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Abstract

Aiming at the problems of strong model uncertainty, unmodeled perturbation disturbances
and unknown maneuvering of space non-cooperative targets in orbital rendezvous mis-
sions, an orbit prediction and control method combining active disturbance rejection and
model predictive control (ADRC-MPC) is proposed in this paper. Firstly, the relative motion
dynamic equations of chaser—target are established under a geocentric inertial coordinate
system, and the lumped disturbance including space perturbation and unknown evasive
maneuvers of the target is expanded into extended state variable. Secondly, an extended
state observer (ESO) is designed to achieve real-time accurate estimation and feedforward
compensation of time-varying lumped disturbances, which mitigates adverse influences
induced by ]2 zonal harmonics, atmospheric drag, solar radiation pressure, and target
evasive maneuvers. Thirdly, a constrained MPC strategy incorporating thrust saturation,
approach corridor, and collision safety zone constraints is developed. Sufficient conditions
for closed-loop input-to-state stability (ISS) are theoretically derived via the small-gain
theorem under the given assumptions, which ensures the uniform ultimate boundedness
(UUB) of tracking errors. Finally, numerical simulations, comparative benchmarks against
conventional MPC and proportional-derivative (PD) control, and Monte Carlo robust-
ness tests are performed. Simulation results demonstrate that the proposed ADRC-MPC
framework delivers superior rendezvous precision, stronger disturbance rejection, reduced
propellant consumption, and improved robustness against initial state offsets and mea-
surement noises, laying solid theoretical and technical foundations for autonomous orbital
rendezvous with space non-cooperative targets.

Keywords: non-cooperative target; orbital rendezvous; active disturbance rejection; predictive
control; extended state observer; relative motion

1. Introduction

In this paper, the target satellite is considered a non-cooperative target. It is defined as
a space object that lacks communication capabilities, dedicated navigation aids, and the
ability or willingness to perform coordinated maneuvers with the chaser. Consequently,
all relative state measurements, trajectory predictions, and control decisions must be
performed autonomously by the chaser. The chaser has no prior knowledge of the target’s
orbital parameters, aerodynamic characteristics, or potential maneuvers, making robust
disturbance rejection a critical requirement for successful rendezvous.

With the rapid development of on-orbit servicing, active debris removal, and close-
proximity operations, high-precision orbit prediction and robust control for non-cooperative
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space targets have become critical and challenging research topics in astrodynamics [1,2].
Non-cooperative targets typically lack communication links, orbital state broadcasting,
and attitude information, and their motion is inevitably affected by complex space pertur-
bations, including J2 gravitational perturbations, atmospheric drag, third-body gravita-
tional effects, and solar radiation pressure [3,4]. In addition, unknown target maneuvers
may further introduce unmodeled disturbances [5,6]. These factors lead to strong un-
certainties, high nonlinearity, and limited measurement information in relative motion
dynamics, which seriously restrict the safety, accuracy, and reliability of rendezvous and
proximity operations [7].

In recent years, considerable efforts have been devoted to relative motion control for
spacecraft rendezvous. Model predictive control (MPC) has been widely utilized due to
its remarkable ability to handle multivariable constraints and optimize future trajectories
explicitly. Hartley developed a constrained MPC scheme for spacecraft rendezvous with
thrust and approach-corridor constraints [8,9]. Weiss proposed a series of MPC strategies
with explicit constraint handling and case studies for rendezvous and docking [10]. Against
the background of spacecraft rendezvous and docking with non-cooperative targets, Isk-
ender conducted research on guidance and control methods based on model predictive
control [11]. However, traditional MPC relies heavily on the accuracy of the nominal dy-
namical model [12]. When facing unmodeled dynamics, unknown target maneuvers, and
strong environmental disturbances, its robustness and estimation ability are limited [13].

To alleviate model sensitivity, tube-based robust MPC (TRMPC) dominates recent
robust MPC studies. TRMPC constructs disturbance invariant tubes to separate nominal
trajectory planning and uncertainty feedback correction, avoiding the heavy computation
of min—-max robust MPC. Recent works designed adaptive tube tightening rules for cir-
cular/elliptical orbit proximity missions [14-16]. However, existing TRMPC uses fixed
disturbance bounds, leading to excessive conservatism under time-varying target maneu-
vers; few integrate online lumped disturbance estimation to distinguish environmental
perturbations and active target maneuvers. Chance-constrained and Lyapunov robust
MPC further requires prior disturbance distribution or sacrifice multi-constraint handling
capacity, limiting onboard real-time application.

Active disturbance rejection control (ADRC) and extended state observers (ESO)
have been introduced to estimate and compensate for lumped disturbances in real time
without requiring an accurate disturbance model [17,18]. Nevertheless, conventional
ADRC is essentially a feedback compensation strategy and lacks the capability of trajectory
prediction and multi-constraint optimization, which is essential for safe rendezvous [19].

Learning-based MPC emerged as a data-driven branch from 2023 to 2026 to reduce
model dependence. Imitation learning MPC trains neural policies from safe NMPC tra-
jectories to cut online computation cost, while reinforcement learning MPC improves
adaptability to random initial errors. Unfortunately, nearly all learning MPC schemes
lack rigorous closed-loop stability proof and demand massive offline training datasets;
their tracking performance degrades sharply under unseen large-amplitude target evasive
maneuvers, ignoring long-term orbital perturbation coupling.

Sliding mode control (SMC) is another mainstream robust control for uncertain ren-
dezvous systems. Recent fractional-order adaptive SMC and neural SMC achieve finite-time
error convergence with input saturation suppression [20]. Hybrid SMC-MPC cascaded
structures combine SMC robustness and MPC constraint processing capacity, but most
designs only stack two control loops without unified small-gain/ISS stability analysis.
Moreover, SMC disturbance observers exhibit a slower response for fast time-varying target
maneuvers compared with ESO, bringing larger transient overshoot; pure SMC cannot
pre-plan constrained trajectories within safety approach corridors.
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Some efforts have been made to combine ESO and MPC for disturbed systems. How-
ever, most existing applications adopt a straightforward cascade framework without the-
oretical stability guarantees [21,22]. Furthermore, few studies simultaneously consider
high-order orbital perturbations, unknown target maneuvers, closed-loop stability, and
constrained optimization in a unified framework for non-cooperative target rendezvous.
In particular, the lack of theoretical guarantees for closed-loop stability and robustness
remains a critical limitation for engineering validation [23,24].

In summary, although relevant research on relative motion modeling, active distur-
bance rejection estimation, and model predictive control for space non-cooperative target
rendezvous has achieved certain progress, there still exist several key scientific and tech-
nical problems to be solved urgently. Most existing orbital control methods rely heavily
on the accuracy of nominal dynamic models and cannot effectively cope with compound
uncertain disturbances composed of high-order orbital perturbations, such as ]2 gravi-
tational perturbation, atmospheric drag, solar radiation pressure, as well as unknown
time-varying maneuvering of non-cooperative targets. It is difficult to simultaneously
suppress environmental perturbation and target maneuver disturbance under a unified
framework. The existing combined control strategies of extended state observer and model
predictive control mostly adopt a simple cascade structure, lacking rigorous closed-loop
stability theoretical demonstration. Most methods only rely on numerical simulation to ver-
ify the effect, without strict theoretical proof of input-to-state stability and uniform ultimate
boundedness of tracking error, which restricts their practical engineering application. Tra-
ditional rendezvous control research seldom comprehensively considers multiple physical
constraints including thrust saturation, approach corridor and safety collision avoidance
zone in the controller design process. Moreover, there is a lack of systematic quantitative
comparison with classic control methods such as PD and pure MPC, as well as sufficient
robustness verification under initial state deviation, thruster parameter error and seeker
measurement noise. In addition, few studies take into account the real-time computing
performance of the algorithm on space-borne platforms and the optimal balance among ren-
dezvous accuracy, convergence time and propellant consumption, which makes it difficult
to directly support autonomous on-orbit rendezvous tasks of non-cooperative targets.

