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Abstract The implementation of image-based phenotyping systems has be-
come an important aspect of crop and plant science research which shown
tremendous growth over the years. Accurate determination of features using
images requires stable imaging and very precise processing. By installing a
camera on a mechanical arm with a motor, maintaining accuracy and stability
is very challenging and non-trivial. As per the state-of-the-art, the issue of ex-
ternal camera shake due to vibration is a great concern in grabbing accurate
images, which may be induced by the driving motor of the manipulator. So
there is a requirement of a stable active controller for sufficient vibration atten-
uation of the manipulator. However, there are very few reports in agricultural
practice which use control algorithms. Although many control strategies have
been utilized to control the vibration in manipulator associated to various ap-
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plications, no control strategy with validated stability have been provided to
control the vibration in such envisioned agricultural manipulator with simple
low-cost hardware devices with the compensation of nonlinearities. So, in this
work, the combination of PID control with Type-2 fuzzy logic (T2-F-PID) is
implemented for vibration control. The validation of the controller stability
using Lyapunov analysis is established. Torsional Actuator (TA) is applied
for mitigating torsional vibration, which is a new contribution in the area of
agricultural manipulator. Also, to prove the effectiveness of the controller, the
vibration attenuation results with T2-F-PID is compared with conventional
PD/PID controllers and type-1 fuzzy PID (T1-F-PID) controller.

Keywords PID controller · Fuzzy Logic · Precision Agriculture · Vibration
Control · Stability Analysis · Robotic Arm · Digital Agriculture · Manipulator
Arm · Camera ·Mechanical Arm · Raspberry Pi · type-2 fuzzy · CNC Farming

1 Introduction

1.1 Precision Agriculture System & Role of Phenotyping

Plants life plays a crucial role serving the conduit of energy into the biosphere,
provide food, and shape our environment. With the growth of new technolo-
gies plant science has seen tremendous transformation. [1] identify the role
of technologies to address the challenges of new biology. But, with climate
change being a major concern, the outdoor farming is more threatened then
before, and further fertile land is a limited resource globally now. Approxi-
mately, a quarter of worlds CO2 emission comes from food production, and
the global climate impact of agriculture is increasing day-by-day. The irony is
that agriculture itself is the main contributor to climate change, which in-turn
is severely affected by it. Scaling the food production to meet the future human
demands, without compromising the quality, while also targeting sustainability
is non-trivial. One can just imagine the magnitude, like over the next 40 years,
mankind must produce as much food as man has done in total over past several
1000 years. This brings the need for significant increase of the yield production.
United Nations estimates that the world population will rise from around 7.8
billion today to around 10 billion by 2050. The world will need lot more food,
and the farmer community will face serious treat and challenge to keep up
with demand with mounting pressure majorly due to climate change. So, this
brings to the need for food cultivation change, i.e., Cyber Agriculture/Vertical
Farming/Urban Farming, while aiming sustainability over time. Certainly, the
trend is towards indoor cultivation [2][3][4]. But, then just remote indoor farm-
ing is not the ultimate solution. There is always a need for organized indoor
cultivation for maximizing the harvest on a smaller compatible surface with
optimized usage of resources, thereby preparing us today for the global needs
of better tomorrow. We discuss one such prototype (LOMAS++) (See Fig. 1.)
aimed for autonomous organized cultivation [5].
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Fig. 1 Autonomous CNC Cultivation Test-bed, Copyright [6]

The project is carried out in collaboration between Alfred Nobel Science
Park, and AASS, Örebro University, Örebro, Sweden. LOMAS++ is an au-
tonomous multifunctional farming cultivation bed, aimed for high quality in-
door growth and monitoring of plants, with an aim to optimize the cultiva-
tion, while producing high quality yields. It opens a new research dimension
at Örebro University. Further, it also provides a unique opportunity for the
students to use the prototype for academic purposes.

In general, Plant Phenotyping refers to the use of digital and non-invasive
technologies to interpret the physical properties observed in plants. Examples
include appearance, development, and reciprocal behavior, etc. Practise and
understanding of agriculture has seen wide use of vision-based technologies.
Plant Phenotyping methods based on image processing have received much
attention in recent years [7] [8]. Such, systems have been developed as a result
of technology advancement, and the advent of various types of low-cost de-
vices. The advantage of such approaches have key important aspects such as
being non-destructive in nature, gaining high-throughput data continuously,
etc. From traditional to advanced traits, are obtained from images [9] which
provides crucial information revealing the plant health and stress status.

Agricultural robots are becoming a common part of modern farming meth-
ods. Nowadays, many operations of sorting, sorting and packing, spraying pests
and controlling pests and weeds, detecting harvest time and existing diseases
are done automatically with the intervention of agricultural robots [10]. Fur-
ther, these robots have been used in different magnitudes from small scale
to heavy duty applications [11]. The agricultural robots market is roughly ex-
pected to reach around 12 billion USD within next 5 years. Articulated robotic
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arm have been widely used in most of these applications. The robot arm typi-
cally has different connections that can move at greater angles and move up or
down. This is while the human arm can move (upwards) only in one direction
by taking the reference of the straight arm. As an example, we can mention
the articulated arm in [12].

