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Nonlinear control of space electromagnetic docking
ZHANG Yuan-wen, YANG Le-ping

(College of Aerospace and Material Engineering, National University of Defense Technology, Changsha Hunan 410073, China)

Abstract: The space electromagnetic docking avoids the inherent shortages of the space docking based on thruster.

Such shortages include propellant over consumption, plume contamination and docking impact. Electromagnetic docking

devices are of high ratio of performance to cost, and will be widely applied to small satellites in the future. To deal with the

strong nonlinearity in the control of space-electromagnetic docking, we employ feedback linearization and the PD control

method. First, the control model is linearized based on the feedback linearization theory, and the feasibility of linearization

is analyzed according to the characteristics of the electromagnetic docking. Secondly, on the basis of the linearized model,

the path tracking problem is transformed to a problem of error stabilization, for which a linear control law is developed

by using the PD control and the extended Kalman filter. Finally, the nonlinear space-electromagnetic docking simulation

is performed and the results are analyzed, taking into account the additional electromagnetic force model error and the

J2 term of the gravitation. Theoretical research and numerical simulation analysis show that the strong nonlinearity of the

electromagnetic docking can be handled by this combined control method, and a high robustness to the external disturbance

can be achieved.

Key words: space electromagnetic docking; feedback linearization; extend Kalman filter; PD control; flexible docking;

robustness
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2 (Control model of

space electromagnetic docking)
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Fig. 1 The coordinate system of relative motion

Hill ,

Hill [11]:⎧⎪⎪⎨
⎪⎪⎩

ẍ − 2nẏ − 3n2x = fEx + fdx,

ÿ + 2nẋ = fEy + fdy,

z̈ + nż = fEz + fdz.

(1)

: x, y, z �d , n

, �fs, �fc

. Δ�fd, Δ�fE{
Δ�fd = �fcd − �fsd = (fdx, fdy, fdz)T,

Δ �fE = �fcE − �fsE = (fEx, fEy, fEz)T.
(2)

x, y ,

, :⎧⎪⎪⎨
⎪⎪⎩

ẍ − 3n2x = fEx + fdx + 2nẏ,

ÿ = fEy + fdy − 2nẋ,

z̈ + nż = fEz + fdz.

(3)

:

�Fc =−3μ0

4π
{−�μs · �μc

d5
�d − �μs · �d

d5
�μc −

�μc · �d

d5
�μs + 5

(�μs · �d)
d7

(�μc · �d)�d}, (4)

: �μ , μ0 ,

�μ = Nπr2i,

μ0 = 4π × 10−7 Tm/A.

,

,

. ,

(5) . : �μs , �μc .

�d =

⎡
⎢⎣x

y

z

⎤
⎥⎦ , �μs =

⎡
⎢⎣ 0
−μ1

0

⎤
⎥⎦ , �μc =

⎡
⎢⎣μc1

μc2

μc3

⎤
⎥⎦ . (5)

(5) (4) ,

: ⎧⎪⎨
⎪⎩

M = xμ21 + yμ22 + zμ23,

�Fc = −3μ0μ1

4πd7
× M ,

(6)

M =

⎡
⎢⎢⎣

d2xμ22 + d2yμ21 − 5xyM

3d2yμ22+d2xμ21+d2zμ23−5y2M

d2zμ22 + d2yμ23 − 5d2yzM

⎤
⎥⎥⎦ .

,

, , (3)

:

�fE =

⎡
⎢⎣fEx

fEy

fEz

⎤
⎥⎦ =

�Fc − (−�Fc)
m

=
2�Fc

m
. (7)

m .

