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ABSTRACT

In this paper, the design and the position inverse kinematics analysis of a novel aerial
manipulation system are presented. The proposed system consists of 2-link manipulator
attached to the bottom of a quadrotor. This new system presents a solution for the limita-
tions found in the current quadrotor manipulation system. New inverse kinematic analysis
are derived such that quadrotor/joint space controller can be designed to track the required
task space mission. To study the feasibility of the proposed system, a quadrotor with high
enough payload to add the 2-link manipulator is designed and constructed. Experimental
setup of the system is introduced and the design is verified experimentally. An experi-
ment is carried out to estimate the rotors parameters. These parameters are used in the
simulation and controller design of the proposed system in order to make more realistic
setup. System dynamics are derived briefly based on Newton Euler Method. The controller
of the proposed system is designed based on Robust Internal-loop Compensator (RIC)
and compared to Fuzzy Model Reference Learning Control (FMRLC) technique which was
previously designed and tested for the proposed system. These controllers are tested for
provide system stability and trajectory tracking under the effect of picking as well as placing
a payload and under the effect of changing the operating region. Simulation framework is
implemented in MATLAB/SIMULINK environment with the real parameters. The simulation
results indicate the feasibility and the efficiency the proposed inverse kinematic analysis
and the proposed RIC-based control technique.

Keywords: Aerial Manipulation, Identification, Position Kinematic Analysis, Demining, In-
spection, Transportation, Robust Internal-loop Compensator.
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1 Introduction

Quadrotor is one of the Unmanned Aerial Vehicles (UAVs) which offer possibilities of speed
and access to regions that are otherwise inaccessible to ground robotic vehicles. Quadro-
tor vehicles possess certain essential characteristics, such as small size and cost, Vertical



Take Off and Landing (VTOL), performing slow precise movements, and impressive maneu-
verability, which highlight their potential for use in vital applications. Such applications include;
homeland security (e.g. Border patrol and surveillance), and earth sciences (to study cli-
mate change, glacier dynamics, and volcanic activity) (Gupte, Mohandas and Conrad, 2012),
(Salih, Moghavvemi, Mohamed and Gaeid, 2010), (DiCesare, 2008), (Guo, Wang, Zheng and
Wang, 2014), and (Kim, Kang and Park, 2010). However, most research on UAVs has typically
been limited to monitoring and surveillance applications where the objectives are limited to
"look” and “search” but "do not touch”. Due to their superior mobility, much interest is given
to utilize them for mobile manipulation such as inspection of hard-to-reach structures or trans-
portation in remote areas. Previous research on aerial manipulation can be divided into three
categories. The first approach is to install a gripper at the bottom of an UAV to hold a payload.
In (Mellinger, Lindsey, Shomin and Kumar, 2011), (Lindsey, Mellinger and Kumar, 2012), and
(Willmann, Augugliaro, Cadalbert, D’Andrea, Gramazio and Kohler, 2012), a quadrotor with
a gripper is used for transporting blocks and to build structures. The second approach is to
suspend a payload with cables. In (Bisgaard, la Cour-Harbo and Dimon Bendtsen, 2010), an
adaptive controller is presented to avoid swing excitation of a payload. In (Michael, Fink and
Kumar, 2011), specific attitude and position of a payload is achieved using cables connected
to three quadrotors. The other types of research are concerned about interaction with exist-
ing structures, as example, for contact inspection. In (Torre, Mengoli, Naldi, Forte, Macchelli
and Marconi, 2012) and (Albers, Trautmann, Howard, Nguyen, Frietsch and Sauter, 2010) re-
search has been conducted on utilizing a force sensor or a brush as a manipulator. However,
the above approaches have limitations for manipulation.

For the first category using a gripper, payloads are rigidly connected to the body of an UAV.
Accordingly, not only the attitude of the payload is restricted to the attitude of the UAV, but
also the accessible range of the end effector is confined because of the UAV body and blades.
In the second type using cables, the movement of the payload cannot be always regulated
directly because manipulation is achieved using a cable which cannot always drive the motion
of the payload as desired. The last cases are applicable to specialized missions such as wall
inspection or applying normal force to a surface.

