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Abstract

This paper studies the deployment control of theetebdynamic tether system by means of tether danasnd
electric current regulation. Design of the consttetegy has been implemented based on the sietplifumbbell
model. In order to improve the robustness of thetrob system to the possible external disturbanaasadaptive
sliding mode control is proposed to deploy thedetio the local vertical with the considerationimgfut limitations,
which are introduced by a pair of saturation fumsi to ensure that the tether tension is alwaysnegative and the
current is within limits. In addition, the proposedaptive law is intended to estimate the massnpeter of the
model, which is with uncertainty caused by theidifty in accurately determining the masses of eénd-bodies.
The stability characteristic of the system undex finoposed hybrid controller is studied based @nliympunov
theory. Numerical case studies in the differenitaltinclinations are conducted to illustrate thfeetiveness of the
proposed control strategy. Moreover, the perforreaoicthe controller is presented in the presencéhefinitial
perturbations, the external disturbances and teertainty of mass parameter of the system.

Keywords:. Electro-dynamic tether; Deployment control; Slidimgde control; Adaptive law

Nomenclature

B = Magnetic field of Earth

C = Center of Mass (CM) of the system

I = Electric current along electro-dynamic tether
i = Orbital inclination

I = Tether length

m,m, = Mass of end-bodies

= Generalized force for in-plane angle

L0
I

Generalized force for out-plane angle

r = Orbital radius of the CM of the system

I3

= Tether tension

= Out-plane angle

The disturbances acting on the system
= Argument of latitude

= In-plane angle

= True anomaly

B ® QA & -
I

J7A = Coefficient of Earth’s gravity field
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y7. = Magnetic moment of the Earth’s dipole

Q = Angular velocity of the circular orbit

Q, = Right ascension of ascending node (RAAN)
w = Orbital angular velocity

w, = Argument of perigee

1. Introduction
Space Tether System (STS) refers to a combinafiaeveral spacecrafts connected by tethers, tapesires

[1]. In recent years, tether application has besrsitlered as a quite promising branch of spaceoeagpbns, such as
atmosphere explorations and orbital maneuversthi@rtether system can guarantee a long operatstgntie and
provide the possibility to complete missions withéwel consumption by means of momentum exchandgghw
shows the unique superiority of tether systems @etpto conventional spacecraft systems [2,3]. d&@ssidebris
deorbiting [4], formation flying [5], payload capti[6], and tethered robot [7] based on STS teagywhave also
been discussed theoretically and partially cegtid by ground or space experiments over the pasidas.

STS with conductive tethers or tapes is also knestlectrodynamic Tether (EDT) system. The EDTesys
has shown its broad application prospects in spassions around Earth; notably, bare tether gainshhattention
as it can collect electrons from the rarefied iqiese more efficiently [8]. There are also someksatudied on
the use of electrodynamic tethers for missionsradtather planets such as Jupiter [9]. It is exgbthteat the Lorenz
force generated by the motion of conductive tetheggeomagnetic field can be used as a thrustechwprovides
the ability to change orbit altitude of a spacecdmmi_ow Earth Orbit (LEO). Many researchers haveused on the
application of EDT for debris de-orbit, and theerant modeling, dynamics analysis, and control lerob are
studied. Atashgah and Gazerpour et al [4] workethertime-optimal de-orbit control by limited cunteegulation.
Xu and Kong [10] established a rigid bar model arftéxible cable model in their work, and it candsen from the
comparison of different models that the rigid roddal has theoretical rationality, and the flexibledel is more in
accordance with the deformation characteristicthef EDT under Ampere force. It is worth noting theten
current starts flowing along tether, the stableildgiium position in the local vertical no longekists, and the
dynamic behaviors of the EDT system exhibit pegadilutions or rather dynamic instability, whiclyuées proper
control schemes [11]. Zhong and Zhu [12] proposedrdroller based on the roll angle feedback tgpKémation
angles bounded through current switching. Kojimd &ugimoto [13] studied the nonlinear libration tohissue
for EDT systems comprised of one main satellite amd subsatellites. Afterwards, two time-delayeddieack
control methods were applied to deal with the lilbres of EDT systems in frozen inclined ellipticbas [14]. The
foregoing studies demonstrated that electrodyndanize can be regarded as a control force to dampilthations
of system.

