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Joint controlling is n issues in humanoid robotics. Due to large number of joint present
in the humanoid robot, nonlinearity causes the problem for a smooth walk. Processor
has to do a lot of computation before the execution of the operation. Due to Serial and
parallel linkages of Human manipulator structure, controlling is done with the mixed
mode of the operation. The Central pattern generator (CPG) controller architecture were
adopted for the such type of operation. CPG controller system interact with the
environment and generates the task for the joint using the trajectory control. A simple
master-slave control architecture was implemented for the controlling of the lower body
of a humanoid robot trajectory. The nonlinearity was minimized by selecting the popper
gear ratio. The stiffness and damping designed based on the natural frequency of the
system. The controller design was optimized at damping factor 1. The structural
oscillations were minimized due to enhance the gain of the controller. The stability of

joint control enhance.

1. INTRODUCTION

Humanoid robot has more number of joint and links. Due to
presence of serial and parallel linkages, system becomes
complicated to control. The processor has to do the several
computations before to the actuation of the joint. Several
degrees of freedom in the humanoid system make the system
unstable and unable to do the desired task in the dynamic
environment [1]. The control system of the humanoid robot is
separated into different modules. Each part has its software
and hardware module. The first layer of cognitive control
architecture consists of sensors and motors and its need not
require any access from the system knowledge database. The
data coming from the joint position sensor, force sensor, and
tactile artificial sensitive skin passed to the middle layer and
task execution. The middle layer of cognitive control
architecture recognizes components of the system. These
recognize components access the database, where information
is stored. The active model of a humanoid robot serves for the
short time memory and provides environmental information
about the object. The third layer within perception is
organizing all the components of information in a single
modality. The highest level of perception interprets actions by
the user [2]. A constructive approach for implementing
behavior in Humanoid robots to interact with people. The
behaviors are divided into a set of decision-making. Each unit
of the network model receives inputs from other units and
external sources [3]. A behavior directly indicates which
choice is desirable [4]. The control architecture consists of task
planning, task coordinating, and the task execution layer. In
task-level planning, the task description receives from the
human operator or autonomously and allocates the subtask for
multiple subsystems of the robot [5]. A computer control
architecture to optimize the computational processing of the
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robot control. The proposed control architecture decomposes
the task parallelly into the system. The interfacing between a
control system and manipulator actuator is established by an
interface card [6]. The host computer is not involved in real-
time processing. Decomposition of the task simultaneously,
the system response takes very less time to execute. The
adaptive control system realizes the deviation and controls the
body posture and prevents falling [7]. A task description
language to control the robot. The structure of TDL is the
extension of the C++ language. The task control architecture
consists of three layers i.e., planning layer, executing layer,
and the behavior layer [8]. The TDL does not have a return
value so that control is not returned until the next command
has been handled [9]. The stack of the task consists of the task
definition and handling of the set of tasks. The software
framework started with entities and a graph of entities. A one-
time control iteration has to be performed. For each task, the
system computes the error related to a task [10]. The design of
a portable and modular control architecture for controlling the
mobile robot. A distributed blackboard communication was
established between the mobile software agent. When offline
communication terminated, the mobile robot obtained the
agents. The agent executed the task without any external
communication [11]. The impedance control scheme for robot
cooperative manipulation. The cooperative manipulation
reduces the internal stresses on the joint. The kinematic
uncertainties arise due to improper grasping of the object [12].
At the task planning level, the task will recognize by a user
and specifies the subtask for the robot [12].

This research work focus on the reducing of the
complexities of the processor. The main task like grasping of
the object, interaction with the environment were controlled
by the master controller. The slave controls the joint motion
and pass the information received from the sensor to the
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master control. Master control only involves with the
generating the task parameter.