The vulnerability of cameras mounted on such articulated robot arms is
greater. Also, as a result of camera movement, camera shake and poor focus
during exposure, the image loses its quality dramatically. Therefore, camera
shake resulting from the running of the motors cause serious concerns in such
image acquisitions. [13] studies the blur originating from the camera shake
using the statistics of acquired images of the shaken camera in order to predict
perceptual blur.

Industrial manipulations have been widely used in the past as known as the
robotic arm. Controlling and stabilizing such manipulations is still a topic of
current researches. The robustness of PID controllers against noise and other
vibration-related parameters facilitates and justifies its application for prac-
tical control issues [14] studies the motion of a 6-DoF robot, regardless of its
cause such as force and torque. Control algorithms are widely used in many in-
dustries. One of them is structural vibration control. [15] shows that a uniform
exponential stability can be achieved by using a mechanically implemented
damping device. But, then the active control becomes a non-trivial task, when
it is non-linear in nature [16]. Victor et al. [17] proposed a scheme a scheme
that benefit of smooth function (instead of using the sign function) uses sliding-
mode controller in order to alleviate the uncertainty and also disturbances for
flexible link robotic manipulators. Neural networks also have been applied to
various control problems like Khalil et al.[18] proposed a neuro-controller to
stabilize inverted arm, where the validation of their method was done using
Simulink simulations. In the work by He et al.[19], a neural network (NN)
controller is developed to minimize the vibration forces on the flexible robotic
manipulator system associated to input deadzone. A distinguishing model on
the basis of nonlinear golden section adaptive control technique is developed
for vibration minimization of a flexible Cartesian smart material manipulator
which is initiated with the help of ballscrew mechanism combined with AC ser-
vomotor [20]. A combined fuzzy+PI technique for active vibration attenuation
of a flexible manipulator combined with PZT patches was presented by Wei et
al. [21]. A dynamic modeling and an innovative vibration control strategy for
a Nonlinear Three-Dimensional Flexible Manipulator was presented by Liu et
al. [22]. Yavuz et al. [23] presented the vibration control of a single-link flexible
composite manipulator using motion profiles. The trapezoidal and triangular
velocity profiles are considered for the motion commands. Matsumori et al.[24]
proposed an operato based nonlinear vibration attenuation technology utiliz-
ing a flexible arm in combination with shape memory alloy. The effectivity
of the proposed methodology is validated by simulations and experiments.An
improvised quantum-inspired differential evolution termed as MSIQDE algo-
rithm on the basis of Mexh wavelet function, standard normal distribution,
adaptive quantum state update as well as quantum non-gate mutation is sug-
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gested by Deng et al. [25] for the avoidance of premature convergence and
to upgrade global search capability. The abilities of the MSIQDE-DBN tech-
nique is verified by using the vibration data of rolling bearings from the Case
Western Reserve University.

The concept of fuzzy logic has become extremely popular due to its non-
linear mapping capability and can be used in various systems while main-
taining robustness and simplicity. Therefore, due to the nature of robust and
effective nonlinear mapping, fuzzy logic has found wide and increasing appli-
cations. Tong et al.[26] provided an investigation on the adaptive fuzzy output
feedback backstepping control design problem associated with uncertain strict-
feedback nonlinear systems in the presence of unknown virtual as well as ac-
tual control gain functions with non measurable states. A novel adaptive fuzzy
output feedback control methodology on the basis of backstepping design is
illustrated by Tong et al. [27] for a class of SISO strict feedback nonlinear sys-
tems with unmeasured states, nonlinear uncertainties, unmodeled dynamics,
as well as dynamical disturbances. The technique of fuzzy logic is implemented
for the approximation of the nonlinear uncertainties. The state estimation is
carried using adaptive fuzzy state observer. Liu et al. [28] proposed a fuzzy
proportional-integral-differential (PID) control technique in order to initiate
the space manipulator track the required trajectories in different gravity en-
vironments. The combination of fuzzy methodology with PID control is im-
plemented to develop the novel methodology. PID controller parameters are
tuned on line based on fuzzy controller. An innovative control strategy of a
two-wheeled machine with two-directions handling mechanism in combination
with PID and PD-FLC algorithms was presented by Goher et al. [29]. Two
control methodology was developed for stabilizing the systems highly nonlin-
ear model. The use of an additional DOF embedded in type-2 fuzzy logic as
a footprint of uncertainty makes it perform better than a type-1 fuzzy logic
system [30][31]. The main concept and the technical content of fuzzy logic
type-2 is shown in [32]. Due to the fact that fuzzy logic type-2 has a better
performance capacity than fuzzy logic type-1, it is then used as one of the
efficient methods of compensating the uncertainty [33]. In the work of Paul
et al. [34], it was demonstrated that in the control of vibration of the struc-
ture, the type-2 fuzzy PD/PID controller performs better than the classical
fuzzy PD/PID controller. Combining type-1 and type-2 fuzzy logic systems,
an innovative method has been proposed and the performance of the proposed
method is also demonstrated in pitch angle controlled wind energy systems.
The results show that the type-2 fuzzy logic system offers better performance
in comparison to type-1 fuzzy logic systems [35]. There is another compari-
son between the performance of the two types which is implemented in laser
tracking system by Bai et al. [36]. Sun et al. [37] used Type-2 fuzzy model to
control the overall stability of multilateral tele-operation system, where the
uncertainties are compensated with fuzzy-model-based state observer.
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Fig. 2 Developed Low-cost MultiSpectral Camera, Copyright [6]

