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Abstract: This paper presents the automatic approach procedure of a flying vehicle, attached to an ABB 
7600 robot, and a mobile platform, attached to a Stewart platform. Due to a nonlinear dynamic 
behavior, it is necessary to implement complex control, stabilization and guidance schemes. The 
proposed solution for this system includes the development of an algorithm based on a backstepping 
control method, the controller design methodology being based on Lyapunov's stability theory. The 
proposed command law requires that the states are known, but it is also necessary to introduce a series 
of state estimators. Tracking a mobile platform is critical in surveillance, reconnaissance and tracking 
missions, with the control methodology defining a clear distinction between translational and rotational 
dynamics. The proposed algorithm is developed by separating two types of states involving an inverse 
kinematics, known as algebraic kinematics, in which the dynamic movements of the two pieces of 
equipment are used. The dynamics of the ABB 7600 robot involves a movement with seven degrees of 
freedom, while the Stewart platform can be used with a movement of six degrees of freedom. The 
proposed algorithm is implemented in both Matlab software and experimental testing. This paper 
provides results in terms of generating dynamics for both devices that can be used for simulating 
different scenarios of aerospace missions. 

Key Words: automatic approach, ABB 7600 Robot, Stewart Platform, backstepping, inverse kinematics, 
Control Lyapunov Function 

1. INTRODUCTION 
Recent developments in miniaturizing equipment and nonlinear techniques have shown that 
unmanned aerial vehicles (UAVs) already have a wide range of possible applications in both 
civil and military fields, due to reduced manufacturing costs as well as operational costs, 
compared to manned vehicles. Their potential uses are diversified, including border patrol 
missions, search, fire monitoring and road traffic. Generally, UAVs are preferred for missions 
that are considered dangerous and for missions with long pilot effort [1-4]. Most of the 
aforementioned missions require vertical take-off and landing (VTOL). The ABB 7600 Robot 
(Figure 1) offers and alternative in executing flight phases specific to fixed-wing vehicles 
(long distance flights, tracking, monitoring, identification) as well as vehicles with rotary wing 
(hovering, VTOL, monitoring, identification) [1-4]. 
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Fig. 1 ABB 7600 Robot 

The development in complex systems that allow UAV vehicles to perform autonomous 
movements is a distinct direction in aerospace research. Specific to this area of research is the 
realization of autonomous approaching techniques of an ABB 7600 Robot on a Stewart 
Platform (SP). Due to the nonlinear dynamic behavior, it is necessary to implement complex 
control, stabilization and guidance schemes. The proposed solution for this system includes 
the development of an algorithm based on a backstepping control method, the use of GPS, 
IMU and video camera, the latter requesting the estimation of the states based on a filtering 
technique. The design methodology of the controller is based on Lyapunov’s stability theory 
[1-4]. 

In a first stage, this paper proposes a control algorithm for autonomous landing of a hybrid 
aerial vehicle (airplane/quadcopter), represented by the ABB 7600 Robot, on a moving Stewart 
Platform. The imposed control law requires knowledge of the states, but it is necessary to 
introduce some state estimators. 

The numerical simulations for the ABB 7600 Robot dynamics regarding the SP 
movement, suggest that the proposed control scheme (Figure 2) is adequate for 
implementation in the control system of the hybrid platform for landing on a moving SP. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Control Scheme 
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2. APPROACHING TECHNIQUES ON MOBILE PLATFORM 
The main goal of this activity is to develop, implement and experiment a fully automated 
approaching system on a mobile platform using a sensor structure (GPS, IMU, camera-vision 
system). A limitation on the use of the visualization system (camera) when it is pointed 
downwards is the difficulty in distinguishing the rotational and the translational movements in 
the image from the perspective projection. For autonomous approaching, ABB 7600 Robot 
must have full GNC capabilities [1-3]. 

The measurement of the orientation of the aerial vehicle is solved using an IMU sensor 
(gyro meter + accelerometer + magnetometer) and a GPS for position. Using the GPS sensor 
for precise landing is not an acceptable solution because it has a measurement error up to 
several meters. An alternative solution is to use a camera (computer vision system). We 
distinguish two visualization techniques: direct and indirect visualization [1-3]. 

Control strategies used: [1-3] 
• Positioning using a 3D function expressed in the Euclidian reference system; 
• Positioning using 2D measures extracted from processed images; 
• Positioning through the combined use of the aforementioned techniques. 
The SP must be equipped with an identification sensor (blob – tracking approach). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Approaching Procedure 

Stages of approaching procedure (Figure 3 and Figure 4): [1-3] 
1. Searching phase (observation/initialization) 

When initializing the procedure, the ABB 7600 Robot can locate the SP platform using its 
coordinates via the GPS sensor (navigation mode). With the help of the camera (FOV) the 
altitude can be easily estimated (MSL). The altitude must be estimated continuously when the 
landing procedure is activated. Switching to “vision based control” function is required when 
the SP has been identified. [1-3] 

2. Tracking phase 
In this mode, the ABB 7600 Robot is aligned to the center (the reference point) of the SP 
platform and begins to descend to the required altitude. The altitude is measured by the 
pressure sensor (inertial altitude). It is necessary to take measures (implemented algorithm) 
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when it is possible to lose the SP position (due to adverse weather conditions, the SP image 
may disappear in the tracking process) [1-3]. 