2. CONTROL ARCHITECTURE

The control requires the knowledge of the mathematical
model and some sort of intelligence. Whereas the required
mathematical modelling is obtained from basic physical laws
governing robot dynamics and associated devices [13]. A
robot performs the specified tasks in its environment, which
can be divided into two classes: Contact type tasks and non-
contact type tasks. The non-contact type tasks involved
manipulation of the end—effector in space to do desired work.
While in contact-type tasks the end effector interacts with the
environment. The foot of the lower body of the humanoid
robot comes in contact with the ground and exerts a force on
the ground. The ground force i.e the combination of friction
force and normal reaction force is applied to the body of the
humanoid robot. The friction force is responsible to cause the
motion in a forward direction and the body can move on the
ground [14]. An individual joint of a manipulator is powered
and driven by actuators that apply a force or a torque to cause
the motion of the links. The actuator commands that move the
manipulator and achieve the specified end effector motion, are
provided by the manipulator control system [15]. These
commands are based on the control set points generated from
the set of joint torque time histories obtained by the trajectory
planner [16]. The actual joint and/or end effector positions and
their derivatives can be fed back to the control system to get
accurate motion. The schematic diagram of a manipulator
control system is shown in Figure 1. The dotted lines for the
feedback indicate that the control system may employ
feedback on the actual joint locations and velocities. The
parameter q, ¢ and § and t and so on.

Actual
Joint
location

Desired

Task
Actuator

q Commands

Positionand
orientation of foct q

Control set-points

Figure 1. Block diagram of lower body control system

The dynamic control of a manipulator's motions and /or
interaction forces requires knowledge of forces or torque that
must be exerted on the manipulator's joints to move the kinks
and the end effector from the present location to the desired
location, with or without the constraints of a particular planned
end-effector trajectory, and or planned end —effector
force/torque.

In both the situations of the desired end—effector location
and the desired end effector force, the control of the individual
joint’s location is important. Hence it is an obvious
requirement that each joint is controlled by a position servo. If
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the lower body of the robot is to move very slowly or to move
one joint at a time, then the control is simple because coupled
dynamics forces are negligible.

Each joint can be controlled independently by using a
simple control system, which produces a joint actuator
forces/torque proportional to the required change in the joint
variable. This is the proportional control algorithm. If the
motion is fast, which are must for effective robot applications,
all joints must move simultaneously. In this situation, the
coupled dynamics forces are significant, and it is known that
dynamics are nonlinear and complex. Joints cannot move
independently, and a complex control algorithm will be
required. The typical robot control architecture for an n-
Degree of freedom manipulator (DOF) consists of a master
control system to control and synchronize n-joints [17]. This
master control is responsible for sending ‘“set point”
information to command to each of the joint controllers. The
n-joints controllers use the set point information to command
the joint actuator to move the joint. The joint controller may
employ feedback to the master controller. The schematic of a
typical control architecture for a manipulator control system is
illustrated in Figure 2.

Figure 2. Control architecture for 5-Dof manipulator

2.1 Manipulator control problem

The task to be performed by a manipulator may require
either the execution of specific motions of the end effector in
free space and/or the application of specific contact forces at
the end effector if the end effector is constrained by the
environment. For a given manipulator, many techniques can
be used to control it to perform in the desired manner. The
performance and range of application of a manipulator are
significantly influenced by the control scheme followed, as
well as the way it is implemented [18]. The mechanical design
and configuration design also greatly influence the control
technique utilized and the performance of the manipulator.
Depending on the control law employed to compute the joint
torques, the control system is classified as either linear or
nonlinear [19]. The design of the linear controllers based on
the approximate linear model of the manipulator will be
examined.

The effects of time-varying inertia, interaction torques, and
nonlinear torques, of the dynamics model are ignored to
simplify the control system. Servo control strategies such as
proportional derivatives (PD) are considered. Finally, the
method of computed torque control, which is based on a
nonlinear control law will be considered.



2.2 Effect of damping factor on the system

The control of a system consists of varying the inputs so that
the closed loop dynamics of the systems have the desired
properties; say the output y follows the desired trajectory y,.
Feedback control explicitly uses the error signal, e=y — yq,
the difference between the measured output y and the desired
output y,, as a part of control law, to reduce the error and
system sensitivity to the parameters in the dynamic model. The
block diagram of this system with unity negative feedback is
drawn in Figure 3.

