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Abstract
This research paper focuses on the design and analysis of a high performance adaptive
PD like fuzzy computed Torque controller for second order nonlinear uncertain (medical
robot manipulator) system, in presence of uncertainties. The proposed approach
effectively combines of design methods from Computed Torque controller (CTC), adaptive
controller and fuzzy logic theory to improve the performance, stability and robustness of
the CTC controller.
Computed Torque Controller has two important challenges, system’s dynamic
dependency and stability challenge. The nonlinearity term of the CTC is used to eliminate
the decoupling and nonlinear term of link’s dynamic parameters. However, nonlinearity
term of CTC is very essential to reliability but in uncertain condition or highly nonlinear
dynamic systems, it can cause some problems. To solve this challenge the PD fuzzy logic
controller is used as a model-based PD like fuzzy computed torque controller. The PD
like fuzzy computed torque controller is updated based on online tuning coefficients. In
order to reduce the online computation burden, the PD like fuzzy logic controller is also
used to coefficients online tuning. As a result, in proposed method fuzzy logic controller is
used to dynamic estimation and online tuning and as a result, improves the stability. This
controller improves the stability and robustness, reduces the error as well and reduces
the level of energy due to the torque performance as well.
Keywords: surgical robots, four degrees of freedom, computed torque controller, fuzzy
logic theory, PD like fuzzy logic, adaptive technique

1. Introduction
Robot manipulators have many applications in aerospace, manufacturing, automotive,
medicine and other industries. Robot manipulators consist of three main parts:
 Mechanical
 Electrical
 control.
In the mechanical point of view, robot manipulators are collection of serial or parallel
links, which have connected by revolute and/or prismatic joints between base and endeffector frame. The robot manipulators electrical parts are used to run the controllers,
actuators for links motion and sensors, which including the following subparts: power
supply to supply the electrical and control parts, power amplifier to amplify the signal and
driving the actuators, DC/stepper/servo motors or hydraulic/pneumatic cylinders to move
the links, and transmission part to transfer data between robot manipulator subparts [1].
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Control part is used to adjust the timing between the subparts of robot manipulator to
reach the best trajectory. It provides four main abilities in robot manipulators [1, 4]:
 controlling the manipulators movement in correct workspace
 sensing the information from the environment
 being able to intelligent control behavior
 Processing the data and information between all subparts
In this research paper we introduced, basic concepts of medical robot manipulator and
control methodology. Our research medical robot manipulator is a 4 DOF serial robot
manipulator. From the control point of view, robot manipulator divides into two main
parts i.e. kinematics and dynamic parts. The dynamic parameters of this system are highly
nonlinear. To control of this system nonlinear control methodology (computed torque
controller) is introduced. A controller (control system) is a device, which cans sense
information from system to improvement the dynamic behavior of system based on
actuation and computation. From scientific perspectives, control theory is divided into
two parts:
 linear control theory
 nonlinear control theory
In this research nonlinear control theory is used to control of 4-DOF medical robot.
Nonlinear control theory is also has two main divisions;
 Conventional control theory
 Soft computing control theory
Conventional nonlinear control theories are highly sensitive to system’s behavior and
work based on cancelling decoupling and nonlinear terms of dynamic parameters of each
likes in robot manipulators. These controllers divided into five groups [1-3]:
 Feedback linearization (computed-torque control)
 passivity-based control
 sliding mode control (variable structure control)
 Backstepping control
 Lyapunov-based control
Computed Torque Controller (CTC) is one of the effective nonlinear controllers to
control of robot manipulator [4-5]. Consequently, to have a good performance,
linearization and decoupling without using many gears, feedback linearization (computedtorque) control methodologies is presented. To design computed torque controller, an
accurate dynamic model of robot manipulator plays an important role. To modelling an
accurate dynamic system, modelling of complex parameters is needed to form the
structure of system’s dynamic model. It may be very difficult to include all the
complexities in the system dynamic model [6].
Soft computing control theory is used to modelling and control. This type of theory is
divided into the following methodologies:
 Fuzzy logic theory
 Neural network theory
 Genetic algorithm theory
 Neuro-fuzzy theory
In recent years, artificial intelligence theory has been used to design system’s controller.
Neural network, fuzzy logic and neuro-fuzzy are synergically combined with nonlinear
classical controller and used in nonlinear, time variant and uncertain plant (e.g., robot
manipulator). Fuzzy logic controller (FLC) is one of the most important applications of
fuzzy logic theory. This controller can be used to control nonlinear, uncertain, and noisy
systems. This method is free of some model techniques as in model-based controllers. As
mentioned that fuzzy logic application is not only limited to the modelling of nonlinear
systems but also this method can help engineers to design a model-free controller. In this
research, single adaptive PID like fuzzy controller is design, estimate, improve the
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response of PD computed torque controller, and applied to 4-DOF surgical robot to
improve the sensitivity [7-8].
This paper is organized as follows; second part (theory), focuses on the system
modeling dynamic formulation, Design computed Torque Controller and fundamental of
fuzzy logic controller. Third part is focused on the methodology to design single PID like
adaptive computed torque controller. The forth part is focused on results and discussion.
The last part focuses on the conclusion.