The successful deployment of tether is a pre-cardfbr any space tether mission. Although manyksdrave
been devoted to the deployment dynamics and coissaks of tethered systems [15,16,17], challeeg&ins in
the design of non-thrusted tether deployment [B8tommon operation mode for an EDT system is tqpkihe
tether non-current carrying in deployment procesd anergize the fully-deployed conductive tethemd@erorbit

process. In this way, the deployment issue of EDa&dtually equivalent to the deployment of non-catide STS,
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on which significant research efforts have beencentrated in order to control the libration motwith the end
mass on the tether deployed to a desired postianfast and stable manner by means of pure tensidension-
thruster strategies [19,20,21]. It is well-knowratthibration motion should be considered and cdieloduring

deployment to ensure the success of missions. édindhe abovementioned control schemes have deratetst
their validity, the possibility of non-propellanbiessumption and the potential of electrodynamicédnar stabilizing

libration motion in deployment are often ignoretlid noticeable that the attitude motion of thehéetwill be

influenced by the excitation of electrodynamic ®1@2], which makes the deployment more complicatad

provides possibilities for the electrodynamic fotoebe used as a kind of control force. A hybrishtcol strategy
based on tether tension and electrodynamic forbe duploits this possibility and shows its supeitpin reducing

the maximum in-plane angle in deployment [23]. Huamd Liu [24] investigated the hybrid control ftire

underactuated deployment issue of EDT systems img ke backstepping method. Wen and Jin et al $2&died

the three-dimensional deployment of EDT systemd, developed a feedback controller with the consitien of

the constraints of tether tension and current uaipgir of saturation functions. Luo and Wen ef2é] proposed
control laws of current switching to dissipate ti@ation energy during three-dimensional deploymehEDT

systems. As indicated in the aforementioned studiegerning a hybrid control strategy in EDT depheyt, the
combination of tether tension and electric curmean facilitate the libration control during the t®pnent process
[25-26]. However, to the best knowledge of the atghfurther research on EDT deployment is needbédn model
uncertainty and the external disturbances actinthersystem are taken into consideration, whighésmotivation
of the present paper.

This paper studies the control issue of EDT deplaynvia the regulation of tether tension and electarrent,
taking into consideration the external disturbareed the unknown mass parameter that might be etexad in
EDT missions. In order to improve the anti-inteefece ability of the system, an adaptive sliding enodntrol is
adopted in this paper, which has been proven tarbeffective method for coping with model uncertairThe
following sections are organized as follows: in t8et2 the dynamic model of the EDT system is idtrced; the
controller design and stability analysis are giverSection 3; numerical case studies in Sectiofiuétiate the

performance of the proposed controller, and commhssare drawn in Section 5.

2. Mathematical modeling

The diagram of the EDT system is shown in Fig.rltHe current workm, represents the mass of the main
satellite, andm, represents the mass of the subsatellite, whicisusilly equipped with a cathode emitter to realize

charge exchange with the space plasma environment.
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Fig. 1. The diagram of the EDT system

The coordinate systen8X,Y,Z, and Cxyz shown in Fig. 1 are ECI (Earth-centered inertrajrfe and LVLH
(Local Vertical Local Horizontal) frame, respectizeThe origin ofOX.Y,Z, is located at the mass center of the
Earth, and theDX, axis points to the Vernal Equinox; tl@Z, axis aligns with the rotation axis of the EartlheT

orbital frame LVLH is used to describe the libratimotion of the EDT system, in which the origihis located at

the CM of the system, with th€x axis along the local vertical pointing towards thenith, and theCy axis

aligning along the velocity direction of the CMtbk system.

Assumptions. For the convenience of modeling, some assumptiomsrade in this work: 1) The simplified
dumbbell model is adopted, where the end-bodiesegy@rded as lumped masses and the tether slafigurations
are not considered. 2) The mass of tether can higeeohin deployment due to that it is always tirgmpared to the
masses of end-bodies. 3) The orbit motion of th& Bilstem remains unaffected during the deploymestgss.

Remark 1. Note that the deployment time needed in tethesimis is usually short, it is reasonable to assume
that the orbit of system during tether deploymembhains unchanged with no consideration of pertiohst Take
the YES-2 mission as an example. It can be seen tihhe results of the mission that the total depdogmgth in the
first deployment stage i8378m, and the time needed in this stage is d#B0s [27], which is approximately one
orbit period (Note that the mission was built temgte from a platform called Foton-M3, the orbittatle of which
is about280km).