Efs) ¥(s)

R(s) by}

52+ 2 wys + wi

Figure 3. Block diagram of a second-order linear system
with unity feedback

If R(s)=Ya(s) is the Laplace transform of a set-point input,
the closed-loop transfer function of the control system is

Y(s)  G(s) bow;,
R(s) 1+4+G(s) 5%+ 2lw,s+ (1+ by)w?2

(1

The second-order linear characteristics equation of the

closed-loop system is written in standard form as

s + 28wy,s + w2=0 )

where, & and w, is the damping factor and natural frequency of
the system.

The roots of the characteristics equation, r;, r» which
characterize the system’s time response to a given input, are

7”1,1"2=—fa)n i a)nﬂfz -1

These roots determine the nature of time response of the
system. If roots are real, then the response of the system is
sluggish and non-oscillatory. If roots are complex conjugate,
then the response of the system is oscillatory. The system
response analysis helps in fixing the controller parameters that
ensure closest possible trajectory tracking performance of a
joint [20]. Depending on the values of the damping ratio, these
roots can be real and unequal or real and equal or complex
conjugate.

These three classes of the roots characterize the three types
of time response of the systems. These three classes of roots
arise with the value of damping ratio greater than unity, equal
to unity and less than unity.

Case(i) Damping ratio greater than unity

A damping ratio greater than unity (&>1/) gives the roots 7;
and 7, as real and unequal. The roots 7; and r; are

= _f(‘)n + Wy EZ - 1' ) _Ewn — WnA/ 52 -1

The time response is obtained by taking the inverse Laplace
transform of the equation, which gives

A3)
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In this case, the system has sluggish and non-oscillatory
behaviour and the system is overdamped.

Case(ii) Damping ration equal to unity

For a damping ratio equal to unity (&=1), both 7; and r are
real and equal. The roots »; and r; are

T1= - wn, T'2= - wn
and the time response of the system is

y() =1—[1—e ®rt — @, te”*nt] (6)

Under this condition, the system exhibits the fastest possible
non-oscillatory, overshoot-free response and it is critically
damped.

Case(iii) Damping ratio less than unity

A damping ratio greater than unity (£</) gives the roots r;
and r»> complex conjugates of each other.

The time response is obtained by taking the inverse Laplace
transform of the equation, which gives

—-Ewnt
22 -1

sin <wm/(1 — &)t +tan™?! %f%)

y()=1-
(7

In this case, the system has an oscillatory behaviour and is
underdamped.

From the above analysis, it is observed that the linear second
order system is stable for all values of damping ratio, although
the behaviour may be oscillatory or non-oscillatory.

A humanoid control system cannot allow an oscillatory
response for obvious reasons. For instance, in a pick and place
operation, an oscillating end effector may strike against the
object before picking it to manipulate. Hence the highest
possible speed of response and yet non oscillatory response
dictates that the controller design parameters shall be chosen
to have the damping ratio &=1 or at least close to it but less
than unity.

2.3 Model of a manipulator joint

A common drive system for many industrial robots consists
of an electric motor as the actuator and provide the torque to
the joint. The schematic of an actuator gear link assembly of a
rotary joint shown in Figure 4.

The gear ratio ‘n’ is defined as:

n =number of teeth on the gear of link shaft/number of teeth
on the gear of actuator shaft. The gear ratio # is greater than 1
for a reduction gear. The gear ratio causes a reduction of the
actuator speed ©, to 8, the speed of the link and increase of
the actuator torque 7, to 7, the torque applied to the link (the
load) as given by
®)

T =NTq



)

(10)

where, 6, is the angular displacement of the actuator shaft and
Ois the joint angular displacement.

Motor

Actugtor

Recuction Link

gears ‘

Figure 4. Actuator-gear-link mechanism

The link torque, when reflected to the actuator side, is scaled
down by a factor #, the gear ratio. If /, is the inertia of rotor of
the actuator shaft and B, is the viscous friction coefficient at
the actuator bearings, for the rotational mass-damper system,
the torque required at the actuator shaft is given by

.. . T
«=1,0,+ B,6, +E 1n)

(16 + B6)

1, = 1,6, + B0, + (12)

where, / is the inertia of the load and B is the viscous friction
coefficient for load. The Eq. (11) can be written in terms of the
actuator shaft variable as.

