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Abstract Space robots have been under intensive consideration to perform var-

ious in-orbit operations like the servicing of satellites, assembly of large structures, 

maintenance of other space assets and debris removal. Such orbital missions require 

a servicer spacecraft equipped with one or more dexterous manipulators. However, 

unlike its terrestrial counterparts, the base of the robotic manipulator is not fixed in 

inertial space. Additionally, the system will be subjected to extreme space environ-

mental perturbations, parametric uncertainties as well as system constraints due to 

the dynamic coupling between the manipulator and the base-spacecraft. This paper 

presents the dynamic model of the space robot and a three-stage control algorithm 

to control such a highly non-linear system. In this approach, Feed-Forward com-

pensation and Feed-Forward Linearization techniques are used to decouple and lin-

earize the system, therefore allowing the testing of the linear PID and LQR control-

lers as final stages. Moreover, a simulation-based trade-off analysis was conducted 

to assess the efficacy of the proposed controllers. This assessment considered the 

requirements on precise trajectory tracking, minimizing power consumption and ro-

bustness during the close-range operation with the target spacecraft. 

1 Introduction 
Orbital robotic missions have several benefits, from the disposal of orbital debris or 

dead spacecraft, to extending the life of unique, high-value assets such as the Inter-

national Space Station (ISS) or the Hubble Space Telescope (HST), to refueling and 

repairing of commercial satellites as a more economical alternative [1], [2]. Extend-

ing the life of such space systems, and hence reducing the associated costs, will 

require capture, repair, maintenance, and assembly capabilities in orbit. Currently, 

these servicing tasks are being accomplished manually by astronaut’s Extravehicu-

lar activity (EVA).  However, time restrictions for the maneuver, cost of human life 

support facilities, and the high risks that astronauts face are some serious restrictions 

for EVA [3]. Additionally, beyond LEO, high-value satellites occupy valuable or-

bital slots where any faulty ones represent a threat for other spacecraft in MEO or 

GEO as the presence of humans is currently not possible in higher Earth orbits [4]. 

Other benefits of using space robots are the reduction in design, manufacturing and 

launch costs by approximately $20,000/Kg [5]. Moreover, space robots offer tech-

nology refresh, in which certain components such as electronics or mirrors are pe-

riodically replaced to cope with the technological advancements. 

On the other hand, after 60 years of uncontrolled debris proliferation and inten-

sive space use, Earth orbits have reached a shifting point, known as the “Kessler 

syndrome”, where human intervention is needed [6].  A forecast for the upcoming  
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200 years’ states that access to space would almost be impossible if nothing else is 

done. Therefore, in order to mitigate debris proliferation, several solutions have 

been proposed, including: electrodynamic tethers, Earth-based pulsed laser, or even 

capturing debris using harpoons and nets [6]. Considering the limitations of these 

approaches, space robots might be a better alternative to capture a wide range of 

targets in orbit [6]. However, unlike fixed-based manipulators, the base of the space 

manipulator is no longer fixed in the inertial space, therefore, it introduces a high 

level of kinematic and dynamic complexity making it challenging to control the 

space robot. Moreover, due to the mutual dynamic coupling between the base-

spacecraft and the manipulator, reaction forces and moments will be generated dur-

ing the motion of the manipulator. This is in addition to the issues caused by exci-

tation of vibration of the solar paddles on-board. Moreover, the severity of these 

effects depends on the mass ratios between the manipulator and the base-spacecraft; 

a threshold of up to one third is when these effects become more dominant. Addi-

tionally, the centre of mass of the overall system changes continuously during the 

motion of the manipulator [3], and the system is subjected to external environmental 

perturbations like the Gravity Gradient, Aerodynamic Drag, Solar Pressure, Resid-

ual Magnetic disturbances as well as parametric uncertainties.  Hence, it is chal-

lenging to develop a high-performance controller with sufficient robustness to with-

stand all the aforementioned disturbances. 

 This paper is organized as follows: Section 2 gives a literature review of the 

space robot and a detailed explanation of the different approaches of operating a 

space robot, highlighting the pros and cons of each, Section 3 then establishes the 

mathematical model of the dynamics and kinematics of Controlled-Floating space 

robots, Section 4 gives a breakdown of the external perturbations resulting from the 

space environment, as well as the effects of parametric uncertainties on the system, 

Section 5 illustrates the control algorithms used for the trajectory tracking of the 

end-effector of the manipulator, and Section 6 discusses the simulation results and 

presenting a trade-off analysis between PID and LQR controllers as a final stage of 

the control algorithm.  Finally, it ends with the main conclusions and future work 

in Section 7. 

2 State-of-the-art on Space Robots 

2.1 Modes of operation 

Traditionally, there are two major approaches for operating a space robot: one links 

the AOCS of the spacecraft with the manipulator's controller, while the other allows 

the base-spacecraft to move freely in reaction to the manipulator's motion. They are 

called Free-Flying and Free-Floating configurations respectively [6]. In the Free-

Flying approach, the controller of the base-spacecraft tries to maintain a constant 

attitude and position. Therefore, the base of the manipulator can be considered as 

being fixed in inertial space; thus, all the angular characteristics are similar to its 

Earth-based counterpart. Accordingly, the rotational matrix of the composite 4x4 

Denavit-Hartenberg matrix will have the same format as in the terrestrial manipu-

lator. However, the spacecraft bus platform has to employ excessive attitude control 

using Reaction Wheels (RWs) or thrusters to maintain almost constant position and 
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attitude during the operation of the manipulator. Such systems have a high level of 

redundancy and versatility on one hand, but a limited workspace on the other hand. 

Moreover, this method avoids any dynamic singularities associated with the uncon-

trolled attitude of the base-spacecraft, thus, allowing the end effector's orientation 

and position to be a unique function of the manipulator's joint angles independently 

of the history of the joint's trajectory [5]. On the other contrary, in the Free-Floating 

approach, the AOCS is turned off to conserve on-board fuel. This means that the 

position and attitude of the base-spacecraft are not actively controlled during the 

capturing motion of the manipulator. As a result, the base-spacecraft will in re-

sponse move freely to the manipulator's motion, hence, introducing holonomic and 

non-holonomic kinematic constraints [5]. Moreover, free-floating systems are char-

acterized by unpredictable dynamic singularities in the workspace of the manipula-

tor, as a result of changing the attitude of the base-spacecraft at which point they 

become unstable [7]. Dynamic singularity is a function of both the manipulator's 

kinematics as well as dynamic properties, such as the masses and inertia of both the 

base-spacecraft and the manipulator. Therefore, the attitude of the spacecraft be-

comes dependent on the path history of the manipulator due to its non-holonomic 

nature. Moreover, if the attitude of the base-spacecraft is not being controlled, the 

reachable path independent workspace by the manipulator becomes significantly 

smaller than the constrained workspace available to the free-flying approach [8].  

