be accurately measured by special equip-
ment if two-way communication is established. Time delay
can be stored and compensated for in operation. But time
delay is both hardware and software dependent. Due to dif-
ferent communication priorities, every sub system has dif-
ferent time delays. And if any modification has been made
to the software or hardware, measurements should be carried
out again.

4) Hardware synchronization'”’

Hardware synchronization means sending the trigger sig-
nal simultaneously to all the sensor sampling systems. Com-
bined with time stamps of the data package, it is an effec-
tive way to align the sensor measurements. To realize this,
additional controller and communication channels are re-
quired. For the existing system, it is not easy to make an
update.

Thus, it is necessary to develop a method which is adapt-
able to different applications and can be quickly and easily
implemented to existing systems.
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2 Delay Estimation Based on Least-Squares Curve
Fitting

Fig. 1 illustrates the misalignment of the two curves

caused by the reference information delay. In order to avoid

the delay impact, synchronization of the two INSs can be
realized by moving one of them forward or backward.

4.51
---- M-SINS
— S-SINS
4.0
2 3.5
50
3
33.0

g
wn

2.0

1 1 1 1 1 1 1 ]
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Time/s

Fig.1 Local calculated roll angle and delayed reference in-
formation

Position, velocity, altitude and sensor measurements are
chosen to calculate the time delay. Ideally, the data which
is chosen should not be dependent on the reference system
and can be acquired as soon as the SINS powers on. It
should change quickly enough.

The S-SINS and the M-SINS are installed on the same
carrier. Suppose that the carrier frame is perfectly rigid and
the M-SINS and the S-SINS are precisely aligned. The gyro
sensor measurements curves of the M-SINS and the S-SINS
have the same shape and amplitude. But in practice, the
flexure is normally not ignorable. It is not practical to sim-
ply compare the angular rates. But integration has a smooth-
ing effect and will reduce the impact of the high frequency
flexure. So it is possible to compare the integration of the
gyro measurements of the M-SINS and the S-SINS.

A new time delay estimation method is designed with the
following procedures:

1) Record the data of both the M-SINS and the S-SINS
for a certain period, e. g. 5 s, and N data points are saved,

2) Define the value of the possible maximum time delay,
e.g. 1s;

3) Calculate the integration of the angular rate,

T

(0 = [ e(ndi (1)

And the following equation in the discrete system is ap-
plied,
i
L) = Y wbr, (2)
k=0
where i =x,y,z; j=0,1,2,--- N—-1; ¢ is the sensor sam-
pling interval.
4) Move the curve of the M-SINS backward and calculate
the square of the difference of every data point on the
curve.

N-1

sum(n) = >[4 (i+n) =1 ()] +

i=0

[IzM(i"'n) _12,(1.)12 +

(L, (i+n) =1, ()]} (3)

5) Calculate the minimum value of the results in step 4)

and 1., -

sum(n,) =min sum(n) (4)

tdclay = tsnl (5 )

where ¢, is the delay time.

The application of this algorithm is not suitable for very
low amplitudes and periodical signals. Calculating the mean
value and variance can recognize such kinds of signals. But
one special case should be considered :

T, T, T,

f‘a)l(t+T)dt+ erz(t+T)dt+ J’rw3(t+T)dt:

T,

jo' w, (1)dt + j: w,(1)dt + f; w,(0dt  (6)

where T is less than the assumed maximum time delay.

In this case, the frequency and the phase of the three an-
gular rates in the whole sampling period should be identical.
The probability of such a case is low in practice. Spectrum
analysis and further restriction can be applied.

3 Delay Compensation

The time delay compensation method proposed in Refs.
[4 —7] are mainly based on extrapolation or interpolation.
A short-term model is built to predict the current value. For
example, the first-order derivative is used to describe the
changing rate;

X(k) =X(k - At) + X(k - Af) At (7)

This is, in fact, using the already known values to predict
the future values. The prediction accuracy is highly model-
dependent. In practice, it is very difficult to obtain a perfect
model of the system.

