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Abstract: Aiming at the contact operation problem of aerial manipulator， a non-singular terminal sliding mode 
compliant control algorithm for aerial manipulator based on disturbance observer is designed. The algorithm 
introduces disturbance observer on the basis of nonsingular terminal sliding mode control. The disturbance is estimated 
to reduce the system estimation error， the disturbance of the manipulator and the influence of external disturbance on 
the rotorcraft. Finally， the simulation results show that the proposed controller has good robustness. Meanwhile， it 
can reduce the system estimation error， the disturbance of the manipulator and the external disturbance， and ensure 
the stability of the contact force under smooth movement.
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0 Introduction

The aerial manipulator combines the aerial mo⁃
tion of the rotorcraft with the maneuverability of the 
manipulator， and such an aircraft has the potential 
for flexible operation in complex environments， 
rather than just for simple observation［1］. According 
to the characteristics of interaction with the environ⁃
ment during operation， the operation tasks of the 
aerial manipulator can be divided into free flight op⁃
erations［2］ and motion restricted operations［3］. In the 
process of restricted motion operations， it is usually 
necessary to contact the external environment for a 
long time. The introduction of compliance control 
for such operations will greatly improve the opera⁃
tion efficiency and ensure the safety of the opera⁃
tion. However， there are some difficulties that re⁃
strict the compliant control of the flying manipula⁃
tor. First， the load capacity of ordinary rotorcraft is 
small， and the load capacity of the installation opera⁃
tion device is further reduced， thereby increasing 

the difficulty of control. Second， the flying manipu⁃
lator is a rootless system， and the disturbance of the 
environment further increases the disturbance to the 
rotorcraft. Third， due to the pose error， the contact 
force may be too large， which affects the safety and 
efficiency of the work.

In order to improve the flexibility of air contact 
operations， researchers have made many achieve⁃
ments. Bellens et al.［4］ proposed a hybrid attitude/
torque control framework for a quadrotor， which 
made the quadrotor in direct contact with the envi⁃
ronment and moved stably upon contact. James et al.［5］ 
introduced the physical coupling between the flying 
manipulator and the tree and a new application in 
canopy sampling， using the unmanned aerial vehicle 
（UAV） dynamic modeling method and the branch 
mechanical model to introduce the drone-branch in⁃
teraction model to study the environmental interfer⁃
ence of UAVs. Ref.［6］ studied the use of a flying 
robotic arm to open and close an unknown drawer. 
A multi-rotor was combined with a robotic arm for 
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operational tasks. Their method was validated ex⁃
perimentally， including opening and closing a draw⁃
er， which validated the effectiveness of the method. 
Takahiro et al.［7］ introduced an octa-rotor UAV for 
bridge inspection with a single degree of freedom 
（DoF） manipulator， which has the ability to contact 
bridge piers for contact testing. Contact experiments 
showed that the UAV could control the contact 
force between its end effector and the bridge pier. 
The average error in contact force was 4.27±3.64 N 
relative to the force required for 20 N. Caccavale et 
al.［8］ proposed an impedance control scheme with 
flying manipulator cooperating to limit the contact 
force due to object/environment interaction and the 
internal force due to manipulator/object interaction， 
which was verified by simulation of the effectiveness 
of the method.

To target these short comings mentioned 
above， this paper designs a non-singular terminal 
sliding mode compliance controller based on distur⁃
bance observer to ensure the compliance control be⁃
tween the aerial manipulator and the outside. It can 
reduce the estimation error of the system. The dis⁃
turbance is estimated to reduce the system estima⁃
tion error， the disturbance of the manipulator and 
the influence of external disturbance on the rotor⁃
craft. It improves the stability of the contact force 
and the flexibility of air contact operations. In this 
paper， the kinematics and dynamics of the aerial ma⁃
nipulator are modeled. Then， the controller is de⁃
signed and its stability is analyzed， and the control⁃
ler of the rotorcraft and the compliance controller of 
the manipulator are designed. Finally， in order to 
verify the proposed control algorithm， a simulation 
comparison experiment is carried out.

1 System Design and Dynamic 
Modeling of Aerial Manipulator 

1. 1 Structure design of aerial manipulator　

The aerial manipulator designed in this paper is 

composed of a quadrotor rotorcraft and a manipula⁃
tor， as shown in Fig.1. The total mass of the aerial 
manipulator is about 2.4 kg， of which the rotorcraft 
wheelbase is 550 mm， and the mass of the rotor⁃
craft is about 2 kg. The manipulator adopts a cable-

driven manipulator， and the motor is placed at the 
base and connected by the cable drive， so as to re⁃
duce the disturbance to the body. The manipulator 
has a total of two degrees of freedom and a length of 
350 mm， of which the movable arm part is 400 g.