When fuel expenditure is to be minimized, a combination of these approaches 

should be employed during different phases of operation [9]. Thus, a new mode of 

operation, called the Controlled-Floating approach, introduced in [10] is used in this 

study. In this approach, the base-spacecraft is allowed to move and rotate in a con-

trolled manner to match translational and angular rates with the target spacecraft, 

hence making it easier for the end-effector of the manipulator to perform different 

on-orbit operations. This method has the benefits of both Free-Flying and Fee-Float-

ing systems, i.e., it minimizes the fuel consumption, offers extra redundancy and 

doesn't encounter any dynamic singularities in the workspace. Moreover, this ap-

proach offers un-limited workspace which is not possible with the traditional ap-

proaches. In conclusion, Table 1 gives a breakdown of the Pros and Cons of each 

of the three approaches. 

Table 1 Pros and Cons of different modes of operation for a space robot 
 Pros Cons 

 

  Free-Flying 

Stabilized and Controlled base 

No dynamic singularities 

Similar to Earth-based manipulators 

Only Kinematic singularities 

Excessive fuel consumption 

Restricted workspace 

Actuator saturation 

Restricted workspace 

 

 

Free-Floating 

 

 

No Fuel consumption 

Base is allowed to move and rotate freely 

Kinematics affect the Dynamic properties 

Dynamic singularities occur in workspace 

Un-defined workspace 

Non-holonomic redundancy 

   

  Controlled-Floating 

Optimum Performance 

Infinite Workspace 

Matching Linear and Angular rates 

No Dynamic singularities 

 

High Complexity 
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2.2 Control Algorithms 

The control of space robot is considered difficult for a number of factors. Their 

controller must be able to handle the difficult problems of compensating and ac-

commodating for low resonance frequencies and non-linear actuator saturations 

[11].  Reliability policy for space development recommends the use of space quali-

fied and reliable technologies and subsystem's parts, and are reluctant to introducing 

advanced and new technologies. Thus, the satellite attitude is best to be controlled 

by conventional Proportional- Derivative (PD) or Proportional-Integral-Derivative 

(PID) feedback controllers. Further, considering the applications of the space robot, 

it can be considered too risky to use the manipulator during close-proximity opera-

tions without controlling both the attitude and the position of the spacecraft to which 

it is mounted. This, however, requires a high level of reliability, accuracy and forces 

for a fully controlled spacecraft. Considering the efforts and the costs involved in 

the development of the mission, an uncontrolled spacecraft during extremely crucial 

missions seems to be inapplicable [12]. In general, a linear feedback attitude con-

troller is sufficient on the satellite to maintain the attitude and provide stability for 

the system subjected to any environmental perturbations in space.  

Although this paper is not focused on the flexural dynamics, it is worth noting 

that rigid body controllers such as the Computer Torque Controller (CTC), which 

consists of feed-forward linearization followed by a PID controller, will actively 

damp out the vibrations to some extent, therefore, improving the stability of the 

system. Alternatively, other control algorithms for the manipulator such as the op-

timal controllers or the adaptive techniques can be used, but the advantage of the 

CTC is that it provides robustness to compensate for any model uncertainties [8]. 

2.2.1 Feed-Forward Compensation 

For space robots, the coupling reaction forces and moments that arise due to the 

manipulator's motion is tremendously larger than the most common environmental 

perturbations. Thus, the feedback controllers which depends on detecting the atti-

tude error using the on-board sensors will not be effective on its own. Instead, a 

better solution is to use feed-forward compensation which anticipates for the ma-

nipulator's reactions [13]. By using feed-forward compensation, reaction forces and 

moments acting on the base-spacecraft due to the manipulator's motion may be com-

puted directly from the dynamics of the manipulator and be feed-forward to the 

attitude control system of the spacecraft. RW, Control Moment Gyros (CMGs) and 

thrusters can then be used to counteract these coupling effects on the spacecraft's 

mounting. In addition, a standard attitude control algorithm may be used in parallel 

to maintain the spacecraft's attitude stabilized against any other environmental per-

turbations, as it is crucial for spacecraft's subsystems like solar cells, Antenna's and 

payload equipment to have a certain pointing accuracy. 

Employing Feed-Forward compensation scheme to the control algorithm, stabi-

lizes the position and attitude of the base-spacecraft and improves the dynamic sta-

bility of the space robot by a full order of magnitude over the Free-Floating ap-

proach. The Japanese ETS VII OOS experiment showed that the lack of attitude 

control while operating the manipulator on the servicer spacecraft led to many prob-

lems [14]. Therefore, it is essential to use active dedicated attitude control of the 
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base-spacecraft. This can be done by employing active three-axis attitude stabiliza-

tion by non-fuel expending wheels, such as RWs, Momentum Wheels (MWs) or 

CMGs to compensate for these dynamic coupling effects. 

2.2.2 PID Controller 

Stabilizing a space robot with un-modeled uncertainties and external perturbations 

is a tedious task. In the literature, there are different methods such as the adaptive 

control [15], 𝐻∞ control , fuzzy control [16], optimal control, and feedback lineari-

zation [17] to list a few. Although these non-linear robust control methods result in 

high performance and robustness, solving the associated Hamilton-Jacobi equation 

is often extremely complicated, and requires huge computational power; therefore, 

it makes the resulting controller hard to implement on the AOCS systems. On the 

contrary, PID controllers are known as the most widely used controllers in the in-

dustry with more than 90% of industrial systems in motion control, process control 

and aerospace systems use PID controllers [18]. The popularity of this controller is 

due to several factors like its simple structure, robustness to system's inertia matrix, 

understandable principles, simple implementation, specific physical meaning and 

adjustable frequency response measure such as the gain margin, phase margin and 

bandwidth frequencies. Moreover, multiple simple and complicated tuning algo-

rithms have been proposed to design the optimal PID controller [19], or to improve 

the closed loop performance of the system such as the Ziegler–Nichols [20] and 

Åström-Hägglund phase margin [21] methods. However, implementing such tuning 

algorithms may not lead to an acceptable closed-loop response, particularly for dy-

namical systems with time varying coefficients [22]. Moreover, tuning techniques 

must be simple and applicable for a vast variety of processes [23], additionally, it is 

observed that the closed loop response is rather sensitive to parametric perturbations 

when such tuning rules are implemented [24]. 

Nevertheless, conventional PID controllers are not robust enough for various ap-

plications such as time-varying processes, large time delays, visible non-linearities 

and disturbance interactions [25]. Moreover, PID controllers with fixed gains can-

not stabilize perfectly a non-linear system with uncertainties in terms of the model 

and parameters [26] and it suffers from a low convergence rate [27]. To overcome 

these limitations, PID controllers are introduced only as the 3rd and final stage of 

the control algorithm after employing feed-forward compensation and feed-forward 

linearization to decouple and linearize the non-linear space robot respectively. 