Motivated by the above challenges, this paper proposes a novel orbit prediction
and control method for non-cooperative target rendezvous based on active disturbance
rejection and constrained model predictive control. The lumped disturbance, including
environmental perturbations and unknown target maneuvers, is estimated online by an
extended state observer [25]. A constrained MPC is designed to achieve high-precision
trajectory tracking while satisfying physical constraints [26,27]. More importantly, the
closed-loop input-to-state stability (ISS) is rigorously proven to ensure robustness and
convergence [28,29].

The main contributions and novelties of this paper are summarized as follows:

(1) A novel integrated ADRC-MPC control framework is proposed for non-cooperative
target rendezvous, which unifies real-time lumped disturbance estimation, high-
precision trajectory tracking, and multi-constraint optimization within a systematic
design. This framework can simultaneously suppress ]2, atmospheric drag, third-body
perturbation, solar radiation pressure, and unknown target maneuvers [30].

(2) Rigorous closed-loop input-to-state stability (ISS) analysis under explicit sufficient
conditions is presented using the small-gain theorem. Under the proposed modeling
and control assumptions, we theoretically demonstrate that the tracking error is
uniformly ultimately bounded (UUB) under unknown time-varying disturbances,
which provides a theoretical foundation for engineering applications.
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A constraint-aware predictive control scheme with practical physical constraints

(thrust magnitude, approach corridor, safety zone) is developed. Compared with

conventional MPC and ADRC, the proposed method achieves stronger robustness,

higher tracking accuracy, and lower fuel consumption under severe disturbances.

To clearly differentiate the contributions of this study from state-of-the-art techniques,

Table 1 provides a comparison across four key research dimensions.

Table 1. Comparison of advantages and disadvantages of different methods.

Research
Dimension

Existing ADRC-MPC/Robust
MPC/Adaptive Control Literature

The Proposed ADRC-MPC Scheme in
This Work

Disturbance Modeling and ESO
Architecture

Separate observers for orbital perturbations
and target maneuvers; ESO only provides
static feedforward compensation without
prediction capacity; fixed ESO bandwidth
incapable of adapting to diverse
time-varying disturbances

Unified lumped disturbance augmented into
system states and embedded in MPC
receding prediction; ESO bandwidth
adaptively adjusted via pole placement to
realize receding predictive

disturbance compensation

Simulation Disturbance
Configuration

Only single step/sinusoidal target maneuver
applied, decoupled from orbital
environmental perturbations

Coupled four environmental perturbations
(J2, atmospheric drag, lunar-solar gravity,
solar radiation pressure) plus three types of
target evasive maneuvers
(sinusoidal/step/ramp), joint multi-source
disturbance simulations

Completeness of Robustness
Verification

Insufficient coverage of uncertainty items in
random simulations

100 Monte Carlo cases covering triaxial initial
position/velocity deviations, thruster
parameter drifts, full-range systematic and
stochastic radar ranging /velocity
measurement noise in X/Y/Z axes

Controller Optimization Objective

Single objective: minimize position tracking
error only, unable to balance convergence
time and propellant usage

Weighted cost function integrating position
error, velocity error and control thrust to
achieve comprehensive optimality of
tracking accuracy, convergence speed and
fuel consumption

2. Relative Motion Equations for Spatial Orbital Rendezvous

The motion equations of the chaser satellite and target satellite in the geocentric first

equatorial coordinate system are as follows [31]:

. X 5
Vam = —VTM + L Amxi + Umx
M i=1
. 5
M
Vym = —% + L Amyi +tumy
M i=1
. e 5
Vay = *yTM + Y Amzi + UMz )
rM i=1
XM = VXM
Ym = Vym
ZM = VZM
v = /X3 + y3 4 23
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Vxr = B + Z ATy + UTy
T’T 1:

y T

Vyr = ,u]/ + Z ATyz + Uty

. ZT

Ve = L4 Z Arzi +ur; )
7T i=1

5CT = VXT

yr=Vyr

Z’T = VZT

rT = 1/x2T+y2T—|—z2T

The geocentric first equatorial coordinate system is adopted in this paper, and its
detailed definition is provided as follows: The origin O of the coordinate system is located
at the Earth’s center of mass. The OX-axis lies within the equatorial plane and points toward
the vernal equinox; the OZ-axis is perpendicular to the equatorial plane and aligns with the
angular velocity vector of Earth’s rotation. The OY-axis is orthogonal to both the OX-axis
and the OZ-axis, and the frame OXYZ forms a right-handed Cartesian coordinate system.

In the above equations, xu1, ym, zm, Vxm, Vyum, and Vzy represent the position
and velocity of the chaser satellite in the three directions of the geocentric first equatorial
coordinate system, respectively; xr, yr, zr, Vx7, Vyr, and Vzr represent the position
and velocity of the target satellite in the three directions of the geocentric first equatorial
coordinate system, respectively. u denotes the gravitational constant of the Earth, with a
value of 3.986004418 x 10'* m?/s2.

AM(Tyx/y/210 AM(T)x/y/220 AM(T)x/y/230 AM(T)xy/z40 AM(T)x/y/25 A0 Upy(T)x/y /2 TE
spectively represent the non-spherical gravitational perturbation acceleration, atmospheric
drag-induced acceleration, solar gravitational acceleration, lunar gravitational acceleration,
solar radiation pressure-induced acceleration, and self-applied control acceleration acting
on the chaser satellite (target satellite) in the X (Y/Z)-direction of the geocentric first equa-
torial coordinate system. Among them are up1y € R, upy € R, up; € Ryury € R, upy € R,
and ur, € R.

Taking the X-direction of the chaser satellite as an example, the calculation expressions
for the aforementioned perturbation accelerations are as follows:

Ape1 = VxM“e Jo[~15+ 7.5(%)2] 3)
Appr = —%%VM(V}CM + ymwe) (4)
Amxs = Msu(% - f—S;) 5)
Atz = MM%M f3> (6)

KomSm xpm — Xs
M AT’M

(7)

Apys =

a, is the Earth’s equatorial radius, with a value of 6,378,140 m; | is the Earth’s gravita-
tional field harmonic coefficient, with a value of 1.082629832258 x 10~3; Cpy is the drag
coefficient; p is the atmospheric density; Sy is the characteristic area; m,, is the mass of the
chaser satellite; w, is the Earth’s angular velocity, with a value of 7292115.0 x 10~ rad/s.
M is the Sun—Earth mass ratio, with a value of 332,946.0; Ar), is the distance between the
Sun and the chaser satellite; M, is the Moon—-Earth mass ratio, with a value of 0.01230002;
Arﬁw is the distance between the Moon and the chaser satellite; K is the solar radiation
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MPC-Rendezvous orbit ‘ ‘ ADRC-Rendezvous orbit active
predictive control

————

| Establish performance optimization
| functions:
| min: J = |2 ()], + U (k)]

Establish a predictive control model:

Z(k) = Fz(k)+GU (k)

1

pressure constant, with a value of 4.5 x 1076 N/m? ; P is the surface reflection characteris-
tic coefficient of the satellite, with a value of 1 for full absorption, 1.44 for perfect diffuse
reflection, and 2 for perfect specular reflection; Sy, is the projected area of the satellite
perpendicular to the direction of sunlight.