3. Observation phase 
The estimation of the movement of the SP platform is necessary for the activation of the 
approaching phase, since the descent begins. Also, the loss of the SP position must be taken 
into account. It is possible that the two platforms will not be aligned and the alignment process 
must be resumed [1-3]. 

4. Approaching phase 
In this mode, the descent speed must be specified and it is necessary to mention how the ABB 
7600 Robot reaches the contact point. It is possible to miss the approach due to image loss 
(due to atmospheric turbulence) [1-3]. 

The ABB 7600 Robot will be equipped according to the autonomous approaching strategy 
with an IMU sensor, an accurate altitude sensor (based on pressure measurement) and a 
camera. Consequently, it is necessary to implement a state estimation block based on a filtering 
technique (controller + state estimation) [1-3]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Approaching Procedure 

3. TWQH DYNAMIC MODELLING 
3.1 Working hypotheses [1-3] 

• For this study, three main reference systems have been used: aerodynamic system, body 
system and Earth system, defined in STAS 10276/1-75. 

• The body of the plane is rigid. 
• The center of gravity of the quadrotor (QH) coincides with the center of gravity of the 

airplane (TW). 
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• The forces and moments of the electric rotors are proportional to the square of the angular 
velocity of propellers. 

• The hybrid platform has a symmetry plan (xOz). 
3.2 Equations of motions [1-3] 

𝑋𝑋�̇ = 𝐶𝐶V� 
𝜔𝜔�̇ = 𝐵𝐵−1Ω� 𝑜𝑜𝑜𝑜 Ω = 𝐵𝐵𝜔̇𝜔 

𝑚𝑚(𝑉𝑉�̇ − 𝑆𝑆(𝛺𝛺) ∙ V�) = 𝐹𝐹𝐺𝐺��� + 𝐹𝐹𝐴𝐴��� + 𝐹𝐹𝑇𝑇��� 

𝐼𝐼Ω�̇ + 𝑆𝑆(Ω)�𝐼𝐼 ∙ Ω� + ℎ𝑟𝑟���� = 𝑀𝑀𝐴𝐴���� + 𝑀𝑀𝑇𝑇���� 

where: C, B, X, V, FG, FT, FA, Ω, ω, MT, MA are known; 

𝐶𝐶 = �
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
−𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

� ; 

𝐵𝐵 = �
1 0 −𝑠𝑠𝑠𝑠
0 𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
0 −𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

� ;  𝑋𝑋� = �
𝑥𝑥
𝑦𝑦
𝑧𝑧
� ;  𝑉𝑉� = �

𝑢𝑢
𝑣𝑣
𝑤𝑤
� ; 

𝑉𝑉 = �𝑥̇𝑥2 + 𝑦̇𝑦2 + 𝑧̇𝑧2; 

𝐹𝐹𝐺𝐺��� = 𝐶𝐶 ∙ �
0
0
𝑚𝑚𝑚𝑚

� ;  𝐹𝐹𝑇𝑇��� = �
0
0

−𝑈𝑈1
� ;  𝐹𝐹𝐴𝐴��� = �

𝑋𝑋𝐴𝐴
𝑌𝑌𝐴𝐴
𝑍𝑍𝐴𝐴
� ; 

𝛺𝛺� = �
𝑝𝑝
𝑞𝑞
𝑟𝑟
� ;  𝜔𝜔� = �

𝜑𝜑
𝜃𝜃
𝜓𝜓
� ; 

𝑀𝑀𝑇𝑇���� = �
𝑈𝑈2
𝑈𝑈3
𝑈𝑈4
� ;  𝑀𝑀𝐴𝐴���� = �

𝐿𝐿𝐴𝐴
𝑀𝑀𝐴𝐴
𝑁𝑁𝐴𝐴
�. 

The linearized equation system is: 
𝑢̇𝑢 = 𝑟𝑟𝑟𝑟 − 𝑞𝑞𝑞𝑞 − 𝑔𝑔𝑔𝑔 + 𝑋𝑋𝐴𝐴 
𝑣̇𝑣 = 𝑝𝑝𝑝𝑝 + 𝑟𝑟𝑟𝑟 + 𝑔𝑔𝑔𝑔 + 𝑌𝑌𝐴𝐴 

𝑤̇𝑤 = 𝑞𝑞𝑞𝑞 − 𝑝𝑝𝑝𝑝 + 𝑔𝑔 + 𝑍𝑍𝐴𝐴 +
1
𝑚𝑚
𝑈𝑈1 

𝑝̇𝑝 = 𝑖𝑖5𝑞𝑞𝑞𝑞 + 𝑖𝑖2𝐿𝐿𝐴𝐴 − 𝑖𝑖8𝑞𝑞 + 𝑖𝑖2𝑈𝑈2 
𝑞̇𝑞 = 𝑖𝑖6𝑟𝑟𝑟𝑟 + 𝑖𝑖3𝑀𝑀𝐴𝐴 + 𝑖𝑖9𝑝𝑝 + 𝑖𝑖3𝑈𝑈3 