2.2.3 LQR Controller 

Linear-Quadratic-Regulators (LQR) controllers offer high efficiency controls that 

ensure both positioning accuracy and fuel optimization [28]. Moreover, they are 

widely used to control space systems. In [29], Yang proved the effectiveness of a 

quaternion-based LQR method for the design of non-linear AOCS of the spacecraft, 

demonstrating how the designed controller made the non-linear spacecraft system 

globally stable and optimized its performance. Another proof of LQR’s effective-

ness and reliability was given by Walker and Spencer [30]. Therefore, in this paper, 

the simulation results using the LQR controller as the 3rd stage of the control algo-

rithm is presented and compared against its PID counterpart in terms of perfor-

mance, robustness and required control action. 
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3 Dynamics and Kinematics of a Space Robot 

Orbiting space robots are characterized by complex, extended structures, and are 

often modelled using the generalized multi-body dynamics. The payloads that the 

end-effector of the manipulator grasps are assumed to be attached to it and rigid. 

However, they increase the dynamic coupling effect due to increased mass and in-

ertia of the arm, making its order of magnitude comparable to that of the spacecraft. 

Thus, the payloads and the manipulator are regarded as a multi-body system repre-

senting a kinematic tree of interconnected rigid bodies [31]. Any rotational motion 

of the bodies will produce a relative rotational and translational motion with respect 

to each other. The direct path approach was adopted, where determining the contri-

bution of the motion of each body on its own to coefficient matrices of the overall 

mathematical model, therefore, describing the dynamics of the overall system. This 

approach is a vectoral path from the primary reference body, i.e. the base-spacecraft 

to the center of mass of each separate body, i.e. manipulator links, comprising the 

system. Robot dynamics is involved with relating the motion of the joints to the 

required joint torques to achieve certain trajectories. The required motor joint tor-

ques are computed to enforce precise trajectory tracking of the end-effector of the 

manipulator, describing its Cartesian motion. A typical 6 Degrees of Freedom 

(DoF) manipulator mounted onto a 6 DoF base-spacecraft generates a 12 DoF re-

dundant space robot. The governing dynamical equations can be expressed as [10]: 

                            [
𝑭𝒔𝒄

𝝉𝒔𝒄

𝝉𝒎

] = [
𝐃𝐬𝐜 𝐃𝐬𝐜.𝐦

𝐃𝐬𝐜.𝐦
𝐓 𝐃𝐦

] [�̈�
�̈�

] + [
𝐂𝐬𝐜 𝐂𝐬𝐜.𝐦

𝐂𝐬𝐜.𝐦
𝐓 𝐂𝐦

] [
𝑿
�̇�

̇
],                         (3.1) 

where 𝐃𝐬𝐜, 𝐃𝐬𝐜.𝐦, 𝐃𝐦 represents the inertial acceleration terms and 𝐂𝐬𝐜, 𝐂𝐬𝐜.𝐦, 𝐂𝐦 

represents the nonlinear Coriolis and Centrifugal force terms. X represents the state 

vector of the spacecraft while 𝜽 represents the state vector of the manipulator: 
𝑿 = [𝒓𝟎 𝝓] = [𝑥 𝑦 𝑧 𝛼 𝛽 𝛾]      and       𝜽 = [𝜃1 𝜃2 𝜃3 … 𝜃𝑛], 

where 𝒓𝟎 is the relative position vector from the center of mass of the base-space-

craft to the center of mass of the target spacecraft, 𝝓  represent the Euler angles 

representing the rotation of the base-spacecraft with respect to the inertial frame and 

𝜃𝑖  is rotation angle of the 𝑖𝑡ℎ joint. 

3.1 Dynamics of the base-spacecraft 

For obtaining the dynamic model of the base-spacecraft, the terms 𝑫𝒔𝒄 and 𝑪𝒔𝒄, 
which represent the Inertial and the non-linear accelerations of the spacecraft re-

spectively, and are represented as follows: 

                              𝐃𝐬𝐜 = [
𝐃𝐯 𝐃𝐯𝛚

𝐃𝛚𝐯 𝐃𝛚
]             𝐂𝐬𝐜 = [

𝟎 𝐂𝐬𝐜.𝐯

𝟎 𝐂𝐬𝐜.𝛚
],                               (3.2) 

where the terms 𝐃𝐯, 𝐃𝐯𝛚, 𝐂𝐬𝐜.𝐯 are derived based on the conservation of the Lin-

ear momentum of the system, while  𝐃𝛚𝐯, 𝐃𝛚, 𝐂𝐬𝐜.𝛚 are based on the conservation 

of the angular momentum. Fig. 1 represents some basic parameters used to define 

the position vectors of different part of the overall system. 
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Fig. 1 Relative Position Vectors [10] 

Here 𝒓𝟎 is position vector from the Inertial frame to the center of mass of 

the base-spacecraft, 𝒓𝒊 is position vector of the CoM of the 𝑖𝑡ℎ link to the center of 

mass of the base-spacecraft, 𝑩𝒓𝒄𝒎
 is position vector from the CoM of the base-

spacecraft to the Com of the overall system, 𝑪𝒎𝒓𝒊
 is position vector from the CoM 

of the 𝑖𝑡ℎ link to the center of mass of the overall system and 𝒓𝒄𝒎  is the position 

vector from the Inertial frame to the CoM of the overall system. The total Inertia of 

the space robot can be defined as follow: 

           𝐈𝐭𝐨𝐭 = 𝐈𝐬𝐜 − Msc [𝑩𝒓𝒄𝒎
]

×
 [𝑩𝒓𝒄𝒎

]
×

+ ∑ ( 𝐑𝐢
𝟎 𝐈𝐢 𝐑𝐢

𝟎𝐓
− mi[𝒄𝒎𝒓𝒊]×[𝒄𝒎𝒓𝒊]×)𝐧

𝐢=𝟏          (3.3) 

where 𝐈𝐬𝐜 is the moment of inertia on the base-spacecraft at its center of 

mass, 𝑀𝑠𝑐 is the mass of the base-spacecraft, 𝐈𝐢 is the inertia matrix of each link of 

the manipulator about its center of mass, 𝑚𝑖 is the mass of the 𝒊𝒕𝒉 link and 𝐑𝐢
𝟎  is 

the rotation transformation matrix to transform any vector from a frame attached to 

the 𝑖𝑡ℎ link to the inertial frame (DH 4x4 matrix). Based on the Conservation of 

linear and angular momentum, the terms of equation (3.2) are: 

𝐃𝐯 = Mtot𝐄,   𝐃𝐯𝛚 = −Mtot[𝑩𝒓𝒄𝒎
]
×

 𝐑𝛚,   𝐃𝛚𝐯 = Mtot[𝑩𝒓𝒄𝒎
]
×

, 𝐃𝛚 = 𝐀𝐑𝛚                           (3.4) 

