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Collision Avoidance Maneuver Design Based on Equidistance Interpolation

Yonggiang Qi, Yingmin Jia, Junping Du and Fashan Yu

Abstract— This paper deals with the active collision avoid-
ance maneuver for the chaser along the specified trajectory, and
presents a maneuver approach with constant thrust. Using the
3D stereo vision measurement, The relative position parameters
of the target spacecraft for analyzing the collision possibility
are obtained by using the vision measurement and the target
maneuver positions are calculated through the equidistance
interpolation method. The working times of thrusters in three
axes can be respectively computed by the time series analysis
method. In particular, the perturbation and fuel consumption
are addressed during the computation of working time. Fur-
thermore, the acceleration sequences and the corresponding
working time series can be employed to determine a switch-
ing control law for the active collision avoidance maneuver.
The simulation results show that the switch control law can
effectively guarantee the chaser moving along the specified
trajectory.

Index Terms— Constant thrust; Vision measurement; Switch
control law; The specified trajectory; Equidistance interpola-
tion.

I. INTRODUCTION

The problem of collision avoidance impulsive maneuvers
in the process of rendezvous and docking has been under
intensive investigation for several decades. In actual practice,
however, maneuvers during rendezvous and docking opera-
tions cannot normally be considered as impulsive maneuvers
because there exist long thrust arcs. Therefore, the impulse
assumption does not hold any more. To overcome this
problem, a novel active collision avoidance maneuver under
constant thrust is proposed in this work.

The most common method to deal with the collision
avoidance between two spacecrafts is to calculate the prob-
ability of collision firstly, then carry out active collision
avoidance maneuver if there is the possibility of collision
[1], [2]. However, due to the relative velocity is small in the
rendezvous and docking stage, the calculation of collision
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probability is difficult to be linearized. Therefore, active
collision avoidance maneuver in this paper is carried out
according to the possibility of collision which is calculated
based on the relative position and the relative velocity
between the chaser and the target spacecraft.

Various types of safeties have been considered in the
design of collision avoidance spacecraft trajectories [2]—
[9]. Richards et al studied collision and plume avoidance
to deal with spacecraft trajectory planning by using mixed
integer linear programming [2]. Jacobsen et al presented a
method for planning of safe Kinematic trajectories for free
flying robots approaching an uncontrolled spinning satellite
[6]. Methods proposed in Ref. [6] develop the safety circle
method in which a nearby orbit with a relative invariant
trajectory is established that allows safe long-term obser-
vation before docking. However, this approach is not fuel
optimized and does not propose a specific collision avoidance
maneuvers route.

The purpose of this paper is to analyze the collision
possibility between the chaser and target spacecraft and to
enact active collision avoidance constant thrust maneuver
along the specified trajectory. The specified trajectory is
given according to the initial relative position and the ter-
minal target position of the chaser, at the same time the
size and the direction of the initial relative velocity and the
acceleration are also taken into account. First of all, the
relative position parameters of the spacecrafts are obtained
by using vision measurement. Next, the definition of the
spherical security zones and the criterions of the collision
possibility are presented. Then, to ensure the chaser moving
along the specified trajectory, the equidistance interpolation
method is used by dividing the entire process of the active
collision avoidance maneuver into equidistance arcs. At last,
the actual working times of the thrusters in three axes can
be respectively computed by using the time series analysis
method. Moveover, the switch control laws in the three axes
for active collision avoidance constant thrust maneuvers are
designed based on the actual working time series and the
corresponding accelerations. The simulation results show that
the constant thrust maneuver can effectively guarantee the
chaser maneuvering along the specified trajectory.

II. VISION ALGORITHM FOR POSITION DETERMINATION

Two cameras C; and C5 which have the same focal
lengths and the internal parameters are installed in the chaser.
Camera coordinate system is established as shown in Figure
1. O, and O, are the optical centers of the cameras C
and C', respectively. X, and X, are the optical axes of the
cameras C; and Cb, respectively. X,, is parallel to X,,, and
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Y., coincides with Y,,, where The optical parallax between
O, and O, is L. P is any point on the target spacecraft,
P; and P, are the projection points of the P on the image
planes of the cameras C; and C5, respectively. therefore, P
is the intersection of O, P and O, P.
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Figure 1. Model of binocular vision.