To overcome these limitations, one alternative approach is to equip an aerial vehicle with a
robotic manipulator that can actively interact with the environment. For example, in (Korpela,
Danko and Oh, 2012), a test bed including four-DOF robot arms and a crane emulating an
aerial robot is proposed. By combining the mobility of the aerial vehicle with the versatility of a
robotic manipulator, the utility of mobile manipulation can be maximized. When employing the
robotic manipulator, the dynamics of the robotic manipulator is highly coupled with of the aerial
vehicle, which should be carefully considered in the controller design for the aerial vehicle.
Also, an aerial robot needs to tolerate the reaction forces from the interactions with the object
or external environment. These reaction forces may affect the stability of an aerial vehicle
significantly.

In (Khalifa, Fanni, Ramadan and Abo-Ismail, 2012), we propose a new aerial manipulation
system that consists of a 2-link manipulator attached to the bottom of a quadrotor. This new
system presents a solution for the limitations found in the current quadrotor manipulation sys-



tem. It has the capability of manipulating the objects with arbitrary location and orientation
(DOF are increased from 4 to 6), the manipulator provides sufficient distance between quadro-
tor and object location, and it is considered as the minimum manipulator weight for aerial
manipulation. In (Khalifa, Fanni, Ramadan and Abo-Ismail, 2013), The dynamic model of this
system is derived taking into account the effect of adding a payload to the manipulator, in ad-
dition to, the design of two controllers namely, Direct Fuzzy Logic controller and Fuzzy Model
Reference Learning Control applied to this system, are presented. The simulation results in-
dicate the outstanding performance of the FMRLC and the feasibility of the proposed robot.
This proposed system opens new application area for robotics. Such applications are inspec-
tion, maintenance, firefighting, service robot in crowded cities to deliver light stuff such as post
mails or quick meals, rescue operation, surveillance, demining, performing tasks in dangerous
places, or transportation in remote places.

In (Orsag, Korpela and Oh, 2013), a quadrotor with light-weight manipulators are tested, al-
though the movement of manipulator is not explicitly considered during the design of the PID
controller. In (Kim, Choi and Kim, 2013), an aerial manipulation using a quadrotor with a 2 DOF
robotic arm is presented but with different configuration from us. It did not provide a solution
for the limited DOFs problem of aerial manipulation, in addition to, it did not provide explicit
solution to the inverse kinematics problem.

In this paper the point-to-point kinematics analysis (forward and inverse) of the proposed sys-
tem is derived. In addition, an experiment to identify rotors parameters is carried out. Moreover,
controller design based on RIC is presented and compared on the previously designed FMRLC
technique.

This paper is organized as following. Design of the proposed system is described in section
Section [3| introduces the system kinematic and dynamic analysis. The rotors parameters
experiment is described in section The proposed control system is presented in section
In section [6] simulation results using MATLAB/SIMULINK are presented. Finally, the main
contributions are concluded in section

2 Design of the Proposed System

The structure of the proposed system is shown in Fig. [1l The proposed quadrotor manipulation
system consists mainly from two parts; the quadrotor and the manipulator.

2.1 Quadrotor

The quadrotor components are selected such that it can carry payload equals 500¢ (larger than
the total arm weight and the maximum payload). Asctec pelican quadrotor (Asctec Pelican
Quadrotor, 2014) is used as the quadrotor platform with the following specification: Autopilot
sensor board, GPS receiver, Futuba R/C, X-bee, 11.1 V LiPo battery, 1.6 GHz Intel Atom
processor board, and wireless LAN access point.



Figure 1: 3D CAD model of the New Quadrotor Manipulation System

2.2 The Two-Link Manipulator

Our target is to design a lightweight manipulator that can carry a payload of 200¢g and has maxi-
mum reach in the range between 22¢m to 25¢m. The arm components are selected, purchased
and assembled such that the total weight of the arm is 200g and can carry a payload of 200g
(Robotic Gripper for Robotic Arm, 2014). The arm components are; Three DC motors (HS-422
(Max torque = 0.4N.m) for gripper, HS-5485HB (Max torque = 0.7N.m) for joint 1, and HS-
422 (Max torque = 0.4N.m) for joint 2), Motor’s Driver (SSC-32) (Interface between the main
control unit and the motors), Arduino board (Mega 2560) (Arduino Board, 2014) (Implement
manipulator control algorithm), PS2 R/C (Remote controller to send commands to manipu-
lator), and Motor accessories (Aluminum Tubing - 1.50in diameter, Aluminum Multi-Purpose
Servo Bracket, Aluminum Tubing Connector Hub, and Aluminum Long "C” Servo Bracket with
Ball Bearings) (LYNXMOTION, 2014).