𝐂𝐬𝐜𝐯 = −Mtot[𝑩𝒓𝒄𝒎
]
×

�̇�𝛚 − Mtot[𝝎𝒔𝒄]× [𝑩𝒓𝒄𝒎
]
×

𝐑𝛚,   𝐂𝐬𝐜𝛚 = 𝐀�̇�𝛚 + [𝝎𝒔𝒄]× 𝐁𝐑𝛚                  (3.5) 

As,    𝐀 = 𝐈𝐬𝐜 − (Mtot + Msc)[𝑩𝒓𝒄𝒎
]
×

 [𝑩𝒓𝒄𝒎
]
×

+ ∑ ( 𝐑𝐢
𝟎 𝐈𝐢 𝐑𝐢

𝟎𝐓
− mi[𝒄𝒎𝒓𝒊]×[𝒄𝒎𝒓𝒊]×)𝐧

𝐢=𝟏  (3.6) 

𝐁 = 𝐈𝐬𝐜 − Msc [𝑩𝒓𝒄𝒎
]
×

 [𝑩𝒓𝒄𝒎
]
×

+ ∑ ( 𝐑𝐢
𝟎 𝐈𝐢 𝐑𝐢

𝟎𝐓
− mi[𝒄𝒎𝒓𝒊]×[𝒄𝒎𝒓𝒊]×)𝐧

𝐢=𝟏 − Mtot[𝑩𝒓𝒄𝒎
]
×

            (3.7) 

Here E is the identity ℝ3×3 matrix and 𝑅𝜔 is the angular velocity matrix: 

                                      𝐑𝛚 = [

1 0 − sin 𝛽
0 cos 𝛼 sin 𝛼 cos 𝛽
0 − sin 𝛼 cos 𝛼 cos 𝛽

]                                         (3.8) 

3.2 Dynamics of the Robotic Manipulator 

Based on the Lagrangian approach, it can be found that the 𝐃𝐦 is expressed as: 

           𝐃𝒎(𝜽) = ∑ (𝑚𝑖  𝐉𝐯𝐦𝐢
(𝜽)𝑻𝐉𝐯𝐦𝐢

(𝜽) + 𝐉𝛚𝐦𝐢
(𝜽)𝑻𝐑𝐢 𝐈𝐢 𝐑𝐢

𝐓 𝐉𝛚𝐦𝐢
(𝜽))𝒏

𝒊=𝟏                 (3.9) 

where 𝐉𝐯𝐦𝐢
(𝜽) is the Translational Jacobian for the center of mass of the 𝑖𝑡ℎ link and 

𝐉𝛚𝐦𝐢
(𝜽) is the Rotational Jacobian for the center of mass of the 𝑖𝑡ℎ link.  

Prior to deriving the Jacobian matrix, one has to find the equation of the position 

of the end-effector with respect to the inertial frame and the total Jacobian of the 

system to decouple it into the spacecraft and manipulator Jacobian matrices [10]. 
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         Fig. 2 Schematic diagram of a space robot [32] 

The position of the end-effector in Fig 2 is expressed as: 
                                                 𝑷𝒆 = 𝒓𝒄𝟎

+ 𝐑𝟎 𝑺𝟎 + ∑ 𝐑𝐢 𝑳𝒊
𝒏
𝒊=𝟏                                      (3.10)                                                   

where,                                                         𝐑𝐢 = ∏ 𝐑𝐢
𝟎𝐧

𝐢=𝟎                                                            (3.11) 

𝑷𝒆 is the position vector of the end-effector, 𝐑𝟎 is the rotation matrix of 

the base spacecraft with respect to the inertial frame, 𝑳𝒊 is the vector from the 𝑖𝑡ℎ  

joint to the (𝑖 + 1)𝑡ℎ joint, 𝒓𝒊 is the distance from CoM of 𝑖𝑡ℎ link to the preceding 

joint in the inertial frame and 𝒔𝒊 is distance from CoM of 𝑖𝑡ℎ  link to the subsequently 

joint in the inertial frame. The translational and rotational Jacobian for the CoM of 

the 𝑖𝑡ℎ link can be expressed as follows: 

                    𝐉𝐯𝐦𝐢
= ∑ [∑

𝝏𝐑𝐣

𝝏𝜃𝑘
𝒓𝒋 + ∑

𝝏𝐑𝐣−𝟏

𝝏𝜃𝑘

𝒋−𝟏

𝒌=𝟏

𝑺𝒋−𝟏

𝒋

𝒌=𝟏

],     𝐉𝛚𝐦𝐢
= ∑ 𝐑𝐣−𝟏

𝟎

𝒊

𝒋=𝟏

 �̂�

𝒊

𝒋=𝟏

                (3.12) 

Accordingly, the 𝐂𝐦 matrix can be found as, 

𝐂𝐦(𝜽, �̇�) = [

c11 c12 … c1n

c21 c22 … c2n
. . .
cn1

…
cn2

…
… .

…
cnn

] , 𝑐𝑘𝑗 = ∑ 𝑐𝑖𝑗𝑘 �̇�𝑖
𝑛
𝑖=1 =

1

2
∑ [

𝜕𝑑𝑘𝑗

𝜕𝜃𝑖
+

𝜕𝑑𝑘𝑖

𝜕𝜃𝑗
−

𝜕𝑑𝑖𝑗

𝜕𝜃𝑘
] �̇�𝑖

𝑛
𝑖=1       (3.13) 

3.3 Dynamic Coupling between Manipulator and Base-Spacecraft 

The dynamic coupling is referred to the relative forces and moments generated from 

the motion of the manipulator and applied on the base spacecraft, which causes the 

attitude to change. Modelling the dynamic coupling is based on the conservation of 

relative Linear and Angular momentum of the Manipulator. In order to find the dy-

namic coupling matrix 𝐃𝐬𝐜.𝐦 and 𝐂𝐬𝐜.𝐦, one has to compute the embedded matrices 

𝐃𝐯𝐦 , 𝐃𝛚𝐦, 𝐂𝐯𝐦 and 𝐂𝝎𝒎 from relative linear and angular momentum where: 

                                          𝐃𝐬𝐜.𝐦 = [
𝐃𝐯𝐦

𝐃𝛚𝐦
]       and       𝐂𝐬𝐜.𝐦 = [

𝐂𝐯𝐦

𝐂𝛚𝐦
]                                       (3.14)   

Based on the conservation of relative linear momentum, it can be found that: 

                                                        𝐃𝐯𝐦 = ∑ 𝑚𝑖  𝐉𝐓𝐢

𝒏

𝒊=𝟏

,       𝐂𝐯𝐦 = ∑ 𝑚𝑖

𝒏

𝒊=𝟏

�̇�𝐓𝐢
                                                 (3.15) 

where 𝐉𝐓𝐢
 is the relative linear translational Jacobian and can be expressed as: 

                                                        𝐉𝐓𝐢
= ∑ [∑

𝝏𝐑𝐣

𝝏𝜃𝑘

𝒋

𝒌=𝟏

 𝒓𝒋 + ∑
𝝏𝐑𝐣−𝟏

𝝏𝜃𝑘

𝒋−𝟏

𝒌=𝟏

𝒔𝒋−𝟏]