Based on Equations (1) and (2), the relative motion equation of the chaser satellite and
the target satellite is obtained as follows:

: : : XM XT 5 5
AVx = V.XM—VXT: _V(T—T)—l— Z AMxi— ATxi"’(qu—uTx)
SV r'r i=1 i=1
AVy = Vypg = Vyr = —n (20— Y1) 4§ Ay 5 Any
y=Vym—Vyr=—u(= —5)+ L Amyi — X Aryi + (umy — uy)
rM rT i=1 i=1
. : : z z 5 > 8
AVz=Vzy —Vzr = —p( =)+ ¥ Az — L Arai + (upz — ur2) ®)
o=t i=1
AXZXM—XTZVXM—VxT
ANy =Yy —Yr = Vym —Vyr
AZZZM—ZTZVZM—VZT

The inputs for the rendezvous orbit control design include the accelerations of the
chaser satellite in the three directions of the first equatorial coordinate system. The terminal
condition requires that the position and velocity of the chaser satellite coincide with those
of the target satellite at time tf, ie., Ax, Ay, Az, AVx, AVy, and AVz are all zero.

3. Active Disturbance Rejection-Based Predictive Control Method for
Rendezvous Orbits

To address the aforementioned orbital rendezvous control problem, the rendezvous
control problem is addressed by the proposed ADRC-MPC framework, which is designed
to handle both known orbital perturbations and unknown target maneuvers. Meanwhile,
model predictive control (MPC) is adopted to calculate and generate control commands,
which adjust the dynamic responses of relative position and relative velocity during ren-
dezvous with the target in real time, so as to meet the requirements of rendezvous time,
rendezvous control precision, and propellant consumption for orbital control during the ren-
dezvous process. The design flow chart of the active disturbance rejection-based predictive
control system for rendezvous orbits is shown in Figure 1.

disturbance rejection control ‘

Design of extended state observer:

X'=AX+BU+L(Y-CX) | |
S —— J

AU=X(3)=Yay—> ar

R

)

\

\

I

Disturbance compensation control: | ‘
|

\

\

\

\

Figure 1. Control structure of ADRC-based predictive control for spacecraft orbital rendezvous.
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3.1. Active Disturbance Rejection Control Design

From the relative motion equation of the chaser satellite and the target satellite
(Equation (8)), it can be seen that both space perturbation accelerations and unknown
maneuvering accelerations of the target satellite introduce deviations in the relative posi-
tion and relative velocity.

While the magnitude of space perturbation accelerations (e.g., due to J2 effects, atmo-
spheric drag, and solar radiation pressure) is small over typical rendezvous timeframes,
their cumulative effects, combined with uncertainties in the target’s aerodynamic character-
istics and solar radiation reflection coefficients, are difficult to model and predict accurately.

More critically, during rendezvous with a non-cooperative target, the satellite may
perform unplanned orbital maneuvers, whose magnitude and direction cannot be directly
measured. This unknown maneuvering acceleration is the dominant disturbance in the
relative motion dynamics.

The extended state observer (ESO) component of the proposed ADRC-MPC method is
designed to estimate the lumped disturbance acceleration, including both space perturba-
tions and unknown target maneuvers. The space perturbation acceleration between the
chaser and target satellite as well as the target maneuvering acceleration are collectively de-
fined as the lumped disturbance. The ESO is used to estimate this total disturbance, which
is then fed forward as compensation into the control command during the control process,
enabling real-time online suppression of the space perturbation acceleration and the target’s
maneuvering motion. Compared with the traditional active disturbance rejection control
(ADRC), the system disturbance in this paper includes both low-frequency, extremely small-
magnitude space perturbation acceleration and high-frequency, large-magnitude target
maneuvering acceleration. The characteristics of different components in the disturbance
vary significantly. For spatial trajectory rendezvous control, it is necessary to accurately and
quickly estimate all types of disturbances. In response to this feature, this paper adopts the
method of designing the ESO based on pole placement, which can fully solve the problem
of precise system control under disturbances with different characteristics.

Considering that the position, velocity, and control variables in the three directions of
the geocentric first equatorial coordinate system are mutually independent, state equations
are established separately for the X-, Y-, and Z-direction. In these state equations, the state
variables are the relative position, relative velocity, and total disturbance; the input is the
control acceleration of the chaser satellite; and the output variables are the relative position
and relative velocity measured by the radar seeker.

The state observation equation is as follows:

X; =A X1 +Bily | Xp=A: X +Bolly | X3 =A3X3+BsUs o)
Yi=GX | r=0X, | ¥3=GXs
Among them:

AV, AV, AV,

Xi= | Ax |, Xo= | Ay |, X3=| Az (10)
Aay Aay Aa,

Uy = upye, Uy = upgy, Uz = upg, (11)

v, = |AVx Yo = AVy Ys = AV (12)
X Ay Az
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AV, = VXM — VXT AVy = VyM — V]/T AV, = VZM — VZT
Ax = xpp — XT Ay =ym—yT ANz = zp — zT (13)

5 6 5 6 5 6
Aay = ‘21 Amxi — ’21 Aryi Aay = ‘21 Amyi — ’21 Aryi Aa; = ,21 Amzi — ,21 Arz
i= i= i= i= i= i=

In Equation (8), AVX, AVy, andAVZ contain not only the space perturbation accelera-
tion and maneuvering acceleration of the chaser satellite but also the space perturbation
acceleration and maneuvering acceleration of the target satellite. The disturbance accel-
eration is difficult to accurately model and measure, and the timing, form, and overload
magnitude of the target’s evasive maneuvers are unpredictable. The uncertainty of sys-
tem model parameters poses technical challenges for orbital rendezvous control with
non-cooperative targets.

AX, Ay, and Az are the observed values of the relative positions and velocities in
three directions between the chaser satelhte and the target satellite in the geocentric first

equatorial coordinate system, where AVx AVy, and AVz are the observed values of the
relative velocities between the chaser satellite and the target satellite. The above parameters
are obtained through conversion of the measured parameters from the chaser satellite’s
seeker, and the conversion relationship is as follows:

Ax Az AV, AVx,
Ay| =Cict|ag, |, |AV, | = cict | avy, (14)
Az Az, | |AV, AVz,

ARy, Afy, Az, AVx,, AVyr, and AVz, are the relative position and relative velocity
measured by the chaser satellite’s seeker, respectively; C! is the transformation matrix
between the seeker measurement coordinate system and the satellite body coordinate
system; C‘; is the transformation matrix between the satellite body coordinate system and
the geocentric first equatorial coordinate system.

In the above equation, the nonlinear terms include r%/[, r3T, E‘, Ay and i Aryi. Two

i=1 i=1
treatments are implemented during model linearization:

@) Z Apyi and Z Aty are regarded as lumped disturbances and estimated by the

extended state observer (ESO);

@ Under the premise that the distance difference between the chaser and the target
is much smaller than the distance from the chaser to the geocenter, we assume
that ryy = rr.

For the above approximation condition, the deviation of control variables induced
by linearization is less than 10% when the relative distance between the chaser and the
target is no more than approximately 210 km, which validates the applicability of the
linearized model.

Selection of linearization equilibrium point: The initial orbital altitude difference
between the chaser and target satellite is set to 500 m.