2. Theory
System’s Dynamic: A dynamic function is the study of motion with regard to the
forces. Dynamic modeling of surgical robot manipulators is used to illustrate the behavior
of robot manipulator (e.g., nonlinear dynamic behavior), design of nonlinear conventional
controller and for simulation. It is used to analyses the relationship between dynamic
functions output (e.g., joint motion, velocity, and accelerations) to input source of
dynamic functions (e.g., force/torque or current/voltage). Dynamic functions is also used
to explain the some dynamic parameter’s effect (e.g., inertial matrix, Coriolios,
Centrifugal, and some other parameters) to system’s behavior [1].
The equation of multi degrees of freedom (DOF) surgical robot manipulator dynamics
is considered by the following equation[1]:
[𝑨(𝒒)]𝒒̈ + [𝑵(𝒒, 𝒒̇ )] = [𝝉]

(1)

The dynamic formulations for 4 Degrees of Freedom serial links surgical robot
manipulator are computed by;
(2)
𝜽̇𝟏 𝜽̇𝟐
̇𝜽𝟐𝟏
̇𝜽𝟏 𝜽̇𝟑
̈𝜽𝟏
𝝉𝟏
̇𝜽𝟐𝟐
̈𝜽𝟐
̇𝜽𝟏 𝜽̇𝟒
𝝉𝟐
𝑨(𝜽)̈
+ 𝐁(𝜽)
+ 𝑪(𝜽) 𝟐 + 𝑮(𝜽) = [𝝉 ]
̈𝜽𝟑
̇𝜽𝟐 𝜽̇𝟑
̇𝜽𝟑
𝟑
𝝉
𝟒
[𝜽̈𝟒 ]
𝜽̇𝟐 𝜽̇𝟒
[𝜽̇𝟐𝟒 ]
[𝜽̇𝟑 𝜽̇𝟒 ]
Computed Torque Controller: Computed torque controller (CTC) is one of the
effective nonlinear control methodologies for second order nonlinear system (e.g., robot
manipulator). Computed torque controller works based on behavior (dynamic formulation)
of robot manipulator which caused to works very well when all dynamic and physical
parameters are known. In uncertain dynamic parameters when the robot manipulator has
variation computed torque controller has challenges. In this type of controller, if the
desired position trajectory for the manipulator defined as 𝒒𝒅 (𝒕), and the actual position
trajectory defined as 𝒒𝒂 (𝒕), the tracking error calculated by [1-4];
𝒆(𝒕) = 𝒒𝒅 (𝒕) − 𝒒𝒂 (𝒕)

(3)