1.2 Motivation of this work

As a part of the ongoing research project, an Low-cost Multispectral camera
setup was designed as shown in Fig. 3, which is mounted over an mechanical
manipulator arm as seen in Fig. 4. The manipulator arm under consideration
has 2-DoF as highlighted in Fig. 5. Currently, the present setup (as seen in
Fig. 4) is manual, where the camera Field Of View (FOV) is adjusted by the
human operator according to the crop/plant species being inspected to get
best view of the entire testbed. With an vision to automate the present setup,
where the arm will be motor driven, that aim to capture images, while either
in continuous motion or discrete motion to get a closer view of the Region Of
Interest (ROI) during the operation demands stable vibration control.

While, on the contrary using any industrial state-of-the-art robot arm like
Panda 7-DoF from Franka Emika [38] that is widely used by the robotics com-
munity will work perfectly for achieving an position-based visual servoing as
the feedback information extracted from the vision sensor is used to control
the motion of the robot. But, then the trade-off becomes the cost of acquiring
one such commercial setup (Avg. 10,500 USD). If the external camera block
is shaken originating from movements, it will lead to poor image quality. Such
vulnerabilities can generally be controlled offline or online [39]. In the past,
researchers have focused on the first method, which required the use of sophis-
ticated algorithms to perform various steps to create, enhance images, remove
noise, and calibrate the camera offline. On the other hand, the second method
for instant applications was and is more suitable. The work done in the past
for online processing focused more on the use of sophisticated online algo-
rithms. They were computationally overloaded. Therefore, given that our goal
is to move towards mechanization of the current settings, we decided to study
this issue in terms of hardware where control algorithms can be used to elim-
inate vibrations caused by the motor. For real-time applications or scenarios,
an effective controller should be simplistic, robust, and resilient. Proportional
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Fig. 3 Mounted Setup, Copyright [6]

Derivative (PD) control as well as Proportional-Integral-Derivative (PID) con-
trol is implemented widely in different domains as it is the best control strategy,
because it demonstrates its effectiveness without knowledge of the model.

While several control techniques were used to control the vibration in the
manipulator in different applications, no validated stability control technique
was given to control the vibration in such envisaged agricultural manipula-
tor with simple low-cost hardware system with nonlinearity compensation. So
this the main motivation of this research. Based on the motivation, the main
contribution of this work are: 1) The combination of PID control with Type-
2 fuzzy logic (T2-F-PID) is an innovative way, and first of its kind for this
application for vibration control. 2) The validation of the controller stability
using Lyapunov analysis for the agricultural application. 3) The implemen-
tation of Torsional Actuator (TA) for mitigating torsional vibration is a new
contribution in the area of agricultural manipulator. Also, to prove the effec-
tiveness of the controller, the vibration attenuation results with T2-F-PID is
compared with conventional PD/PID controllers and type-1 fuzzy PID (T1-
F-PID) controller. The entire vibration control scheme is represented by Fig.
5.

The paper is organized as follows. Section 2 describes the way the manip-
ulator arm is controlled using the PID controller. The same is justified with
mathematical analysis in Section 3. In Section 4 the proposed model is vali-
dated. Related Works are enlisted in Section 5. And, finally, we conclude the
paper in Section 6.
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Fig. 4 Manipulator Arm with 2-DoF being manually operated

2 Type-2 Fuzzy Modeling of Manipulator

The polar moment of inertia of a DC motor as shown in Fig. 6 is given by:

Pt = mmr
2
m (1)

where, mm signifies motor mass and rm signifies motor radius. Generated
motor torque is represented as:

τ = Ptθ̈ − Ff (2)
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Fig. 5 Vibration Control Scheme of the Manipulator

Fig. 6 Schematic of DC motor

where the motor angular acceleration is represented by θ̈ and Ff is the fric-
tional torque. The mathematical model of the manipulator having rotational
motion due to the motor is:

Ptθ̈ +Dθ θ̇ + Sθ = fe (3)

where θ is the angular position, Pt is the polar moment of inertia, D is the
damping force, S is the stiffness force vector, and fe is the external force on
the manipulator. The manipulator with motor arrangements is shown in Fig.
7.