I_. B .
To=Ua+ _z)ea + (B, + _z)ea (13)
n n
Or in terms of link variables as
= (I+1%1,)0+ (B+1n%B,)6 (14)

The nonlinearity term like viscous force, backlash, joint
damping and air damping were discarded. The reason behind
this, the system will work inside the closed room, hence there
is no such effect disturb the system behavior.

The link torque 7 is obtained from the dynamic model of the
joint. The dynamic equation of the joint i is rewritten as below

n
D MG
k=

n

T= Z M;; (@)G; + i

forl: 22y e,

In above equation, gravity loading G is significant in gravity
environment only and comes into effect whenever motion is
against gravity. The equation does not include the effect of
friction, backlash, and elastic deformation. Backlash is
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difficult to model and elastic deformation and static friction
are highly nonlinear and complex to model. The viscous
friction is directly proportional to the velocity and can be
included in the model. Hence the equation is modified as
below to include the contribution of viscous friction.

T =::§: AGE% +':E::§:kfyk6%()k +BO+G
j Jj

where, B is the viscous friction coefficient at the link bearings.

The term in equation is split into linear decoupled and
nonlinear interacting terms.

The two linear decoupled terms are M6 from the first
summation term for link i and the third term BO. The
remaining terms in equation are nonlinear interacting term and
grouped together and denoted as ‘d’ i.e.

(16)

z M,6; +ZZ hie®,0p + G (17)
j#i,j=1
Thus the equation can be written as
T=M6+BO+d (18)

Substituting 7 from equation and rearranging, the actuator
torque is obtained as

M_. B _. d
(Ia + F)ea + (Ba + n_z)ea + H (19)

In the case of highly geared manipulators (n>>1), it is quite
reasonable to ignore the contribution of the nonlinear
interacting terms d and still guarantee a good trajectory
tracking performance by the controller.

Neglecting the nonlinear terms, the actuator torque reduces
to the simple form

a= (Ieff)éa + (Beff)éa (20)
where, I is the effective inertia and By is the effective
damping with

M B
Ieff =(, + n_z)rBeff = (B, + T]_z)

Because the configuration dependent terms M is reduced by
a factor #°, with n>>1), Iy is almost constant for highly geared
manipulators.

2.4 Model of a DC motor

Armature

A

T

Figure S. Permanent magnet DC motor

€a L)

]




The schematic diagram of an armature controlled
permanent magnet DC motor is shown in Figure 5. Motors
with field excitation provided by permanent magnets are
preferred for robotics applications. Such motors are labelled
permanent magnet DC motors.

With references to the schematic diagram, the control signal
to the DC motor is applied at the armature terminals in the
form of armature voltage e,. The motor torque 7, is related to
the armature current i, as

T, = Kri, 21
where, Kris the motor torque constant. The armature current
directly controls the torque generated by the actuator. The
back emf e, induced in the armature winding is given by

e» = Ky0, (22)
where, K} is the back emf constant. Applying the Kirchoff’s
voltage law for the circuit of figure gives
e, =e,+ iR, (23)

where, e, is the emf across armature and R, is the armature
resistance. Substituting e, from equation gives
eq = K,0, + iR, (24)

Thus, the armature voltage is adjusted, depending on the
commands generated by the manipulator control system,
which specify the torque required from the actuator. The
continuous adjustment of the armature voltage e, is carried out
by the motor driver circuitry so that the desired current i,

flows through the armature windings. The schematic of a
motor driver circuitry is shown in Figure 6.

Figure 6. Control of a manipulator joint driven by a DC
motor

2.5 Partitioned Proportional Derivative (PPD) control
scheme

Since the system is nonlinear due to presence of second
order derivative in the mathematical modelling. Linear PID
control system would not capable to handle the nonlinear
system. A nonlinear control theory were adopted for joint
control system.

A linear controller based on a partitioned proportional
derivative control strategy is slightly different from a simple
PD controller. It is useful for systems that are more complex.
The controller is partitioned into two parts; a model-based
portion and a servo portion, such that the joint parameters (/o
and By appear only in the model-based portion [21]. The
approximate model of the manipulator joint developed in
previous section is used to implement this controller. The
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block diagram of this controller is shown in Figure 7.