Based on this research the errors for 4 links are;
𝒒𝒅 𝟏 (𝒕) − 𝒒𝒂 𝟏 (𝒕)
𝒆𝟏
𝒒𝒅 𝟐 (𝒕) − 𝒒𝒂 𝟐 (𝒕)
𝒆
[𝒆𝟐 ] =
𝟑
𝒒𝒅 𝟑 (𝒕) − 𝒒𝒂 𝟑 (𝒕)
𝒆𝟒
[𝒒𝒅 𝟒 (𝒕) − 𝒒𝒂 𝟒 (𝒕)]
If state space equation is defined by;
𝑥̇ = 𝐴𝑥 + 𝐵𝑈
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According to the Brunousky canonical form 𝑼 is the nonlinearity term and defined by;
𝑈 = 𝒒̈ 𝒅 + 𝑨−𝟏 (𝒒). {𝑵(𝒒. 𝒒̇ ) − 𝝉}

(6)

Based on (5) and (6)
𝒙̇ = [

𝟎 𝑰
𝟎
]𝒙+ [ ]𝑼
𝟎 𝟎
𝑰

(7)

According to 𝒙 = [𝒆𝑻 𝒆̇ 𝑻 ]𝑻
𝒅 𝒆
𝟎 𝑰 𝒆
𝟎
[ ]=[
].[ ] + [ ]𝑼
𝒆̇
𝒆̇
𝟎
𝟎
𝑰
𝒅𝒕
Based on (60), the requirement torque calculated by;
𝝉 = 𝑨(𝒒)(𝒒𝒅̈ + 𝑼) + 𝑵(𝒒̇ , 𝒒)

(8)

(9)

According to nonlinear feed-back control low, (9) is nonlinear food-back controller and
it is used to tracking of desired trajectory. According to the literature [7], U is the linear
part of this nonlinear controller and the PD, PI or PID terms can be selected. The
formulation of PD computed torque controller is;
(10
𝝉 = 𝑨(𝒒)(𝒒̈ 𝒅 + 𝑲𝒗 𝒆̇ + 𝑲𝒑 𝒆) + 𝑵(𝒒, 𝒒̇ )
)
Where 𝑲𝒑 , 𝑲𝒗 are the controller gain coefficients. This type of controller has two
main important parts; partly linear part and nonlinear term of dynamic equivalent part.
Fuzzy Logic Controller: Supposed that 𝑈 is the universe of discourse and 𝑥 is the
element of 𝑈, therefore, a crisp set can be defined as a set which consists of different
elements (𝑥) will all or no membership in a set. A fuzzy set is a set that each element has
a membership grade, therefore it can be written by the following definition [7];
(11)
𝑨 = {𝒙, 𝝁𝑨 (𝒙)|𝒙 ∈ 𝑿}; 𝑨 ∈ 𝑼
Where an element of universe of discourse is 𝑥, 𝜇𝐴 is the membership function (MF) of
fuzzy set. The membership function (𝜇𝐴 (𝑥)) of fuzzy set 𝐴 must have a value between
zero and one. If the membership function 𝜇𝐴 (𝑥) value equal to zero or one, this set
change to a crisp set but if it has a value between zero and one, it is a fuzzy set. Defining
membership function for fuzzy sets has divided into two main groups; namely; numerical
and functional method, which in numerical method each number has different degrees of
membership function and functional method used standard functions in fuzzy sets. The
membership function which is often used in practical applications includes triangular
form, trapezoidal form, bell-shaped form, and Gaussian form. A Trapezoidal membership
function of fuzzy set is defined by the following equation
𝟎 ,
𝑥<𝑎
(12)
𝒙−𝒂
,
𝑎≤𝑥<𝑏
𝒃−𝒂
𝝁𝑭(𝒙) = 𝒅 − 𝒙
,
𝑐≤𝑥<𝑑
𝒅−𝒄
{ 𝟎 ,
𝑥>𝑑
A Triangular membership function of fuzzy set is defined by the following equation
𝟎 ,
𝑥<𝑎
(13)
𝒙−𝒂
,
𝑎≤𝑥<𝑏
𝒂
𝝁𝑭(𝒙) = 𝒃𝒄 −
−𝒙
,
𝑏≤𝑥≤𝑐
𝒄−𝒃
{ 𝟎 ,
𝑥>𝑐
A Gaussian membership function of fuzzy set is defined by
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𝝁𝑭(𝒙) =

−(𝒙−𝒄𝑭 )𝟐
𝒆 𝑾

(14)

