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Abstract

Dobot Magician-a 3 degrees of freedom (DoF) robot- is widely used nowadays in education and in research on
industrial robotics. In this paper, we developed forward kinematics and inverse kinematics of Dobot magician robot,
and built a non-linear approach for cartesian control of its end-effector position. Modified Denavit-Hartenberg (DH)
convention was used to obtain forward kinematics. An Algebraic approach was used to find inverse kinematics
solution and presented in details. An algorithm based on developed inverse kinematic was developed to conversion
Dobot’s Cartesian variables into joint variables. This conversion facilitated to obtain Cartesian control of Dobot
Magician robot. Lastly, simulation results show stability and efficacy of developed control approach in maneuvering
the Dobot’s end-effector position.
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1.0 Introduction:

The use of robots has been increasing exponentially through the last couple of decades. Extensive research has been
going on in the area of robot design and control to make such robots intelligent and to increase the performance of the
robotic operation. The research includes the robot application in small/large industries for fine object manipulation
(Wilson et al. 2016, Holz et al. 2015, Su et al. 2015), health care industries as an assistive device (Rabbitt et al. 2015,
Vandemeulebroucke et al. 2018) and/or rehabilitation device (Nef et al. 2009, Cui et al. 2017, Islam et al. 2017,
Assad-Uz-Zaman et al. 2016, Islam et al. 2019), mining/hazardous environment for safe handling/operation (Quintana
et al. 2018, Bai et al. 2018), precision manufacturing, and STEM education (Li et al. 2018).

Dobot Magician (Shenzhen Co 2019a) is a commercially available lightweight, multifunctional desktop robotic arm
that resembles a 3DOF industrial robotic manipulator is nowadays widely used for STEM education. Dobot users use
‘Dobot Studio’ (Shenzhen Co 2019b) software to program the Dobot for object manipulation. However, Dobot studio
does not have resources to teach robot kinematics, dynamics, and simple control techniques such as PID control. There
is a great potential to use the Dobot in undergraduate lab and teach robotics if its kinematics, dynamics, and control
strategies can be formulated. Therefore, in this research we have developed Dobot’s forward kinematics, inverse
kinematics, dynamic modeling, and control technique using simple PID controller. It is anticipated that this research
article will be a key learning resource for the undergraduate students and for researchers working on robotics especially
with the Dobot Magician.

To develop the forward kinematics the well known modified Denavit Hartenberg conventions (Denavit and
Hartenberg 1955) were used, and for the inverse kinematic algebraic approach was used. Note that for the Cartesian
control of a robot it is essential to know the inverse kinematic solution of a robot. The recursive Newon-Euler
formulation (Craig 2017) was used to develop the dynamic model of the robot. To demonstrate the control using PID
technique, simulation was carried out in Simulink environment where the Dynamic model of the dobot was simulated
to follow both joint space and cartesian space trajectories.
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2.0 Dobot Configuration :

The Dobot is a 3 DoF robot that has three stepper motors to actuate its joints (base, shoulder and elbow). The payload
capacity of Dobot’s end effector is 500 gram. The end-effector uses a servo motor and a pneumatic pump to deal with
payload. The maximum distance that can be reached by Dobot is 320 mm. It can work under the temperature range
-10°C to 60°C. Its joints’ range of motion and maximum speed are shown in Table-1.

Table 1. Joint Range of Motion and Speed

Axis Range Max Speed (250g workload)
Joint 1 base -135° to +135° 320° /s
Joint 2 rear arm 0° to +85° 320° /s
Joint 3 forearm -10° to +95° 320° /s

3.0 Forward Kinematics:

In this section, we present forward kinematics of Dobot Magician robot. To do so, the axes of joint-1, 2, and 3 are
placed as shown in Fig-1. The Modified Denavit-Hartenberg (DH) method has been followed to assign the coordinate
frame (Denavit and Hartenberg 1955, Craig 2017). To obtain the DH parameters, co-ordinate frames (i.e., the link-
frames which map between the successive axes of rotation) are assumed to have coincided with the joint axes of
rotation and have the same order. Table-2 shows the DH parameters of the Dobot Magician robot.
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Figure 1: Coordinate frame assignment of Dobot magician robot