The safety of this design and structure, with respect to the deflections and stress, is checked
through finite element analysis using ANSYS software (see Figs. [2and[3). From these figures,
the maximum deflection is about 0.6 mm which is smaller than the allowable value which equals
Imm. In addition, the maximum stress of the structure is 113M Pa which is smaller than the
yield strength of aluminum alloy which is 2700 Pa. Also, the bearings and gripper are selected
to carry the load Therefore, this design is safe.



Figure 3: Manipulator’s structure stress analysis using ANSYS

2.3 Validation

The whole system is connected as shown in Fig. [4] An experimental setup is carried out to
validate the proposed design of the system. The experiment indicates the validity and safety
of the design. The quadrotor can carry the manipulator with the target payload successfully.
Position holding is one of the most important factors for accurate manipulation. The accurate
measurements are crucial for using the aerial vehicle to manipulate an object as desired.

Fig. [5] shows the proposed experimental implementation of the whole connected system with
the user interface and measurement system such that the position holding can be achieved.
The ground station (PC, R/C, and Joystick) is used to monitor and send commands to system.
The PC is connected to the on-board station (Atom Board) through WiFi network. The Atom



Figure 4: Experimental setup of the proposed system

PC

‘Wireless Comm. tom Board

Asctec Pelican UAV

Autopilot Board

{ Ground Station |

\ \ Onboard
Al
1]

« Monitoring d
ata

B/

« Send Ct1l Co
mmands

R
'Futuba R/C

Arduino Board

T @ 4 '{_ A —_¥
: PS2 Trans.  — '
| PS2 Rec.
| |
* “~

Figure 5: Aerial manipulation functional block diagram

Board, which runs under Linux platform, is used for control interface among ground PC, Arduino
Board, and Autopilot Board. In addition, it is used to execute high computation algorithms,
which is used for precise position estimation and control, such as VSLAM, Data fusion, and
Planning. Moreover, the proposed architecture of the system enables it to operate in either
autonomous or tele-operated mode.

3 Kinematics and Dynamics Analysis

Fig. [6] presents a sketch of the Quadrotor-Manipulator System with the relevant frames. The
frames are assumed to satisfy the Denavit-Hartenberg (DH) convention (Leishman, 2000).

The manipulator has two revolute joints. The axis of the first revolute joint (z(), that is fixed with
respect to the quadrotor, is parallel to the body z-axis of the quadrotor (see Fig. [6). The axis of
the second joint (z1) will be parallel to the body y-axis of quadrotor at home (extended) configu-
ration. Thus, the pitching and rolling rotation of the end effector is now possible independently
on the horizontal motion of the quadrotor. Hence, With this new system, the capability of



Figure 6: Schematic of Quadrotor Manipulation System Frames

manipulating objects with arbitrary location and orientation is achieved because the DOF are
increased from 4 to 6.

3.1 Kinematics

The rotational kinematics of the quadrotor is represented through Euler angles. A rigid body is
completely described by its position and orientation with respect to reference frame {E}, O;-X
Y Z, that it is supposed to be earth-fixed and inertial. Let define n; as

m=[X,Y, 2" (3.1)

the vector of the body position coordinates in the earth-fixed reference frame. The vector 7, is
the corresponding time derivative. If one defines

v = [u,v, w]” (3.2)

as the linear velocity of the origin of the body-fixed frame {B}, Op-z y 2z, whose origin is
coincident with the center of mass (C M), with respect to the origin of the earth-fixed frame
expressed in the body-fixed frame, the following relation between the defined linear velocities
holds:

v1 = RBmy (3.3)

where RP is the rotation matrix expressing the transformation from the inertial frame to the
body-fixed frame.
Let define 7, as