Now let uθ be the control force require to attenuate the torsional vibration.
For minimization of vibration along theta direction, a torsion actuator (TA),
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Fig. 7 Manipulator with motor arrangement

Fig. 8 The placement of TA

is positioned at the physical center of the motor box arrangement, see Fig
8. The TA is a rotating disc like structure combined with a DC motor. The
modeling equation of the manipulator (3) with the control force uθ is:

Ptθ̈ +Dθ θ̇ + Sθ = fe + uθ − Fta (4)
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where Fta is the damping and friction force vector associated with the torsional
actuator. The torque Tτ generated by the torsional actuator is [40]:

Tτ − Fta = Pta(θ̈ta + θ̈)

where Pta is the polar moment of inertia of the TA, θ̈ta is the angular accel-
eration of the TA . The friction in the torsional actuator is:

Fta = Cθ̇ + (Fc + Fcs sech(Hθ̇)) tanh(Bθ̇)

where C and Fc represents torsional viscous friction coefficient and Coulomb
friction torque respectively, Fcs is the Striebeck effect component. Also, H
and B are the dependent variables associated to Fcs and Fc respectively. The
closed loop system (4) becomes

Ptθ̈ +Dθ θ̇ + Sθ + Cθ̇ + (Fc + Fcs sech(Hθ̇)) tanh(Bθ̇)− fe = uθ (5)

Now in eqn. (5), uθ is the control force to be fed to the torsional actuator for
the vibration control which is equivalent to the torque force Pta(θ̈ta + θ̈).

The term Cθ̇ + (Fc + Fcs sech(Hθ̇)) tanh(Bθ̇) − fe involves nonlinearity
and has to be dealt in an effective manner. Now the nonlinear term can be
expressed as follows:

fθ = Cθ̇ + (Fc + Fcs sech(Hθ̇)) tanh(Bθ̇)− fe (6)

So the eqn. (5) is:

mmr
2
mθ̈ +Dθ θ̇ + Sθ + fθ = uθ (7)

For handling the nonlinearities, Type-2 fuzzy logic system is implemented.The
type-2 fuzzy sets can model uncertainties with less fuzzy rules and with greater
ease.

The type-2 fuzzy sets has advantages over type-1 fuzzy sets as type-2 fuzzy
involves less fuzzy rules in dealing uncertainities effectively. Here T̃ denotes
Type-2 Fuzzy set, where the characterization occurs by the Type-2 member-
ship function MÃ(θ, uθ) [41,42]:

T̃ = {(θ, uθ),MÃ(θ, uθ) | ∀ θεΘ,∀ uθεPθ ⊆ [0 1]} (8)

also, 0MÃ(θ, uθ)1. where Pθ is considered as the primary membership of θ.
One of the crucial part is the Footprint of uncertainty (FoU) termed to be the
union of associated primary memberships

FoU(T̃ ) = U
θεΘ

Pθ (9)

The IF-THEN rules implemented for type-2 fuzzy logic bears the same struc-
ture as Type-1 fuzzy logic counterpart. This technique demands that the an-
tecedents as well as the consequents are described by implementing interval
Type-2 Fuzzy sets. Hence, lth rule is, [43]: Rl : IF (θisF̃ l1)and(θ̇isF̃ l2)
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THEN(fθisH̃
l
1) where F̃ l1, F̃

l
2, and H̃ l

1 represents Fuzzy sets. For the imple-
mentation of the centroid methodology when combined with the center-of-sets
type reduction technique, the fuzzy sets associated with the type-2 technique
can be converted to an interval type-1 Fuzzy sets [yzlk y

z
rk] by taking into con-

sideration each rule of z. The deduced interval Type-1 Fuzzy set is represented
as:

ylk =

∑L
z=1 f

z
l y

z
lk∑L

z=1 f
z
l

, yrk =

∑L
z=1 f

z
r y

z
rk∑L

z=1 f
z
r

(10)

where fzl fzr denotes the firing strengths linked to yzlk and yzrk of rule i. In
the first instance, the extraction of type-reduced set is achieved by utilizing
left most and right most points ylk and yrk. Once the above step is accom-
plished,the defuzzification occurs by utilizing interval set type average formula
in order to extract the crisp output. The output associated with the fuzzy tech-
nique f̂θ can be expressed by using singleton fuzzifier as: [44]:

f̂θ =
yright+yleft

2

f̂θ = 1
2

[
φTr (zθ)wr(zθ) + φTl (zθ)wl(zθ)

] (11)

where z =
[
θ θ̇
]T

.

3 Type-2 Fuzzy Modeling of Manipulator

PID controllers use the feedback technique approach, which has three inter-
connected actions:

P : to increase the response velocity;
D : for the purpose of damping;
I: to achieve a required steady-state response.
A PID control is illustrated as

upid = −Kpe−Ki

∫ t

0

edτ −Kdė (12)

where the gains of the PID controller are represented by Kp, Ki and Kd and

they are positive definite in nature. e is the error stated as e = θ−θd, ė = θ̇−θ̇d.
For the reference, θd = θ̇d = 0. Therefore,

e = θ, ė = θ̇

When type-2 fuzzy technique is combined with the PID controller then the
outcome is:

uθ = −Kpθ −Ki

∫ t

0

θdτ −Kdθ̇−
1

2
φTr (zθ)wr(zθ)−

1

2
φTl (zθ)wl(zθ) (13)