The purpose of delay compensation is to keep the data
aligned as well as possible. There is no real-time output
during the process. The transfer alignment is used to keep
the coordinates of the M-SINS and the S-SINS aligned and
to estimate the sensor errors of the S-SINS. If the time de-
lay has been already estimated, it is possible to move the S-
SINS information backward instead of making a one-step
ahead prediction of the M-SINS information ( see Fig.2).
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4 Simulation Conditions

To simulate the impact of reference information time de-
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lay and to evaluate the delay estimation and compensation
algorithm, the simulation is carried out under the following
conditions.

Assume that an aeroplane is traveling at an altitude of
1 000 m at an initial speed of 200 m/s. The initial position is
32°N, 118°E. There is no error in the M-SINS gyro outputs.
The constant drift of the S-SINS gyroscope is 1°/h, and the
bias of the accelerometer is 0.2 x 10 *g. The random noise
of the S-SINS gyroscopes and accelerometers are N(0, (1°/
h)*) and N(0, (0.2 x10*g)*), respectively. The S ma-
neuver will start from the 150th second (see Fig.3).
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Fig.3 Trajectory of aeroplane in simulation (S maneuver)

The “velocity + altitude” matching is applied in transfer
alignment'® . Set up the Kalman filter with the system state
vector ;

X = [(OAT 6V/1T 8h‘T yer Mm A?“’T wlf;mT:IT

where §V" is the S-SINS velocity error; ¢" is the altitude er-
ror; V” is the accelerometer bias; £” is the gyro drift; u" is
the S-SINS mounting error; A;" is the flexure angle and ;"
is the flexure angular rate. The system equations are

V' =(C, f")¢" - Qo +@.,)8V' +C, V" +C, Vi
@' = -w,p' -Ce" -C, e,

" =0

=

o
V=
p' =0

A" = o

f

o= -] -2[Ble; +n

(8)
where C; is the transformation matrix from the S-SINS to
the navigation coordinates; C) is the transformation matrix
from the carrier body to the S-SINS;V?% is the accelerometer
instrument error vector; e is the gyro drift error vector; B is
the flexure model parameter; % is the Gauss white noise.

The discrete step is 0. 05 s, and the filter iteration interval is
1 s. The simulation work flow is illustrated in Fig. 4.
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Fig.4 Simulation flowchart

5 Simulation Results

In the simulation, the reference information delay is gen-
erated by moving the curve forward along the time axis.
Different delay values are generated and tested. The maxi-
mum delay is set up to 1s. The time delay is estimated
from the local and reference data of 5 s duration.

The simulation results are listed in Tab. 1 and Tab.2. The
estimation accuracy is independent of time delay and is less
than 5 ms (one data point).

Tab.1 Simulated delay and estimation

Simulation number 1 2 3 4
Simulated delay/ms 10 50 100 150
Shifted points 2 10 20 30
Estimated delay/ms 10 50 100 150
Tab.2 Heading error standard deviation (°)
Delay/ms 0 10 50 100 150
Without compensation 3.2 5.3 20.6 40.7 60.9
With compensation 3.2 3.2 32 32 3.2

Fig. 5 illustrates the impact of reference information de-
lay. From Fig. 5, we can see that the transfer alignment
matching method “velocity + altitude” is sensitive to refer-
ence information time delay.

By the compensation algorithm with an estimated delay val-
ue, we can obtain the curves shown in Fig. 6. The impact of
the reference information time delay has been greatly reduced.
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Heading estimation error (delay uncompensated).

6 Conclusion

In this paper, a new method for reference information
time delay estimation based on the least-squares curve fitting
of angular rate integration and the delay compensation meth-
od by local data shifting are presented. The simulation re-
sults demonstrate the effectiveness of the methods.

The application of the estimation method is restricted
when the measurements of all three gyro sensors have the
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