= [6,0,¢]" (3.4)



the vector of body Euler-angle coordinates in an earth-fixed reference frame. Those are com-
monly named roll, pitch and yaw angles and corresponds to the elementary rotation around X,
Y and Z in fixed frame. The vector 7, is the corresponding time derivative (expressed in the
inertial frame). Let define

vy = [p,q,7]" (3.5)

as body-fixed angular velocity. The vector 7, is related to the body-fixed angular velocity by a
proper Jacobian matrix:
Vy = Jvﬁg (36)

The matrix J, can be expressed in terms of Euler angles as:

0 —S(0)
J,= 10 C(¢) C(0)S(e) (3.7)
0 =S5(6) C(9)C(9)

where C(«) and S(«) are short notations for cos(«) and sin(«). The rotation R? matrix needed
to transform the linear velocities, is expressed in terms of Euler angles by the following:

C¥)C(o) S()C(0) —5(0)
RY = | =SW)C(9) + SW)S(O)C(W)  C)C(9) + SW)S(6)S(¢)  C(6)S(9) (3.8)
SW)S(9) +CW)SO)C(9) —C(¥)S(9) +5¥)S(0)C(¢) C(O)C(9)

The DH parameters for the 2-Link manipulator are derived and presented in (Khalifa et al.,
2012).

The position and orientation of the end effector relative to the body-fixed frame is easily ob-
tained by multiplying the following homogeneous transformation matrices A%, A9, Al.

3.1.1 Forward Kinematics

Let define the position and orientation of the end effector expressed in the inertial frame, as
Nee, AN 7ce, respectively.
Teew = [l‘eey Yee, zee]T (39)

Neey = [Qbeey 9667 wee]T (31 O)

The forward kinematics problem consists of determining the operational coordinates (7., and
Nee,) Of the end effector, as a function of the quadrotor movements (X, Y, Z, and v) as well
as the motion of the manipulator’s joints (#; and 6;). This problem is solved by computing the
homogeneous transformation matrix composed of relative translations and rotations.

The transformation matrix from the body frame to the inertial frame A% which is:

X

, (3.11)

=N



where RL is 424 matrix. The total transformation matrix that relates the end effector frame to
the inertial frame is T, which is given by:

T = ALABAY AL (3.12)

Define the general form for this transformation matrix as a function of end effector variables(7e.,
and 7., ), as following:
11 T12 T13 Tee

T, = 21 7T22 723 VYee (3.13)
T31 T32 T33 Zee
0 0 0 1
Equating and (3.13), an expression for the parameters of T.. (rij, Tee, Yee, AN Zee;
1,7 = 1,2,3) can be found, from which values of the end effector variables can determined.
Euler angles of the end effector (¢, 6. and v..) can be computed from the rotation matrix of

T.. as in (Slabaugh, 1999).

3.1.2 Inverse Kinematics

The inverse kinematics problem consists of determining the quadrotor movements (X, Y, Z,
and ) as well as the motion of the manipulator’s joints (#; and 6-) as function of operational
coordinates (n.., and n..,) of the end effector.

The inverse kinematics solution is essential for the robot’s control, since it allows to compute
the required quadrotor movements and manipulator joints angles to move the end effector to a
desired position and orientation.

The rotations of the end effector can be parameterized by using several methods one of them,
that is chosen, is the euler angles (Slabaugh, 1999).

Equation (3.12) can be expressed, after putting ¢ = 8 = 0, since we apply for point-to-point
control because we target end effector control during picking and placing positions (reset con-
figuration), as following:

CO)S@)S(2)  S@W)SB) X + LiC(01)S(W) + LyC (1) S(6:

2) + LaC(01)C(02)S(¥)
C( 1) 9) 70(1/1)5(91) Y7L10(7/1)0(91)+LZS(1/ S(6 ) LQC( )0(01)0(92)

1)C(0s -
- ()C(0:)C(0:) C(62)S v) + o) )
2 —C(62)S(6) 5(61)S(62) C(61) Z — Lo — L1S(61) — L2C(62)S(61)
0 0 0 1
(3.14)

From and (3.13), the inverse kinematics of the system can be derived. According to the
structure of (3.14), the inverse orientation is carried out first followed by inverse position. The
inverse orientation has three cases as following:

CASE 1.