The closed loop equation can be extracted from (7) and (13):
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mmr
2
mθ̈+Dθ θ̇+Sθ+fθ = −Kpθ−Ki

∫ t

0

θdτ−Kdθ̇−
1

2
φTr (zθ)wr(zθ)−

1

2
φTl (zθ)wl(zθ)

(14)

Let, Ki

∫ t
0
θdτ = Iθ, then

İθ = Kiθ
d
dt (θ) = −

(
mmr

2
m

)−1
[Dθ θ̇ + Sθ + fθ +Kpθ +Kdθ + Iθ

+ 1
2φ

T
r (zθ)wr(zθ) + 1

2φ
T
l (zθ)wl(zθ)]

(15)

where Iθ is the auxiliary variable. In matrix form, (15) is

d

dt

 Iθθ
θ̇

 =

 Kixθ

θ̇

−
(
mmr

2
m

)−1
[Dθ θ̇ + Sθ + fθ + uθ]

 (16)

From (14) it is justified that the origin is not at the equilibrium and is in the

format
[
θθ̇Iθ

]
=
[
θθ̇I∗θ

]
.Since at equilibrium point θ = 0, θ̇ = 0, then the

equilibrium is
[0, 0, λθ(0, 0)]

where I∗θ = Iθ − λθ(0, 0). Using Stone-Weierstrass theorem (Bernhard and
Mulvey, 1997), fθ can be estimated as:

fθ =
1

2
φTr (zθ)w

∗
r(zθ) +

1

2
φTl (zθ)w

∗
l (zθ) + λθ (17)

where the model error is represented by λθ and

w̃r(zθ) = − [wr(zθ) + w∗r(zθ)]
w̃l(zθ) = − [wl(zθ) + w∗l (zθ)]

(18)

Using(14) and (17):

mmr
2
mθ̈ +Dθ θ̇ + Sθ + 1

2φ
T
r (zθ)w

∗
r(zθ) + 1

2φ
T
l (zθ)w

∗
l (zθ) + λθ =

−Kpθ − Iθ + Ieq(0, 0)−Kdθ̇− 1
2φ

T
r (zθ)wr(zθ)− 1

2φ
T
l (zθ)wl(zθ)

(19)

The lower bound of λθ which is nonlinear in nature is illustrated as:

∫ t

0

λθdθ =

∫ t

0

Fθtadθ−
∫ t

0

fθedθ−
[

1

2

∫ t

0

φTr (zθ)wr(zθ)dθ +
1

2

∫ t

0

φTl (zθ)wl(zθ)dθ

(20)

The lower bounds are
∫ t
0
Fθtadθ = −F̄θta and

∫ t
0
fθedθ = −f̄θe. Also, the

Gaussian functions are represented by φTr (zθ) and φTl (zθ), so:

1

2

[∫ t

0

φTr (zθ)wr(zθ)dθ +

∫ t

0

φTl (zθ)wl(zθ)dθ

]
=

√
π

4
erf(zθ) [wr(zθ) + wl(zθ)]

(21)
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Now the modeling error λθ is Lipschitz over a, b such that:

‖λθ(a)− λθ(b)‖ ≤ Lθ ‖a− b‖ (22)

where Lθ is the Lipschitz constant. So using (20) and (22):

Lθ = −F̄θta − f̄θe −
√
π

4
erf(zθ) [wr(zθ) + wl(zθ)]

Also to prove the stability of the T2-F-PID control, the property of Eigen
value should be considered and stated as:

0 < λm(mmr
2
m) ≤ r2m ‖mm‖ ≤ λM (mmr

2
m) ≤ r2mm̄ (23)

where the min and max eigenvalues of the matrix mm are represented by
λm(mm) and λM (mm) respectively, also r2mm̄ > 0 is the upper bound.

The following theorem gives the stability analysis of T2-F-PID controller
(13).

Theorem 1 If the T2-F-PID controller (13) is use to control a closed loop
manipulator system (4), then the asymptotic stabilty of the system is assured
when the fuzzy laws are

d
dθ w̃r(zθ) = −η1r

2
m

t1

[
(θ̇ + ρθθ)

TφTr (zθ)
]T

d
dθ w̃l(zθ) = −η2r

2
m

t2

[
(θ̇ + ρθθ)

TφTl (zθ)
]T (24)

and the PID control gains are within the range as

λm (Kp) ≥ 2
ρθ
λM (Ki) + λM (Dθ) + Lθ + 2

ρθ
ΓM

λM (Ki) ≤
√
λm(Kp)3

√
λm(mm)

10.4(λM (mm))

λm (Kd) ≥ ρθ
2 λM (mm)− ΓM − ρθ

2 λM (Dθ)− λm(Dθ)

(25)

where λmand λM are the minimum and maximum eigenvalues of the matrices.