The coefficients of the state equation can be simplified as follows:

0 -4 1 1
"M 1 0 0
Al=A2=A3=1|1 0 0|/ Bi=B2=B3=|0|,Ci=C=GC= 01 0 (15)
0 0 0 0

https://doi.org/10.3390/aerospace13090776


https://doi.org/10.3390/aerospace13090776

Aerospace 2026, 13, 776 9 of 31

Based on the state equation of the system, the following extended state observer (ESO)
is constructed: _
X=AX+BU+L(y—CX) (16)

L are design parameters of the extended state observer (ESO), and His a 3 x 2 matrix.

Assumption 1. The initial values of the system disturbance quantity and estimation error are
bounded, i.e.,

sup||Aay || < M,

k>0

sup||Aay|| < M,

k>0

sup||Aaz|| < M,
k>0

[1x(0) = %(0)[| < pon

Among them, My , My, , M, and pq are positive constants.

Lemma 1 ([1]). Under the conditions of Assumption 1, considering the system Equations (9)—(13) and
the ESO observation Equation (16), with the estimation error set as ex = X — X we have:

by =X-X=(A—LC)e (17)
The stability and convergence of the above equations need to satisfy the following expressions:

IX-X-M| <%, b>T (18)
Among them, A = |maxReA(A — LC)]|.

I' constant related to the system’s initial values, disturbances, the upper bounds
of their derivatives of all orders, and time represents the error caused by unobservable
disturbances. When the disturbance is a slow variable, the estimation deviation is a small
number. Therefore, the stability and convergence of the extended state observer (ESO) can
be ensured by adjusting the eigenvalues of (A—LC).

So far, the design for estimating the spatial perturbation acceleration between the
chaser satellite and the target satellite, as well as the maneuvering acceleration of the target
satellite, has been completed. According to the variation characteristics of the disturbance
acceleration, the observation bandwidth of the observer is designed by adjusting the ESO
parameter L, so as to achieve fast and accurate estimation of disturbances.

3.2. Design of Rendezvous Orbit Model Predictive Control

The design steps of rendezvous orbit model predictive control mainly include the con-
struction of a predictive model, rolling optimization design, and feedback correction [12,25].
The specific design process is as follows:

(1) Establishment of Predictive Model

After excluding the spatial perturbation acceleration and the maneuvering acceleration
of the target satellite, the relative motion equation between the chaser satellite and the
target satellite is given in Equation (9).

Among them,

AV, AV, AV,
X; = ,Xp = Y,X3 = 19
! Ax 2 Ay 3 Az (19)
Uy = upye, Uy = upgy, Uz = upg, (20)
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X; = A;X; + B;U;
Yi = C,‘Xi

The above continuous-time state equation { is discretized to obtain:

z(k+1); = a;z(k i+b1”(k)i,i:1’3 1)
y(k); = Ciz(k);
Among them, a; = e and b; = eAi_*y

1

Starting from time step k, the system applies inputs u(k), u(k+1), ..., u(k+M —1),
over M time steps; thereafter, the input remains constant. To predict the system’s state
variables z(k + 1), z(k + 2), ..., z(k + P) over the next P time steps, we have:

z(k+1) = az(k) + bu(k) (22)
z(k +2) = a*z(k) + abu(k) + bu(k +1) (23)
z(k+ M) = aMz(k) + aMbu(k) + ...+ bu(k + M —1) (24)

z(k+P) = aPz(k) +aou(k) + ...+ @ Mb+ ...+ b)u(k+ M —1) (25)

It is expressed in vector form as:

Z(k) = Fz(k) + GU(k) (26)
In the above equation,
z(k+1) u(k) a
Z(k) = ,U(k) = JF= ... (27)
P
z(k+P) (nPx1) u(k+M—1) (Mx1) 1 (nPxn)
- b 0
b
M-1
G — a b (28)
P-M
a’~1p Y a'b
L i=0 4 (nPxM)

By discretizing the state equation, a recursive equation for the relative motion state
transfer between the chaser satellite and the target satellite is established. This forms a
numerical recursive relationship that describes the connection between the acceleration
input of the chaser satellite and the changes in relative distance and relative velocity
between the chaser satellite and the target satellite, thereby completing the construction of
the predictive model.

(2) Rolling Optimization Design and Feedback Correction

During the rendezvous process with a non-cooperative target satellite, in addition
to meeting the control accuracy requirements for relative position and velocity at the
rendezvous point, it is also necessary to comprehensively consider the rendezvous time
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and the propellant for orbital control. For this purpose, the performance optimization
function for rendezvous orbit control is established as follows:

J=1Z®)5 + Uk (29)

The complete constrained MPC quadratic program (QP) optimization problem with
all explicit constraints, horizons and terminal cost is defined as below:

Given prediction horizon P € Z*, control horizon M € Z+, M < P, positive definite
stage weight matrix Q and terminal weight matrix Q. At each sampling instant k, the
rolling optimization reads:

P-1
: 2 2
min = Xfeo +||x
”k\k,.../”kJrM—l\kI igo || k+z\k||Q || k+P\kHQf

st. Xritlk = ka+i|k + Guk+i|k,i =0,...,P—1, (30)
Umin < Upy ik < Umax, i =0,..., M — 1,input thrust constraints
Xow < Xgrijk < Xnigh,1 = 0,..., P, approach corridor state constraints

Xy px = 0, terminal rendezvous equality constraints.

Only the first control input iy is executed at each sampling step, and the optimization
window rolls forward for the next instant. The parameters P = 40, M = 1; upin and umax
are thruster saturation limits; xjo, and xy;¢, denote the upper and lower bounds of the
safety approaching corridor.

The goal of optimal control is to minimize J, subject to dJ/dt = 0. Combining
Equations (27) and (30), we obtain:

u(k) = —(GTQG +R) ' GTQFz(k) (31)
Let
Go = (GTQG+R)'GTQ (32)
Then
u=—Gox (33)

Remark 1. Equation (31) only provides the analytical closed-form feedback gain under the ideal
unconstrained condition where all input and state constraints remain inactive. In actual rendezvous
missions with thrust saturation and safety corridor limits, the control sequence is solved numerically
via the above constrained quadratic program rather than using this fixed linear gain directly, and
the real control command will deviate from —Kx to satisfy all hard physical constraints.

The above equation indicates that the optimal solution for rendezvous orbit control
U(k) is obtained by multiplying the gain matrix by the state variables. Among them, the
gain matrix is not only related to the state coefficients F and control coefficients G of the
system’s state equation but also associated with the state gain matrix Q and control gain
matrix R in the performance function. By adjusting the numerical values of Q and R, the
control precision, orbital rendezvous time, and propellant consumption for orbital control
can be determined.

Through rolling optimization, the optimal control input parameters from the current
time step k to time step k + M are determined, and the immediate optimal control parameter
U(k) is expressed as:

u(k):[l 0 ... o}u(k) (34)
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wk)=~[1 0 ... o](cTQc+ R)*lcTsz(k) (35)
Let i
d= [1 0 ... 0] (GTQG +R) GTQ (36)
Then:
u(k) = dFz(k) (37)

The computational burden of the proposed MPC scheme is determined by the number
of optimization variables, equal to the product of control horizon M and three-dimensional
control acceleration vector. The primary simulation adopts M = 1 to minimize variable
dimension and reduce QP solving overhead. As tested in Section 4.3, the single-step
average computation delay of the full ADRC-MPC algorithm is only 18 ms on a 2.5 GHz
general processor, which satisfies the typical 50~100 ms sampling cycle requirement of
space-borne GNC computers. A lightweight active-set quadratic programming solver is
utilized without heavy matrix inversion operations, making this control framework feasible
for low-power on-orbit embedded hardware deployment.