Suppose that not both of r13 , 23 are zero. Then from (3.14), we deduce that sin(6,) # 0 and
r33 # £1. In the same time, cos(61) = r33 and sin(f1) = + /1 — 735 and thus,

01 = atan2(y/1 — r;,r33) (3.15)
01 = atan2(—y/1 — r2;,733) (3.16)

or



If we choose the value for 6, given by (3.15), then sin(6;) > 0, and

Y = atan2(r13, —ra3) (3.17)

92 = atan?(rgg, —7’31) (31 8)
If we choose the value for 6, given by (3.16), then sin(6;) < 0, and

Y = atan2(—r13,723) (3.19)

92 = atanQ(—rgg, 7”31) (320)

Thus, there are two solutions depending on the sign chosen for ;. If 13 = ro3 = 0, then the fact
that T.. is orthogonal implies that r33 = +1.

CASE 2:

If 113 = ro3 = 0 and rs3 = 1, then cos(61) = 1 and sin(6;) = 0, so that 6; = 0. In this case, the
rotation matrix of (3.74)becomes

SO2+v) Cl2+¢) 0
Ri=|-C(62+v) S(O2+7) 0 (3.21)
0 0 1

Thus the sum 6, + 1) can be determined as
0o + ¢ = atan2(ry1,7r12) (3.22)

We can assume any value for ¢» and get 6,. Therefor, there are infinity of solutions.

CASE 3:

If r13 = 793 = 0 and r33 = -1, then cos(0;) = -1 and sin(6,) = 0, so that 6; = 7. In this case, the
rotation matrix of becomes:

SO —) C(O2—1) 0
Ry=|C(6y—¢) —S(B2—¢) 0O (3-23)
0 0 -1

Thus, 6> — ¢ can be determined as
2 — 1) = atan2(ri1,r12) (3.24)

One can assume any value for 1) and get 6. Therefor, there are infinity of solutions.
In cases 2 and 3, putting ¢ = 0 will lead to find 6-.
Finally, the inverse position is determined from:

X = zee — (L1C(01)S(¥) + LaC(1)S(62) + L2C(61)C(62)S () (3.25)

Y = yee — (—L1C(Y)C(01) + L2S()S(02) — LaC(2p)C(01)C(62)) (3.26)

Z = Zee — (—LO — LlS(Hl) — LQC(QQ)S(Ql)) (327)



3.2 Dynamics

The equations of motion of the proposed robot are derived in details in (Khalifa et al., 2012).
Applying Newton Euler algorithm (Tsai, 1999) to the manipulator considering that the link (with
length L) that is fixed to the quadrotor is the base link, one can get the equations of motion of
the manipulator as well as the interaction forces and moments between the manipulator and
the quadrotor. The effect of adding a payload to the manipulator will appear in the parameters
of its end link, link 2, (e.g. mass, center of gravity, and inertia matrix). Therefore, the payload
will change the overall system dynamics.

The equations of motion of the manipulator are:

M6, = Tp,, + N (3.28)

M6y = T, + No (3.29)

where, T, and 7T,,, are the manipulator actuators’ torques. M;, M2, N1, and N; are nonlinear
terms and they are functions in the system states as described in (Khalifa et al., 2012).

The Newton Euler method are used to find the equations of motion of the quadrotor after adding
the forces/moments from the manipulator are:

mX = T(C(¥)S(0)C(¢) + S(¥)S(9)) + Fr g, (3.30)
mY = T(S(¥)S(0)C(¢) — C(1))S()) + Frh g, (3.31)
mZ = —mg+TC(0)C(¢) + FL . (3.32)

L$ =641, — I.) = LOQ+ T,y + M, . (3.33)
1,0 = (I, — L) + L$Q + Toy + ME (3.34)
Ly = 06(1, — 1) + Ty + My, . (3.35)

where F,, ., F, . . and F;, ,are the interaction forces from the manipulator to the quadrotor

in X,Y, and Z directions defined in the inertial frame and M., , M} ., and M} are the
interaction moments from the manipulator to the quadrotor around X, Y, and Z directions
defined in the body frame.
The variables in are defined as follows: m is the mass of the quadrotor. Each rotor
J has angular velocity ©; and it produces thrust force F; and drag moment A; which are given
by:

Fj = Kp, Q3 (3.36)

M; = K, Q3 (3.37)



where K, and K, are the thrust and drag coefficients.
T is the total thrust applied to the quadrotor from all four rotors, and is given by:

4
T=> (F)) (3.38)

J=1

Tu,, Tu,, and Ty, are the three input moments about the three body axes, and are given as:

T, = d(Fy — Fy) (3.39)
T, = d(Fs - ) (3.40)
Tag = —M;+ My — Mz + My (341)

d is the distance between the quadrotor center of mass and rotor rotational axis.
Q= O — Qo+ Q3 — Oy (342)

I, is the rotor inertia. I is the inertia matrix of the vehicle around its body-frame assuming that
the vehicle is symmetric about x-, y- and z-axis.

4 System Parameters Estimation

In order to test the feasibility of the proposed system, a simulation framework will be built. Thus,
there is a need to find the real parameters of the system to make the simulation results more
reliable. The identified parameters include the structure and rotor assembly parameters (K,
and K,;). To calculate the structure parameters, a 3D CAD model is developed using SOLID-
WORKS software to calculate the mass moments of inertia and all the missing geometrical
parameters. To estimate the rotor assembly parameters, an experimental setup of quadrotor
is carried out, see Fig. In this experiment, the rotor is mounted on a 6-DOF torque/force
sensor that is connected to a NI Data Acquisition Card (NI DAC). Then, the DAC is connected
to a PC running SIMULINK program as an interface to read data from DAC. The velocity of
rotor is changed gradually and each time the generated thrust and drag moment is measured
and recorded using SIMULINK program. By using MATLAB Curve Fitting toolbox the gener-
ated date are fitted by using and [3.37), thus the thrust and moment coefficients can be
obtained. The identified parameters are given in Table

5 Controller Design

Quadrotor is an under-actuated system, because it has four inputs (angular velocities of its four
rotors) and six variables to be controlled. By observing the operation of the quadrotor, one can
find that the movement in X- direction is based on the pitch rotation, 6. Also the movement
in Y- direction is based on the roll rotation, ¢. Therefore, motion along X- and Y-axes will be
controlled through controlling 6 and ¢.



SIMULINK Interface

Figure 7: Experiment to estimate rotor coefficients

Table 1: System Parameters

Par. Value Unit Par. Value Unit
m 1 kg Lo 8521073 m
d |/223.5X1073 m mo || 3021073 kg
I, ||13.215X1073| N.m.s®> | mi || 5521073 kg
I, ||12.522X1073|| N.m.s? || mgo | 11221073 kg
I, [[23.527X1073| N.m.s> || I, ||33.216X1075|| N.m.s?
Lo | 30z1073 m Ly || 70z1073 m
Kp, || 1.6672107° || kg.m.rad? || Kp, | 1.2852107° || kg.m.rad?
Kp, || 1.7112107° || kg.m.rad? || Kp, || 1.5562107° || kg.m.rad?
K| 3.96521077 ||kg.m?.rad?||K || 2.84721077 ||kg.m?.rad?
K| 4.40421077 ||kg.m2.rad?||Kyy,|| 3.17021077 ||kg.m?2.rad?

Fig. (8| presents a block diagram of the proposed control system. The desired values for the
end effector’s position (zece s Yee, aNd zce,) and orientation (¢ec,, fee, and ..,) are converted
to the desired values of the quadrotor (X4, Yy, Z4 and v4) and joints variables (¢, and 65,)
through the inverse kinematics that are derived in section [3] Next, these values is applied to
a trajectory generation algorithm which will be explained later. After that, the controller block
receives the desired values and the feedback signals from the system and provides the control
signals (T, 7a,, Tay» Tas» Im, and T,,,,). The matrix G of the control mixer, in Fig. |8, is used to
transform the assigned thrust force and moments of the quadrotor (the control signals) from the
controller block into assigned angular velocities of the four rotors. This matrix can be derived

from (3.38}{3.41) and presented as following:

0? Kp, Kr, Kp, Kpg T
02 _ 0 —dKp, 0 dKp, Tay (5.1)
03 —dKp, 0 dKF, 0 Tas
02 | Ky, Ky, —Ku Ky Tas

G
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Figure 8: Block Diagram of the Control System

Finally, The actual values of the quadrotor and joints are converted to the actual values of the
end effector variables through the forward kinematics which are derived in section

The control design criteria are to achieve system stability and zero position error, for the move-
ments in X, Y, Z, and v directions as well as for joints’ angles 6, and 6, and consequently for
the end effector variables (1., and 7..,), under the effect of:

e Picking and placing a payload.
e Changing the operating region of the system.