Proof Here the Lyapunov candidate is defined as

Vθ = 1
4 θ̇
Tmmθ̇ + 1

4θ
TKpθ + ρθ

4 I
∗T
θ K−1i I∗θ + θT I∗θ + ρθ

4 θ
Tmmθ̇ + ρθ

4 θ
TKdθ

+ 1
2r2m

∫ t
0
λθdθ − Lθ + t1

8η1
[w̃Tr (zθ)w̃r(zθ)] + t2

8η2
[w̃Tl (zθ)w̃l(zθ)]

(26)
It is obvious that Vθ (0) = 0. For validating Vθ ≥ 0, Vθ is distributed in three
separate parts in such a manner that Vθ = Vθ1 + Vθ2 + Vθ3

Vθ1 = 1
12θ

TKpθ + ρθ
4 θ

TKdθ +
∫ t
0
λθdθ − Lθ

t1
8η1

[w̃Tr (zθw̃r(zθ)] + t2
8η2

[w̃Tl (zθ)w̃l(zθ)] ≥ 0,
(27)

The above condition is true because Kp > 0,Kd > 0 and ‖ w̃r(zθ) ‖2> 0, ‖
w̃l(zθ) ‖2> 0.

Vθ2 = 1
12θ

TKpθ + ρθ
4 I
∗T
θ K−1i I∗θ + θT I∗θ

≥ 1
4

[
1
3λm(Kp) ‖θ‖2 + +ρθλm(K−1i ) ‖I∗θ ‖

2 − 4 ‖θ‖ ‖I∗θ ‖
] (28)
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When ρθ ≥ 12
λm(Kp)λm(K−1

i
)

Vθ2 ≥
1

4

(√
λm(Kp)

3
‖θ‖ − 2

√
3

λm(Kp)
‖I∗θ ‖

)2

≥ 0 (29)

and

Vθ3 =
1

12
θTKpθ +

1

4
θ̇Tmmθ̇ +

ρθ
4
θTmmθ̇ (30)

Utilizing the inequality equations

∆TΓΩ ≥ ‖∆‖ ‖ΓΩ‖ ≥ ‖∆‖ ‖Γ‖ ‖Ω‖ ≥ λM (Γ ) ‖∆‖ ‖Ω‖ (31)

in (30):

Vθ3 ≥
1

4

(
1

3
λm(Kp) ‖θ‖2 + λm(mm)

∥∥∥θ̇∥∥∥2 + ρθλM (mm) ‖θ‖
∥∥∥θ̇∥∥∥) (32)

when

ρθ ≤
2√
3

√
λm(mm)λm(Kp)

λM (mm)

Vθ3 ≥
1

4

(√
λm(Kp)

3
‖θ‖+

√
λm(mm)

∥∥∥θ̇∥∥∥)2

≥ 0 (33)

Using (27), (29), and (33): Vθ = Vθ1 + Vθ2 + Vθ3 ≥ 0. Now we have,

2√
3

√
λm(mm)λm(Kp)

λM (mm)
≥ µx ≥

12

λm(Kp)λm(K−1i )
(34)

Using the relation λm(K−1i ) = 1
λM (Ki)

in (34):

√
λm(mm)

λM (mm) ≥
6
√
3λM (Ki)√

λm(Kp)λm(Kp)

λM (Ki) ≤
√
λm(Kp)3

√
λm(mm)

10.4(λM (mm))

(35)

The derivative of (26) is

V̇θ = 1
2r2m

θ̇T [−Dθ θ̇ − Sθ − 1
2φ

T
r (zθ)w

∗
r(zθ)− 1

2φ
T
l (zθ)w

∗
l (zθ)− λθ

−Kpθ − Iθ + Ieq(0, 0)−Kdθ̇− 1
2φ

T
r (zθ)wr(zθ)− 1

2φ
T
l (zθ)wl(zθ)]

+ 1
2 θ̇
TKpθ + ρθ

2
d
dθ I
∗T
θ K−1i I∗θ + θT d

dθ I
∗
θ + θ̇T I∗θ + 1

2r2m
θ̇Tλθ

+ ρθ
2r2m

θT [−Dθ θ̇ − Sθ − 1
2φ

T
r (zθ)w

∗
r(zθ)− 1

2φ
T
l (zθ)w

∗
l (zθ)− λθ

−Kpθ − Iθ + Ieq(0, 0)−Kdθ̇− 1
2φ

T
r (zθ)wr(zθ)− 1

2φ
T
l (zθ)wl(zθ)]

+ρθ
2 θ̇

Tmmθ̇ + ρθ
2 θ̇

TKdθ + t1
4η1

[ ddθ w̃
T
r (zθ)w̃r(zθ)] + t2

4η2
[ ddθ w̃

T
l (zθ)w̃l(zθ)]

(36)



16 Satyam Paul et al.

Let us consider w̃r(zθ) = − [wr(zθ) + w∗r(zθ)] , w̃l(zθ) = − [wl(zθ) + w∗l (zθ)].
Also considering the fuzzy methodology, if the updated law are selected in the
manner mentioned below:

d
dθ w̃r(zθ) = −η1r

2
m

t1

[
(θ̇ + ρθθ)

TφTr (zθ)
]T

d
dθ w̃l(zθ) = −η2r

2
m

t2

[
(θ̇ + ρθθ)