Considering the assumptions above, the equationdynémic model can be written as follows based on

Lagrangian mechanics [25]:

T

I =1[ +(6+w)?cos’ B+ (1+e cosd ')1a)2( 3co8¥ coB- )1:]E (1a)

6+ w+ 2(9+w)[£—[3’tan,8j+ 1.5(Fe cof Jof sin&zzL (1b)
| m,|” cos’ B

ﬁ+2ﬁ:—+sinﬂ cosﬁ’[(9+a))2 + 3(te co8 Yo’ cdﬁ} = Q‘;Z (1c)
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wherem, =

_Mm_ represents the mass parameter of the system.
+

Furthermore, when the system runs in a circuthit,ow can be replaced by the orbital angular velo€ty

thus Eq. (1) can be simplified further:

I"—I[/'}z+(6?+Q)20052/3+Qz(3co§9 co8B - )1#% (2a)
6+2(6+0) L—Btanﬁ + 182 sinB=— % (2b)
| ' m,|* cos’ S

Qp

|2

,Z?+2,5’:—.+sin,6’ cosﬁ[(9+Q)2+ 2 co%@]: (2c)
where Q=1/z./r>

In the current work, we adopt the non-titled dipwiedel to depict the Earth’s geomagnetic field [2@}ich can

be expressed as follows in the orbital frame:

ﬁsml sino
B, ¢
- _ ﬂm
B=|B, |=| =5 sinicowr )
B, ¢
ﬁcos
L rC -

where B,, B, B, represent the components Bf with respect to the axes @fxyz, respectively.

Moreover, the generalized electrodynamic forceshmaavaluated by means of the virtual work prireipl

el e, ),
_Im-m) ,
£ 2(m+ mz)l (B, cost- B, sird) )

3. Controller design and stability analysis

In this section, a sliding model controller is ded to control the deployment process of the EDStesy. With
the addition of robust terms, the control system show a good performance with regard to the rotasst of
system [29]. To deal with the model uncertaintyaaiaptive control law and its modification are adsed, which
has the ability to change its parameters as théraltad object changes. The proposed adaptivengligdhodel
controller in the present work is intended to adaptmass parameter of the EDT system during depay, which
is necessary because this parameter may be unkmwawch can be accounted for by that the massebeoehd-
bodies cannot always be determined accurately attijpal missions due to a variety of reasons, sagtuel
consumption.
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3.1 Controller design

Set the state vector of the systemas]l,|,6,8,5,8]", and for the convenience of controller design, the

dynamic model of EDT in Eqg. (2) is reshaped asfed:

mi=m {(x)+y+4, (5a)
G=1,(x)+g,(x)u,+4, (5b)
B = £,(x) + g,(X)u, +A, (5¢)

with
fl(x):I[/j’z+(9+Q)Zcosz/3+§22(3co§6' cosf - )1,
f,(X) :—2(€+Q){:—.—Btanﬁ)+ 1.8 sin®@,

£, = —2[3{ +sing cosﬁ[(9+ Q) + & co%@} ,

0,(x) = om c(glsﬁ_(nr;)wt - )[sin,G’(By sind + B, co:ﬁ)— B, coﬁ]

_ (m-m) R
gz(X)—m(ByCOSQ Bx5|n9).

whereu, =-T, u, = | represent the control inputs, is regarded as an unknown parameter, which isauttedbe

estimated;4 = [AI,AZ,A:_,]T represents the total external disturbances actinth® system, which are mainly caused
by the solar radiation pressure, the aerodynamiguto and the gradient torque [30]. BesidAg,stands for
disturbance force and,, A, are angular accelerations.

Remark 2. As for the range of orbital altitude which is cormeed in this paper, namely, for the LEO, the
environmental disturbances can be regarded as bdu@bnsequently, it is reasonable to|24a,<_ D, whereD is a
positive number and represents the boundary. Besideugh the mass parametay is unknown, it is still obvious
that the parameter has the relationship>0, and usually it is easy to obtain the range o$ tharameter:

nSm<m,.

The control issue in the current work is to deplog tether to the desired local vertical, whickmsequilibrium

position for the non-conductive space tether syst#ithough equilibrium positions have no existerioe system

under the action of Ampere force, the vertical fosistill has important reference value for EDTsgidns. In this

regard, the terminal states are definedkas:[l,,l,, 8,8, B..8.] , and except for the tether length, the final value

of all the other states approach to zero.