𝑟̇𝑟 = 𝑖𝑖7𝑝𝑝𝑝𝑝 + 𝑖𝑖4𝑁𝑁𝐴𝐴 + 𝑖𝑖4𝑈𝑈4 
𝜙̇𝜙 = 𝑝𝑝 + 𝑞𝑞𝑞𝑞𝑞𝑞 + 𝑟𝑟𝑟𝑟 

𝜃̇𝜃 = 𝑞𝑞 − 𝑟𝑟𝑟𝑟 
𝜓̇𝜓 = 𝑞𝑞𝑞𝑞 + 𝑟𝑟 

𝑥̇𝑥 = 𝑢𝑢 + 𝑣𝑣𝑣𝑣 + 𝑤𝑤𝑤𝑤 
𝑦̇𝑦 = 𝑢𝑢(𝜑𝜑𝜑𝜑 − 𝜓𝜓) + 𝑣𝑣(𝜑𝜑𝜑𝜑𝜑𝜑 + 1) +𝑤𝑤𝑤𝑤 
𝑧̇𝑧 = 𝑢𝑢(𝜃𝜃 + 𝜑𝜑𝜑𝜑) + 𝑣𝑣(𝜃𝜃 𝜓𝜓 − 𝜑𝜑) + 𝑤𝑤 

where: 
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ℎ𝑟𝑟𝑟𝑟 = 𝐼𝐼𝑟𝑟Ω𝑟𝑟 
Ω𝑟𝑟 = (𝜔𝜔1 − 𝜔𝜔2 +𝜔𝜔3 − 𝜔𝜔4) 

𝑖𝑖1 =
1
𝑚𝑚

;       𝑖𝑖2 =
1
𝐼𝐼𝑥𝑥𝑥𝑥

;      𝑖𝑖3 =
1
𝐼𝐼𝑦𝑦𝑦𝑦

;    𝑖𝑖4 =
1
𝐼𝐼𝑧𝑧𝑧𝑧

 ;     𝑖𝑖5 =
𝐼𝐼𝑦𝑦𝑦𝑦 − 𝐼𝐼𝑧𝑧𝑧𝑧
𝐼𝐼𝑥𝑥𝑥𝑥

  

𝑖𝑖6 =
𝐼𝐼𝑧𝑧𝑧𝑧 − 𝐼𝐼𝑥𝑥𝑥𝑥
𝐼𝐼𝑦𝑦𝑦𝑦

;        𝑖𝑖7 =
𝐼𝐼𝑥𝑥𝑥𝑥 − 𝐼𝐼𝑦𝑦𝑦𝑦

𝐼𝐼𝑧𝑧𝑧𝑧
 ;       𝑖𝑖8 =

𝐼𝐼𝑟𝑟Ω𝑟𝑟
𝐼𝐼𝑥𝑥𝑥𝑥

;       𝑖𝑖9 =
𝐼𝐼𝑟𝑟Ω𝑟𝑟
𝐼𝐼𝑦𝑦𝑦𝑦

 

Control forces are: 

𝑈𝑈 = �

𝑈𝑈1
𝑈𝑈2
𝑈𝑈3
𝑈𝑈4

� =

⎣
⎢
⎢
⎢
⎡ 𝑐𝑐𝑓𝑓(𝜔𝜔12 + 𝜔𝜔2

2 + 𝜔𝜔3
2 + 𝜔𝜔42)

𝑐𝑐𝑓𝑓(𝜔𝜔12 − 𝜔𝜔2
2 − 𝜔𝜔3

2 + 𝜔𝜔42)
𝑐𝑐𝑓𝑓[𝑎𝑎(𝜔𝜔12 + 𝜔𝜔2

2) − 𝑏𝑏(𝜔𝜔3
2 + 𝜔𝜔42)]

𝑐𝑐𝑀𝑀(𝜔𝜔12 − 𝜔𝜔2
2 + 𝜔𝜔3

2 − 𝜔𝜔42) ⎦
⎥
⎥
⎥
⎤
 

The rotor speeds will be extracted from the relations: 