TφTl (zθ)
]T (37)

then (36) becomes

V̇θ = 1
2r2m

θ̇T [−Dθ θ̇ − Sθ −−Kpθ −Kdθ̇ − Iθ + Ieq(0, 0)] + 1
2 θ̇
TKpθ + ρθ

2
d
dθ I
∗T
θ K−1i I∗θ

+θT d
dθ I
∗
θ + +θ̇T I∗θ + +ρθ

2 θ̇
Tmmθ̇ + ρθ

2 θ̇
TKdθ

+ ρθ
2r2m

θT [−Dθ θ̇ − Sθ − λθ −Kpθ −Kdθ̇ − Iθ + Ieq(0, 0)]

As I∗θ = Iθ−λθ(0, 0)and d
dθ I
∗
θ = Kiθ therefore, d

dθ I
∗T
θ K−1i I∗θ = θT I∗θ ,θT d

dθ I
∗
θ =

θTKiθ. Also, rm ≈ 1

V̇θ = − 1
2 θ̇
T [Dθ θ̇ + Sθ +Kdθ̇ − ρθ

2 mmθ̇]−
−ρθ2 θ

T [Dθ θ̇ + Sθ +Kpθ] + θTKiθ + ρθ
2 θ

T [Ieq(0, 0)− Iθ]
(38)

Using the Lipschitz condition (22) and the property NTD+DTN ≤ NTΦN+
DTΦ−1D,

ρθ
2 θ

T [Ieq(0, 0)− Iθ] ≤ ρθ
2 Lθ ‖θ‖

2

−ρθ2 θ
TDθ θ̇ ≤ ρθ

2 λM (Dθ)(θ
T θ + θ̇T θ̇)

−ρθ2 θ̇
TSθ ≤ ΓM (θT θ + θ̇T θ̇), ΓM ≤ λM (S)

(39)

Using (39) and (23) in (38):

V̇θ ≤ −θ̇T
[
λm(Dθ) + λm(Kd)− ρθ

2 λM (mm)− ΓM − ρθ
2 λM (Dθ)

]
θ̇

−θT
[
ρθ
2 λm(Kp) + ρθ

2 λm(S)− λM (Ki)− ρθ
2 λM (Dθ)− ρθ

2 Lθ − ΓM
]
θ

(40)

The stabilty conditions are justified (40), if
1)

λm(Dθ) + λm(Kd) ≥
ρθ
2
λM (mm)− ΓM −

ρθ
2
λM (Dθ) (41)

2)

ρθ
2

[λm(Kp) + λm(S)] ≥ λM (Ki) +
ρθ
2
λM (Dθ) +

ρθ
2
Lθ + ΓM (42)

From the stabilty conditions and (35), the ranges of gains are:

λm (Kp) ≥ 2
ρθ
λM (Ki) + λM (Dθ) + Lθ + 2

ρθ
ΓM

λm (Kd) ≥ ρθ
2 λM (mm)− ΓM − ρθ

2 λM (Dθ)− λm(Dθ)

λM (Ki) ≤
√
λm(Kp)3

√
λm(mm)

10.4(λM (mm))

(43)

So the controller will generate stable control forces when the gains are selected
from the stability zones as represented by (43)
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4 Analysis and Validation

Manipulator parameters are obtained from [23,45] in order to confirm the
capability and performance of the proposed fuzzy PID controller. These pa-
rameters are used to simulate the manipulator process and to achieve the
motion with vibration control. Such parameters are used to model the process
of the manipulator. They are also used to obtain the motion with a controlled
vibration. The various parameters linked to the system are illustrated in the
Table1.

Table 1 Simulation Parameters
Mass (mm, kg) 2
Spring Constant (S,N/m) 5× 103

Damping Constant (Dθ, Ns/m) 9
TA Fricton Coefficient (Nm/rad) 0.95
TA Motor Torque Constant (Nm/V ) 0.06
TA Encoder Gain (V/rad) 0.3979

The input nonlinearity for the purpose of the simulation is the Coulomb
friction[46] associated with the manipulator’s torsional motion .The friction of
the Coulomb is of a nonlinear type:

FCsim = α0sgn(θ̇) + α1(exp)−α2|θ̇|sgn(θ̇) (44)

where α0, α1,α2 are the friction constants and θ̇ is the velocity of the manip-
ulator. The simulation of the manipulator is done using the Matlab/Simulink
platform. Simulink program is used to create different simulations to show
the adequate vibration attenuation of the agricultural manipulator can be
accomplished by using the T2-F-PID controller. The vibration attenuation ca-
pabilities of the indicated controller are contrasted with the basic PD/PID
and T1-F-PID controllers to check the efficiency of the T2-F-PID controller.
A PD controller is of the form:

upd = −Kpe−Kdė (45)