The portion to the right of the partitioned line is physical
system, the model-based portion and to the left of the
partitioned line is the servo based control system, usually
implemented in a computer or microcontroller.

Servo-based Model-based

8,(5)

Figure 7. Partitioned PD controller for trajectory control

The model-based portion of the control law computes the
command torque based on the system parameter /oy and Begy.
The Laplace of the approximate model of the joint is
74(5) :(Ieffs2 +Beffs)ea(s) (25)
The model-based control law defines the actuator toque
using a structure similar to that of equation, i.e.
74 (S) =Ieffi-a(5) +Beffsea(s) (26)
where, 7,(s) is the torque value specified by the servo portion
to control a unit inertia.

From Eq. (24) and Eq. (25)

Ta(s) = Szea(s) (27)

This is the equation of motion for a system with unit inertia.

Thus, the model based law effectively reduced the system to

that of unit inertia system. In other words, the physical system
appears to be a unit-inertia system to the servo portion [22].

8.

Figure 8. Simplified PPD controller for control of unit-
inertia system

The servo portion of the controller is based on the error in
actuator position and its derivative. These servo errors are
computed as

E(s) = 64(s) = 84(s) (28)

and SE(s) = s6,4(s) — s6,(s) (29)

where, O,(s) is the desired joint displacement of the actuator
shaft. The servo portion of the control law makes use of the



feedback to modify the system behaviour. Because the model
—based portion of the control law design becomes very simple.
The controller is simply required to control a system of unit
inertia with no friction and stiffness [16]. Assuming that the
sensors are capable of detecting position and velocity, a
proportional derivative control scheme can be used to control
the system of mass /inertia. The control system using the PD
control scheme with position and velocity feedback for the
control of unit inertia is shown in Figure 8.

The control law for the servo portion is specified with two
controller gain parameters, the proportional constant K, and
the derivative constants K, as

T4(5) = $204(s)*+ K4SE(s) + K,E(s) (30)
Combining Eqns. (28-30), the control law becomes
$20,(s) = s20,4(s) + K4sE(s) + K,E(s) (31)

The error dynamics of the PPD controller using equation, is
given by

S?E(s)tK4sE(s) + K,E (5)=0 (32)

Eq. (31) is identical to the characteristic equation of the

second order linear system. Thus, the partitioned PD controller

reduces the system to that of a linear second —order systems.

Comparing equation with equation, gives the natural
frequency of the system as;

w, =+ K, (33)
and the damping ratio as
_ Ka
iy~ (34)

From equation, it is clear that any desired second —order
performance of the control system is possible by the choice of
proper control gains, K, and Kj.

The controller for the manipulator should be critically
damped, i.e., £=1.

Hence for critically damped performance

K = 2,/K,=2w,

2.6 Setting of gain parameter

(35)

The equation specifies the methodology for setting the
methodology for setting the control gains K, and K4. A direct
consequence of control law, equation, is that the servo error at
any instant of time is zero provided there is no initial error and
the computation time for the computer is zero, i.e., the actuator
torque is computed as a continuous function of time.

In reality, the time taken to compute the servo error, the PD
law control gains and to command a new value of torque, is
nonzero and is known as the cycle time. This the resulting
command torque 7, is a staircase function and the servo error
are non-zero at the beginning of each cycle.

The controller will reduce this nonzero servo error to zero
during each cycle. Hence the actual trajectory tracked will be
close to, but not exactly the same as desired trajectory. Apart
from a damping ratio of unity, another factor that constraints
the selection of control gains in the flexibility of links, which
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are assumed to be rigid bodies in the development of the joint
model. The un-modelled structural flexibility of the link and
other mechanical elements produces resonance at frequencies
other than natural frequency. Because these structural
flexibilities have been ignored, the controller must be designed
so as not to excite these un-modelled resonances.

The lowest un-modelled resonance, which corresponds to
the maximum value of the effective inertia seen by the actuator,
Inax has a resonance frequency

lo

Wres=Wo (36)

Imax

where, , is the structural frequency when the effective inertia
is L.

To prevent exciting these structural oscillations and also
ensure structural stability, the controller natural frequency w,
must be limited to 0.5, i.€.