3.3. Closed-Loop Stability Analysis of the ADRC-MPC System

To verify the convergence and robustness of the proposed ADRC-MPC control archi-
tecture, the input-to-state stability (ISS) of the closed-loop system is proven in this section.

Assumption 2. The lumped disturbance d and its time derivative d are uniformly bounded,
such that: )
Bl <d, ldt)] <d (38)

where d and d are known positive constants.

The continuous-time nominal disturbance-free relative dynamics are written as
x = Ax + Bu. We discretize the system with zero-order hold under a sufficiently small
sampling period Ts, which yields the discrete state recursion:

Xxo1 = Fxp + Guy (39)

where F = ¢AT and G = fOTS eATBdT.
For finite-horizon MPC with prediction horizon P, control horizon M, positive definite
weight matrices Q >~ 0, and R > 0, the unconstrained rolling optimization problem reads:

min
u:[MO/"'/qul

P-1 M-1

=Y il X el (40)
i=0 i=0

subject to state and input hard constraints (thrust saturation, approach corridor).

The optimal control sequence is an affine function of the current state x; : u* = —xxy.
Only the first control input ug is applied at each time instant, which defines an equivalent
static state feedback law:
ug = —ka (41)

where K denotes the first row matrix of x. This K is the static feedback gain adopted in sub-
sequent Lyapunov and closed-loop matrix analysis, establishing a rigorous mathematical
connection between rolling MPC optimization and the time-invariant linear feedback used
in stability proof.

Assumptions for Lemma 1:

(A1) Q > Oand R > 0 are symmetric positive definite weight matrices;
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(A2) Prediction horizon P and control horizon M are sufficiently large;
(A3) A robust positively invariant set exists for all admissible states and control inputs within
prescribed constraints.

Statement: Under (A1)—(A3), the discrete closed-loop matrix F — GK is Schur stable; for
sufficiently small sampling period Ts , the corresponding continuous closed-loop matrix A — BK is
Hurwitz (all eigenvalues lie strictly in the open left half complex plane).

Proof. When P, M — oo, finite-horizon MPC degenerates to infinite-horizon LQR control.
The LOR gain solves the discrete algebraic Riccati equation (DARE):

-1
FTPiyapF = Piyap — F' PpyayG(R + G' PyyayG) G Py F+Q =0 (42)

The unique positive definite solution P, >~ 0 guarantees F — GK Schur stable. For
small T, the zero-order hold discretization mapping preserves stability, such that the
continuous counterpart A — BK is Hurwitz. [

Remark added to correct original ambiguous statement: Standard constrained MPC
without robust positively invariant set design cannot inherently guarantee closed-loop
stability. The Hurwitz property of A — BK only holds under Assumptions (A1)—(A3)
listed above.

Lemma 2 (ESO Error Convergence). Define the spectral abscissa of matrix L as
a(L) = max{Re(A)|A € o(L)} (43)

where o (L) denotes the set of all eigenvalues of L and Re(-) represents the real part of a com-
plex eigenvalue. The spectral abscissa a(L) governs the exponential decay rate of the ESO
observation error.

For the extended state observer designed in Equation (16), the observation error
dynamics are globally exponentially stable. The estimation error satisfies:

le(t)]| < Ke M |le(0)]| + sup [|d(7)] (44)
Y€[0,t]

where K > 0, A > 0, and v > 0 are constants fully determined by the observer
gain matrix L.

Let A = A — LC denote the ESO error state matrix. The exponential decay rate A is
determined by the spectral abscissa «(L), i.e., the maximum real part of all eigenvalues
of A, which is explicitly assigned via pole placement when tuning matrix L in Table 2 of
Section 4. The coefficients K and  are derived from the spectral norm of A~ 1:

_ K
K= a7, v=5 (45)
In our numerical simulations (Table 2), the observer gain matrix L yields A = 1.0 rad/s
and v = 18.2, which are consistent with the exponential convergence bounds in Lemma 2.
Thus, the observer theoretical parameters are fully matched to simulation parameters.

Thus, the ESO estimation error is uniformly ultimately bounded (UUB).

Theorem 1 (Closed-Loop ISS of ADRC-MPC System). Consider the relative motion dynamics,
ESO, and MPC controller designed in previous sections.
Suppose that:
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1. The MPC cost function satisfies Assumptions (A1)-(A3) in Lemma 1, so A — BK is Hurwitz;
The prediction horizon P and control horizon M are sufficiently long;

3. Disturbance d and its derivative d satisfy Assumption 2 (uniform boundedness).

Then, the closed-loop ADRC-MPC system is input-to-state stable (ISS) with respect to the
ESO estimation error ey , and the tracking error x — x5 is uniformly ultimately bounded (UUB).

Proof (Complete Small-Gain Derivation with Explicit Ko, Gain Functions). The closed-
loop system forms a cascade interconnection of two ISS subsystems:

" Subsystem S;: ESO error dynamics, input ey, output ¢4, ISS gain mapping 71 € Keo;
= Subsystem Sp: MPC tracking dynamics, input ¢4, output ey, ISS gain mapping 7, € Ke.

Step 1: Derive ISS gain -y (.) for ESO subsystem S;.
From Lemma 2, the disturbance estimation error satisfies:

: K
lea()Il < 71 (supr<ild(D)]), 1(s) = Ts (46)

71(s) is a linear class Ko function (strictly increasing, 1 (0) = 0).
Step 2: Derive ISS gain v, (.) for MPC tracking subsystem.
The tracking error dynamics with disturbance estimation error input read:

éx = (A — BK)eyx + Bey 47)
Since A — BK is Hurwitz, there exists P > 0 solving the Lyapunov equation:
(A—BK)"P+P(A—BK) = —I (48)

Applying standard ISS Lyapunov analysis, the state error bound satisfies:

lex()l] < r2(sup,<illea(o)]) @9)
ma(s) = ﬂfi’,)s (50)

72(s) is also linear class Ke.
Step 3: Verify small-gain sufficient condition 1 o 7y, < id.
The composite gain mapping is calculated as:

(m10m)(s) = M(1als)) = ~NPBI 4 o 1)

A Amin(P)
By pole-placement tuning of ESO matrix L and MPC weight matrices Q and R, we can
always adjust the constant coefficients such that # < 1. For all input norm s > 0:

(11 072)(s) = as <5 = id(s) (52)

The core small-gain condition is mathematically verified.

Step 4: Final stability conclusion

Per the small-gain theorem for interconnected ISS systems, the cascaded S; — S
closed-loop ADRC-MPC system is input-to-state stable. All state tracking errors and
disturbance estimation errors are uniformly ultimately bounded under bounded time-
varying lumped disturbances.

This completes the full mathematical proof with all intermediate derivations supple-
mented. [J
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Corollary 1. The tracking error of the ADRC-MPC system will converge to a compact small
bounded set under unknown time-varying orbital perturbations and target evasive maneuvers,
which guarantees the safety and reliability of non-cooperative target autonomous rendezvous.