𝜔𝜔12 =
1

4(𝑎𝑎 + 𝑏𝑏)�
2𝑏𝑏
𝑐𝑐𝑓𝑓
𝑈𝑈1 +

𝑎𝑎 + 𝑏𝑏
𝑐𝑐𝑓𝑓𝑙𝑙

𝑈𝑈2 +
2
𝑐𝑐𝑓𝑓
𝑈𝑈3 +

𝑎𝑎 + 𝑏𝑏
𝑐𝑐𝑀𝑀

𝑈𝑈4� 

𝜔𝜔2
2 =

1
4(𝑎𝑎 + 𝑏𝑏)�

2𝑏𝑏
𝑐𝑐𝑓𝑓
𝑈𝑈1 −

𝑎𝑎 + 𝑏𝑏
𝑐𝑐𝑓𝑓𝑙𝑙

𝑈𝑈2 +
2𝑏𝑏
𝑐𝑐𝑓𝑓
𝑈𝑈3 −

𝑎𝑎 + 𝑏𝑏
𝑐𝑐𝑀𝑀

𝑈𝑈4� 

𝜔𝜔3
2 =

1
4(𝑎𝑎 + 𝑏𝑏)�

2𝑎𝑎
𝑐𝑐𝑓𝑓
𝑈𝑈1 −

𝑎𝑎 + 𝑏𝑏
𝑐𝑐𝑓𝑓𝑙𝑙

𝑈𝑈2 −
2
𝑐𝑐𝑓𝑓
𝑈𝑈3 +

𝑎𝑎 + 𝑏𝑏
𝑐𝑐𝑀𝑀

𝑈𝑈4� 

𝜔𝜔42 =
1

4(𝑎𝑎 + 𝑏𝑏)�
2𝑎𝑎
𝑐𝑐𝑓𝑓
𝑈𝑈1 +

𝑎𝑎 + 𝑏𝑏
𝑐𝑐𝑓𝑓𝑙𝑙

𝑈𝑈2 −
2
𝑐𝑐𝑓𝑓
𝑈𝑈3 −

𝑎𝑎 + 𝑏𝑏
𝑐𝑐𝑀𝑀

𝑈𝑈4� 

3.3 Electric rotor dynamics 

The system of equations of the DC motor is: 

𝐿𝐿
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑢𝑢 − 𝑅𝑅𝑅𝑅 − 𝑘𝑘𝑒𝑒𝜔𝜔 

𝐼𝐼𝑅𝑅
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑚𝑚𝑖𝑖 − 𝑘𝑘𝑟𝑟𝜔𝜔2 − 𝑘𝑘𝑠𝑠 

where: 

𝑖𝑖 =
1
𝑅𝑅

(𝑢𝑢 − 𝑘𝑘𝑒𝑒𝜔𝜔) 

Rewriting the equation of 𝜔𝜔: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
1
𝐼𝐼𝑅𝑅
�𝑘𝑘𝑚𝑚

1
𝑅𝑅

(𝑢𝑢 − 𝑘𝑘𝑒𝑒𝜔𝜔) − 𝑘𝑘𝑟𝑟𝜔𝜔2 − 𝑘𝑘𝑠𝑠� 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −
𝑘𝑘𝑠𝑠
𝐼𝐼𝑅𝑅
−
𝑘𝑘𝑟𝑟
𝐼𝐼𝑅𝑅𝑅𝑅

𝜔𝜔2 −
𝑘𝑘𝑒𝑒
𝐼𝐼𝑅𝑅
𝑘𝑘𝑚𝑚𝜔𝜔 +

𝑘𝑘𝑚𝑚
𝐼𝐼𝑅𝑅𝑅𝑅

𝑢𝑢 

which leads to: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝑎𝑎0 − 𝑎𝑎1𝜔𝜔 − 𝑎𝑎2𝜔𝜔2 + 𝑏𝑏𝑏𝑏 
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4. BACKSTEPPING CONTROL 
The backstepping control methodology makes a clear distinction between translational and 
rotational dynamics. The variables of the translation states influence the variables of the 
attitude states and not vice versa. The control architecture in backstepping by separating the 
two types of states implies an inverse kinematics which is in fact an algebraic kinematics. 
Robustness at high disturbances can be achieved by using a fully backstepping control 
technique. The backstepping control technique is based on Lyapunov’s stability method [6-8]. 
The objective is to ensure the convergence of the states, 𝒙𝒙(𝑡𝑡),𝑦𝑦(𝑡𝑡), 𝑧𝑧(𝑡𝑡) 𝑎𝑎𝑎𝑎𝑎𝑎 𝜓𝜓(𝑡𝑡), to the 
desired trajectories provided by the variables, 𝑥𝑥𝑑𝑑(𝑡𝑡),𝑦𝑦𝑑𝑑(𝑡𝑡), 𝑧𝑧𝑑𝑑(𝑡𝑡) 𝑎𝑎𝑎𝑎𝑎𝑎 𝜓𝜓𝑑𝑑(𝑡𝑡), thus stabilizing 
the attitude angles 𝜙𝜙(𝑡𝑡) and 𝜃𝜃(𝑡𝑡) [6-8]. 