The sliding mode surface is defined as:
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—e+ = -
{81 §+qe= x ©)
g=X~q8
whereeg = x — X, denotes the tracking error of tether length.

The tension control law is given in the followirayin:

w=rfmo-Mm f( - k s~7,50n( 9 ()

where M, represents the estimated value of the mass paegnatdm, g denotes the adaptive compensation;

-17,sgn(, ) reflects the robustness of the control ldg;ands, are the parameters of the controller, and satisfy
k. >0, 77,2 D, respectively.

Note that the chattering will be obvious when threartainty of mass parameter in the model is lathe,
switching function in the controller is replacedhwa saturation function to prevent the chattering:

u=mo-m (3= ks, sdtp

(8)
where the saturation function is described as:
11 S_[ > X
sa(g)=1 ks | gsx ©
1L s<-x
where y represents the thickness of the boundary Iayel’,kani.
Similarly, u, is derived as:
1 . ;
uzz_(_fz(x)+)(4k+(‘2%+'7253([ 9) (10)
9,(%)

wheres, = &+ ¢ g, ande, = x,— X, denotes the tracking error of the in-plane angh# s) has the same form as

the saturation functiosaft( s) ; c,,/7, are the parameters of the controller.

3.2 Stability analysis

The stability of the proposed controller can bevprbby the Lyapunov function, which is defined alofvs:

1 - 1
V. == +— 7 11
i=5me v (1)
where y>0, andm, = i, — m, denotes the estimation error for, .

Then, take the derivative &f :
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. R
ViEmsyt T
) . 1. -
=sl(rr1>s—nat)+; mm
. 1. -
=s(mf(Y+ y+A,- r@<)|+; m'm (12)
_ . 1. =
=s(-m {3+ Mo ks, sat1>+A1)+; mm

=s(-kg-n,sat 9+4,)+ ”q{— s % l'S-E]}—]; 4}

Hereby, the adaptive Ia\nﬁ3 is proposed as the following form:

m=ys({(3-9 (13)
where y represents the parameter of the adaptive law.

Furthermore, substituting the adaptive law Mo one has:

V1:—|<5§2—/71|§J+A1§<— g§$0 (14)

Given the fact that the control input is tether tension, which is limited physically hese of the

characteristics of the tether, it is necessarymit the boundary of the adaptive law, which wilfext the value of

the control input according to Eq. (7). Therefdhes adaptive law is modified as follows [29]:

0, if M, =m, and m<O0
m, = 0, if \,=m_ andmp> 0 (15)
ys(f(X-19), otherwise

wherem,, andm_, are the parameters of the modified adaptive law.
Similarly, defineV, as:
V2 =—5 (16)

And the derivative oW, satisfies:
V2 :_%Az_’72|%|£0 (17)

Hence, the closed-loop system is asymptoticallgletaccording to La Salle’s invariance principlmﬁi\/l and

V, are negative semi-definite [31].
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Input Limits EDT system

j‘ Measuring Devices
P

= (V106 p p]
/ — Sensor
== N

Y

\i

Adaptive Law

External
Disturbances

Tension Brake u, = m.q-m,f, (x)
Mechanism -k.s, -”/sat(sl) _l
|| / J
< & 2
Current Cathode Emitter u, = 3 { f?(x)+gez
91(’() Xy + i (s,)
Actuators

Deployment Controller

Fig. 2. The block diagram of the adaptive slidingd®a control scheme

4. Numerical simulations and discussions
The numerical simulations and analysis on a reptatige EDT system are carried out in this sectmwerify

the effectiveness and robustness of the proposgdotacheme, which is illustrated in Fig. 2.

4.1 Parameters setting
The physical parameters of the EDT system are teelexs:m =1000kg, m, =50kg, h=500km, «), =0rad,
and Q, =0Orad . The initial conditions are given ad{0)=0.5m , £(0)=3(0)= Orad, [(0)=1.5m <,

8(0) = 3(0)= Oradl 5, and the desired deployment states §re:3000m, I, =0ny's, 6, =0Orad, §, =0rad <.
According to [30], the magnitudes of the aforemamgid primary disturbances acting on spacecraft&€@ are

in the range ofix10°. Considering the dynamic model of EDT shown in Ej.is dimensional, the disturbance

force A, can be set as the maximum of the range, thah,is1x10° N. Furthermore, the angular accelerations

caused by the disturbance torques can be evalasateil, = A,=8.4x 10’ rad &. Besides, due to the difficulty of

explicitly modelling for external disturbances [2@]is widely adopted to describe disturbancesa ast of periodic

functions. As a result, the disturbances can beresged as follows: A, (t)=1x10° sin(20@t )N ,