4. Numerical Simulation
4.1. Control Parameter Design

To verify the superiority of the proposed rendezvous orbit predictive control method
based on active disturbance rejection, a typical scenario of low-Earth orbit (LEO) ren-
dezvous is established. Simulation analyses are conducted on the estimation performance
of the extended state observer (ESO) for both space perturbation acceleration and target
satellite maneuvering acceleration. Additionally, the model predictive control method for
non-cooperative target space rendezvous orbit based on active disturbance rejection is
adopted. Comparative simulations are performed on control indicators including system
control accuracy, convergence time, and propellant consumption for orbital control, thereby
comprehensively evaluating the applicability of the proposed method.

Simulation Scenario Setup

The total mass of the spacecraft is 350 kg, among which the orbit control engine weighs
50 kg, and 32 kg of working fluid is carried for orbital maneuvering. The specific impulse
of the thruster is 225 s. The altitude difference between the chaser satellite and the target
satellite is 500 m, with a relative distance of 125 m. The chaser satellite tracks the target
satellite, and during the tracking process, the target satellite performs evasive maneuvers
in three directions. The chaser satellite relies on relative position and velocity information
measured by its seeker to implement orbital rendezvous control. The simulation time
stepis1s.

(1) Constraints

o  The thrust of the spacecraft orbital control engine is 50 N, and the engine supports
continuous startup and shutdown.

e  The detection range of the seeker is no more than 50 km, with a detection azimuth
of —90° to 90°.

e  Safety corridor: no collision shall occur during the rendezvous. Relative static
state is achieved at rendezvous time, with relative distance < 0.5 m and relative
velocity < 0.5m/s.

e  The safety corridor is designed with a tolerance of £2 km.

(2) Parameter Setting of the Extended State Observer

The core design parameter of the ESO is the observation bandwidth. According to
the variation characteristics of the estimated parameters (i.e., the relative position, relative
velocity, and disturbance acceleration between the chaser satellite and the target satellite)
for the ESO in this study, the observation bandwidth is adjusted by modifying the values
of the matrix L3> to alter the eigenvalue distribution of the characteristic polynomial
|(A3x3 — L3x2Cax3)|.

The parameters of the state extended observers for the X-, Y-, and Z-direction are
listed in Table 2.
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Table 2. Parameter selection of the extended state observer.

Parameter Name Unit Value
Bandwidth rad/s 1.0
L1z - 1.8

L1 - —0.0
Lo - 1.0
Lo - 1.2
La1 - 0.8
L3, - 0.0

(3) Initial Motion Parameters of the Chaser Satellite and Target Satellite

The initial motion parameters of the chaser satellite and target satellite are presented
in Table 3.

Table 3. Initial motion parameters of the chaser satellite and target satellite.

Parameter Unit Chaser Satellite Target Satellite
Semi-major axis km 6870.50 6871.00
Eccentricity - 0 0
Orbital inclination ° 50 50
Right ascension of o 0 0
ascending node
Argument perigee ° 90 90
True anomaly ° 0 0.001

(4) Measurement Error of the Chaser Satellite’s Radar Seeker

The measurement error of the chaser satellite’s radar seeker is given in Table 4.

Table 4. Measurement error of the chaser satellite’s radar seeker.

Parameter Unit Value
Mean ranging error m 0.1
Ranging error variance (30) m 0.2

Mean velocity
measurement error
Velocity measurement
error variance (30)

m/s 0.005

m/s 0.1

The maximum maneuver overload of the chaser satellite is 1 g, and that of the target
satellite is 0.1 g.

Figures 2 and 3 respectively show the comparisons between the estimated values and
actual values of the disturbance acceleration in the X-, Y-, and Z-direction obtained by
the extended state observer under the conditions of without considering the radar seeker
measurement error and with considering the radar seeker measurement error.
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Figure 2. Estimated values of disturbance acceleration in three directions without considering radar
seeker measurement error (only orbital perturbations as disturbances).
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Figure 3. Estimated values of disturbance acceleration in three directions with considering radar
seeker measurement error (disturbances: orbital perturbations plus radar measurement errors).

The simulation results in Figures 2 and 3 show that the extended state observer can
accurately estimate the variation law of the three-directional disturbance acceleration.
When the measurement error of the radar seeker is taken into account, both the relative
velocity and position changes in the observed values contain measurement noise, which
leads to the introduction of measurement noise into the disturbance acceleration estimation
value. However, the median value of the measurement can still be consistent with the
actual value.

For the maneuvering problem of non-cooperative targets, sinusoidal, step and ramp
disturbances are applied separately to the three axes of the target satellite during tests.
Cosine disturbance only has a 90° phase difference from sinusoidal disturbance with
identical influence patterns; thus, it is not discussed separately. Restricted by actual
physical processes, non-cooperative targets cannot perform pulse-type maneuvers, so pulse
disturbance is excluded. Sinusoidal disturbance acceleration is imposed on the X-axis,
and its calculation expression is —0.057 x sin(0.17tt) m/s?. The disturbance acceleration
along the Y-axis is 0.057 — 0.057 x sin(0.57tt) m/s?. For the Z-axis, ramp disturbance
acceleration varies within 0~10 s and remains constant at —0.057 m/s? after 10 s. Sinusoidal
disturbances at 0.1 Hz (low frequency) and 0.5 Hz (high frequency) are imposed on the X-
and Y-axis separately, so as to compare the corresponding influences on the closed-loop
control system.

The estimation performance of the extended state observer (ESO) is closely related to
its bandwidth and the type of disturbance. A sensitivity analysis of the ESO bandwidth is
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carried out for the aforementioned disturbances. Supplementary simulations with distinct
ESO bandwidth values (0.1 rad /s, 0.2 rad /s, 0.5 rad /s, and 1 rad/s) have been added to
the manuscript. We comprehensively quantify the discrepancies in disturbance estimation
performance induced by varying ESO bandwidth under multiple types of disturbances.
Figures 4-7 present the actual and estimated disturbance accelerations in the X-, Y-, and
Z-directions under different ESO bandwidth configurations, respectively.
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Figure 4. Estimated values of disturbance acceleration (ESO bandwidth values 0.1 rad /s, disturbances:
orbital perturbations, radar measurement errors and target maneuvers).
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Figure 5. Estimated values of disturbance acceleration (ESO bandwidth values 0.2 rad/s, disturbances:
orbital perturbations, radar measurement errors and target maneuvers).
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Figure 6. Estimated values of disturbance acceleration (ESO bandwidth values 0.5 rad /s, disturbances:
orbital perturbations, radar measurement errors and target maneuvers).

Relative acceleration
I T T T

Actual Value
Estimated Value

o

AL A
Nt ol B ot A AN AN AN AN - — —
NN J M LIVINIY
AW \ \ WAl ‘hs AFD
”‘w\ VRRTmY \w‘”#u““‘

IR \
0.05 [y 4f'— ‘TJ U - ‘ VRV

0.05 A oy
/\\ \‘h\“
AU

0

X-direction (m/s?)

-0.1

|
|
|
|
0 1 00 200 300

0.15 T

- M»ln'l,» Il 4!0}4\!)!1*!\ TR ﬂl LY M Ll ,ilwullh i
ﬁH’l‘l“I‘lHlHHlll I

0.05 \ \ \ \

e S,

Y-direction (m/s?)

0.1 T

005 — — — — -4 L

Z-direction (m/s?)

ts)

Figure 7. Estimated values of disturbance acceleration (ESO bandwidth values 1 rad/s, disturbances:
orbital perturbations, radar measurement errors and target maneuvers).

Comparisons of simulation estimation results under different conditions are summa-
rized in Tables 5 and 6.

