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Abstract

The knowledge of the roll angle of a projectilediscisive to apply guidance and control law. For
example, the goal of ISL’s project GSP (Guided 3sipeic Projectile) is to change the flight path of
an air-defence projectile in order to correct the arror due to the target manoeuvres. The original

of the concept is based on pyrotechnical actuados onboard sensors which control the angular
motion of the projectile. First of all, the contrafl the actuators requires the precise controhefroll
angle of the projectile. To estimate the roll angfi¢he projectile, two magnetometers are embedued
the projectile to measure the projection of thehearagnetic field along radials axes of the prajest
Then, an extended Kalman filter is used to comfheeoll angle estimation.

As the rolling frequency of the GSP is about 22 Hayas easy to test the navigation algorithm in
laboratory. In a previous paper [6] the In-Lab destoation of this concept shows that the roll angle
estimation was possible with an accuracy of ab8utrlthis paper, the demonstration is extended to
high speed roll rate, up to 1000 Hz. Thus, two nedgmeters, a DSP and a LED are rotated using a
pneumatic motor; the DSP runs an extended Kalniter find a guidance algorithm to compute the
trigger times of the LED. By using a high speed esanwe can observe and improve the accuracy of
the method.

1. Guided Supersonic Projectile (GSP)

For ground-based air defence gun systems to betigffe the ability to hit the target is a preredpisTo achieve
high hit probability performance against manoeuyrair targets, such as attack helicopters, cruissiles or un-
manned air vehicles, the basic point is to firggutles having short times of flight. However,slsolution is limited
by the performance of the gun. This paper describeslternative approach based on guided projsctilith

embedded maneuver capabilities.

Figure 1 shows a block diagram of the GSP condepided Supersonic Pro-jectile) designed by ISL [5¢onsists
of a supersonic 30 mm finned projectile with on+tobaavigation sensors and lateral impulse thrustérs system is
designed for very short range air defence (< 5 km).

The initial target tracking and fire control proses are supposed to be per-formed by standardvsside target is
tracked using a battlefield-type air defence rad&e initial flight path of the projectile is deteined by the future
target position which is extrapolated using a semipear trajectory model. The gun system is suppds be a
highly effective 40 mm gun.

Copyright0 2011 by First Author and Second Author. Publishgthe EUCASS association with permission.



SESSION NUMBER & NAME

Real target
flight path

)

Predicted target Predicted

flight path intercept
Deflected
flight path
Projectile  Deflection i e
shot control t. A o \ lmtl;]elitfrl:ght
— cnnesss T s dereec S s > -
b ousn £} Vi
Projectile guidance Projectile Target detection
and navigation tracking and tracking

‘ Air Defense Radar ‘

Figure 1: Overview of the GSP concept

After the firing of the projectile, the radar keeps tracking the target which is supposed to umdteran evasive
motion. Its future position is updated using a sege of tangents at the real trajectory. The radast also track the
projectile in order to estimate the angular degiatiequired to reach the intercept point.

The angular attitude of the projectile is measumgdneans of the onboard magnetic sensors designesl H3] and
transmitted to the base station. As a matter af the roll angle is needed to trigger the relevatgral impulse
thruster in the direction of the intercept point.

The flight path of the projectile is deflected usia series of near-instantaneous lateral impulBks. effect of a
simple lateral impulse has been investigated afAthey Research Laboratory [4]. The original feataféhe concept
is that the angular motion of the projectile is trolled by series of double impulses in order tmgheir effect with
the action of the lift force resulting from the ateyy motion.

The impulse thrusters are small detonators desiggd&L. They are arranged inside the projectil¢éhie form of a
ring of lateral divert thrusters. Each of them dativer an impulse of approximately 1 Ns.

2. Navigation and Control

A two-axis magnetometer sensor is embedded in tbggiile (figure 2) to measure the projectionstié Earth
magnetic field along two radials axis of the botkedl frame.