Medium
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0.5

1
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0

Membership Degree

and a Bell-shaped membership function of fuzzy set is defined by
𝟏
(15)
𝝁𝑭(𝒙) =
𝟐
𝟏 + (𝒙 − 𝒄𝑭 )
Linguistic variable can open a wide area to use of fuzzy logic theory in many
applications (e.g., control and system identification). In a natural artificial language all
numbers replaced by words or sentences. In Figure 1 the linguistic variable is torque and
the linguistic values are 𝐿𝑜𝑤,𝑀𝑒𝑑𝑖𝑢𝑚 and 𝐻𝑖𝑔ℎ.
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Figure 1. Linguistic Variable and Linguistic Value
𝐼𝑓 − 𝑡ℎ𝑒𝑛 Rule statements are used to formulate the condition statements in fuzzy
logic. A single fuzzy 𝐼𝑓 − 𝑡ℎ𝑒𝑛 rule can be written by
(16)
𝑰𝒇 𝒙 𝒊𝒔 𝑨 𝑻𝒉𝒆𝒏 𝒚 𝒊𝒔 𝑩
where 𝐴 and 𝐵 are the Linguistic values that can be defined by fuzzy set, the 𝐼𝑓 − 𝑝𝑎𝑟𝑡
of the part of “𝑥 𝑖𝑠 𝐴” is called the antecedent part and the 𝑡ℎ𝑒𝑛 − 𝑝𝑎𝑟𝑡 of the part of
“𝑦 𝑖𝑠 𝐵” is called the Consequent or Conclusion part. The antecedent of a fuzzy if-then
rule can have multiple parts, which the following rules shows the multiple antecedent
rules:
(17)
𝒊𝒇 𝒆 𝒊𝒔 𝑵𝑩 𝒂𝒏𝒅 𝒆̇ 𝒊𝒔 𝑴𝑳 𝒕𝒉𝒆𝒏 𝑻 𝒊𝒔 𝑳𝑳
where 𝑒 is error, 𝑒̇ is change of error, 𝑁𝐵 is Negative Big, 𝑀𝐿 is Medium Left, 𝑇 is
torque and 𝐿𝐿 is Large Left.
𝐼𝑓 − 𝑡ℎ𝑒𝑛 rules have three parts, namely, fuzzify inputs, apply fuzzy operator and
apply implication method which in fuzzify inputs the fuzzy statements in the antecedent
replaced by the degree of membership, apply fuzzy operator used when the antecedent has
multiple parts and replaced by single number between 0 to 1, this part is a degree of
support for the fuzzy rule, and apply implication method used in consequent of fuzzy rule
to replaced by the degree of membership.
The fuzzy inference engine offers a mechanism for transferring the rule base in fuzzy
set which it is divided into two most important methods, namely, Mamdani method and
Sugeno method. Mamdani method is one of the common fuzzy inference systems and he
designed one of the first fuzzy controllers to control of system engine. Mamdani’s fuzzy
inference system is divided into four major steps: fuzzification, rule evaluation,
aggregation of the rule outputs and defuzzification. Michio Sugeno use a singleton as a
membership function of the rule consequent part. The following definition shows the
Mamdani and Sugeno fuzzy rule base
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𝑴𝒂𝒎𝒅𝒂𝒏𝒊
𝑭. 𝑹𝟏 : 𝒊𝒇
𝒙 𝒊𝒔 𝑨 𝒂𝒏𝒅 𝒚 𝒊𝒔 𝑩 𝒕𝒉𝒆𝒏
𝒛 𝒊𝒔 𝑪
(18)
𝑺𝒖𝒈𝒆𝒏𝒐
𝑭. 𝑹𝟏 : 𝒊𝒇
𝒙 𝒊𝒔 𝑨 𝒂𝒏𝒅 𝒚 𝒊𝒔 𝑩 𝒕𝒉𝒆𝒏
𝒇(𝒙, 𝒚)𝒊𝒔 𝑪
When 𝑥 and 𝑦 have crisp values fuzzification calculates the membership degrees for
antecedent part. Rule evaluation focuses on fuzzy operation (𝐴𝑁𝐷/𝑂𝑅 ) in the antecedent
of the fuzzy rules. The aggregation is used to calculate the output fuzzy set and several
methodologies can be used in fuzzy logic controller aggregation, namely, Max-Min
aggregation, Sum-Min aggregation, Max-bounded product, Max-drastic product, Maxbounded sum, Max-algebraic sum and Min-max. Two most common methods that used in
fuzzy logic controllers are Max-min aggregation and Sum-min aggregation. Max-min
aggregation defined as below
(19)
𝝁𝑼 (𝒙𝒌 , 𝒚𝒌 , 𝑼) = 𝝁⋃𝒓 𝑭𝑹𝒊 (𝒙𝒌 , 𝒚𝒌 , 𝑼) = 𝐦𝐚𝐱 {𝐦𝐢𝐧𝒓𝒊=𝟏 [𝝁𝑹 𝒑𝒒 (𝒙𝒌 , 𝒚𝒌 ), 𝝁𝒑𝒎 (𝑼)]}
𝒊=𝟏