𝒊

𝒋=𝟏

                                              (3.16) 

Based on the conservation of relative angular momentum, it can be found that: 
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𝐃𝛚𝐦 = ∑ ( 𝐑𝐢
𝟎𝐈𝐢𝐑𝐢

𝟎𝐓
 𝐉𝛚𝐢

+  mi [𝒑𝒄𝒊
]

×
  𝐉𝐓𝐢

) ,

𝒏

𝒊=𝟏

𝐂𝛚𝐦 = ∑ ( 𝐑𝐢
𝟎𝐈𝐢𝐑𝐢

𝟎𝐓
 �̇�𝛚𝐢

+  mi [𝒑𝒄𝒊
]

×
  �̇�𝐓𝐢

)

𝒏

𝒊=𝟏

   (3.17) 

where 𝒑𝒄𝒊 is the position vector of CM of 𝑖𝑡ℎ  link with respect to inertia frame 

and 𝑱𝝎𝒊
 is the angular velocity Jacobian of the 𝑖𝑡ℎ link. Therefore, the final inertial 

acceleration matrix 𝐃 and the centrifugal and Coriolis acceleration matrix C are: 

                        𝐃 = [

𝐃𝐯 𝐃𝐯𝛚 𝐃𝐯𝐦

𝐃𝐯𝛚
𝐓 𝐃𝛚 𝐃𝛚𝐦

𝐃𝐯𝐦
𝐓 𝐃𝛚𝐦

𝐓  𝐃𝐦

] ,         𝐂 = [

𝟎 𝐂𝐬𝐜.𝐯 𝐂𝐯𝐦

𝟎 𝐂𝐬𝐜.𝛚 𝐂𝛚𝐦

𝐂𝐯𝐦
𝐓 𝐂𝛚𝐦

𝐓 𝐂𝐦

]                            (3.18)                                                                   

3.4 Forward and Inverse Kinematics for a Space Robot 

By referring to equation (3.12) and Fig. 2, the forward kinematics for the end-

effector of the manipulator can be expressed as:   �̇�𝒆 = [𝐉𝐯𝐬𝐜 𝐉𝐯𝐦] [�̇�
�̇�

]          (3.19)                                                       

Through using the pseudo inverse, the inverse kinematics can be expressed as: 

                                              �̇� = (𝐉𝐯𝐦

𝐓 𝐉𝐯𝐦
)

−𝟏
 𝐉𝐯𝐦

𝐓 (�̇�𝒆 − 𝐉𝐯𝐬𝐜
�̇�)                                              (3.20) 

As,                                  𝐉𝐯𝐞𝐬𝐜
= [𝐄 𝐉𝐯𝐬𝐜

′
]      ,    𝐉𝐯𝐞 𝐬𝐜

′ =
𝝏𝐑𝟎

𝝏𝝓
 𝑺𝟎 + ∑

𝝏𝐑𝐢

𝝏𝝓

𝒏
𝒊=𝟏 𝑳𝒊                       (3.21) 

                                                             𝐉𝐯𝐞𝐦
= ∑ ∑ (

𝝏𝐑𝐢

𝝏𝜃𝑘
)

𝒊

𝒌=𝟏

𝒏

𝒊=𝟏

 𝑳𝒊                                                (3.22) 

where 𝝓  is the Euler angles of the base-spacecraft, 𝐑𝟎 is the axes transformation 

matrix for the base-spacecraft using Yaw, Pitch and Roll (3-2-1) rotation sequence 

and is given by, 

       𝐑𝟎 = [

cos 𝜙 𝑐𝑜𝑠𝜃 cos 𝜙 𝑠𝑖𝑛𝜃 𝑠𝑖𝑛 𝜓 − sin 𝜙 cos 𝜓 cos 𝜙 sin 𝜃 cos 𝜓 + sin 𝜙 sin 𝜓
sin 𝜙 𝑐𝑜𝑠𝜃 sin 𝜙 sin 𝜃 sin 𝜓 + cos 𝜙 cos 𝜓 sin 𝜙 sin 𝜃 cos 𝜓 − cos 𝜙 sin 𝜓

− sin 𝜃 cos 𝜃 sin 𝜓 cos 𝜃 cos 𝜓
]    (3.23) 

Fig. 3 shows the closed-loop simulation of the non-linear dynamic model dis-

cussed in Section 3. Here the base-spacecraft is controlled by the AOCS controller 

to reach the required relative linear and angular rates to match the target spacecraft 

using feedback from the Inertial sensors. On the other hand, the manipulator is being 

controlled by the arm controller to enable its end-effector to track the required tra-

jectory. 

 

 

 

 

 
 

 

 

 

 

 

 

Fig. 3 Simulation of the mathematical model for the space robot [6] 
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4 Space Environment and Parametric Uncertainty 

4.1 Environmental Perturbations 

As aforementioned in Sec. 1, the space robot will be subjected to environmental 

perturbations due to the micro-gravity environment in space; this is mainly due to 

Gravity Gradient, Aerodynamic Drag, Solar Pressure and Residual Magnetic dis-

turbances. Disturbances observed on the previous missions had a sinusoidal behav-

ior with some fluctuations of a varying frequencies. Moreover, these perturbations 

can be influenced by multiple factors, mainly the orbit parameters of the space robot 

and the state of the solar activities and magnetic storms. Previous data shows that 

the maximum value of these perturbations combined is of the order of magnitude 

10−5 𝑁𝑚, however, these data were only correlated to normal satellites [33]. Nev-

ertheless, a space robot may encounter different order of magnitude of these pertur-

bations due to their bigger size and its robotic manipulator, which acts as a gravity 

boom during operation, therefore increasing the effects of the gravity gradient tre-

mendously. In fact, data from the Japanese spacecraft ETS VII that was equipped 

with a 2m long robotic arm showed that these disturbances are significantly larger 

than that experienced by a typical spacecraft. The order of magnitude of perturba-

tions experienced by the ETS VII was in the order of  ~ 10−6 → 10−3 𝑁𝑚, which 

is 100 times bigger than what the typical spacecraft encounters [33]. Therefore, 

based on these data, the external disturbances used in this paper for simulations are 

sinusoidal waves with a Gaussian random noise of zero mean. In addition, the mag-

nitude of the disturbances used here are 3 order of magnitudes higher than the ones 

observed in previous space missions. This allows for a good margin of safety and 

also testing the limits and robustness of the proposed control algorithms against 

these huge disturbances. Table 2 gives a breakdown of the external disturbances 

used and their corresponding parameters. The characteristics of the disturbances 

acting on the thrusters are shown in Fig. 4. Furthermore, same disturbances are im-

posed on the reaction wheels and joint motors but with different order of magnitude. 