Table 2. Modified DH parameter of Dobot robot

Joint ai-1 di ai.1 qi
() (Link twist) | (Link offset) | (Link length) (Joint variable)
1 0 0 L, 0,
2 -2 0 0 6, — 7T/Z
3 0 L, 0 04
3 0 Lip 0 0
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We know that the general form of a link transformation that relates frame {i} relative to the frame {i — 1} (Craig 2017)
is:

i—-1p3x3 i-1p3x1
7 = K & (M
01%3 1
where, ‘71R is the rotation matrix that describes the frame {i} relative to the frame {i — 1} and can be expressed as:
cos 0; —sin 6; 0
i=1p = |sin;cosa;_; cosf;cosa;_; —sina;_, 2

sin@;sina;_; cosf;sina;_; cosa;_4

and, ©"3P is the vector that locates the origin of the frame {i} relative to the frame {i — 1} and can be expressed as:

Hlp=lai., —saiqd; cai,di]” (3)

Using equations (1) through (3) the single homogeneous transfer matrix that relates two successive frames (of figure)
can be found as:

cosf; —sinf; 0 O sinf, «cosf, 0 O
or — sin6; cosf6; 0 O 17— 0 0 1 0
! 0 0 1 L 2 cos@, —sinf, 0 0
0 0 0 1 0 0 0 1
cosf; —sinf; 0 L, 1 0 0 Ly

a7 = sinf; cosf; 0 O 37 — 01 0 O

3 0 0o 1 of ¢ “foo1 o

0 0 0 1 0 00 1

The homogenous transformation matrix that represents frame {ef} with respect to the frame {0} can be obtained by
multiplying individual transformation matrices.

rll r12 r13 Px
r21 r22 r23 Py 4)
r31 r32 r33 Pz

0 0 0 1

The equation obtained from this transformation matrix is known as the forward kinematic equation and is given below.
r1ll = C,C,C3 + C,C,S53
r12 = C;C,C5 — C, 5,5,
ri3 =-=-5;
121 = §5,5,C5 + $,C,S;
r22 = 5,C,C3 — $:5,5;
r23 =(;
31 = C,C5 — S, 54
r32 = —(C,S3 — S,C3)
r33=0
Px = LyC1S; + Lyip C1(C3S5 + S,C3)
Py = L;5:8; + LtjpS1(S,C5 + C,S3)
Pz =Ly + Ly (C,C5 — 5,83) + LG,

ofT = [9T.3T.3T. 3T] =

Where, cos@; = C;, cos8, = C,, cosf; = (3, sinf; = S;, sinf, = S,, sinf; = S5

With the joint variable of each joint (8, 8,, and 63), using this forward kinematic equation, the position and orientation
of frames were determined with respect to the reference frame.

4.0 Inverse Kinematic Solution:
From forward kinematics (equation (4)), we obtain the position of end-effector with respect to the base,
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Px X

-

Pz z

L2C152 + LtipCI(CZS3 + 52C3) =X
L;5:5; + Ltip51 (5:C3+ CR83) =y
Ll + Lfip(C2C3 - 5253) + L2C2 =Z

Op —
efP -

From trigonometric identities, we know
C253 + 52C3 = Sll’l(@z + 03) = 523

6263 - 5253 = COS(QZ + 03) = Cz3

Using the above identities, we have,

x
Lzsz + L“’pSz3 = C_ TR (5)
1
y
L252 + Ltip523 = S_ e (6)
1
Ll + LfipCZ?) + L2C2 /2 (7)
From (6) — (5) =>
y X
0=F—-——
S G
x Y
=>—=" ... 8
C."s ®
Y
C; x
=>tanf,; = 4
x
—> 0, = Y
=> 0, = arctan (x)
Rearranging equation (7), we get
chz + Lt‘ipCZ3 =Z— Ll TR R R R (9)