State variables: 
[𝑥𝑥1,𝑥𝑥2, 𝑥𝑥3,𝑥𝑥4,𝑥𝑥5, 𝑥𝑥6,𝑥𝑥7,𝑥𝑥8, 𝑥𝑥9,𝑥𝑥10,𝑥𝑥11,𝑥𝑥12] or   �𝜙𝜙, 𝜙̇𝜙,𝜃𝜃, 𝜃̇𝜃,𝜓𝜓, 𝜓̇𝜓, 𝑧𝑧, 𝑧̇𝑧, 𝑥𝑥, 𝑥̇𝑥,𝑦𝑦, 𝑦̇𝑦, � 

Command variables: [6-8] 
[𝑈𝑈1,𝑈𝑈2,𝑈𝑈3,𝑈𝑈4] 

The following linearized system is obtained: [6-8] 

𝑥𝑥1̇ = 𝑥𝑥2 
𝑥𝑥2̇ = 𝑖𝑖5𝑥𝑥4𝑥𝑥6 − 𝑖𝑖8𝑥𝑥4 + 𝑖𝑖2𝐿𝐿𝐴𝐴 + 𝑖𝑖2𝑈𝑈2 

𝑥𝑥3̇ = 𝑥𝑥4 
𝑥𝑥4̇ = 𝑖𝑖6𝑥𝑥2𝑥𝑥6 + 𝑖𝑖9𝑥𝑥2 + 𝑖𝑖3𝑀𝑀𝐴𝐴 + 𝑖𝑖3𝑈𝑈3 

𝑥𝑥5̇ = 𝑥𝑥6 
𝑥𝑥6̇ = 𝑖𝑖7𝑥𝑥2𝑥𝑥4 + 𝑖𝑖4𝑁𝑁𝐴𝐴 + 𝑖𝑖4𝑈𝑈4 

𝑥𝑥7̇ = 𝑥𝑥8 
𝑥𝑥8̇ = 𝑔𝑔 + 𝐹𝐹𝑍𝑍𝐴𝐴 − 𝑖𝑖1𝑈𝑈1𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥1𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥3 

𝑥𝑥9̇ = 𝑥𝑥10 
𝑥𝑥10̇ = 𝐹𝐹𝑋𝑋𝐴𝐴 − 𝑖𝑖1𝑈𝑈1(𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥1𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥3𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥5 + 𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥1𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥5) 

𝑥𝑥11̇ = 𝑥𝑥12 
𝑥𝑥12̇ = 𝐹𝐹𝑌𝑌𝐴𝐴 − 𝑖𝑖1𝑈𝑈1(𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥1𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥3𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥5 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥1𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥5) 

• Step 1. The first tracking error is considered 𝑧𝑧1 = 𝑥𝑥1𝑑𝑑 − 𝑥𝑥1 . In order to obtain the 
stability of the equilibrium point 𝑧𝑧1 = 0, a candidate Lyapunov function is described 
as 𝑉𝑉1 = 1

2
𝑧𝑧12 . Deriving the function, the following equation is obtained: 𝑉𝑉1̇ =

𝑧𝑧1�𝑥𝑥1𝑑𝑑̇ − 𝑥𝑥2� [6-8]. 
The stabilization of 𝑧𝑧1 can be achieved by introducing a virtual control law, 𝑥𝑥2 =
𝑥𝑥1𝑑𝑑̇ + 𝛼𝛼1𝑧𝑧1 with 𝛼𝛼1 ∈ 𝑅𝑅+, being a gain to be chosen according to the desired transient 
performance. Then, 𝑉𝑉1̇ = −𝛼𝛼1𝑧𝑧12 < 0 [6-8]. 

• Step 2. To ensure the convergence of state 𝑥𝑥2, the tracking error is set for the virtual 
control variable, 𝑧𝑧2 = 𝑥𝑥2 − 𝑥𝑥1𝑑𝑑̇ − 𝛼𝛼1𝑧𝑧1, resulting in 𝑧𝑧1̇ = −𝛼𝛼1𝑧𝑧1 − 𝑧𝑧2. For this step 
the following candidate Lyapunov function is considered: 𝑉𝑉2 = 1

2
∑ 𝑧𝑧𝑖𝑖22
1  [6-8]. 

Its time derivative is: 𝑉̇𝑉2 = −𝛼𝛼1𝑧𝑧12 + 𝑧𝑧2[−𝑧𝑧1 + 𝑖𝑖5𝑥𝑥4𝑥𝑥6 + 𝑖𝑖2𝑈𝑈2 − 𝑖𝑖2𝐿𝐿𝐴𝐴 + 𝑖𝑖8𝑥𝑥4 +
𝛼𝛼1(𝑧𝑧2 + 𝛼𝛼1𝑧𝑧1)] [6-8] The function is negatively defined if the Euler angles vary 
slowly (𝑥̈𝑥1𝑑𝑑 = 0). Therefore, the z2 stabilization can be obtained by introducing the 
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following control law: 𝑈𝑈2 = 1
𝑖𝑖2

[𝑧𝑧1 − 𝑖𝑖5𝑥𝑥4𝑥𝑥6 − 𝑖𝑖2𝐿𝐿𝐴𝐴 + 𝑖𝑖8𝑥𝑥4 − 𝛼𝛼1(𝑧𝑧2 + 𝛼𝛼1𝑧𝑧1)−
𝛼𝛼2𝑧𝑧2] ; 𝛼𝛼2 ∈ 𝑅𝑅+. The result is: 𝑉̇𝑉2 = −∑ 𝛼𝛼𝑖𝑖𝑧𝑧122

1 < 0, which is asymptotically stable 
[6-8]. 