Table 2 External Environmental Perturbations used in simulation 
          Sinusoidal        Gaussian Random Noises 

 Magnitude Frequency   Mean          Standard Deviation 

Disturbance Forces on Thrusters 0.8 2 𝑟𝑎𝑑/𝑠         0          0.1 

Disturbance Moments on Reaction Wheels 0.4 2 𝑟𝑎𝑑/𝑠         0                        0.08 

Disturbance Moments on Joint Motors 0.1 2 𝑟𝑎𝑑/𝑠         0                        0.03 

 

 

 

 

 
                

                     

 

Fig. 4 External Perturbations on the Thrusters 
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4.1 Parametric Uncertainty 

In practical robotic systems, the parameters of the system cannot be a priori known 

exactly, for example, the load may vary while performing various operations; thus, 

varying the friction coefficient in different configurations. Moreover, some ne-

glected non-linearity, such as backlash, may introduce disturbances to the control 

action. Therefore, it is crucial to consider the effects of internal parametric uncer-

tainty on the model [34]. Internal disturbances may be caused by any uncertainties 

in the 𝐃 or C matrices due to any un-modeled parametric changes in the system. 

For example, any uncertainty in computing the actual fuel consumption may result 

in major internal disturbances that will affect the performance of the system [34]. 

Accordingly, the additional internal disturbances imposed on the system can be 

written as: 

                    [

𝜟𝑭𝒔𝒄

𝜟𝝉𝒔𝒄

𝜟𝝉𝒎

] = [
𝚫𝐃𝐬𝐜 𝚫𝐃𝐬𝐜.𝐦

𝚫𝐃𝐬𝐜.𝐦
𝐓 𝚫𝐃𝐦

] [�̈�
�̈�

] + [
𝚫𝐂𝐬𝐜     𝚫𝐂𝐬𝐜.𝐦

𝚫𝐂𝐬𝐜.𝐦
𝐓 𝚫𝐂𝐦

] [
𝑿
�̇�

̇
]                          (4.1) 

In this paper, for simulation purpose, the internal disturbance due to the uncer-

tainty in fuel consumption was considered and this will in turn produce a change in 

the 𝐃𝐬𝐜 and 𝐂𝐬𝐜 matrices. Therefore, it produces a force and moment that will alter 

the linear and angular motion of the base-spacecraft. Thus, the above equation can 

be re-written as: 

                                           [
𝚫𝑭𝒔𝒄

𝚫𝝉𝑺𝒄
] = 𝚫𝐃𝐬𝐜 �̈� + 𝚫𝐂𝐬𝐜 �̇�                                                  (4.2) 

Based on equation (4.2), the dependency of these internal disturbance on the 

states of the system which are changed by the control algorithm is apparent. There-

fore, each simulation is going to have different internal disturbances imposed. Re-

sults in Fig. 5 are obtained from the Control-Floating mode simulation over 100 s. 

It shows the effects of the uncertainty in fuel consumption, which accordingly will 

change the mass of the spacecraft and in turn produce internal disturbances on the 

system. It can be seen that these disturbances also follow a cyclic behavior due to 

the imposed external disturbance on the system as discussed in Sec. 4.1.  

 

 

 

 

 
 

Fig. 5 Internal Disturbances due to parametric uncertainties: (a) on Thrusters, (b) on RW 

5 Control System Design for a Space Robot 

In this section, a 3-stage control algorithm is presented for the space robot. The first 

stage would be feed-forward compensation to decouple the space robot system into 

a 6 DoF robotic manipulator and a 6 DoF base-spacecraft as well as compensating 



12                  A. W. I. Mohamed, C. M. Saaj, A. Seddaoui and S. Eckersley 

for the dynamic coupling reaction forces and moments between the two decoupled 

systems. The second stage would be feed-forward linearization using a non-linear 

controller to linearize both decoupled non-linear systems. The third and the final 

stage of control will be to design a linear PID or LQR controller for the linearized 

de-coupled systems. The step-by-step process for designing the controller is de-

scribed here below: 

5.1 Feed-Forward Compensation 

As stated in Section 2.2.1, to decouple the system, feed-forward compensation 

should be used to mitigate the effects of the 𝐃𝐬𝐜.𝐦 and 𝐂𝐬c.m terms, as follows: 

                      [

𝑭𝒔𝒄𝑭𝑭𝑪

𝝉𝒔𝒄𝑭𝑭𝑪

𝝉𝒎𝑭𝑭𝑪

] = [
𝟎 𝐃𝐬𝐜.𝐦

𝐃𝐬𝐜.𝐦
𝐓 𝟎

] [�̈�
�̈�

] + [
𝟎 𝐂𝐬𝐜.𝐦

𝐂𝐬𝐜.𝐦
𝐓 𝟎

] [
𝑿
�̇�

̇
]            (5.1) 

Hence, after applying the feed-forward compensation, the 12-DoF space robot 

system is decoupled into a 6 DoF base-spacecraft and a 6 DoF robotic manipulator. 

This decoupled system can be as follows: 

                                               [
𝑭𝒔𝒄

𝝉𝒔𝒄

𝝉𝒎

] = [
𝐃𝐬𝐜 𝟎
𝟎 𝐃𝐦

] [�̈�
�̈�

] + [
𝐂𝐬𝐜 𝟎
𝟎 𝐂𝐦

] [
𝑿
�̇�

̇
]                                   (5.2) 

As seen from equation (5.2), the mutual dynamic coupling is eliminated by remov-

ing the terms 𝐃𝐬𝐜.𝐦 and 𝐂𝐬𝐜.𝐦 from the dynamics equation. 

 

5.2 Feed-Forward Linearization 

The dynamic model obtained using feed-forward compensation in equation (5.2) is 

still very complex, extremely dynamic and non-linear in nature. Hence, a linear PID 

or LQR controller cannot guarantee stability of the closed loop system. Therefore, 

to solve this issue, the feed-forward linearization technique is applied after the feed-

forward compensation process to linearize the decoupled systems. This allows the 

use of a LQR or PID controller in the final stage. To do so, the control law for feed-

forward linearization is written as follows: 

                    [

𝑭𝒔𝒄𝑭𝑭𝑳

𝝉𝒔𝒄𝑭𝑭𝑳

𝝉𝒎𝑭𝑭𝑳

] = [
𝐃𝐬𝐜 𝟎
𝟎 𝐃𝐦

] [

𝑭𝒔𝒄𝑳𝒊𝒏𝒆𝒂𝒓
𝝉𝒔𝒄𝑳𝒊𝒏𝒆𝒂𝒓
𝝉𝒎𝑳𝒊𝒏𝒆𝒂𝒓

] + [
𝐂𝐬𝐜 𝟎
𝟎 𝐂𝐦

] [
𝑿
�̇�

̇
]             (5.3) 

Using equation (5.3) in (5.2): 

                                                        [

𝑭𝒔𝒄𝑳𝒊𝒏𝒆𝒂𝒓
𝝉𝒔𝒄𝑳𝒊𝒏𝒆𝒂𝒓
𝝉𝒎𝑳𝒊𝒏𝒆𝒂𝒓

] = [�̈�
�̈�

]                                                     (5.4) 

Therefore, as seen from equation (5.4), feed-forward linearization results in a 

simple, decoupled-linear system that can be further controlled using conventional 

LQR or PID controllers. 