Squaring both equation (5) and (9), and then by adding we obtain the following

L3S% + L%, S35 + 2L, L1 S5S03 + L3C3 + L2, C2; + 2Ly L4, C,Coz = iz+ —Ly)*?
292 tip 023 2Ltipo2923 2b2 tip L23 2heipt2t23 =\ ¢ (Z 1)
1

x 2
=> L3(S3 + C3) + Ly (35 + CB) + 2LaLigy (53525 + CoCo) = () + (2= 1)?
1

Where,
S24+Ci=1, SL+CL =1,
52523 + C2C23 = CoS (62 + 63 - 02) = COSQ:}, = C3

x 2

pr=(5) +G-L) =+ )P+ = L)
1

Therefore, we get

=> 15+ L}, + 2LyLy,C5 = p?
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2_ 2 _ ]2
—> ¢, = p 2 tip
2Ly Ly

So,
Sz =1y1- (C3)?

53 i 1- (63)2
=> 03 = arctan (—) =arctan| ————

G G

Now multiplying equation (5) by S, and equation (9) by C,, we have

X
LZSZZ + Ltipszszg = (C_) 52 (10)
1

L2C22 + LtipC2C23 = (Z - Ll)CZ e T (11)
Adding equation (10) and (11), we have
x
LySF 4+ LyCF + LyipSyS23 + LeipCaCoz = (C_) S, +(z—Ly)C,
1

X
=> Ly(S7 + C3) + Lyjp (5,523 + C,Cp3) = (C_) S, +(z—-LyC,
1
X
=> LZ + L“'pC3 = (C_> SZ + (Z - Ll)CZ
1
Let,
X
L2+LtipC3 =T',(Z—L1) =a,(c_1)=b
=> r = b SZ + aCZ
=>r=acosf,+b sinb, ...........(12)

Equation (12) is a transcendental equation. Therefore, we can solve it using half angle property of trigonometry,

Let,
2 2
0 1-tan?22 1—u? i 2 tan—= 2u
u=tan-=2 cosf, = ——F =— ,and sinf, = —4- = —
2 1+tan272 1+u? 1+tan272 1+u

Now using above identities, equation (12) becomes as follows,

3 1—u? +b( 2u )
r=a 1+ u? 1+ u?

=>r(1+u?) =a(l—u?) +2bu

=>r+a)u?—-2bu+ (@ —a)=0

This becomes a quadratic equation of variable ‘u’ with coefficients (r+a), (r-a), and -2b. We can easily solve it.

2b +./4b2 — 4(r + a)(r — a)
u =

2(r+a)
2b+./4b? —4(r? — a?
oo + (r2 — a?)
2(r+a)
2b + 2,/b? — (r? —a?)
=>u=
2(r+a)
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btVEZF @ 77
h (r+a)

6, b+VhT¥al—12

2 (r+a)
0 (biW)

2
=>—=arctan
2 (r+a)

b2 +a?—r?
=>0,=2arctan

(r+a)

Therefore, we have a total four solutions (elbow up and down for joint-2 and joint-3).

bwm) <+ - (c3)2>‘
, arctan| ———

[6,,0,,05] = |arctan (%) , 2 arc tan ( T+ a)

b? 4+ a? —r?
(r+a)

[ b+
[64,6,,05] = |arctan (%), 2 arc tan (

arc tan

Cs |
arc tan (‘—\/1‘(@2 )

Cs

[0,,0,,05] = |arctan (%), 2 arc tan ( T+ a)

bV F a7
(r+a)

b-m)

[64,6,,05] = |arctan (%), 2 arc tan (

Using these four solutions and workspace information of Dobot Magician, an algorithm for inverse kinematic

solutions were developed in MATLAB.

5.0 Dynamics :

The dynamic equations of the proposed Dobot Magician robot have been derived from the iterative Newton-Euler
formulation (Craig 2017).
T=M(0)6+V(6,0)+ G(6) (13)

Where,

M(0) € R3*3 is the inertia matrix,

V(G, 9) € R3 is the vector of centrifugal and Coriolis terms,

G(0) € R3 is the gravity vector,

7 € R3 is the vector of joint torque.

0 € R3 is the vector of joint angle/position.

6 € R3 is the vector of joint velocity.

6 € R3 is the vector of joint acceleration.