Kp and Kd are the gains as stated earlier.The error e is illustrated as e =

θ − θd, ė = θ̇ − θ̇d. For the reference, θd = θ̇d = 0. The simulations for gen-
erating vibration control plots are carried out for the period of 6 s. For the
simulation purpose, the weight of the TA is taken 5% of the manipulator
weight. For comparing the results depicting vibration attenuation, dual sub-
system simulink blocks for manipulator dynamics are created. One block is
developed without control system ans the other with the control system. The
inputs for the manipulator dynamics are sinusoidal signal and the Coulomb
friction which is nonlinear in nature as stated in (44). The frequency value
associated with the simulation is set to 300 rad/s.The acceleration signals
generated from the manipulator dynamics blocks are fed to the series of nu-
merical integrators to extract velocity signals and position signals respectively.
Overall four tests are performed in Simulink: 1. PD Control, 2. PID Control,
3. T1-F-PID Control and 4. T2-F-PID Control. For T1-F-PID Control, the
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integrated type-1 fuzzy toolbox for Matlab/Simulink is utilized, whereas for
T2-F-PID Control the open source Type-2 fuzzy toolbox [47] is utilized for
accomplishing fuzzy techniques. The generated control signals from the con-
troller block is transmitted to the TA for the vibration control in the ma-
nipulator. The inputs: position error and velocity error, are considered to be
Gaussian membership functions. Four membership functions are allocated for
position error whereas three membership functions are allocated for velocity
error. Normalization are set as [−1,1].The type-2 fuzzy system is defuzzified
using Karnik-Mendel technique [32]. For type-2 fuzzy system, six IF-THEN
rules are sufficient to maintain the regulation error. Ten IF-THEN rules suf-
fices the maintaining of minimal regulation error in case of type-1 fuzzy system.
The technique of Gaussian functions is introduced for type-1 fuzzy logic. Both
type-1/type-2 fuzzy system are based on IF-THEN rules illustrated by:

IF θ is Ψ1

AND θ̇ is Ψ2

THEN uθ is Ψ3

(46)

where θ is the position error, θ̇ is the velocity error, and uθ is the required
control force. Ψ1, Ψ2,and Ψ3are the fuzzy sets. The design parameters are,
η1
t1

= η2
t2

= 8. From Theorem 1., it is evident that the ranges of the gains
can be identified. So, based on the ranges of PID gains and substituting the
parameters from Table 1 to the equation 25, the following ranges of gains are
extracted:

λm(Kp) ≥ 219, λm (Kd) ≥ 69, λM (Ki) ≤ 2500 (47)

After attempting several trials with the gains based on eqn. (47), it is observed
that for PD, PID, T1-F-PID and T2-F-PID controller the most suited gains
for efficient vibration attenuation as well as stability are:

λmin(Kp) = 273, λm (Kd) = 81, λM (Ki) = 1690 (48)

Also, some tested were carried out by selecting the values from the ranges
different from the ones extracted by the Theorem 1. For validation we selected
the gains from the ranges: Proportional gain less than 219, Derivative gain
less than 69 and proportional gain greater than 2500. It is observed that for
each and every test with the increasing gains from that zone, the results were
unstable adding more vibration to the manipulator. So, all the result was
discarded from the unstable zones.

To validate the performance of the controllers, the vibration attenuation
comparisons is carried out among PD, PID, T1-F-PID and T2-F-PID con-
trollers which are displayed in Fig. 9 - Fig. 12. The outcomes of the average
vibration attenuation is computed by implementing mean squared error illus-
trated as MSE = 1

dat

∑d
k=1 θ (k)

2
,where the chatter vibration is depicted by

θ (k). The total data is illustrated by dat. The data of the average vibration
attenuation is shown in Table 2.
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Fig. 9 Manipulator vibration control using PD controller
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Fig. 10 Manipulator vibration control using PID controller

Table2 : Averagevibrationattenuation,MSEindicator
No ctrl. PD PID T1-F-PID T2-F-PID
0.6505 0.5010 0.4113 0.1763 0.0998

From, Table 2 it is validated that T2-F-PID is the superior among all the
controllers in vibration attenuation.The Fig. 13 depicts the control signal plot
of T2-F-PID controller. In Fig. 14, the plot of TA control force is illustrated.
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Fig. 11 Manipulator vibration control using T1-F-PID controller
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Fig. 12 Manipulator vibration control using T2-F-PID controller

5 Conclusion

In this work, the stabilization and the control of the vibration related to the
mechanical manipulator arm is verified and validated when the present con-
figuration is meant to be automated as needed for agricultural applications.
The camera setup, when mounted with such motorized arm, will incur tremen-
dous vibrations. This sort of vibration experienced hinders the quality of the
acquired data. To achieve this we used a conventional PID controller in com-
bination with the type-2 fuzzy logic (T2-F-PID). The PID controller produces
the key control operation, while the nonlinear compensation is dealt with by
means of the fuzzy logic of type-2. For active vibration control, the torsion
actuator (TA) movement is simulated. The result obtained by the simulation
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Fig. 13 T2-F-PID control signal
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Fig. 14 Torsional actuator control force

of T2-F-PID is compared with both simple PD/PID controller and T1-F-PID
controller. The consequence of the study validates that T2 F-PID is the best
of all the controllers to achieve proper vibration attenuation. The future work
is intended towards the effective design of TA for better efficiency. Also, we
aim to compare the effectiveness of T2-F-PID with Sliding Mode Controller
(SMC).
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