3 (Analysis based on

feedback linearization method)
(7) (3) ,

.
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, :⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

KK = − 3μ0μ1

2πmd5
,

ν1 =
KK

d2
[(d2y − 5x2y)μ21+

((d2x − 5xy2)μ22 − 5xyz)μ23] + 2nẏ,

ν2 =
KK

d2
[(d2x − 5xy2)μ21 + (3d2y−

5d2y3)μ22 + (d2z − 5y2z)μ23] − 2nẋ,

ν3 =
KK

d2
[−5xyzμ21 + (d2z − 5y2z)μ22+

(d2y − 5yz2)μ23].
(8)

(8) ,

3 :

z1 = x, z2 = ẋ, z3 = y,

z4 = ẏ, z5 = z, z6 = ż,{
ż1 = z2,

ż2 = 3n2z1 + ν1,
(9a)

{
ż3 = z4,

ż4 = ν2,
(9b)

{
ż5 = z6,

ż6 = −n2z5 + ν3.
(9c)

(10) ,

E

:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

E =

⎡
⎢⎣d2y − 5x2y d2x − 5xy2 −5xyz

d2x − 5xy2 3d2y − 5y3 d2z − 5y2z

−5xyz d2z − 5y2z d2y − 5yz2

⎤
⎥⎦ ,

⎡
⎢⎣u1

u2

u3

⎤
⎥⎦ = −2πmd7

3μ0μ1

E−1

⎡
⎢⎣ν1 − 2nẏ

ν2 + 2nẋ

ν3

⎤
⎥⎦ .

(10)

E :

1) y = 0 , 0,

E , y �= 0.

2) y �= 0, x = 0, z = 0 , d = y,

detE = −2y3 �= 0,

E .

3) y �= 0, x �= 0, z = 0 ,

detE = −x6 + 4x4y2 + 5x2y4 + 2y6

(x2 + y2)2
y �= 0,

E .

4) y �= 0, x = 0, z �= 0 ,

detE = −z6 + 4z4y2 + 5z2y4 + 2y6

(z2 + y2)2
y �= 0,

E .

5) y �= 0, x �= 0, z �= 0 , x, z y,

3 ; x, z y

, ,

.

4 (Design of controller)
3 .

rd(t),

, PD :⎧⎪⎪⎨
⎪⎪⎩

ν1 = ẍd − k2xėx − k1xex − 3n2xd,

ν2 = ÿd − k2yėy − k1yey,

ν3 = z̈d − k2zėz − k1zez + n2zd.

(11)

e = r(t) − rd(t), kij(i = 1, 2; j = x, y, z)
.

(ex, ėx), (ey, ėy), (ez, ėz),
(11) 3 (9),

:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẋ1 = x2,

ẋ2 = −k2xx2 − (k1x − 3n2)x1,

ẋ3 = x4,

ẋ4 = −k2yx4 − k1yx3,

ẋ5 = x6,

ẋ6 = −k2zx6 − (k1z + n2)x5.

(12)

(12) , kij

(13) , ,

0.

kij :{
kij � 0, i = 1, 2, j = x, y, z,

k1x � 3n2.
(13)

5 (Simulation and analysis)
/

: 1 cm,

2 mm/s. V-bar ,

. , x, z

/ 0,
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1 mm/s, 0.5 m,

. :

yd(t) = −0.5 + 0.001t. (14)

(14) (11), 3 :⎧⎪⎪⎨
⎪⎪⎩

ν1 = −k2xẋ − k1xx,

ν2 = −k2y(ẏ − 0.001) − k1y(y − yd(t)),

ν3 = −k2zż − k1zz.

(15)

PD {
k1x = 0.2, k2x = 5, k1y = 0.04,

k2y = 10, k1z = 0.2, k2z = 5.
(16)

(15)

, . ,

3 x, y, z,

.

: .

,

.

(12) , .

y = [1 0]x + V, (17)

V .

, {
σW = 5 × 10−4,

σV = 1 × 10−3.
(18)

,

, J2

, 2∼ 4 .

4 Runge-Kutta ,

0.1 s. , x, z

0 m, 50 s, y

, , 0; y

0.05 m ,

10 s , 0. x, z

0 m/s, 50 s,

y ; y 0 m/s

0.001 m/s, 250 s. J2

,

, ,

, J2

.

, x, z

, y x, z

, .

, 3

1.3 × 10−2 m/s2, (19)

2A. ,

.

i =
μ

Nπr2
. (19)

,

. x, z 50 s, y

250 s,

.

2 /

Fig. 2 The relative position/velocity
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3 /

Fig. 3 Control current/acceleration

4 /

Fig. 4 The error of relative position/velocity

6 (Conclutions)
,

:

1)
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.

3) PD
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