The iterative Newton-Euler equation for Dobot magician robot was coded as well as computed in MATLAB. The

inertia matrix (M (0)), centrifugal and Coriolis vector (V(G, 9)), and gravity vector (G (0)) are so large, hence they
are not presented here.
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6.0 Cartesian Control of Dobot robot:

' Inverse Kinematics
: Conversion of
Cartesian Trajectory
to Joint Space
Trajectory

......
=
)
.
.
2
a,

\——————/ \x‘

Figure 2. Cartesian trajectory tracking with joint based control

In Cartesian control of Dobot, the desired position (x,;), velocity ( X, ) and acceleration (X;) of the Dobot’s end-
effector was given first. The inverse kinematics algorithm based on the inverse kinematic solution presented in section-
4 was then used to convert the end-effector Cartesian variables (position, velocity, and acceleration) into joint variables
(64, 04,and 6,). After that, these joint variables were given as input to controller in the form of input trajectory. In
this research, a PID control was used to obtain joint-based control of the Dobot Magician robot. The PID gain used in
the controller were as follows: proportional Gain = diag(150 ,500,150); integral Gain = diag(0.1 , 0.1, 0.1); and
derivative Gain = diag(10, 18, 10).

The controller estimates required joint torques to ensure Dobot’s end-effector follow the desired position, velocity and
acceleration. The general layout of the control architecture for ‘Cartesian control of Dobot robot’ is given in Fig-2
where 6,4, 6,,and 8, represent desired joint angles, velocity and acceleration respectively. The inverse kinematic
algorithm was developed in MATLAB (MathWorks, MA, USA) whereas control simulation was done in SIMULINK
(MathWorks, MA, USA) respectively. In the simulation two cartesian trajectories (rectangular and circular path) were
used to demonstrate the Caretican trajectory control of the Dobot robot using the developed inverse kinematics and
the control approach.

6.1 Simulation-1:

In this simulation, a rectangular path was given as a reference trajectory to follow. To follow the given path, it requires
Dobot’s all three joints to move. The comparison between the reference trajectory and the measured (simulation
output) trajectory (from simulation) is shown in Fig-3. It is clearly shown from the figure that measured path is almost
overlapped with the reference path, which shows the effectiveness of the developed inverse kinematic algorithm and
the controller. Figure-4 shows the simulation result of the same experiment (i.e., tracking of a rectangular path) but
was plotted in joint space, meaning all joints angle, velocity, and torque information. In Fig-4, the topmost graph
shows the joint angle vs time plot; the 2" row of the plot shows the tracking error (i.e., the difference between the
reference angle and the measured angle) vs time; the 3" row of the graph shows the joint velocity vs time; and the last
row of the graph shows the joint torque vs time. From the Fig-4 the maximum tracking error was observed around
0.5° which is very low and can be found for joint-3. This corroborates effectiveness of developed cartesian control
approach for trajectory tracking.
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6.1 Simulation-2:
In this simulation, a circular trajectory was given as reference and the center of the circle was coincident with the base
frame of Dobot. Therefore, it was expected there would be only joint-1 movement while other two joints remain
stationary.The comparison between reference trajectory and measured trajectory (from simulation) of circular path is
shown in Fig- 5. It is clearly shown from the figure that measured path is almost overlapped with the reference path,
which validates the developed inverse kinematic algorithm and also shows the performance of the controller to
maneuver the Dobot effectively to follow the reference trajectory. Figure-6 shows the simulation result of the same
experiment (i.e., tracking of a circular path) but was plotted in joint space, meaning all joints position, velocity, and
torque information. From Fig-6 the maximum tracking error can be observed around 0.05° which is very low. This
results further corroborates the effectiveness of developed cartesian control approach.
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In this paper, we have developed forward kinematics, inverse kinematics, dynamics of the Dobot Magician robot. An
inverse kinematics algorithm was developed based on derived inverse kinematic solution. Finally, cartesian control of
Dobot magician robot was accomplished with developed controller. The control simulation shows maximum error
0.5°. This controller will be further improved by adding a robust control (Sling mode control, Adaptive control etc.)

to deal with the modeling uncertainties (future works).
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