—

a

Figure 2: Two magnetometers embedded in the pilgect
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By using these 2 measurélsa,Hb) and the knowledge of the direction of the eartlymedic field in the reference
frame (Href) an extended Kalman filter is designed to estintiagevalue of the roll anglg and the roll ratew, .

Then, the computation of the trigger time is pdssitepending on the roll angle estimatfonthe target anglg
and the roll velocity estimatio. .

2.1 Rall angle estimation using an Extended Kalman Filter

To design the Extended Kalman Filter (EKF) useédtimate the roll angle of the projectile, a dyramiodelling
was developed [2].

v=—kog2v32 (2.1)

@ =p=v_- (22)
I

The evolution of the projectile velocity dependsthe initial velocity vg =100ans™* and on the features of the
projectile symbolized by the constaky(2.1). The evolution of the roll angfe is directly link to the linear velocity
(2.2); the fin cant angleis about 0.15° and; denotes the distance between the axis of the giflejand the centre

of the fin.

The modelling of the observation equations is dcbpojection of the direction of the Earth magodteld in the
body frame. A complete model requires taking intocaint the trajectory and the angular motion ofpihgjectile.
Since only the estimation of the roll angleis needed, some simplifications can be done. ) (Bpresents the

observation model, wherl,, and A depend on the angular position of the projectida@its trajectory [1]:

{Ha =Hgpy COSU - @) 2.3)

Hp =HenySINA - 9)

According to the sensors model (scale factor anidetf (2.4) represents the complete observation einod
implemented in the Extended Kalman Filter:

- [La HenvCos(l - @) + RA} (2.4)

" | Lp HenySin - 9) + Rg

As the scale facto(LA,LB) and the offset(RA, RB) are unknown, it is necessary to estimate thenmengKF, so

they are included in the state vector X. Accordimghe projectile's dynamics, an Euler discretamativith a sample
time T, =1ms is sufficient. (2.5) represents the evolution maaplemented in the Extended Kalman Filter:

(o] [e¢] [4] Xi (@) +Te X (2)
¢ ¢ Bl | X@-Toelre kovg? Xy (32
v v v Xy (3) ~Te ko V% X (332
Xgs1=|La| = La| tTe|0| = La (2.5)
Ra Ra 0 Ra
Lg Lg 0 Lg
[Redkn LRelk L0k L Rs |
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The observation model can now be written:

_[X (@ Henycodd - X D)+ X (5)

| X (8) Henysin(A = X () + X (7) (26)

k

|

First, the EKF is tested in simulation. Figure wh the estimation of the roll angig and figure 4 shows the
estimation of the magnetometer measurements caxibef the body-fixed frame.
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Figure 3: Roll angle estimation.

The previous figures present simulation resultthefroll angle estimation. The filter algorithmrésaat time t=0.3s
when the roll rate has reached its steady state fijlare on the top compares the reference andlethe estimation
angle: one revolution seems enough to make thenattin converge. The figure on the bottom focustlom
estimation error: after 0.1s the estimation ertays under 1°. So, the reference and estimatiotesraye close
enough to have a good precision on the triggemesion time.
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Figure 4. Magnetometers measurements estimation.
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No direct measurement of the roll angle is avadlain the experiment system. Thus, to test andatalidur method,
we compare the magnetometer measurements and &estirfidae magnetometer estimatds ot and Hy gt are

computed from the estimation state vector (2.7).
Haest= X (4) Henvcos(/] - X (1))+ X (5)

Hpest= X (6) Henysin(d - X @)+ X ()

@2.7)

Figure 4 shows simulation results for the estinatiof the scale factors and the offsets of the émbedded
magnetometers. These four estimates converge osittindated values. On the top figure, the estinmatié the
magnetometer measund ;o and Hypest CONverges to the simulated references sighdlse; and Hy (s ; the

simulation shows that only one revolution is enot@have a good accuracy.