• Step 3. For the third step, the tracking error 𝑧𝑧3 = 𝑥𝑥3𝑑𝑑 − 𝑥𝑥3 and the Lyapunov candidate 
function 𝑉𝑉3 = 1

2
𝑧𝑧32 , are taken into consideration. The stabilization of 𝑧𝑧3  can be 

obtained by introducing a virtual control law 𝑥𝑥4 = 𝑥̇𝑥3𝑑𝑑 + 𝛼𝛼3𝑧𝑧3,  𝛼𝛼3 ∈ 𝑅𝑅+, resulting a 
negative defined function: 𝑉̇𝑉3 = −𝛼𝛼3𝑧𝑧32 < 0 [6-8]. 

• Step 4. Let be an associated access error 𝑧𝑧4 = 𝑥𝑥4 − 𝑥̇𝑥3𝑑𝑑 − 𝛼𝛼3𝑧𝑧3, which has the result 
𝑧̇𝑧3 = −𝑧𝑧4 − 𝛼𝛼3𝑧𝑧3, and a candidate Lyapunov function is defined: 𝑉𝑉4 = 1

2
∑ 𝑧𝑧𝑖𝑖24
3 . The 

stabilization of 𝑧𝑧4  can be obtained from the following control law: 𝑈𝑈3 = 1
𝑖𝑖3

(𝑧𝑧3 −
𝑖𝑖6𝑥𝑥2𝑥𝑥6 − 𝑖𝑖3𝑀𝑀𝐴𝐴 − 𝑖𝑖9𝑥𝑥2 − 𝛼𝛼3(𝑧𝑧4 + 𝛼𝛼3𝑧𝑧3)− 𝛼𝛼4𝑧𝑧4),  𝛼𝛼3,𝛼𝛼4 ∈ 𝑅𝑅+, which leads to 𝑉̇𝑉4 =
−∑ 𝛼𝛼𝑖𝑖𝑧𝑧𝑖𝑖24

3 < 0 [6-8]. 
• Step 5. According to the same procedure as the previous step, the tracking error 𝑧𝑧5 =

𝑥𝑥5𝑑𝑑 − 𝑥𝑥5  and the virtual control law 𝑥𝑥6 = 𝑥̇𝑥5𝑑𝑑 − 𝛼𝛼5𝑥𝑥5, 𝛼𝛼5 ∈ 𝑅𝑅+ . Therefore, 𝑉𝑉5 =
1
2
𝑧𝑧52 and 𝑉̇𝑉5 = −𝛼𝛼5𝑧𝑧52 < 0 [6-8]. 

• Step 6. Let be the tracking error 𝑧𝑧6 = 𝑥𝑥6 − 𝑥̇𝑥5𝑑𝑑 − 𝛼𝛼5𝑧𝑧5, resulting 𝑧̇𝑧5 = −𝑧𝑧6 − 𝛼𝛼5𝑧𝑧5 and 
the candidate Lyapunov function 𝑉𝑉6 = 1

2
∑ 𝑧𝑧𝑖𝑖26
5 . The control law obtained is: 𝑈𝑈4 =

1
𝑖𝑖4

[𝑧𝑧5 − 𝑖𝑖7𝑥𝑥2𝑥𝑥4 − 𝑖𝑖4𝑁𝑁𝐴𝐴 − 𝛼𝛼5(𝑧𝑧6 + 𝛼𝛼5𝑧𝑧5) − 𝛼𝛼6𝑧𝑧6],  𝛼𝛼6 ∈ 𝑅𝑅+ , which leads to: 𝑉̇𝑉6 =
−∑ 𝛼𝛼𝑖𝑖𝑧𝑧𝑖𝑖2 < 06

5  [6-8]. 
• Step 7. For this procedure, the altitude dynamics is taken into consideration. In this 

sense, the chosen tracking error is 𝑧𝑧7 = 𝑥𝑥7𝑑𝑑 − 𝑥𝑥7. The virtual control input can be 
described as 𝑥𝑥8 = 𝑥̇𝑥7𝑑𝑑 + 𝛼𝛼7𝑥𝑥7,𝛼𝛼7 ∈ 𝑅𝑅+, which leads to: 𝑉̇𝑉7 = −𝛼𝛼7𝑧𝑧72 < 0 and 𝑉𝑉𝑧𝑧7 =
1
2
𝑧𝑧72 [6-8]. 