1. 2 Dynamic model of rotorcraft　

The coordinate system of the aerial manipula⁃
tor is shown in Fig. 2. The coordinate system con⁃
sists of three parts： The ground coordinate system 
Og， the coordinate system Oa fixed to the center of 
the rotorcraft， and the end coordinate system Oe of 
the manipulator.

The relationship between the coordinate sys⁃
tems can be expressed by the rotation matrix. It is 
assumed that the attitude angle of the rotorcraft is 
Φ=［φ θ ψ］ ，which corresponds to the roll angle， 
pitch angle and yaw angle of the UAV in turn. The 
rotation matrix can be calculated from the transfor⁃
mation matrices Rx， Ry， Rz

R b = Rx Ry Rz =
é
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Fig.1　Structure of aerial manipulator

Fig.2　Reference frames for an aerial manipulator
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where the pitch and roll angles are within 90 ° . Ac⁃
cording to the rotation matrix， the dynamic model 
of rotorcraft can be obtained
ì
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mÿ = u1 ( )sin ψ sin θ cos φ - cos ψ sin φ - ky ẏ + fy

mz̈ = u1 cos φ cos θ - kz ż + fz - mg

Ix φ̈ = u2 + θ̇ψ̇ ( )Iy - Iz - kφ φ̇ + τφ

Iy θ̈ = u3 + φ̇ψ̇ ( )Iy - Iz - kθ θ̇ + τθ

Iz ψ̈ = u4 + θ̇φ̇ ( )Iy - Iz - kψ ψ̇ + τψ

(2)
where f and τ are the external force of the rotorcraft， 
which are composed of three parts： The first part is 
the disturbance of the manipulator to the rotorcraft， 
and it will be calculated in the next part， including 
the disturbance caused by the manipulator itself and 
the disturbance of the contact force； the second part 
is the disturbance caused by the time-varying dynam ⁃
ic parameters of the rotorcraft， which may be 
caused by inaccurate parameter estimation； the third 
part is other unknown disturbances to the rotorcraft. 
The calculation method of [ u1 u2 u3 u4 ]T is as 
follows
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where cf and cM are the lift coefficient and torque co⁃
efficient of the propeller， respectively.

1. 3 Dynamic model of manipulator　

The calculation method of the disturbance of 
the manipulator to the UAV can be calculated by 
Newton-Euler iterative method. The calculation pro⁃
cess includes two steps： First， the velocity and ac⁃
celeration of the connecting rod are calculated by the 
outward iteration method； second， the force and 

moment are calculated by the inward iteration meth⁃
od. The calculated force and moment of the first 
joint are the disturbance to the rotorcraft.

The method of calculating the centroid velocity 
and acceleration of the connecting rod by the out⁃
ward iteration method is

ì
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î

ïïïï

ïïïï

i + 1 ωi + 1 = i + 1
i Ri ωi + θ̇ i + 1

i + 1 Ẑ i + 1
i + 1 vi + 1 = i + 1

i Ri wi × i P i + 1 + i w i ×
( i w i × i P i + 1 ) )+ i v̇ i

(4)

After calculating the velocity and acceleration 
of the center of mass of all links， the inertia force 
and moment acting on the center of mass of links are 
calculated by the Newton Euler formula

{Fi = mv̇
N i = Iω̇ i + ωi Iωi

(5)

According to the above calculated force and 
torque， the joint torque， list the force and torque 
balance are calculated as

ì
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î
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i f i = i
i + 1 Ri + 1 fi + 1 + i F i

i ni = i N i + i
i + 1 Ri + 1 ni + 1 + i PCi

× i F i +
i P i + 1 × i

i + 1 Ri + 1 fi + 1

(6)

Based on Eq.（6）， the disturbance of the robot⁃
ic arm to the rotorcraft is calculated.

1. 4 Contact force model of aerial manipulator　

In the contact operation， due to the positioning 
error of the aerial manipulator and the environment 
or the uncertainty of the model， it may have a great 
contact force with the environment， resulting in in⁃
stability or even destruction of the system. There⁃
fore， compliant control is needed. The design idea 
is to make the end of the manipulator show the char⁃
acteristics of spring-mass-damping. In order to 
achieve compliance control， the contact force model 
of the aerial manipulator needs to be analyzed first.