Noting that in the task space, a position tracking is implemented, and in the joint space, trajec-
tory tracking is required.

5.1 Robust Internal-loop Compensator-based Control

Robust control is widely used in robotic system to ensure stability and robustness against exter-
nal disturbances, uncertainties, and measurement noise (Hassanein, Anavatti and Ray, 2011).
Disturbance Observer (DOb)-based controller design is one of the most popular methods in
the field of motion control. In (Yamada, Komada, Ishida and Hori, 1996), the DOb-based con-
troller is designed to realize a nominal system which can control acceleration in order to realize
fast and precise servo system, even if servo system has parameter variation and suffers from
disturbance. In (Kim and Chung, 2003) and (Kim, Choi, Lee and Koh, 2012), the generalized
disturbance compensation framework, named the robust internal-loop compensator (RIC) is
introduced and an advanced design method of a DOb is proposed based on the RIC. In (Park,
Won, Kang, Kim, Lee and Kwon, 2005), the developed quadrotor shows stable flying perfor-
mances under the adoption of RIC based disturbance compensation. Although a model is
incorrect, RIC method can design a controller by regarding the inaccurate part of the model
and sensor noises as disturbances.

We propose a robust internal loop compensator based control as robust controller to get ac-
curate positioning of the proposed system. The controller consists of two parts, internal and
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Figure 9: RIC Disturbance Compensation Controller

external loop. Internal loop is used as a compensator for canceling disturbances, uncertainties
and nonlinearities including difference between reference model and real system, and exter-
nal loop is designed to meet the specification of the system using the result of internal loop
compensator.

The RIC based control algorithm, as shown in Fig. [9 controls the response of the plant P(s)
to follow that of the model plant P,,(s) even though disturbances d., and sensor noise ¢ are
applied to the plant (Park et al., 2005). RIC based disturbance compensator can be used
for position, attitude, and manipulator’s joints control in the same way. For all controllers, the
reference plant model are given in the form of:

1

Te; 82

sz(s) =

(5.2)

where y,,,(s) is the output response of the reference model (nominal plant), and y,(s) is the
desired value of the plant. The value 7; (i = z, y, 2, ¢, 6, v, 61, and 65), which depends on the
plant dynamics, is mass for x, y, z-controller and mass moment of inertia for ¢, 6, ¥, 6,, and
0s.
The external-loop compensator C,(s) for altitude (z) control, for instance, are given like PD
controller as follows:

C.(s) = kp, + kqzs (5.3)

with the error e, = z, - z as the controller input. where k,, and k4, are P- and D-gain of the
external-loop compensator, respectively. The output of the external-loop compensator, i.e., the
reference input of RIC is given as

Urz(8) = Cy(s)e, (5.4)

The output of the reference model is compared to the actual response generating the reference
error e, = z, - z Which is applied to internal controller K7,.(s) that is chosen to be a PID-like
controller and it is given as follows:

1



Thus, the final control signal «. is given as:
Uy = Uey T Uz + Uezz (56)

where u.. and uy, are the control signals from the external and internal controllers respectively,
while u.., is an external value equal to the robot weight to compensate system weight (mg).
The procedures for obtaining the RIC control input for X, Y, ¢, 6, ¥, 61, and 6, control are the
same with that for altitude (Z) control except that «.,., equal 0. In addition, there is difference in
the design of X and Y controllers. In this control strategy, the desired pitch and roll angles, 6,
and ¢4 , are not explicitly provided to the controller. Instead, they are continuously calculated
by X and Y controllers in such a way that they stabilize the quadrotor’s attitude. However,
there is a need to convert the error and its rate of X and Y that is defined in the inertial frame
into their corresponding values defined in the body frame. This conversion is done using the
transformation matrix, defined in (3.8), assuming small angles (¢ and 6) as following:

z

X cos(tp) + Y sin(z)) (5.7)