5.3 PID Controller 

As discussed in Section 2.2.2, conventional PID controllers are not the best choice 

when it comes to controlling a space robot due to its high complexity, non-linearity 

and limited robustness to the aforementioned external perturbations and model un-

certainties. Thus, the PID controller will be used only in the final stage of the three-

stage control algorithm presented. In addition, this staging method allows tuning 
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the gains of the PID controller using the characteristic equation of the linearized - 

decoupled systems, therefore, gaining much better performance as a result of choos-

ing accurate gain values. The PID linear controller which represents the third stage 

of the control algorithm can be expressed as: 

   [

𝑭𝒔𝒄𝑳𝒊𝒏𝒆𝒂𝒓
𝝉𝒔𝒄𝑳𝒊𝒏𝒆𝒂𝒓
𝝉𝒎𝑳𝒊𝒏𝒆𝒂𝒓

] = [
�̈�𝑫𝒆𝒔𝒊𝒓𝒆𝒅

�̈�𝑫𝒆𝒔𝒊𝒓𝒆𝒅

] + 𝑲𝒑 [
𝑿𝑫𝒆𝒔𝒊𝒓𝒆𝒅 − 𝑿
𝜽𝑫𝒆𝒔𝒊𝒓𝒆𝒅 − 𝜽

] + 𝑲𝒅 [
�̇�𝑫𝒆𝒔𝒊𝒓𝒆𝒅 − �̇�

�̇�𝑫𝒆𝒔𝒊𝒓𝒆𝒅 − �̇�
] + 𝑲𝒊 ∫ [

𝑿𝑫𝒆𝒔𝒊𝒓𝒆𝒅 − 𝑿
𝜽𝑫𝒆𝒔𝒊𝒓𝒆𝒅 − 𝜽

]     (𝟓. 𝟓) 

 

 

 

 

 

 

Fig. 6 Control scheme using the PID as a final stage controller 

Fig. 6 shows the implementation of the 3-stage control algorithm with a PID 

controller as its final stage. It shows the feed-forward compensation scheme to elim-

inate the dynamic coupling reactions that are computed based on the reading of the 

joint sensors of the manipulator and it is fed-forward, in real-time, to the spacecraft 

motion controller so it counteracts these effects. Furthermore, saturation blocks are 

added to limit the control output within the practical limits of the actuation system 

on-board the spacecraft. 

5.4 LQR Controller 

The definition of the LQR control law requires the usage of state feedback gain 

whose design is based on the trade-off between the transient performance and con-

trol effort. Thus, the optimal control approach [35] to this trade-off is to define and 

minimize the cost function. Furthermore, since the robot generally has to reach a 

non-zero target position and attitude, a non-zero set point optimal control [36] has 

been considered. This enables the controller to follow a desired trajectory by shift-

ing the actual state 𝒙(𝒕) = [𝑿 𝜽] by a desired quantity 𝒙𝒅, obtaining the error, de-

fined as:                                      𝒙𝒆(𝒕) = 𝒙𝒅(𝒕) − 𝒙(𝒕)                                                   (5.6) 

First, the procedure of solving the optimal control problem using the method of 

calculus of variations is developed. Thus, the control action 𝒖(𝒕) that stabilizes the 

closed loop system over a fixed time tf and at the same time minimizes the cost 

function is given as: 

                                                   J = ∫ 𝒙(𝒕)𝑻𝐐 𝒙(𝒕) + 𝒖(𝒕)𝑻𝐑𝒖(𝒕)𝒅𝒕
tf

𝟎

                                   (5.7) 

As shown in equation (5.7), the cost function is dependent on two terms, the first 

penalizes the variation of the states from the desired ones, while the second penal-

izes the use of excessive control action to control the system. Moreover, the 

weighting of these terms is controlled by the weighting matrices Q and R respec-

tively. In the above terminology, 𝒖(𝒕) is the state feedback control law, resulting 

from the quadratic performance index optimization subjected to the state equations. 
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Q is a positive semi definite state weighting matrix, and R is the control weighting 

matrix that also has to be positive definite [37]. Therefore, the control law is written 

as:                                                     𝒖(𝒕) = 𝐊 𝒙𝒆𝒓𝒓𝒐𝒓(𝒕)                                                          (5.8)       

where K is the state feed-back gain and can be found from: 
                                                      𝐊 = −𝐑−𝟏𝐁𝐓𝐏                                                       (5.9) 

and P is the solution of the Algebraic Riccati equation (ARE)  
                                    𝐀𝐓𝐏 + 𝐏𝐀 − 𝐏𝐁𝐑−𝟏𝐁𝐓𝐏 + 𝐐 = 𝟎                                         (5.10) 

It is observed that an arbitrarily rapid reduction in the states of the system can be 

achieved at the expense of a corresponding increase in the control action that can 

be impossible to implement in practical situations. Moreover, an arbitrarily large 

reduction in control action may cause a significant elevation of the state and devia-

tion from the desired set points, resulting in an undesirable situation in the attitude 

control process [38]. As a result, the selection of the gains of the Lyapunov control 

law and the weighting matrices of the LQR is an extremely laborious process. Thus, 

a reasonable choice of Q and R makes the closed-loop system acquire stable per-

formance, while limiting the control action and minimizing fuel expenditure. How-

ever, in simulations the choices of the elements of the Q and R matrices was based 

on the diagonal weighting method, and verifying which values best meet the per-

formance criteria such as overshot, maximum control energy and settling time, thus, 

reflecting a better performance of the system.  Similar to the PID controller, Fig. 7 

shows the implementation of the LQR controller as a final stage to maintain the 

stability of the space robot. 

 

 

 

 

 

 

 
              
 

Fig. 7 Control scheme using the LQR as a final stage. 

6 Simulations and Discussion 

In this section, the performance and robustness of the PID controller is compared 

against its LQR counterpart for the controlled-floating space robot. The simulations 

took into account the presence of extreme external disturbances, internal fuel con-

sumption and parametric uncertainties imposed on the system. A fifth order poly-

nomial function is used to generate smooth trajectories between different set points 

for both the arm and the base-spacecraft. Additionally, the control action required 

from the on-board actuation systems is limited to 1 → 5 𝑁 for thrusters (like cold 

or hot gas thrusters) and up to 2 N.m for RWs [39]. Since this paper is focused on 

the close-range approach with the target spacecraft, the orbital parameters are not 

relevant. Table 3 shows the parameters of the spacecraft, while a standard UR10 
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robotic arm [40] was used in the simulations.  
Table 3 base-spacecraft specifications 

Mass [kg] Length [m] Width [m] Height [m] Principal Moments of Inertia [ 𝒌𝒈 𝒎𝟐] 

200 1                                        1 1  [40,40,40] 

6.1 PID Results 

Simulation results using the PID controller in the Controlled-Floating approach are 

shown below. Fig. 8a shows the resulting 3D trajectory tracking graph for the end-

effector of the manipulator. The PID controller was able to maintain perfect tracking 

of the desired trajectory without any cross-track errors or fluctuations along the 

path. Fig. 8b and 8c shows the actual relative position and attitude trajectories being 

followed by the base-spacecraft to attain the orientation and position with respect 

to the target whilst maintaining 1𝑚 distance to avoid any collisions. However, Fig. 