As shown in Fig.3， the end of the manipulator 
contacts the plane， and the interaction force can be 
decomposed into three directions. The force perpen⁃
dicular to the plane shows the characteristics of 
spring-mass-damping， and the other two directions 

Fig.3　Spring-mass-damper model
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are mainly subjected to friction. The calculation of 
the force F perpendicular to the plane and the calcu⁃
lation of the friction force are
ì
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Fx = -sign ( vx ) μFz
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Fy = -sign ( vy ) μFz

vy

v

v = v2
x + v2

y

(7)

when v is greater than 0.01 m/s. According to the 
above calculation， when v is less than 0.01 m/s， it 
can be approximately considered that there is no slid⁃
ing on the plane. μ is the dynamic friction coeffi⁃
cient. kd， bd， md correspond to the stiffness coeffi⁃
cient， the damping coefficient and the mass coeffi⁃
cient， respectively.

2 Aerial Manipulator Controller 
Design

The control of the aerial manipulator system  
includes the robust control of the rotorcraft and the 
compliance control of the manipulator. The control 
of the rotorcraft and the manipulator has strong 
force/position coupling characteristics， so the con⁃
troller should have strong robustness. The control 
of the rotorcraft consists of a position controller and 
an attitude controller. According to Eq.（2）， it can 
be seen that the position control in the x， y direc⁃
tions and the attitude control in the x， y directions 
are coupled with each other. The overall control pro⁃
cess is shown in Fig.4. The position controller 
solves the desired pitch angle and roll angle， and the 
attitude control solves the output of the power sys⁃
tem. The control of the manipulator adopts the ad⁃

mittance controller. The input of the controller is 
the expected contact force， so a new expected con⁃
tact position is obtained and finally the admittance 
control is realized.

2. 1 Rotorcraft controller design and stability 
analysis　

The first is the design of the attitude controller. 
Attitude controller adopts nonsingular terminal slid⁃
ing mode control based on disturbance observer. Ac⁃
cording to the dynamic equation of rotorcraft， the 
control of pitch angle is taken as an example， the 
sliding surface of the nonsingular terminal sliding 
mode controller is designed as

sφ = eφ + βsig ( ėφ )α (8)

where β > 0，sig ( ėφ )α = | ėφ |
α
sign ( ėφ)； the attitude 

angle error of the rotorcraft is defined as 
eφ = φ d - φ.

The approximation rate of the selection is

ṡφ = -| ėφ |
α - 1 ( λsφ + ηsig ( sφ) γ) (9)

where λ > 0，η > 0，0 < γ < 1. The error angular 
acceleration and the output of the attitude controller 
can be obtained from Eqs.（8， 9）
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where τφ is the disturbance of the system， which is 
mainly composed of inaccurate system estimation 
and external disturbance. When using the approach 
rate of the switching property， selecting the appro⁃
priate parameters can suppress the disturbance， but 
at the same time cause large chattering. Therefore， 
this paper chooses a continuous approach rate in the 
boundary layer. However， when the system has un⁃
certainty and external disturbance， the quasi-sliding 
mode control of the boundary layer will produce 
steady-state tracking error. Therefore， this paper in⁃
troduces the disturbance observer to observe the 
noise and achieve the purpose of eliminating noise.Fig.4　Control system of aerial manipulator
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The design of the disturbance observer is as fol⁃
lows.

The auxiliary parameter Lφ is defined as
Lφ = τ̂φ - KIx φ̇ (11)

where τ̇̂φ = K ( τφ - τ̂φ )， τφ is the actual distur⁃
bance； τ̂φ the estimated observation disturbance； 
and τ̇̂φ the observation error.

The derivation on both sides of the pair is
L̇φ = τ̇̂φ - KIx φ̈ (12)

Substituting Eqs.（11， 12） into the final design 
of the disturbance observer is

ì
í
î
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ïï

L̇φ = K ( kφ φ̇ - u2 - θ̇ψ̇ ( Iy - Iz ) )- Kτ̂φ

τ̂φ = Lφ + KIx φ̇
(13)

The design of sliding and approach rate design 
of the position controller are similar to those of the 
attitude controller. The u1， u1x and u1y can be ob⁃
tained， and the desired attitude angle can be ob⁃
tained according to the dynamic equation.
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ϕ d = arcsin ( )u1x sin ψ - u1y cos ψ
u1

θd = arcsin ( )u1x cos ψ + u1y sin ψ
u1 cos ϕ

(14)

The stability analysis of non-singular terminal 
sliding mode is proved in detail in Refs.［9， 10］.
Here， the stability analysis and proof of the distur⁃
bance observer are mainly given. The Lyapunov 
function is used to prove the stability.