The Sum-min aggregation defined as below
𝝁𝑼 (𝒙𝒌 , 𝒚𝒌 , 𝑼) = 𝝁⋃𝒓𝒊=𝟏 𝑭𝑹𝒊 (𝒙𝒌 , 𝒚𝒌 , 𝑼) = ∑ 𝐦𝐢𝐧𝒓𝒊=𝟏 [𝝁𝑹 𝒑𝒒 (𝒙𝒌 , 𝒚𝒌 ), 𝝁𝒑𝒎 (𝑼)]

(20)

where 𝑟 is the number of fuzzy rules activated by 𝑥𝑘 and 𝑦𝑘 and also
𝜇⋃𝑟 𝐹𝑅𝑖 (𝑥𝑘 , 𝑦𝑘 , 𝑈) is a fuzzy interpretation of 𝑖 − 𝑡ℎ rule. Defuzzification is the last step
𝑖=1
in the fuzzy inference system which it is used to transform fuzzy set to crisp set.
Consequently defuzzification’s input is the aggregate output and the defuzzification’s
output is a crisp number. Centre of gravity method (𝐶𝑂𝐺) and Centre of area method
(𝐶𝑂𝐴) are two most common defuzzification methods, which 𝐶𝑂𝐺 method used the
following equation to calculate the defuzzification
∑𝒊 𝑼𝒊 ∑𝒓𝒋=𝟏. 𝝁𝒖 (𝒙𝒌 , 𝒚𝒌 , 𝑼𝒊 )
(21)
𝑪𝑶𝑮(𝒙𝒌 , 𝒚𝒌 ) =
𝒓
∑𝒊 ∑𝒋=𝟏. 𝝁𝒖 (𝒙𝒌 , 𝒚𝒌 , 𝑼𝒊 )
and 𝐶𝑂𝐴 method used the following equation to calculate the defuzzification
∑𝒊 𝑼𝒊 . 𝝁𝒖 (𝒙𝒌 , 𝒚𝒌 , 𝑼𝒊 )
(22)
𝑪𝑶𝑨(𝒙𝒌 , 𝒚𝒌 ) =
∑𝒊 𝝁𝑼 . (𝒙𝒌 , 𝒚𝒌 , 𝑼𝒊 )
Where 𝐶𝑂𝐺(𝑥𝑘 , 𝑦𝑘 ) and 𝐶𝑂𝐴(𝑥𝑘 , 𝑦𝑘 ) illustrates the crisp value of defuzzification
output, 𝑈𝑖 ∈ 𝑈 is discrete element of an output of the fuzzy set, 𝜇𝑈 . (𝑥𝑘 , 𝑦𝑘 , 𝑈𝑖 ) is the
fuzzy set membership function, and 𝑟 is the number of fuzzy rules.