Further assume that the cameras have been calibrated and
their projection matrices are M, and M, [10]. The following
results can be obtained by coordinate transformation
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where (x1,91,1)7 and (x2,y2,1)” are homogeneous coordi-
nates of P, and P, in the cameras C; and C5, respectively.
(X,Y,Z,1)T is the homogeneous coordinate of P in the
reference coordinate system, that is to say, X,Y and Z are
the 3D position coordinates of the real point P. Therefore,
X., and X, can be removed by combining (1) and (2),

AX,Y,2)' =B 3)

Tymy — mi
ylm%l - m%l
wam3) —mi
y2m§1 - m%l

B:

T1mg, — mi
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The least-square solution of P in the reference coordinate

system as follow [11].

(X,Y,Z)" = (ATA)'A"B (6)

Assume that the virtual optical center of the cameras

C1 and C is the midpoint of the line segment Oc, Oc,
and defined as O¢, and the virtual optical axis is parallel
to O, X. (i = 1,2), the other two axes are coincide
with O, Y., (¢ = 1,2) and parallel to O.,Z.,(i = 1,2),

respectively. According to the definition of the coordinate
system (Geller, 2006),

fL

e I Ul
(502 - xl)dy

(Y1 — yo)dz
(z2 — 1) .

(w1 — x2)dy

(N
where f is the focal length of the camera, (zg,yo) is the
projection point of the P on the image plane from the virtual
optical center O¢. Therefore, the following results can be
obtained according to vision measurement errors

X = LY = L, Z=

)

dX = a—xldxl + 872‘“2
- = S ;)2 i S 51)2 T ®
dY = g—;dm + %dmz
BCE i e
4z = g—fldxl + g—idzg + g—zdyl
— Efilz - ?:Jnol))g duy — E?Z _%@)ﬁdm t oo di
(10)

where the independent parameters dz1, dxo, dy;, dy- are the
pixel position measurement errors of the cameras C and Cy

III. THE CRITERION FOR JUDGING COLLISION
POSSIBILITY

The chaser’s spherical security zone S and target space-
craft’s security zone S7 as shown in Figure 2. The security
zone S¢ is defined by the following steps.

Figure 2. Security zones of the chaser and the target.

Step 1: The center of spherical security zone O¢ is the
middle point of O¢, and O¢,. The maximum distance from
all points within the cone-shaped range of vision to O¢ is
recorded as ;. The first layer spherical security zone is
defined as S¢1 whose radius is R;. Step 2: The second layer
spherical security zone of the chaser is Sco whose radius is
Ry which is the maximum distance from all points in the
chaser to O¢.

The security zone St is given by the following steps. Step
1: The center point of spherical security zone is defined
as Op which is the center point of the target spacecraft.
The distance from Op to O¢ at the ith target positions
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marked Ri(i = 1,2,...N). The longest line segments from
all edge points of the target spacecraft to O¢ at the N target
maneuver positions are recorded as H;O¢,i € {1,2,...N}.
The angles between H;Oc and OO are recorded as
0;,i € {1,2,..N}. Step 2: The radius R; of the spherical
security zone St by using law of cosines as follows.