0, <0.50y5 and K,<(0.5w,)* o

o 37
The natural frequency of individual link were obtained as
follows

3EI

== 38
M (38)

Wy =

Based on these parameters the control gain K, and Ky are
computed.

Table 1 shows the approximate gain values for the different
joint controller.

Table 1. Tuning parameter of the joint controller

Joint Controller(PD) K, K,
Joint Controllerl 65 32
Joint Controller2 68 30
Joint Controller3 72 34
Joint Controller4 65 38
Joint Controller5 70 34

Gain parameter of controller improves the stability of the
system. Gain helps the controller to reach to the desired
position.

3. COMPUTED TORQUE CONTROL

Each joint of a manipulator was viewed as an individual
system to be controlled for the simplified and linear controllers
based on the PD and PID control scheme were examined for
the simplified SISO model [20]. More realistic problem is the
control of an n-DOF manipulator as a single system. A control
scheme that makes direct use of the complete dynamics model
of the manipulator to cancel the effect of gravity, Coriolis and
centrifugal force, friction and the manipulators inertia tensor
[23].

The dynamic model of the n-DOF manipulator based on the
rigid body dynamics gives the nx1 vector of joint torques.

=M(qQ)§ + H(q,q) + G(q) (39)

where, M(q) is the nxn inertia matrix, H(q, §) is the nx1 vector



of centrifugal and Coriolis torques, G(g) is the nx1 vectors of
gravity torques and the g¢(?), q(t), and q(t) is the joint
positions, velocities and accelerations respectively. Recall that
q is the generalized joint variables.
Thus the Multi-Input —Multi output (MIMO), nonlinear
dynamics model of n-DOF manipulator becomes
=M(q)§ +H(q,q) + G(q) (40)
The design of a nonlinear control system based on the
complicated model given by the equation, is considered now.
Because this controller is based on a more accurate dynamic
model of manipulator, it provides better trajectory
performances than linear controllers do. The controller
discussed here employs the computed torque control law to
modify the system effectively decouple and linearize it. The
computed torque control scheme also comprises two portions-
a model based and a servo portion. The model-based portion
defines the nx1 vector of control torques T using a structure.

=M@t + H(q,4) +G(q) (41)

where, 7 is the nx1 torque vector specified by the servo portion.

T=4 (42)

Thus, the model based portion effectively linearizes as well
as decouples the system dynamics by employing a nonlinear
feedback of the actual positions and velocities of joints. The
schematic representation of this nonlinear control scheme is
shown in Figure 9.

Servo Portion Model-based portion

t(s) + T
M(q)

/ \ i

Lower Body
Manipulator q

94

Figure 9. Computed torque control law

The control law of the servo portion based on the nxl
vectors E and E of the servo errors in joint positions and
velocities, respectively.

The servo portion of the computed torque control scheme is,
therefore, defined as

E(t) = qa(t) — q(®) (43)

and E(t) = 44(t) — q(t) (44)
where, ¢ and g4 denote the nx1 vectors of actual and desired
joints positions respectively. The servo portion of the
computed torque control scheme is therefore, defined as

= Gg + K4E + K,E (45)
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where, K, and K, are the nxn matrices of position and velocity
gains, respectively.

Usually, K, and K, are chosen as diagonal matrices with
constant gains. This serves to decouple the error dynamics of
the individual joints. The model of error behavior or error
dynamics is obtained from

§ = g+ KqE + K,E (46)
or with £ = gz — § 47)
E+KyE+K,E=0 (48)

This shows that the error dynamics of a closed —loop system
is specified by as second order linear error equation. This
vector equation is decoupled if K, and K, are diagonal matrices
with constant gain. Hence the error equation could be written
on a joint by joint basis. For joint i the error equation is

€ + Kyié; + Ky, =0 (49)
where, K, and Ky are the position and velocity gains,
respectively, for joint i.

For critically damped performance of joint, the relationship

between K,,; and Ky; is obtained in equation i.e
Kai = 2,/ Kp; (50)

Observe that the computed torque controller employs
nonlinear feedback to linearize dynamics and provides a better
trajectory tracking performances than linear controllers, since
it is based on a more accurate dynamics model, but the biggest
limitation of this approach is that it is computationally more
intensive and, hence highly expensive when compared to
linear controllers.