3. Methodology
The computed torque controller (CTC) has two main challenges:
 System’s dynamic dependency
 Stability and robustness
To solve system’s dynamic dependency, intelligent control theory is introduced. Fuzzy
logic theory is one of the powerful intelligent method which used to estimate the
challenge of dynamic dependency. Regarding to robot manipulator’s dynamic formulation
and CTC formulation:
𝝉 = 𝑨(𝒒)𝒒̈ + 𝑩(𝒒)[𝒒̇ 𝒒̇ ] + 𝑪(𝒒)[𝒒̇ ]𝟐 + 𝑮(𝒒)
𝝉 = 𝑨(𝒒)(𝒒̈ 𝒅 + 𝑲𝒗 𝒆̇ + 𝑲𝒑 𝒆) + 𝑩(𝒒)[𝒒̇ 𝒒̇ ] + 𝑪(𝒒)[𝒒̇ ]𝟐 + 𝑮(𝒒)
Computed Torque Controller formulation is depending to robot manipulator’s dynamic
formulation. This controller has a fantastic response in certain condition but in uncertain
situation it has many problem. To solve this important challenge fuzzy logic controller is
applied in CTC. In this method; dynamic nonlinear equivalent part is replaced by
performance/error-based PD like fuzzy logic controller. In this method; error based
Mamdani’s fuzzy inference system has considered with two inputs, one output and totally
49 rules instead of the dynamic equivalent part ( 𝑩(𝒒)[𝒒̇ 𝒒̇ ] + 𝑪(𝒒)[𝒒̇ ]𝟐 + 𝑮(𝒒) ).
Regarding to CTC formulation:
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𝝉̂ = 𝝉𝒇𝒖𝒛𝒛𝒚 + 𝑨(𝒒)(𝒒̈ 𝒅 + 𝑲𝒗 𝒆̇ + 𝑲𝒑 𝒆)

(23)

Based on fuzzy logic methodology
𝑴

(24)

𝒇(𝒙) = 𝑼𝒇𝒖𝒛𝒛𝒚 = ∑ 𝜽𝑻 𝜻(𝒙)
𝒍=𝟏

where 𝜽𝑻 is adjustable parameter (gain updating factor) and 𝜻(𝒙) is defined by;
∑𝒊 𝝁(𝒙𝒊 )𝒙𝒊
𝜻(𝒙) =
∑𝒊 𝝁(𝒙𝒊 )
Where 𝝁(𝒙𝒊 ) is membership function. 𝝉𝒇𝒖𝒛𝒛𝒚 is defined as follows;
𝑴

(25)

(26)

𝝉𝒇𝒖𝒛𝒛𝒚 = ∑ 𝜽𝑻 𝜻(𝒙) = 𝑩(𝒒)[𝒒̇ 𝒒̇ ] + 𝑪(𝒒)[𝒒̇ ]𝟐 + 𝑮(𝒒)
𝒍=𝟏

Based on above formulation, it has two inputs (𝑒, 𝑒̇ ) and one output (𝜏𝑓𝑢𝑧𝑧𝑦 ). The
inputs are error (e) which measures the difference between desired and actual output
position, and the change of error (𝑒̇ ) which measures the difference between desired and
actual velocity and output is fuzzy equivalent torque. According to above algorithm to
design the same PD controller the number of rule base for each link is 𝑵 × 𝑴. Where 𝑵
is the number of linguistic variables for error and 𝑴 is the number of linguistic variables
for change of error.

Figure 2. Fuzzy Inference System (FIS) Plot
The membership function plot for input 1 and input 2 show in Figure 3.
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Figure 3. Membership Function Plot (𝒆 𝒂𝒏𝒅 𝒆̇ )
Figure 4 shows the surface view in this research.
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Figure 4. Surface View Plot
To tuning the membership functions and universe of discourse, in this research neurofuzzy is used and tune the PD like fuzzy logic controller. To improve the stability and
robustness, in various dynamic parameters systems that need to be training on-line
adaptive control methodology is used. In order to reduce the online computation burden,
the PD like fuzzy logic controller is also used to coefficients online tuning. According to
above, PD like fuzzy logic controller is used to increase the system stability in presence of
system uncertainty.
(27)
𝑼 = (𝒒̈ 𝒅 + 𝑲𝒗 𝒆̇ + 𝑲𝒑 𝒆)
𝑲𝒑−𝒖𝒑𝒅𝒂𝒕𝒆 = 𝑲𝒑 × 𝑼 𝒇𝒖𝒛𝒛𝒚