8c shows some small fluctuations in 𝜙 till the steady state value is reached. On the 

other hand, Fig 9a shows some minor fluctuations of 2𝑜on the 6th joint of the ma-

nipulator, which is a very reasonable accuracy for some missions. It is important to 

recall that these simulated results are for extreme environmental disturbances but 

under realistic micro-gravity environment, these responses will be much smoother 

and accurate; nevertheless, the extreme cases are considered here to test the limits 

of the control algorithms used. As seen in Fig. 9b, not only the PID controller was 

able to achieve perfect tracking, but also was able to achieve that under 1 𝑁 satura-

tion limit on the thrusters. Therefore, it minimizes fuel consumption and this control 

effort is a small value compared to the capabilities of modern thrusters, which can 

reach 5𝑁. Moreover, Fig. 9c and d shows the saturation of the torque of the reaction 

wheels and joint motors at 1 𝑁. 𝑚 to match the restrictions on power consumption 

for most commercial spacecraft. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 
 

Fig. 8 Simulation Results for PID: (a) Trajectory Plot - (b) Relative position - (c) Relative 

attitude 
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Fig. 9 Simulation Results for PID: (a) joint angles - (b) Thrusters force - (c) Reaction Wheels 

control Toques - (d) Joint Torques 

6.2 LQR Results 

 For the LQR controller, Fig.10a shows the actual trajectory tracking of the end-

effector of the robotic arm. By comparing Fig. 8a and 10a, it can be seen that the 

LQR controller was able to achieve excellent trajectory tracking like its PID coun-

terpart. Nevertheless, the LQR controller was able to maintain a low fluctuation for 

the relative attitude, therefore, assuring a more stabilized motion. Moreover, it kept 

a slightly lower cyclic deviations on the 6𝑡ℎ manipulator's joint as seen in Fig. 11c 

with a deviation less than 1o, thus, can be used for more accurate operation for the 

end effector. Although the LQR provided a slightly better performance with higher 

stability and accuracy, it required more control effort (see Fig. 11d), where the min-

imum saturation limit for operating the LQR controller was 1.5 𝑁. Moreover, the 

control effort out produced by reaction wheels increased by 50% with a maximum 

value of 1.5 𝑁. 𝑚 as shown in Fig. 11e and a value of 1.5 𝑁. 𝑚 on the joint motors 

in Fig. 11f.  

 

 

 

 

 

 
 

 

 

 

 

 

Fig. 10 Trajectory Plot for the LQR 
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Fig. 11 Simulation Results for LQR: (a) relative position - (b) relative attitude - (c) joint an-

gles - (d) Thrusters - (e) Reaction Wheels - (f) Joint Motors. 

Table 4 Control algorithms execution time 
            Controller                       Execution Time 

PID 𝟎. 𝟓 µ𝒔 

LQR 𝟎. 𝟗 µ𝒔 

      Feed-Forward Compensation 𝟎. 𝟗 µ𝒔 

    Feed-Forward Linearization 𝟏𝟔. 𝟓 µ𝒔 

Over-all Execution Time 𝟐𝟏 − 𝟐𝟐 µ𝒔 

From the previous simulations, it is noticed that both PID and LQR con-

trollers have a very similar performance. However, the LQR controller was able to 

offer a higher accuracy at the expense of about 50% more control effort, thus, higher 

fuel consumption. Therefore, depending on the mission requirements, PID or LQR 

should be chosen. Moreover, it should be noted that these trade-off analyses were 

conducted at extreme (3 orders of magnitude bigger than normal) environmental 

perturbations and internal disturbances. The reason for selecting such extreme val-

ues is that all previous data for the micro-gravity environment are applicable to nor-

mal spacecraft, therefore, the controllers developed for the space robot have to be 

robust enough to withstand the more vicious environmental and internal 
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perturbations due to its much more complex dynamics. Moreover, the simulation 

was converted into C code using Eclipse IDE for C/C++ and ran on i7-4710MQ 

CPU. Table 4 shows the execution time of each individual control block. 

7 Conclusion 

To undertake maintenance, repair or refueling of spacecraft, or assembly operations 

in space, the notion of a space robot is adopted, in which robotic manipulators are 

mounted on the base-spacecraft. Unlike Earth-based manipulators, the base of the 

space robot is not fixed in the inertial frame as a result of the dynamic coupling 

reactions during the motion of the manipulator. Hence, in order to develop control 

algorithms for such systems, it is crucial to consider the dynamic coupling effects 

and try to compensate for it. Moreover, the challenges facing a space robot over the 

fixed-based manipulators are presented, indicating the different modes of control-

ling a space robot and the pros and cons of each approach. Furthermore, the dynamic 

and kinematic modelling of a multi-DoF controlled-floating space robot in the 

close-range approach have been presented. 

    Control algorithms were developed where, Feed-Forward compensation was in-

troduced to eliminate the dynamic coupling between the base-spacecraft; thus, de-

coupling the system into the base-spacecraft and the manipulator. Moreover, this is 

followed by a Feed-Forward linearization technique to linearize the non-linear de-

coupled systems, thus allowing the use of the linear LQR or PID controller as the 

last stage of the control algorithm. Closed loop simulations for the system were 

conducted, subjecting the space robot to extreme sinusoidal environmental pertur-

bations with gaussian random white noises, as well as parametric uncertainty due to 

fuel expenditure. A trade-off analysis was conducted for both controllers based on 

their robustness to perturbations, accuracy in trajectory tracking, fluctuations in be-

havior and control effort required. Results showed that the LQR controller was able 

to offer slightly higher trajectory tracking performance with more robustness to en-

vironmental perturbations and 30% less fluctuations in the joint angles, relative at-

titude and velocities; however, it required 50% more control effort. Therefore, de-

pending on the mission requirements, the AOCS designer could opt to choose 

between the slightly higher accuracy offered by the LQR controller or less fuel con-

sumption offered by the PID controller. 

    As a next step, research into optimizing the path for the end-effector of the robotic 

arm as well as for the base-spacecraft, to minimize fuel consumption and achieve 

superior performance of the mission, is in progress. Additionally, other advanced 

concepts such as the kinematic and dynamic singularities along the path, applying 

real-time object avoidance algorithms to avoid collision with the target spacecraft 

is also under development. 
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