A, (t) = A,(t)=8.4x 10" sin(20Q@t )rad%. Based on the discussions above, the boundary cbn be set as:

D =0.01, which is larger than the upper value of the disinces to guarantee a higher ability of anti-dixnce.
The restricted conditions for the control inpufsand | are: 0.IN<T < 1IN, |I|S2A, respectively. The

parameters of the modified adaptive law gre: 0.0081, m,,, =50, m,, =45, and the initial value of the adaptive

law is selected ash,(0) = 48.5. When selecting parameters for the SMC contrqliiaesre are some guidelines that
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need to be concerned about. Take the contrajleas an example. The parameter of the contrddjedetermines the
convergence rate of the system, and the paramgtepresents the velocity of the approach law alirslj surface.

Note that if the velocity of approaching is toodey then the chattering will increase, which is esidhble in
practice, because it may result in lower contrauaacy and excite high-frequency dynamics of tretesy. In order

to improve the convergence rate and weaken chadtekj can be chosen larger argd should be smaller under the
foregoing constraintg, >0, 7, =2 D. Given these concerns, in the simulations therpaters of the controllers are
set as follows: as fou,, one hasc, =0.001, k, =0.5, 7, =0.01, and the thickness of the boundary layer of the
saturation function isy = 0.001; for u, , one hasc, = 25000, and the other parameters are the same as, for

accordingly.

4.2 Case studies
Considering the orbit inclination will affect theotion of the EDT system, three cases under therdifit

inclinations are studied in this subsection. Nbi& the geomagnetic field model adopted in thisepap non-titled
dipole model, that is, the angle between the Eantbtation axis and the Earth’s dipole axis is igao In this way,
when the orbital inclination is close ®@0°, such as polar orbits or Sun-synchronous orblis, generated
electrodynamic force is weak, which might not bdfisient to be regarded as a control force. Witlkes
considerations in mind, the inclinations chosendaaluation are 015° and 60°, which can respectively represent
the equatorial plane, low orbital inclination ardde orbital inclination to some extent. The sirtiatatime in the
studied cases is the actual running time of the ERgtem in orbit, which is set as=10000s. The simulation

results are shown in the following figures.

3500

3000 SRR SO N SO

p.L1(]1] SRR — A i=15deg | 1
: A N R i=60deg

Tether length/m
b2
(=)
=]
[=]

0 2000 4000 6000 8000 10000
Time/s

Fig. 3. Variation curves of the EDT length versoset
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Tether length rate/(m/s)

0 O N S SRR T ——

_0-2 i i i i
0 2000 4000 6000 8000 10000

Time/s

Fig. 4. Variation curves of the EDT length ratester time

Fig. 3 and Fig. 4 depict the time histories of théher length and its rate in the case of differerital
inclinations. In general, the curves of the teteegth and its rate in the three cases are bagiwailhcide. As shown
in Fig. 3, the tether can be deployed from theadhiength (0.5m) to the commanded lengtt8Q00m), and the
deployment time required is abo@660s, which is equal to 1.35 orbit times approximat@&foreover, the inset in
Fig. 3 demonstrates that the curves of the tetiregth are smoother when the inclinations are loBesides, there
is no overshoot in the variation curves of thedetbngth, which meets the expectations of deploynéssions. As
seen from Fig. 4, there are no violent fluctuationthe curves of the tether length rate, and #q@ayment velocity
is always larger than zero (the magnitude of theimam velocity is abouf.4ny s), which indicates that there is
no tether winding during deployment, and the safetythe process can be guaranteed. Therefore,nitbea

concluded that the control law is successful inttitee cases to achieve a stable deployment.
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-0.2
E R I Y | R Sy p— i=0deg
L= i—
E” 03 }—15deg o
= O i=60deg
(=] H
g2 -04
=
=05

-0.6

-0.7

_0-8 i i i i

0 2000 4000 6000 8000 10000

Time/s

Fig. 5. Variation curves of the in-plane angle usréime

""" i=60deg

e O R, -

In-plane angle rate/(rad/s)