= (R} (11

The angle between OcOp and the direction of relative
velocity is recorded as a. When a = 0, safe distance and
the corresponding minimum time are defined as d;; and ¢;;.
If the distance |OcOr| and the relative velocity v;; meet the
following conditions:

|OcOr| —r; —
|OcOr| —ri —

+ (H;O¢)? — 2RL(H,;0¢) cos 0;] 2

RQ > dﬂ
Ry > Vgt

12)
13)

there is no possibility of collision. If the distance |OcOr|
and the relative velocity v;; meet the following conditions

|OcOr| —r; —
|OcOr| —1r; —

R2 < dil < |OcOT| —
Ry > vata

R—R, (4

5)

the chaser should carry out active collision avoidance ma-
neuver within the time M —ti

In case of a # 0, the minimum safe dlstance and the
corresponding minimum time are defined as d;o and t;o. If
the distance |OcOr| and the relative velocity v;> meet the
following conditions

|OcOr| —1r; —
|OcOr|sina — r;

Ry > do
— Ry > ds

(16)
a7
there is no possibility of collision. If the distance R¢ and the

relative velocity V;s meet the following conditions, there is
a possibility of collision,

Risinai—n—RQ < djo <Risinal-— i — Ry (18)
R!cosa; — [(1; + dio + Ro)? — (RY)? sin® ]2 2 > Vitio
(19)

the chaser should carry out active collision avoidance ma-
neuver to arrive at one point outside of the hemispherical
with radius r; + d;1 + Ro.

IV. SWITCHING CONTROL LAWS FOR COLLISION
AVOIDANCE MANEUVER

The target spacecraft is assumed as a rigid body and in
circular orbits. The relative motion can be described by
Clohessy-Wiltshire equations. The origin of coordinate is
Or, the x — azis is along the opposite direction of target
velocity, the y — axis is along the radius direction from the
centroid of earth to the centroid of target spacecraft and the
z — axis satisfies the right-handed coordinate system.

T —2wy =ay+db (20)
Q+2wi—3w2y:ay+a§ (21
f4+w?z=a, +ab (22)

where w represents the mean angular velocity of the target
spacecraft. a,, a, and a, represent the thrust accelerations of
the chaser. af, al} and a? represent the sums of perturbation,
and nonlinear factors. Suppose af,al and af satisfy the

conditions:

P ~ P~ D~
Ay = NaQyy Gy = NyQy, Ay =~ 70 (23)

Nz, My, N> change very little during active collision avoidance

maneuver. Therefore, a,,a,,a, can be seen as only relevant

to the thrusts and the mass of the chaser.
F;

(Thgty + Mgty + mh.t.)]

1=x,y,2 (24)

a; =
[mo —
where I, Iy, F, represent the vacuum thrusts of the chaser
in three axes. mg represents the initial mass of the chaser
at the beginning of maneuver. 1,1y, . represent fuel
consumption per second of the thrusters. t,,%,,t, represent
the working times of thrusters in their directions. Polynomial
approximate expression of the Eq.(24) as follows:

a; = FZ‘ i )\jtj.
j=0

where )\; are polynomial coefficients, ¢ is the actual running
time of the chaser and ¢; < ¢t (i=X, y, z). Then the original
system can be transformed into the form as follows.

i=x,y, 2 (25)

= 2wy = (14 na)Fe Y M\t

(26)
§=0

j+ 2wi — 3wy = (1+n,)F, > At! 27)
j—O

(4 w?z=(1+n,)F Z)\tj (28)

The specified trajectory for active collision avoidance
maneuver as shown in Figure 3.

> Target spacecraft

Figure 3: The specified trajectory.

g(m,y,z) =0 (29)

It is obvious that the specified trajectory is just in a cube
Ay x Ay x A, and can be divided into N equidistance
arcs sequences in three axes, respectively. The length of
equidistance arcs in three axes are Axi, Ayi and Azi,i €
{1,2,...N}. The current maneuver position and the next
target maneuver position are in different side of surfaces

{ f(z,y,2) =0
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(f(z,y,2) = 0, g(x,y,z) = 0). Therefore, the differential
variables d¢, 0, and f(z,y, z), g(z,y, z) should have oppo-
site algebraic signs.