The Lyapunov function of the system is

V = 1
2 s2

φ + 1
2 ( τ͂φ )2 (15)

ì
í
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τ͂φ = τφ - τ̂φ

τ̇͂φ = τ̇φ - τ̇̂φ = - τ̇̂φ = -Kτ͂φ

(16)

ṡφ calculated from Eq.（9） can be obtained

V̇ = sφ ṡφ + τ͂φ τ̇͂φ = - sφ ( λsφ + ηsig ( sφ) γ)- Kτ͂ 2
φ =

-| ėφ |
α - 1

( λs2
φ + ηsφ sig ( sφ) γ

)- Kτ͂ 2
φ ≤ 0

(17)
Therefore， the control system is stable.

2. 2 Design of aerial manipulator admittance 
controller　

The admittance control of the manipulator con⁃
sists of two parts. The first part is the admittance 
controller. The input is the expected contact force 
and the actual contact force， and the output is the 
expected position error. The second part is the con⁃

trol of the manipulator. According to the expected 
position error obtained by the admittance controller， 
a new expected position is obtained. Then the in⁃
verse kinematics of the manipulator is solved to ob⁃
tain the desired joint angle， and then the desired 
joint angle is Proportion integration differentiation 
（PID） controlled.

According to the dynamic analysis of Eq.（7）， 
the admittance controller is designed based on the in⁃
verse kinematics as

Δx = 1
M d s2 + Dd s + Kd

ΔF ext (18)

Finally， the expected position deviation is out⁃
put， and then the expected position is obtained. Ac⁃
cording to the expected position， the expected angle 
of each joint is solved by inverse kinematics. The 
calculation process is shown as 
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qd2 = a tan 2(± 1 - c2
2 ,c2 )

qd1 = a tan 2( ny,nx )- a tan 2( L 2 s2,L 1 + L 2 c2 )
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nx = Px + Δx
ny = Pz

c2 = n2
x + n2

y - L 2
1 - L 2

2

2L 1 L 2

(20)

After calculating the joint angle， the PID joint 
angle control is carried out to output the desired 
joint angle acceleration. The PID angle controller is 
designed as

αd = kp ( qd - q )+ ki∫( qd - q )+ kd ( q̇d - q̇ )(21)

Finally， according to the angular acceleration， 
the external contact force of the manipulator is calcu⁃
lated， and the force/position closed-loop control is 
formed.

3 Control Simulation Analysis 

In order to verify the effectiveness of the pro⁃
posed controller， the simulation design is carried out. 
The parameters of the aerial manipulator are as  fol⁃
lows. At the same time， the model estimation error is 
introduced to further verify the stability of the pro⁃
posed controller. The actual mass of rotorcraft is mt=
2.05 kg. The estimated mass is m=2 kg. The mo⁃
ment of inertia of x‑y axis is Itx=Ity=0.125 kg·m2. 
The moment of inertia of z axis is Itz=0.25 kg·m2. 
The estimated moment of inertia is Ix=Iy=0.13 kg·m2， 
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Iz=0.24 kg·m2， and the half of the rotor wheelbase 
is l=0.275 m. The mass of the arm of the manipula⁃
tor is ml=0.4 kg， in which the mass of joint 1 is 
m1=0.25 kg. The mass of joint 2 is m2= 0.15 kg， 
and the arm span is l1=0.2 m， l2=0.15 m.

In this paper， three groups of simulations are 
carried out. First， the control effects based on non-

singular terminal sliding mode （NTSM） and non-

singular terminal sliding mode based on disturbance 
observer （NTSM+DOB） are compared when the 
manipulator does not move （Simulation 1） and 
moves （Simulation 2）. Second， the control effect 
based on NTSM+DOB when the manipulator is in 
contact with the outside world is carried out （Simu⁃
lation 3）. In addition， the system has estimation er⁃
ror， mechanical arm disturbance and external distur⁃
bance are considered in this system.

The parameters selected by the controllers are 
all the same， and the parameters of the position con⁃
troller are： α = 1.3， β = 0.9， γ = 0.8，
[ λφ λθ λψ ] = [ 5 10 10 ]， [ ηφ ηθ ηψ ]=
[ 10 20 20 ]. Attitude controller： α = 1.3， β =
0.9， γ = 0.8， [ λx λy λz ] = [ 5 1 1 ]，
[ ηx ηy ηz ]= [ 10 5 5 ]. The coefficient of the 
disturbance observer is K=10. Let ex_ max， ey_ max rep⁃
resent the maximum error in the x， y directions， re⁃
spectively. And ex ， ey  represent the root mean 
square error in the x， y direction， respectively.