Table 5. ESO estimation performance under 0.057 x sin(0.17t)

ESO Bandwidth 0.1 rad/s 0.2 rad/s 0.5 rad/s 1rad/s
Amplitude attenuation (%) 81 63 38 10
Time delay (s) 9 7 3.6 1.8
Table 6. ESO estimation performance under 0.057 x sin(0.57tt)
ESO Bandwidth 0.1 rad/s 0.2 rad/s 0.5 rad/s 1rad/s
Amplitude attenuation (%) 99 98 92 60
Time delay (s) 9 7 3.6 1.8

The above simulation results reveal that the ESO bandwidth is strongly correlated
with the amplitude attenuation and time delay of disturbance estimation. When the ESO
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bandwidth is set to 1 rad /s, the amplitude attenuation reaches 10% with a time delay of
1.8 s for medium- and low-frequency disturbance signals. For medium- and high-frequency
signals, the amplitude attenuation is 60%, while the time delay remains 1.8 s. Despite the
severe amplitude attenuation for high-frequency signals, such signals only induce limited
position deviation and exert negligible influence on control performance.

In conclusion, an ESO bandwidth of 1 rad/s is adopted in this paper.

The previous simulation results show that, when the extended state observer is used
to estimate the disturbance acceleration, the disturbance estimation value can accurately
reflect the variation law of the actual value regardless of whether the disturbance is in
the form of spatial perturbation with relatively stable changes or the target maneuvers
in different acceleration change forms. Thus, it can be applied to the design of active
disturbance rejection control for real-time disturbance compensation.

For the above disturbance forms, the model predictive control method is adopted for
rendezvous orbit control. The predictive control parameters are designed according to the
characteristics of the controlled object, and the specific values are shown in Table 7.

Table 7. Parameter settings for model predictive control.

Value
P t
arameter State 1 State 2
Control variable step M 1 2
Prediction step P 40 20
State gain matrix Q I 101
Control gain matrix R I I

Figure 8 presents the relative velocity comparison between the proposed ADRC-MPC
method and the baseline standard MPC. Figure 9 shows the corresponding relative position
comparison, and Figure 10 illustrates the propellant consumption comparison.
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Figure 8. Comparison of relative velocity ((left): state 1, (right): state 2, disturbances: orbital
perturbations, radar measurement errors and target maneuvers).
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Figure 9. Comparison of relative position ((left): state 1, (right): state 2, disturbances: orbital
perturbations, radar measurement errors and target maneuvers).
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Figure 10. Comparison of orbit control propellant consumption (disturbances: orbital perturbations,
radar measurement errors and target maneuvers).

Based on the estimation of spatial perturbation acceleration and target maneuvering
acceleration by the extended state observer, after compensation using the active distur-
bance rejection control method, the influence of disturbance acceleration can be signifi-
cantly eliminated. Under the two sets of simulation states, the relative position accuracy
at the rendezvous point can be controlled within 0.5 m, and the relative velocity error
can be controlled within 0.5 m/s, which meets the control accuracy requirements for
long-distance rendezvous.

By adjusting the MPC control parameters including matrix M, prediction horizon P,
weight matrices Q and R, the tracking performance, control accuracy and propellant con-
sumption can be optimized and tuned. Compared with State 1, State 2 adopts increased
values of M and Q as well as a reduced P. Consequently, the controller achieves a more
responsive tracking process at the cost of higher propellant consumption. The propellant
consumption in State 1 is 14.7 kg, whereas that in State 2 reaches 20.2 kg, The remaining
propellant masses are 17.3 kg and 11.8 kg, respectively. Through a comprehensive compari-
son of the control performance under State 1 and State 2, the MPC parameters adopted in
the subsequent simulations are selected according to the configuration of State 1.
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4.2. Simulation Comparison of Different Control Methods

To evaluate the performance of the proposed ADRC-MPC method, simulations are
carried out for traditional PD control, MPC control and ADRC-MPC control. The parame-
ters of ADRC-MPC are assigned the values of State 2. The control accuracy, settling time
and propellant consumption are compared.

Ilustrated by the X-direction, the control equation of PD control is as follows:

Uy =ag- (xpr — x7) + a7 - (Vxpy — Var) (53)

In the formula, the parameters represent the x-direction position projections of the
chaser and target, as well as their x-direction velocity projections respectively. The term
refers to the x-direction orbital control command of the chaser, and the other two parameters
are PD control gains.

For PD control, the plant under investigation in this paper is a second-order inertial
system. The analytical expressions for the system response frequency w;, and damping

ratio ¢ are given as:
F F a
wn =80, 6 =24/ N (54)

where F denotes the thrust of the orbit-control engine, m represents the mass of the vehicle,
and g and a; are the proportional and derivative gains of the PD controller, respectively.

Based on the characteristics of the controlled plant, the system response frequency is
set to 0.1 rad/s, and the damping ratio is set to 0.707. Accordingly, the proportional gain ag
and derivative gain a; are calculated to be 0.007 and 0.98, respectively.

Simulation comparisons under this scenario are illustrated in the figure below.
Figures 11-13 show the comparison curves of the X-, Y- and Z-directional components
of the relative motion velocity between the aircraft and the target under three control
methods. Figures 14-16 present the comparison curves of the X-, Y- and Z-directional
components of their relative positions. Figure 17 shows the comparison curve of consumed
working fluid during orbital rendezvous under three control methods.
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Figure 11. Relative motion velocity between chaser and target in X-direction (disturbances: orbital
perturbations, radar measurement errors and target maneuvers).
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Figure 16. Relative position of chaser and target in Z-direction (disturbances: orbital perturbations,

radar measurement errors and target maneuvers).
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Figure 17. Propellant consumption mass during rendezvous (disturbances: orbital perturbations,

radar measurement errors and target maneuvers).

Simulation results of the aforementioned control methods demonstrate that, within

the prescribed 1000 s simulation duration, the ADRC-MPC scheme restrains the three-
dimensional projections of relative position and velocity between the spacecraft and target
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within 0.5 m and 0.5 m/s respectively at 598 s, accomplishing orbital rendezvous with the
target. The consumed propellant mass is 17.5 kg, with 14.5 kg of propellant remaining.
The control performance of the MPC method is close to that of the MPC-ADRC scheme
within the first 500 s. Nevertheless, after eliminating the initial relative position deviation,
MPC exhibits poor adaptability to the target disturbance acceleration. The relative position
deviations in the Y- and Z-direction remain approximately 40 m and —40 m, respectively,
and cannot converge to the range specified by the control requirements. The consumed
propellant mass is 23.1 kg, with 8.9 kg of propellant remaining. PD control also cannot
fully adapt to the maneuver-induced disturbance acceleration of the target. The relative
position in the Z-direction stays at approximately —0.95 m without convergence. Once the
propellant consumption of the orbit-control thruster exceeds the available limit of 32 kg,
the system loses complete control, and the control error diverges.

The results verify that ADRC-MPC optimizes the tracking transition process and
energy consumption. More importantly, ESO can estimate and compensate unknown
disturbances without accurate target motion information and precise dynamic models.
By contrast, MPC relies heavily on accurate dynamic models of both spacecraft. Though
PD control requires no precise target model, it belongs to pure feedback control, lead-
ing to persistent tracking lag and incapability of precise rendezvous under continuous
target maneuver.

In the simulation, the impact of ESO on the estimation of ]2 perturbation and aero-
dynamic disturbances is not evident due to the short simulation duration. Disturbance
effects will become prominent with longer orbital rendezvous time. Orbital variations can
reach the kilometer level within a day in low Earth orbit, where the advantages of the
ADRC-MPC control method will be more pronounced.