A
8y = gradf - (K. Azi, K, Ayi, KL Azi) (31)
0y = gradg - (K;Ami,KZAyi, K!Azi) (32)
(Ko |+ K[+ KL > 1 (33)

The equidistance arcs should parallel to the tangent of the
specified trajectory to the maximum extent
{(r3, 7, 72) - (KL Awi, K, Ayi, KI Azi)}

x Ty

(34)

where (7%, 7%, 7%) is the tangent of the specified trajectory in
the +th target maneuver position. According to Eqgs.(30)(34)
all the target maneuver positions can be obtained. The next
maneuver target position is the current position add on
increment of coordinate (K% Awi, K} Ayi, KIAzi).

Taking the working time of thruster in the ¢th arc in the
x — azis as an illustration: T} is the maneuver time and
t is the thruster working time. N¢ is the number of the
accelerating time intervals (t%,);, NS is the number of the
decelerating time intervals (t,);, Nu is the number of the
zero-thrust time intervals (¢}_); as shown in Figure 4.

Figure 4: The change of time intervals in three axes.

Nig NG,
Ti, = Z +Z mit Y (t (35)
1 =1
Jé me J
tin = Z .m)j + Z im)j’m € {z,y,2} (36)
j=1 j=1

The working time time intervals of thrusters in the ith arc
are calculated in two steps as follows.

(1) According to Eqs.(20)(21) the following results can be
obtained.

6
) ) 1
x; + Ky Axi = —2(vy0; — 1) coswT, + Z[waﬂj,l
- J
j=2
1 , . 4
+ (14 1) Fo ——= XN 5] (T0)’ + (veo — 2yoiw) T,

+ Toi + 2vy0i — 261 + 2yoi sin w7 37

5
v = 2w(vyo; — Br) sinwTk + 2wyy; coswTl + Z[Qwﬂj

j=1
+.7(1 + 779:>F )\] 1]( ) + Vz0i — 2wy01 (38)
yi + K;Ayi = incoszZ (vy(h 5) sin wT;
w
5
+ BTy (39)
j=1
vy = (vy0; — B1) cos wT; — wyg; Sin lej
4
+ 3G+ DB (T (40)
§=0
2(14+ny)Fy +ny) F, 41+ n) Fy
ﬂli:*( :) )\Oi+( any) Y1 ( Z) A2;
6(1 F, 48(1 + 0, ) Fy,
S0 tm)Ry, A0t )
w w
14n,)F, 14+ ny,)F, 6(1 4+ n.)
62'5 — _( 7790) xAli + ( 7723!) y/\m + ( Zx) xA?,i
w w
12(1 F,
_ ( +477y) y)\4i (42)
w
where (31, ..., B2; are polynomial coefficients in the ith thrust

arc. (xoi, yo;) and (vg0s, Uyo;) are the initial relative position
and the initial relative velocity of the chaser in the x — axis
and the y — azis at the beginning of the ¢th thrust arc,

respectively. According to Eqs.(41)-(45), (14, ..-85; can be
expressed by Aq;, ..., Ay, Where Aqy;, ..., Ay; are polynomial
coefficients in the ith thrust arc. \yp; = % represents the

initial mass of the chaser at the beginning of the ith thrust
arc.

Then consider the maneuver in the direction of the z —
axts, the following results can be obtained the following two
results are obtained according to Eq.(22)

i V204 Fz 6Fz . q

zi + KiAzi=[— — (14 nz)(ﬁx\li - F/\gi)] sinwT,
F..  2F.  24F .

+ [Z()i — (]. + nz)(ﬁ)\m — F)\Ql + ?AM)] COS(.UTZ

F, 2F, 24F, F,
+(1+ 772)[(?)\01 - FA% + T/\M) + (EAM

GF, TR 12F. .
— —5A3)T% + (E/\Qi - —ZAu)(T0)?