Simulation 1： Figs.5， 6 show the results when 
the manipulator does not move. The simulation up⁃
date frequency is 1 ms. The desired position of the 
aerial manipulator is xd = sin ( 0.5t )， yd =
sin ( 0.5t + π/2)， zd = t， and the final trajectory is a 
spiral.

In NTSM， ex_ max = 107.2  mm， ex =
20.5  mm，ey_ max = 23  mm， ey = 14.7  mm. There 
is an obvious steady-state error in the z direction due 
to inaccurate estimation of system parameters. The z 
direction can be regarded as a constant disturbance. 
In NTSM+DOB， ex_ max = 106.7 mm， ex =
19.9  mm，ey_ max = 22.9  mm， ey = 14.7  mm. There 
is no obvious steady-state error in the z direction. 
Therefore， it can be seen that adding a disturbance 
observer can eliminate the steady-state error caused 
by the inaccurate estimation of the system. The esti⁃

mated disturbance of the disturbance observer is 
shown in Fig. 7， and the calculated estimated value 
is consistent with the model inaccuracy value Δmg.

Simulation 2： Figs.8， 9 show the results when 
the manipulator moves， and it is mainly the distur⁃
bance in the x-direction. The desired position of the 
aerial manipulator is set as xd = sin ( 0.5t )，yd =
sin ( 0.5t + π/2) zd = t.

In NTSM， ex_ max = 179.5 mm， ex =
84.5 mm，ey_ max = 144.7 mm， ey = 29.3 mm. z di⁃

Fig.5　Comparison of Simulation 1 errors

Fig.6　Trajectory comparison of Simulation 1

Fig.7　Observation disturbance of Simulation 1
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rection can be regarded as a constant disturbance 
like Simulation 1. In NTSM+DOB， ex_ max =
86 mm， ex = 27.3 mm，ey_ max = 71.7 mm， ey =
12.8 mm. There is no obvious steady-state error in z 
direction. It can be seen that the addition of the dis⁃
turbance observer can greatly reduce the disturbance 
of the manipulator to the body.

Simulation 3： When the manipulator is in con⁃
tact with the outside world， the control effect under 
NTSM+DOB is shown in Figs. 10， 11. At this 
time， the system has estimation errors， disturbanc⁃
es of the manipulator and external disturbances. The 
expected trajectory is xd = 0， zd = 0， yd =
sin ( 0.5t + π/2 )， the expected contact force is 4 N， 
so that the flying robotic arm slides on the plane 
with a certain contact force. It can be seen that the 
designed controller has good robustness and can 
track the expected contact force well， and finally re⁃

alize the aerial contact operation of the aerial manip⁃
ulator.

4 Conclusions

In order to realize the contact operation of the 
aerial manipulator， this paper designs a cable-driven 
aerial manipulator， which consists of a quadrotor ro⁃
torcraft and a cable-driven manipulator. At the same 
time， the kinematics and dynamics analysis of the 
aerial manipulator and the force analysis for the con⁃
tact operation scene are carried out. According to 
the dynamic characteristics of the aerial manipula⁃
tor， a non-singular terminal sliding mode controller 
based on disturbance observer is designed and the 
stability is proved. An admittance controller is de⁃
signed for the force analysis under contact operation. 
The simulation results show that the proposed con⁃
troller has good robustness， which can reduce the 
system estimation error， the disturbance of the ma⁃
nipulator and the external disturbance， and can en⁃
sure the stability of the contact force under smooth 
movement.
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基于干扰估计器的飞行机械臂非奇异终端滑模柔顺控制

温尊旺， 王尧尧， 付 豪， 谭荣凯， 王 宁
（南京航空航天大学机电学院，南京  210016，中国）

摘要：针对飞行机械臂的接触作业问题，设计了一种基于干扰估计器的飞行机械臂非奇异终端滑模柔顺控制算

法。该算法在非奇异终端滑模控制的基础下，引入干扰观测器，对系统的扰动进行估计，从而减小系统估计误

差、机械臂的扰动以及外部扰动对飞行器的影响。最后，仿真实验结果表明，所提出的控制器具有较好的鲁棒

性，可以减小系统估计误差、机械臂的扰动以及外部扰动，同时可以平稳移动下保证接触力的稳定。

关键词：飞行机械臂；干扰观测器；终端滑模；导纳控制
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