• Step 8. Let be associated error 𝑧𝑧8 = 𝑥𝑥8 − 𝑥̇𝑥7𝑑𝑑 − 𝛼𝛼7𝑧𝑧7, resulting in  𝑧̇𝑧7 = −𝑧𝑧8 − 𝛼𝛼7𝑧𝑧7, 
and the candidate Lyapunov function 𝑉𝑉8 = 1

2
∑ 𝑧𝑧𝑖𝑖28
7 . The control law is described as: 

𝑈𝑈1 = 1
𝑖𝑖1𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥3𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥4

�−𝑧𝑧7 + 𝑔𝑔 + 𝐹𝐹𝑍𝑍𝐴𝐴 − 𝛼𝛼7(𝑧𝑧8 + 𝛼𝛼7𝑧𝑧7) + 𝛼𝛼8𝑧𝑧8�, 𝛼𝛼8 ∈ 𝑅𝑅+ . Knowing 

that 𝛼𝛼8 ∈ 𝑅𝑅+ and 𝑐𝑐𝑐𝑐𝑐𝑐(𝑥𝑥3) 𝑐𝑐𝑐𝑐𝑐𝑐(𝑥𝑥1) > 0, the result is: 𝑉̇𝑉8 = −∑ 𝛼𝛼𝑖𝑖𝑧𝑧𝑖𝑖28
7 < 0 [6-8]. 

• Step 9. Unlike the degrees of freedom of attitude, the dynamics of the horizontal plane 
position is not directly controlled using the 𝑈𝑈𝑖𝑖 inputs. The control of the dynamics of 
the position must be done using virtual laws, 𝜇𝜇𝑥𝑥 and 𝜇𝜇𝑦𝑦. For these, let be the tracking 
error 𝑧𝑧9 = 𝑥𝑥9𝑑𝑑 − 𝑥𝑥9. The virtual control input 𝑥𝑥10 = 𝑥̇𝑥9𝑑𝑑 + 𝛼𝛼9𝑧𝑧9, which is associated 
with the error 𝑧𝑧10 = 𝑥𝑥10 − 𝑥̇𝑥9𝑑𝑑 − 𝛼𝛼9𝑧𝑧9, has the result 𝑧̇𝑧9 = −𝑧𝑧10 − 𝛼𝛼9𝑧𝑧9. Finally, the 
candidate Lyapunov function is defined: 𝑉𝑉9 = 1

2
∑ 𝛼𝛼𝑖𝑖𝑧𝑧𝑖𝑖210
9 ,𝛼𝛼9,𝛼𝛼10 ∈ 𝑅𝑅+ , and the 

control law can be describes as: 𝜇𝜇𝑥𝑥 = 1
𝑖𝑖1𝑈𝑈1

�−𝑧𝑧9 + 𝐹𝐹𝑋𝑋𝐴𝐴 + 𝛼𝛼9(𝑧𝑧10 + 𝛼𝛼9𝑧𝑧9) + 𝛼𝛼10𝑧𝑧10�. 
For the position stability on the x axis, knowing that 𝛼𝛼9,𝛼𝛼10 ∈ 𝑅𝑅+ and 𝑈𝑈1 > 0 are 
positively defined, the result is: 𝑉̇𝑉9 = −∑ 𝛼𝛼𝑖𝑖𝑧𝑧𝑖𝑖210

9 < 0 [6-8]. 
• Step 10. Similarly, the tracking error is defined 𝑧𝑧11 = 𝑥𝑥11𝑑𝑑 − 𝑥𝑥11, the virtual control 

input 𝑥𝑥12 = 𝑥̇𝑥11𝑑𝑑 + 𝛼𝛼11𝑧𝑧11, associated error 𝑧𝑧12 = 𝑥𝑥12 − 𝑥̇𝑥11𝑑𝑑 − 𝛼𝛼11𝑧𝑧11. A candidate 
Lyapunov function is chosen as follows: 𝑉𝑉10 = 1

2
∑ 𝑧𝑧𝑖𝑖212
11 , obtaining the following 
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control law: 𝜇𝜇𝑦𝑦 = 1
𝑖𝑖1𝑈𝑈1

�−𝑧𝑧11 + 𝐹𝐹𝑌𝑌𝐴𝐴 + 𝛼𝛼11(𝑧𝑧12 + 𝛼𝛼11𝑧𝑧11) + 𝛼𝛼12𝑧𝑧12�, 𝛼𝛼11,𝛼𝛼12 ∈ 𝑅𝑅+ 
[6-8]. 
Therefore, the position is stabilized along the y axis for 𝛼𝛼11,𝛼𝛼12 ∈ 𝑅𝑅+ and 𝑈𝑈1 > 0, 
thus obtaining: 𝑉̇𝑉10 = −∑ 𝛼𝛼𝑖𝑖𝑧𝑧𝑖𝑖212

11 < 0 , where we initially noted: 𝜇𝜇𝑥𝑥 =
𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥1𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥3𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥5 + 𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥1𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥5 and 𝜇𝜇𝑦𝑦 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥1𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥3𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥5 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥1𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥5 [6-8]. 
From the equations of 𝜇𝜇𝑥𝑥 and 𝜇𝜇𝑦𝑦 from steps 9 and 10, the reference signs for the angles 