2.2 Trigger time prediction
Considering the small size of the projectile, thenputation of the algorithm on a DSP cannot be eltibd. So, a

HF transmission between a base station and thedqiilej is necessary. First, sensors values aretsettte base

station. Then, after the DSP computation procéssinipulse trigger time is sent back to the prdgct
The impulse trigger timé;,, is predicted from the state estimated vector,tanget roll angle and the embedded

clock time (2.8) and (2.9).
_ X
timp =t + &Q) (2.9)
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Figure 5: Predicted trigger time fa =90°.
For example, figure 5 shows the trigger time coragdudbr a target roll angle of 90°. As a new preatictrigger time

is computed, the new value is sent to the progttilupdate the previous value. Considering thel22oll rate and

the 1 ms sample time, the trigger time can be @udap to 40 times per revolution.
The results presented on the figure show us thit thie first predicted trigger time is wrong, due the delay

imposed by the convergence of the algorithm.
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3. In-Lab experimental validation

3.1 Design of the test bench

We developed a test bench according to constrintie actuators:
- The motor has to reach a high speed roll rate.
- The actuator should not disturb the magnet figldt’s why we cannot use an electric motor.
- The motor and the electronic module have to banted into a safety box.

We decided to use a pneumatic motor. The pneumaitor we chose has a maximum no load speed up@0070
rpm (revolution per minute) under a pressure oPS0 (6 bar). This kind of motors are designed fandjng (with
tools up to a diameter of 3 mm only), that's whiptof preliminary tests has been done to make s@rare able to
spin a much larger cylinder : 38mm diameter, 90rng] weight above 140g.

Figure 6: Shell on which the electronic modulerithedded

The motor has been inserted in a polycarbonate Tuis. box is transparent so we can place a higképamera in
front of the LED to observe the behavior of thd rate estimation.

Figure 7: CAD view of the test bench and the mactufad one

The electronic module has been tested with this Isigeed rotation and no damages or dysfunctions baen
detected.

3.2 Experimental results

We used a high speed camera with an acquisitioadspp to 250 000 frames per second. In our caseoth&on
frequency we reached was about 950 Hz. The imaaes lIbeen processed to find the pictures on whiehLED is
switched on. A picture can be seen as a matrix REEB levels. The white color has the highest valhéch is 255.
A First method could be, finding the value 255 with picture to isolate the picture with light drhis cannot work
because there is noise on the pictures. Our metlasdo calculate the mean value of each matrixh&gictures on
which the light is switched on correspond to thghlist mean values.
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Figure 8: Pictures obtained with the high-speederam

The mean values of the pictures on which the lightn are higher than 50 while in the other casentiean values
are between 32 and 37. A threshold value allowts extract the wanted pictures.
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Figure 9: Mean value of each picture.

A study of the roll frequency shows that the valsienot constant during the 2 s of the measurem&nthe

beginning the frequency is 951 Hz and at the erat t® 949 Hz. The medium value is 950.46 Hz. Thigation

converted to a time spread (2.21 us) and thengatigular orientation leads to an error of 0.758&. fist consider
that this error is negligible.

The second step was to determine the time betwaeressive trigger events of the LED in order tordjfya the
jitter.
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Figure 10: Distribution of the time between thgger of the LED.
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First result leads us to a standard deviation abug0 s which means for this frequency, a prenisif about 10°.
The Kalman filter we developed was not specificdiysigned to be only used at a 1000 Hz roll rate fivgt wanted
to scan a range between 100 and 1000Hz with the iter.

In a previous study we had made some experimerdunrfilter by simulating the magnetometer signaishva
function generator. The maximal standard deviatien obtained was less than 1° over all this frequaange.
That's why we expect to improve the accuracy ofagorithm.

3.3 Conclusion and outlooks

The hardware we developed resists to the high spmaton. The first results have shown the acqutcthe roll

angle estimation is not as expected. We need &stigate in order to reduce the standard deviakionthat we will
embed a recorder and process those data to $exdfitors come from the algorithm or from the safevclock that
generates the trigger events.
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