(28)

𝑻
𝑲𝒑−𝒖𝒑𝒅𝒂𝒕𝒆 = 𝑲𝒑 × [ (∑𝑴
𝒍=𝟏 𝜽 𝜻(𝒙))𝒆,𝒆̇ ]

(29)

According to Lyapunov function, the formulation of lyapunov is;
𝑴

𝟏
𝟏
𝑽 = ∑ 𝝓𝑻 . 𝝓𝒋
𝟐
𝜸𝒋

(30)

𝑱=𝟏

𝝓 = 𝜽∗ − 𝜽, 𝜽∗ is minimum error
𝜃 is adjustable parameter
and the derivative of Lyapunov function (𝑽̇) is
𝑴

𝑽̇ =

𝟏
𝟏
𝑨̇ × 𝑵(𝒒, 𝒒̇ ) + ∑ 𝝓𝑻 . 𝝓̇𝒋
𝟐
𝜸𝒋

(31)

𝑱=𝟏

4. Test and Result
PD like fuzzy computed torque controller and adaptive PD like fuzzy computed torque
controller are comparing in this part.
Comparison of the Tracking Data and Information: in certain condition, the data
following for PD like fuzzy CTC and adaptive PD like fuzzy CTC are compared in this
section. According to Figure 5, fuzzy CTC has about 15% overshoot in certain condition.
In rise time point of view, PD like fuzzy CTC is better than adaptive PD like fuzzy CTC.
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Figure 5. Tracking Data: PD Like Fuzzy CTC and Adaptive PD Like Fuzzy
CTC
Robustness Checking: the power of disturbance rejection is very important to robust
checking in any controllers. In this section trajectory accuracy is test under uncertainty
condition. To test the disturbance rejection 30% band limited white noise applied to
conventional above controllers. In Figure 9, trajectory accuracy performance is shown.
According to Figure 6, PD like fuzzy controller has disturbance in presence of uncertainty,
but adaptive PD like fuzzy CTC is stable in this situation. Regarding to Figure 6, rise time
in fuzzy CTC is better than adaptive fuzzy CTC.
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Figure 6. Tracking Data Disturbance Rejection: PD like Fuzzy CTC and
Adaptive PD Like Fuzzy CTC
Tracking Error Comparison: in this part, tracking steady state error in fuzzy CTC
and adaptive fuzzy CTC are compared. Figure 7 shows the steady state error in presence
of uncertainties. According to this Figure, fuzzy CTC has moderate fluctuations in
presence of uncertainty. In the following graph, the error rate of adaptive fuzzy CTC is
near to the zero.
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Figure 7. Steady State Error: PD like Fuzzy CTC and Adaptive PD like Fuzzy
CTC
Figure 8 shows root means square (RMS) error in presence of uncertainty for PD like
fuzzy CTC and adaptive PD like fuzzy CTC controller. Based on Figure 8, PID like fuzzy
CTC has more position deviation.
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Figure 8. RMS Error: PD Like Fuzzy CTC and Adaptive PD Like Fuzzy CTC

4. Conclusion
Computed torque controller is a model base nonlinear controller. This controller has
many advantages compare to linear controller. This controller has challenge in presence
of uncertainty, to solve this challenge PD fuzzy logic controller with 49 bell-shape
membership function is introduced. To improve the fuzzy results neuro-fuzzy is used.
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However, fuzzy CTC solve the challenge of dynamic dependency, it has the stability
challenge. To solve the stability challenge, adaptive fuzzy CTC is introduced. The PD like
fuzzy CTC is updated based on online tuning method. In order to reduce the online
computation burden, the PD like fuzzy logic controller is also used to online tuning. As a
result, in proposed method fuzzy logic controller is used to dynamic estimation and also
online tuning. In proposed case of the 𝑁 degrees of freedom robot manipulator, if we
defined 𝐾 membership functions for each input variable, the number of fuzzy rules for
each joint of robot manipulator is 𝐾 2 which it is obviously decreased.
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