" j i j i
0 2000 4000 6000 8000 10000
Time/s

Fig. 6. Variation curves of the in-plane angle naesus time

Fig. 5 and Fig. 6 demonstrate the changes of tpdaime angle and its rate during tether deploym&stshown
in Fig. 5, the in-plane angle in the three casesazntually converge to zero, which means the BR§iem is
deployed to the desired local vertical. Fig. 6 shdlat the maximum in-plane angle rate occursetrtiial stage,
which is accounted for by the action of Corioligd®e. The convergence of the in-plane motion takesut
8860<(nearly 1.56 orbital periods), which is a little longer than the time needed for the tether letgtteach the
desired state. This illustrates that the in-plarsgion goes on after the tether length is alreadly fieployed, and
for this stage the control mainly depends on atfjgsturrent along the tether within a quite smafige, which can

be found from the curves of the control inputs shaw the figures below. Besides, it can be seemftbe
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60° deviates from the local vertical larger during the

comparison of the curves that the in-plane angtbéncase

deployment, which is because the Ampere force adtrease as the orbital inclination increases.tkersame

reason, the overshoot of the curve in the ¢as60° is also larger than that in the other two cases.

(o]

=0deg

-

---- i=60deg

0.5

0.15}

persrsue auerd-;nQ

-+

X 10

Time/s
Fig. 7. Variation curves of the out-plane anglesusrtime

(]

H
] — = —

(s/per)/a1er 213U aueld-;nQ

-+

x 10

Time/s
Fig. 8. Variation curves of the out-plane angle nagrsus time

Simulation results shown in Fig. 7 and Fig. 8 imdiécthat the out-plane motion in the three casemiite tiny

during the EDT development. Here, the simulationetiis specially extended ®0000s so as to demonstrate the

long-term dynamic responses of the out-plane amglt. Particularly, when the EDT system is runnimgthe

equatorial plane, the Ampere force will not affée out-plane motion, which can be seen from theadhic model
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of the system. As the orbital inclination increasb&® component of Ampere force on the out-planégianowill

strengthen, which results in the enlargement ofthelitude of the out-plane motion.

0.8
; ; N i=0deg
0.7 .,,,, ,,,,,,,,,,,,,,,, ,,,,,,,,, I :15deg H
N i=60deg
0.6 g —
: A ; :
LA B

% 05 ________________.___________“l'___J; _______ T, o 4

S i

B 04f e N -

o £

= ;

e e e .
] I L ik .
01 ————————————Eh: ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 4

0 i i i i
0 2000 4000 6000 8000 10000
Time/s

Fig. 9. Variation curves of the tether tension usrsme

P

Current along EDT/A

________________________

0 2000 4000 6000 8000 10000
Time/s

Fig. 10. Variation curves of current along the E@Fsus time
Fig. 9 and Fig. 10 depict the time histories of toatrol inputs in the three cases. Tether tenaiothe initial
stage is restricted to the permissible minimQr@1N, because if tension is smaller or even negathetéther may
not be deployed successfully. It is worth mentignthat, although there is also an upper limit foe tension
(INgiven in the cases), such a maximum is never dgttedched under the proposed control strategy.nAthe
tether is fully deployed, the curves of the tethension slightly fluctuate due to the effect of tegternal

disturbances. On the other hand, limits for theenirare symmetrical with respect to zero, it issase that the
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current direction may be regulated via plasma aiata installed on the end-bodies [25]. Similathe curves of the

current also fluctuate after tether deployment, abndously, the amplitude of the current fluctuatio the case of

i =60° is larger when dealing with the disturbances.

i i i
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@
1 j i j i
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Fig. 11. The sliding mode surfaces versus time
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Fig. 12. The estimations of the mass parametdreogystem

The curves of the sliding mode surfaces are shovfig. 11. As shown in the figure, the slidingfagess, and
s, in the cases can converge to zero. Fig. 12 shbevestimation values of the unknown mass paraniettre
three cases. The real value mf in the cases is equal #7.619kg. As shown in Fig. 12, the estimatiorg

calculated by the adaptive law start from the givweitial value, and then stabilize @f7.639kg(the red line),
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47.628kg(the blue line), andl7.612kg(the black line), respectively. All the estimatexbults are close to the real
value.

4.3 The influence of disturbances and uncertainty
In order to verify the anti-disturbance ability thfe proposed hybrid control strategy and the imfageof the

model uncertainty, more cases are discussed instibsection, which may illustrate the influencetloé initial

perturbations, the external disturbances, and ticertainty of mass parameter in the model.