Inaccuracies in the parameters of the manipulators in the

dynamics model are other factors, which limit the
manipulators performances.
Jomt | _posiion 4@
Joinl 1 _posilion
Jainl 2 posiion —D@
Joint 2 _position
@—IHM! a3 ol '@
fmo Joint 3 _pasiion
it 4 postion -@
Jaiil 4 _postien
Jant §_posiion
Neiesr conliober based on the compuled lgue conliol e

Figure 10. Simulink computed torque control



4. SIMULINK COMPUTED TORQUE CONTROL

Figure 10 shows the schematic Simulink model of control
system. The Coriolis and centripetal torque do not allow the
link to reach the desired position of the robot. Computed
torque control measures the inertia of the system and sense the
signal to different motors controlling the humanoid feet to
reach the desired position to reach to the desired position of
humanoid feet to at actual position.

The input of the computed torque control is the input
trajectory of joint. The nonlinear term of the CTC does not
allow the link to reach the desired position. The CTC
controller measure the error position and velocity of the joint.
The PPD controller adjusted the torque and bring the joint into
the desired position [24]. The Coriolis and the centripetal
torque are nonlinear in nature. The CTC measured this
variation and modifying the controller parameter based on the
unit inertia system. The Simulink signal interacting with the
physical system. So that one converter used for the interface.
For this purpose, the SPS converter used to understand the
interface the system. Figure 11 shows the interaction of the
computed control to the lower body of the humanoid robot.

Figure 11. Interfacing of computed torque control to lower
body of Humanoid

The interfacing of the CTC controller to the proposed model,
the leg movement occurred for the plan trajectory and gait time
has been noted. For a simple walk, the first, fourth and fifth
joint trajectory has been implemented. During walk, the
sequence of trajectory of hip joint, knee joint and ankle joint
trajectory implemented, and movement of the leg observed for
a gait period of 0.8 seconds [25]. A successful walk obtained.
For the stable sudden turn, the first, second, fourth and fifth
joint of the system comes into the action. During sudden turn,
the second joint motion produced for the momentarily and it
will stop. Afterward the same trajectory repeated as usual for
the normal walk [1, 2].

5. RESULTS AND DISCUSSIONS

The simulation was carried out for the planned trajectory of
the different joint. The fifth order polynomial equation has
been used for the trajectory planning. The boundary condition
applied at the starting and end of the trajectory. Initially the
joint velocity and acceleration are zero. Hence there is no jerk
coming at the start and the end of the motion. The fifth order
polynomial equation creates the smooth trajectory of the joint
movement. The simulation was carried out for the 5 second for
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the minimum and maximum values of the individual joints.
Figure 12 shows the variation of desired joint position with
respect to time.

The desired trajectory has smooth curve, so that during
motion of the body parts, nominal jerk is coming on the joints.
Jointl started from the -0.7875 radian and reached to
0.7875radian of the target point.

Starting point of joint 2 is -0.2625 radians and reached to
target point of 1.75 radians. The joint 3 started from the and
reached to target point of 0.7875 radians. Similarly the joint 4
started from zero radians and reached to 2.1 radians and lastly
the joint 5 started from -0.35 radians and reached 0.7 radians
During this trajectory, the joints are touching the intermediate
position.0.020501987 N-m to 0.04131821 N-m to a maximum
value of 0.04131821 N-M.

Joint position (radian)

Figure 12. Joint position with respect to time

Actual joint position

The simulation was carried out for the computed torque
control law on the lower body of the Humanoid robot. The
error between the desired joint position and the actual joint
position evaluated for the planned trajectory of the individual

joint.
1
0 /
-"3 1 — 2 4 6
3
9o -2
o -3 -
:- time
-
k=
2 Desired Joint 1 position

Actual Joint1 position

Figure 13. Comparison of joint 1 desired position to actual
position

Figure 13 shows the desired joint position and actual joint
position of joint 1. The starting desired point of joint 1 is -
0.7875 radian but the actual joint starting point of joint 1 is 0
radian. At the time of =0 seconds the joint 1 is starting from
the -0.7875 radians, but the controller assumes the zero
position of the actual jointl.Afterwards, the partitioned PD
controller controls the joint position and reaching to the target



point. During this movement there is overshoot of the actual
joint position. This overshoot problem can be discarded by the
assuming zero position of desired trajectory of joint 1. At the
end of time #=5 seconds the actual joint position 0.7875
radians achieved by the joint 1 without any oscillation.