F, N ind
+ E)‘M(Tz) + EAM(TZ) ] (43)

F 6F .
Vyy = [’Uzoi — (1 + nz)(;;/\li — ff/\gl)] cosz;

F 2F 2F
1 V=N — —Z g — —= oy
(14 7) (S hoi = 5o = o

24F, - F, 6F,
)\41)} Slan + (1 + ’f]z)[(f)\h — TA&)

12F

— [wzoi —

2(@/\21‘

F, i

)\4Z)T1 + 3 )\gﬂ(Tl)

(44)

where zp; and v,o, are the initial relative position and the
initial relative velocity of the chaser in the z — axis at the
beginning of the ith thrust arc. Because the ith target ma-
neuver position (x;,y;, z;) and ith target maneuver velocity
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(Vgi; Uyi, Vi) are known, so the i + 1th target maneuver
position is (x; + K.Awi,y; + K, Ayi, z; + K Azi). There-
fore, polynomial coefficients Ay, ..., A\y; can be obtained
according to Eqgs.(37)-(40),(46),(47).

(2)According to Eq.(25), the thrusters working times

th, tﬁﬂ t! in the ith arc can be calculated as follows

1
m; — (gth + 1y, t] +m.tl)

4
Z Nji(max{t?, t;, ti})7
7=0

(45)

T;,T;, T are divided into N7, N;, N’ equal time intervals
in three axes, respectively. Taking T, and ¢!, as an example

T [T:zlaaT;N;L tlx = [ti’l?"‘ (46)

if t) = max{tl,,t},,t1,}, then

toni]

1

(1 $P s
m; (mﬂctrl + mytyl

4
_ PR
e o

Jj=0

o meets the following
tio} and tyy + 15y =

i, yland t!, can be calculated. If T
conditions: t;Q = mm{t

- 2 y2a
maz{ty; +t,s, y1 + thg,tly +tly}, then
1
mi = (hatyy + ity +1hatly) — (Matyy + myty,

o1 o) (48)
7=0
tho, o, thy can be calculated. Then {t},t!,, ... ,tle} and
{tzl,tZQ,. " zN,} can be deduced by analogy. If t!, =
0,ke(1,2,..N, l) then ¢?, belongs to zero-thrust 1ntervals;
If ¢, 7é O,k € (1,2,..N!) and meets the following
conditions.

|Uz(i71)| < |Uwi|a U:E(ifl)vwi 2 0 (49)

Ug(i—1) > 0, then tik belongs to accelerating intervals and
the direction of F), is along the positive direction of the x-
axis; Vg(i-1) <0, then t;k belongs to accelerating intervals
but the direction of F), is along the negative direction of the
x-axis. If t', # 0,k € (1,2,...N?) and meets the following
conditions.

[Va(i—1)| > [Vzils Va(i—1)Vzi >0 (50)

Vg(i—1) > 0, then t;k belongs to decelerating intervals and
the direction of F), is along the negative direction of the x-
axis; Ug(i—1) < 0, then t;k belongs to accelerating intervals
but the direction of F), is along the positive direction of the
x-axis. If ¢!, # 0,k € (1,2,...N?) and meets the following
conditions.

[Va(i—1)| > [Vzil, Vap(i—1)Vzi <O (51)

Vg(i—1) > 0, then tik belongs to accelerating intervals and
the direction of F), is along the negative direction of the x-
axis; Ug(i—1) < 0, then t;k belongs to accelerating intervals
but the direction of F), is along the positive direction of the
X-axis.

After the three types of time intervals in three axes in the
ith arc are calculated, then the switching control laws can be
given. Takeing the switching control law in the x — axis as
an example

Sy = {xi*h Ve(i—1)3 (til’ a?pl); (thNTHa;:N;)} (52)
4
by = Fo Y Njilthy). k€ (1,2,...N}) (53)
j=0

V. SIMULATION RESULTS

Suppose that the height of target spacecraft is 400km
in a circular orbit and the initial mass of the chaser and
the propellant are 300kg and 100kg. The size of thrusts
are 360N, 240N and 320N in the x-axis, y-axis and in
the z-axis, respectively. The mass-flow-rate of propellant
of the chaser’s thrusters are 20g/s, 15g/s and 10g/s in
the x-axis, y-axis and in the z-axis, respectively. Although
7z, Ny and 7, are variables, but they vary little during active
collision avoidance maneuver, therefore, in order to facilitate
simulation, these coefficients can be seen as constants: 7, =
y =1, = 0.001.