X sin(tp) — Y cos(1)) (5.8)

]
6 Simulation Results

Quintic Polynomial trajectories (Leishman, 2000) are used as the reference trajectories for X,
Y, Z, ¢, 61, and 65. Those types of trajectories have sinusoidal acceleration which is better in
order to avoid vibrational modes. The desired values of end effector position and orientation
(Multi-region of operation and point-to-point control) are used to generate the desired trajecto-
ries for X, Y, Z, ¢, 6 and v using the inverse kinematics and then the algorithm for generating
the trajectories.

The system equations of motion and the control laws for both FMRLC and RIC techniques are
simulated using MATLAB/SIMULINK program. The design details, simulation results, and pa-
rameters of FMRLC can be found in (Khalifa et al., 2013).The controller parameters of the RIC
controller are given in Table [2} we use the methodology for the RIC design given in (Kim and
Chung, 2002) and the one used to design PID controllers in (Precup and Preitl, 2006). Those
parameters are tuned to get the required system performance. The two controllers are tested
to stabilize and track the desired trajectories under the effect of picking a payload of value 150
g at instant 15 s and placing it at instant 65 s. The simulation results of both FMRLC and RIC
are presented in Fig. These results show that RIC and FMRLC is able to track the de-
sired trajectories (with different operating regions) before, during picking, holding, and placing
the payload, in addition to, the RIC results is better than the FMRLC in disturbance rejection
capability. Furthermore, the generated desired trajectories of # and ¢ from RIC are smooth
compared with that from FMRLC which are more oscillatory (see Fig. and Fig. [T0h).
Moreover, since the RIC is simpler than FMRLC, the computation time for control laws of RIC
is very small compared to that of FMRLC. Therefore, RIC is recommended to be implemented
in experimental work.



Table 2: RIC Parameters

Par./Val. X Y Z 10} 0 P 01 || 02
Epi 0.3 0.3 51 30 30 5 5 5
kai 0.7 0.7 3 5 5 3 3 3
k‘; 0.001 |/ 0.001 || 5| 30 30 5 5 5
k:gl 0.001 |/ 0.001 || 3 5 5 3 3 3
kf 0 0 1 10 10 1 1 1
Tei 1 1 11 0.01//0.01(/0.020.1]0.1

(a) X Response (b) Y Response (c) Z Response (d) v Response

6 (rad)

30 0 50 60 70 o 10 20 30 0 50 60 70 % 10 20 30 40 50 0 70 0 10 20 30 0
Time (s) Time () “Time (s) Time ()

(e) 61 Response (f) 02 Response (9) ¢ Response (h) 0 Response

Figure 10: The Actual Response of RIC and FMRLC Techniques for the Quadrotor and Manip-
ulator Variables: a) X, b) Y, c¢) Z, d) ¢, e) 61, f) 62, 9) ¢, and h) 6.

The end effector position and orientation can be found from the forward kinematics (see Fig.

11).

7 Conclusion

A new aerial manipulation robot is presented. Design and it experimental verification of this
system is shown. Kinematic and Dynamic models of the proposed system are presented.
Experimental setup of the proposed robot is shown and it is used with 6 DOF torque/force
sensors to identify the rotor parameters. A new position inverse kinematics which is very simple
compared to other trials in this direction is presented. RIC based control design is presented
to control the proposed system and is compared to the FMRLC. These controllers are tested to
provide system stability and trajectory tracking under the effect of picking and placing a payload
and the effect of changing the operating region. The system equations of motion are simulated
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Figure 11: The Actual Response of both RIC and FMRLC Techniques for the End Effector
Position and Orientation: a) xce, b) Yee, C) zee, A) Gee, €) Bee, and ) .

using MATLAB/SIMULINK based on the system real parameters. Simulation results show that
the RIC based control is very simple, has low computation time, and has higher disturbance
rejection abilities comparing with FMRLC. In addition, these results indicate the feasibility of
the proposed system. Therefore, the RIC is highly recommended to be implemented in real
time to experimentally control the proposed system.
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