4

time(second)

Joint2 position(radian)

Desired joint2 position

Actual joint2 position

Figure 14. Comparison of joint 2 desired position to actual
position

Figure14 shows the desired joint position and actual joint
position of joint 2. The starting desired point of joint 2 is -
0.2625 radian but the actual joint starting point of joint 2 is 0
radian.

At the time of =0 seconds the joint 2 is starting from the -
0.2625 radians, but the controller assumes the zero position of
the actual joint2.Afterwards the partitioned PD controller
controls the joint position and reaching to the target point.
During this movement there is overshoot of the actual joint
position. This overshoot problem can be discarded by the
assuming zero position of desired trajectory of joint 1. At the
end of time #=5 seconds the actual joint position 1.3 radians,
that is not achieved by the joint 2. There is an error of 0.02
radians. This error can be discarded by the tuning of PD
controller parameter.

Figurel5 shows the desired joint position and actual joint
position of joint 3. The starting desired point of joint 2 is 0
radian and the actual joint starting point of joint 3 is 0 radian.
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Figure 15. Comparison of joint 3 desired position to actual
position

At the time of /=0 seconds the joint 3 is started from the
zero radian and targeted to goal point of 0.7875 radians. The
partitioned PD controller controls the joint position and
reaching to the target point. During this movement there is
overshoot of the actual joint position. At the end of time =5
seconds the actual joint position 3 is 0.781 radians, which is
slightly far away from the target desired position. There is an
error of 0.006 radians. This error can be discarded by
controlling the joint velocity of joint 3 by adjusting the
velocity tuning parameter of PD controller. Figure 16 shows
the desired joint position and actual joint position of joint 4.
The starting desired point of joint 4 is 0 radian and the actual
joint starting point of joint 4 is 0 radian.
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Figure 16. Comparison of joint 4 desired position to actual
position

At the time of =0 seconds the joint 4 is started from the
zero radian and targeted to goal point of 2.1 radians. The
partitioned PD controller controls the joint position and
reaching to the target point.

During this movement there is overshoot of the actual joint
position. At the end of time 7=5 seconds the actual joint
position 4 is 1.92 radians, which is slightly far away from the
target desired position. There is an error of 0.18 radians. This
error can be discarded by controlling the joint velocity of joint
4 by adjusting the tuning parameter of PD controller. During
this movement of the joint, there is no oscillation in the
movement. Figure 17 shows the desired joint position and
actual joint position of joint 5. The starting desired point of
joint 5 is -0.35 radian and the actual joint starting point of joint
5 is 0 radian.

0.8
0.6
0.4
0.2

-

-0.2
-0.4
-0.6

Joint 5 position(radian)

time(second)

Desired joint 5 position Actual joint 5 position

Figure 17. Comparison of joint 5 desired position to actual
position

At the time of /=0 seconds the joint 4 is started from the -
0.35 radian and targeted to goal point of 0.7 radians. The
partitioned PD controller controls the joint position and
reaching to the target point. During this movement there is
overshoot of the actual joint position. At the end of time /=5
seconds the actual joint position 4 is 0.562 radians, which is
slightly far away from the target desired position. There is an
error of 0.138 radians. This error can be discarded by
controlling the joint velocity of joint 5 by adjusting the tuning
parameter of PD controller. During this movement of the joint,
there is no oscillation in the movement.

6. CONCLUSION

A simple distributed master and slave control architecture
adopted fir the joint movement control. The partitioned PD
control law controls the nonlinear system very efficiently. The



controller gain parameter was selected on the material stiffness
and the natural frequency of the system. The system was
designed for the critical damped, so that fast non-oscillatory
behaviour of the joint is obtained. Some of the oscillation were
observed due to discarding of the non-linearity term. This non-
linearity can be removed from the system by increasing the
controller gain vales. However, these values cannot go to a
high values due to resonance occurs.
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