4.3.1 The influence of the initial perturbations
Considering there may be some perturbations atinii@l moment of tether deployment, which may caus

deviations in the ejection direction, the comparidelow focuses on the impact of the deviationghefinitial in-
plane angle. When making the comparison for théainin-plane angle, the other parameters are #mesas the
previous parameter settings. And the orbital iratlon is chosen ag=15". The blue lines in the following
simulations are chosen as the baselines, whiclesept variation curves in the case &f0) = Orad, and the red and
black lines depict the cases éf0) = 0.1rac and 8(0) = -0.1rad, respectively.

Fig. 13-15 demonstrate the states of the systeimeithree cases. The results suggest that althtbegieviations

of the in-plane angle will affect the deploymenbgess, the system can reach the desired locatakerivhich
indicates that the proposed control strategy hasHility to overcome the influence of the initi@rturbations. The

corresponding control inputs are shown in Fig. 46 Big. 17.
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Fig. 13. Variation curves of the tether length verime
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4.3.2 The influence of the external disturbances

Note that the magnitude of the external disturbasde too small to verify the effectiveness of themrsed
controller, the amplitude of the disturbance in tbkowing simulations is enlarged, which can deépiwre severe
influence. The blue lines in the figures repreghptbaseline case; the red lines and black lineesent the cases
under the enlarged disturbance by 5 times andmi€stirespectively.

Fig. 18-20 show the states of the system in theetltases. As shown in the figures, the EDT sysi@mbear
more severe influence than the actual possiblediahces during deployment, which indicates thatptoposed

control strategy has a strong ability of anti-dibance. The corresponding control inputs are shiowig. 21 and
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Fig. 22. It is worth noting that the curves of tie¢her tension and current slightly fluctuate after tether is fully

deployed due to the influence of the disturbances.
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4.3.3 The influence of the mass uncertainty

Due to the reasons stated in Sec. 3, the mass pamawf the systenm, may be unknown in the practical
missions. The influence of the mass uncertaintylmamvestigated by varying the valuemf. It should be noted
that owing to the given upper and lower boundswpf the value ofm, is allowed to vary fromm, = 48kg to
m, =52kg. For the comparison purpose, the casenpf 50kg in the following simulations is used as a benchmar
In order to verify the effectiveness of the prombsentroller, the other two cases are performectutite condition
of m, =48kg and m, =52kg respectively, which stand for the extreme casehimithe boundary. The other
parameters of the system and the disturbancesptdéhe same as shown in the part of parameténgett

Fig. 23-25 depict the time histories of the systetates. It can be seen that the proposed contaiegy is
successful in dealing with the uncertainty of thessiparameter in the three cases and achievirfigghand stable
deployment in 1.35 orbit periods roughly as disedss the previous section. Thus, it can be coreduthat the
uncertainty caused by the unknown mass parameternbasignificant effect on the performance of tethe
deployment in the proposed control law, which réve¢lae effectiveness of the deployment controBasides, it is

worth noting that the curves of the tether tensieparate from each other and stabilize at diffevahtes after the

tether is fully deployed due to the differencetof mass parameter in the three cases, as shovign 26
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5. Conclusions
The present work developed a hybrid controllertfer deployment of EDT system by regulating tetleeision

and electric current simultaneously. In order talrads the challenges of the possible disturbanoes tiae
uncertainty caused by the unknown mass parambtesliding mode control combined with adaptive lavadopted,
and the asymptotically stability of the systemiigyed by the Lyapunov theory. The simulation resahiow that the
EDT system is deployed to the local vertical susfidly within 1.35 orbit times roughly without tethwinding in
the cases of different orbital inclinations, and ghroposed adaptive law performs well in estimathng unknown
mass parameter of the system. Furthermore, thedettirbance ability of the controller is demonsda by
evaluating the influence of the initial ejectionrfpebations, the external disturbances in diffemmplitudes and the
mass uncertainty. In future studies, nonlinearirgljdnode control method, combined with adaptiveraaph, may

provide further insight into the hybrid regulatiohtether tension and current for EDT deployment.
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Highlights

* A hybrid deployment strategy for the el ectro-dynamic tether isinvestigated.

*  Thetether is deployed to the desired local vertical vialimited tension and current
regulation.

*  Thedeployment controller has a strong ability of anti-disturbance.

e The unknown mass parameter of the system is well-estimated using the adaptive
law.