The initial relative position and the initial relative
velocity of the chaser are (500m,—500m,500m) and
(—6m/s,6m/s, —6m/s). The initial acceleration is zero and

+ 1.t ,) the expected docking velocity V* = 1m/s. The minimum

safe distance is 700m and the corresponding minimum time
is 60s. Based on the vision measurement, the radius of the
first layer spherical security zone Sc1 of the chaser Ry =
60m and the radius of the second layer spherical security
zone Ry = 80m. The distances from O to O¢ at the first
target maneuver position is R} = 866m. The longest line
segments from all edge points of the target spacecraft to O¢
at the first target maneuver position is H1O¢c = 926.18m.
The angle between H1O¢ and OrOg¢ is 61 = 3°. According
to Eq.(18), the radius of the spherical security zone of the
target spacecraft at the first target maneuver position is
r1 = 80m.

According to Egs. (18),(19), there is a possibility of
collision, the chaser should carry out active collision
avoidance maneuver and the terminal target position is
(300m, 0m, Om). And the specified trajectory is given as fol-

low. The size of the cube is A, = 200m, A, = 500m, A, =
500m.
2.5 x 1072 (z — 500)2 + 4 x 1076y = 1
{5><0(x 500)2 + 4 x 105y 1)
y+z=0

100 The change of z \ ,,,,,,
200 /The change of y

The relative coordinates of the three axes/m
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Figure 5: The change of x, y, z during active collision
avoidance maneuver.

The results in Figure 5 show the change of z,y, z during
active collision avoidance maneuver. x changes from 500m
to 300m, y changes from -500m to Om and z changes from

10
5 The change of Vy -

The change of V,

The change of V,

The relative velocities in the three directions (m/s)

15 L L L L L L
0 10 20 0 50 60 70

30 4
time/s

Figure 6: The change of V., V), V, during active collision
avoidance maneuver.

The results in Figure 6 show the change of V., V,,V,
during active collision avoidance maneuver. V, changes from
-6m/s to Om/s, V,, changes from 6m/s to 9.8m/s and V,
changes from -6m/s to -10.8m/s.

1 T T T T T T

081 e nnnes e 4
0.64008888
04 i
000 The change of a,

0.2 B
of bl The change of ay -
02} ]

...... The change of a,
0.4 i

The relative accelerations in the three directions(mzls)

06 000000 ovoores ssennes Ll Rl 1
0Bl e i i e 1
10000000 10000000 ‘9000000 /0000000 10000000
1 L L L L L L
0 10 20 0 40 50 60 70
time/s

Figure 7: The change of a,,a,,a, during active collision
avoidance maneuver.

The results in Figure 7 show the change of a;, a, and
a, during active collision avoidance maneuver. a, changes
from 0.9m?/s to —0.9061m?/s. a, changes from 0.6m? /s
to 0.6041m?/s. a, changes from —0.8m? /s to 0.8049m?/s.

-500" 0

Figure 8: The trajectory of the chaser during active
collision avoidance maneuver.

The result in Figure 8 shows the chaser maneuvers along the
specified trajectory. Taking the switching control law in the
T — axis as an example:

S, = {500m; —6m/s; ([0,6.33s], (0.9 — 0.9007)m?/s);
...([60, 66.67s], (0.9054 — —0.9061)m2/s} (55)

VI. CONCLUSION

This paper deals with the active collision avoidance
maneuver for the chaser moving along the specified tra-
jectory, and presents a maneuver approach with constant
thrust. Using the 3D stereo vision measurement, the posi-
tion parameters of the target spacecraft are obtained. The
target maneuver positions can be calculated through the
equidistance interpolation method, and the working times of
thrusters in three axes can be respectively computed by the
time series analysis method. Furthermore, the acceleration
sequences and the corresponding working time series can
be employed to determine the switching control laws for
the active collision avoidance maneuver. The simulation
results show that the switching control laws can effectively
guarantee the chaser moving along the specified trajectory.
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