𝜙𝜙𝑑𝑑 and 𝜃𝜃𝑑𝑑, the horizontal plane can be expressed by: 𝑥𝑥1𝑑𝑑 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 �𝜇𝜇𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥5−𝜇𝜇𝑦𝑦𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥5
Δ

� 

and 𝑥𝑥3𝑑𝑑 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 �𝜇𝜇𝑥𝑥𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥5+𝜇𝜇𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥5
Δ

� , where Δ =

�1 − 𝑠𝑠𝑠𝑠𝑠𝑠2 𝑥𝑥5 𝜇𝜇𝑥𝑥2 + 2𝜇𝜇𝑥𝑥𝜇𝜇𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥5𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥5 − 𝜇𝜇𝑦𝑦2 𝑐𝑐𝑐𝑐𝑐𝑐2 𝑥𝑥5 [6-8]. 

Consequently, from the control laws formulated in the previous stages, the closed loop 
UAV control results are in a form of an asymptotic stable system [6-8]. 

5. RESULTS 
In order to verify the effectiveness and the efficiency of the proposed backstepping control 
law. An application of the TWQH vehicle, represented by the ABB 7600 Robot, is conducted 
by simulation using Runge – Kutta 4th order integration method.  

The following parameters for simulations have been used: 
• Mass and inertias: 𝑚𝑚 = 36𝑘𝑘𝑘𝑘, 𝐼𝐼𝑥𝑥𝑥𝑥 = 3.36𝑘𝑘𝑘𝑘 ∗ 𝑚𝑚2, 𝐼𝐼𝑦𝑦𝑦𝑦 = 9.88𝑘𝑘𝑘𝑘 ∗ 𝑚𝑚2, 𝐼𝐼𝑧𝑧𝑧𝑧 =

12.35𝑘𝑘𝑘𝑘 ∗ 𝑚𝑚2; 
• Rotors characteristics: 𝐼𝐼𝑟𝑟 = 0.007𝑘𝑘𝑘𝑘 ∗ 𝑚𝑚2,Ω𝑟𝑟 = 341.5𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠, 𝑐𝑐𝑓𝑓 = 0.00076𝑁𝑁/

(𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠⁄ )2, 𝑐𝑐𝑞𝑞 = 0.0000112𝑁𝑁 ∗ 𝑚𝑚/(𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠⁄ )2; 
• Geometric parameters: 𝑆𝑆 = 0.94𝑚𝑚2, 𝑐𝑐 = 0.33𝑚𝑚, 𝑏𝑏 = 3𝑚𝑚, 𝑎𝑎𝑎𝑎 = 0.57𝑚𝑚, 𝑏𝑏𝑏𝑏 =

0.67𝑚𝑚, 𝑐𝑐𝑐𝑐 = 1.1𝑚𝑚. 
The initial location of the ABB 7600 Robot is at (x0, y0, z0) = (0, 0, 2.445) m and SP 

location is at (xd, yd, zd) = (2.6, 23, 1.655) m. For this simulation, only 30 points have been 
implemented in the robot’s system. Figure 5 represent the trajectory of the ABB 7600 Robot 
as it approaches the Stewart Platform with its own movement. Therefore, the ABB robot starts 
to follow the SP dynamics in order to have a synchronous movement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 ABB 7600 Robot Trajectory 
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Furthermore, the trajectory has been simulated both offline and online on the ABB 7600 
Robot. The initial and desired locations are as follows: (x0, y0, z0) = (10337, 2604.6, 571.05) 
mm and (xd, yd, zd) = (592, 2648.4, 3.7) mm 

Figure 6 shows the trajectory of the ABB 7600 Robot as it is calculated in Matlab (red 
line) and the real trajectory implemented offline on the ABB Robot in RobotStudio 
environment. It can be seen that the two trajectories almost coincide, the differences between 
them are very small, as shown in Figure 7, thus the backstepping control methodology is 
suitable for this case and it can be implemented online on the real ABB 7600 Robot (Figures 
8 and 9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Calculated vs. Real Trajectory offline 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Difference between calculated and real trajectory offline 

Figure 8 shows the trajectory of the ABB 7600 Robot as it is calculated in Matlab (red 
line) and the online real trajectory implemented on the ABB Robot. 

It can be seen that the two trajectories almost coincide, the differences between them are 
very small, as can be seen in Figure 9, thus the backstepping control methodology is suitable 
for this case. 
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Fig. 8 Calculated vs. Real Trajectory online 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Difference between calculated and real trajectory online 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Approaching phase 

Figure 10 shows the end of the trajectory process of the real ABB 7600 Robot on the 
mobile Stewart platform. 
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6. CONCLUSIONS 
The numerical simulations for the ABB 7600 Robot dynamics in relation to the SP movement 
suggest that the proposed control scheme is suitable for implementation in the hybrid platform 
control system for autonomous landing on the moving ground vehicle. 

The advantage of backstepping is its robustness to external disturbances and uncertainties, 
while its disadvantages are that it is non-optimal and time inefficient. 
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