4.3. Monte Carlo Simulation

To verify the robustness of the proposed method, 100 groups of Monte Carlo numerical
simulations are carried out under random deviation conditions [32]. The parameter errors
considered are as follows: the three-axis initial relative velocity errors between the chaser
and non-cooperative target range are within +2 m/s; the three-axis initial relative position
errors are within =100 m; the thruster deviation of the chaser is £10%; seeker measurement
errors are listed in Table 4. All errors follow uniform distribution in each simulation.
Variation curves of three-axis relative velocity and position projections with rendezvous
time are obtained from the 100 random simulation cases.

The comparison curves of X-, Y- and Z-directional components of relative motion ve-
locity between the aircraft and target obtained from 100 groups of Monte Carlo simulations
are shown in Figures 18-20. The comparison of three-directional components of relative
motion position is presented in Figures 21-23. The curves of propellant mass consumption
for orbital control versus rendezvous time in 100 simulation cases are shown in Figure 24.
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Figure 18. Variation curves of X-direction relative velocity under 100 simulation cases (disturbances:

orbital perturbations, radar measurement errors, target maneuvers, initial position and velocity errors).
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Figure 19. Variation curves of Y-direction relative velocity under 100 simulation cases (disturbances:

orbital perturbations, radar measurement errors, target maneuvers, initial position and velocity errors).
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Figure 20. Variation curves of Z-direction relative velocity under 100 simulation cases (disturbances:

orbital perturbations, radar measurement errors, target maneuvers, initial position and velocity errors).
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Figure 23. Relative motion position of Z-direction under 100 simulation cases (disturbances: orbital
perturbations, radar measurement errors, target maneuvers, initial position and velocity errors).
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Figure 24. Comparison curve of consumed working fluid from 100 groups of Monte Carlo simulations
(disturbances: orbital perturbations, radar measurement errors, target maneuvers, initial position
and velocity errors).

The statistical results of 100 groups of random Monte Carlo simulations are shown
in Table 8.

Table 8. Statistical results of RMSE and peak error of relative position and velocity in 100 groups of
Monte Carlo simulations.

Unit RMSE Peak Error

simulation time s 771.7 1000.0
X-direction relative velocity m/s 0.1125 0.2282
Y-direction relative velocity m/s 0.0889 0.4467
Z-direction relative velocity m/s 0.0404 0.0960
X-direction relative position m 0.4447 2.0975
Y-direction relative position m 0.4696 1.8344
Z-direction relative position m 0.4851 2.2488
Propellant consumption kg 21.2193 26.6632

The simulation results indicate that the root-mean-square error of the X-direction
position is 0.4447 m, while its peak error reaches 2.0975 m. The Y-direction position yields
an RMSE of 0.4696 m and a peak error of 1.8344 m, and the Z-direction position has an
RMSE of 0.4851 m together with a peak error of 2.2488 m. Among the 100 Monte Carlo
simulation runs, 81 cases satisfy the accuracy requirements, with relative position error
within 0.5 m and relative velocity error within 0.5 m/s. The remaining 19 trials present
relative position errors larger than 0.5 m in the X-, Y- and Z-direction, where the maximum
position error is 2.2488 m.

In the above simulations, the maximum propellant consumption reaches 26.6632 kg.
The minimum allowable residual propellant mass is 5.3368 kg, which is within the allowable
available propellant limit of 32 kg.

Through comparative simulations covering various disturbance sources (initial posi-
tion error, initial velocity error, radar range measurement error, radar velocity measurement
error), we conclude that the relative position error at rendezvous exceeding the designed
threshold is mainly induced by the radar velocity measurement random error of 0.1 m/s.
It reveals that sinusoidal interference exerts the most significant impact on tracking error
compared with step and ramp interference when the target maneuvers. To mitigate position
errors induced by measurement noise, one feasible approach is to reduce the bandwidth of
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the extended state observer (ESO). However, this adjustment introduces inherent trade-offs.
The system’s adaptability to unknown evasive maneuvers of non-cooperative targets will
be weakened, orbital-control propellant consumption will increase by 20-40%, and propel-
lant shortage may emerge under extreme conditions, together with reduced steady-state
tracking precision. Therefore, the control parameters in this work are comprehensively
balanced over rendezvous precision, propellant consumption and convergence time for the
given simulation scenarios. For practical engineering applications, the bandwidth of the
active disturbance rejection observer should be designed by comprehensively taking the
possible maneuver modes and maneuvering capability of the target into account, so as to
achieve accurate estimation of target motion.

The single-step computation has a minimum execution time of 18.000 ms, a mean
value of 50.988 ms, a standard deviation of 4.707 ms, and a worst-case execution time of
77.2364 ms. The tests were carried out on a typical consumer laptop equipped with an Intel
processor running at 2.5 GHz and memory bandwidth of >50 GB/s. The results show that
the single-step delay is only 50.988 ms on this general-purpose platform, which is well
within the typical constraints of onboard computers, verifying the real-time performance
and on-orbit feasibility [33].

5. Conclusions

Aiming at the orbital rendezvous control problem of space non-cooperative targets
under complex space perturbation and unknown target maneuver, this paper proposes an
integrated orbit prediction and control method based on active disturbance rejection and
model predictive control and completes dynamic modeling, observer design, constrained
controller construction, stability proof and numerical simulation verification. The main
conclusions are summarized as follows:

(1) By establishing the chaser—target relative motion dynamic model in the geocentric
inertial coordinate frame, the complex space environmental perturbations including
J2 non-spherical gravity, atmospheric drag, third-body gravity and solar radiation
pressure, as well as the unknown evasive maneuver of non-cooperative target, are
integrated into a lumped disturbance. The extended state observer can accurately esti-
mate the time-varying disturbance acceleration in real time and realize feedforward
compensation in the control loop, which effectively weakens the dependence of the
control system on an accurate dynamic model.

(2) The designed ADRC-MPC framework organically combines the disturbance estima-
tion capability of ESO and the multi-constraint optimal rolling optimization advantage
of MPC. It can simultaneously satisfy the physical constraints such as thrust ampli-
tude, approach corridor and safety zone and realize the comprehensive optimization
of rendezvous convergence time, position and velocity tracking accuracy and orbit
control fuel consumption. Compared with traditional PD control and pure MPC
method, the proposed method has smaller overshoot, faster convergence speed and
lower propellant consumption under unknown maneuver disturbance.

(3) Based on the small-gain theorem, the closed-loop input-to-state stability of the pro-
posed cascade control system is strictly proved, and the tracking error is uniformly
ultimately bounded under bounded time-varying disturbances, which provides a
solid theoretical basis for engineering application of the method. Monte Carlo sim-
ulation verifies that the algorithm has strong robustness to initial position/velocity
deviation, thruster parameter perturbation and seeker measurement error and can
still maintain high-precision rendezvous within allowable error bounds.

(4) The single-step calculation delay of the algorithm is only 18 ms on an ordinary PC
platform, which meets the real-time requirement of on-board computer, and has
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good on-orbit application prospect for active debris removal, on-orbit servicing and
close-proximity operation to non-cooperative targets.

In addition, the proposed method still has certain limitations: this paper only considers
the orbital plane rendezvous under deterministic maneuver form and does not involve the
coupling of orbit and attitude of tumbling non-cooperative target. Subsequent research can
further combine attitude-orbit coupled dynamic model, introduce intelligent optimization
and adaptive parameter tuning strategy, and carry out hardware-in-the-loop simulation to
further promote the engineering implementation of the method.
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