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Abstract

In this research paper, nonlinear FPGA-based feedback linearization position
controller is recommended for serial links robot manipulator. Robot manipulators are
multi-input multi-output (MIMO), nonlinear, time variant, uncertain dynamic systems and
are developed either to replace human work in many fields such as in industrial or in the
manufacturing. Complexities of the tasks caused to design mechanical architectures,
nonlinear behavior, uncertain dynamic formulation and strong coupling effects between
joints therefore, control of these systems is extremely complicated. To design robust and
stable methodology robust functional-based feedback linearization technique is
recommended. Functional based feedback linearization is a combined nonlinear, stable,
robust and reliable controller. Pure feedback linearization method has three important
drawbacks: stability, uncertainty and processing time. To improve the system’s stability,
robustness and uncertainty, functional based method is recommended. The challenge of
system’s processing time as well high frequency response is solved by design of FPGA
based high frequency functional based method. The simulation results show that the
proposed method works well in certain and uncertain conditions. Beside improve the
stability, robustness and time response this control technique improve the sensitivity as
well reduce the rate of energy consumption.

Keywords: surgical robots, four degrees of freedom, functional-based feedback
linearization method, FPGA

1. Introduction

A robot is a machine that can be programmed to do a range of tasks. One of the most
important types of robot which used in industry and also medical applications is robot
manipulator. Because of the robot manipulator is MIMO, nonlinear and time variant
system so control of robot manipulator is one of the complicated subjects for control and
mechanical researchers [1]. To improve the robot manipulator’s performance nonlinear
control methodology is recommended.
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To reduce coupling effects beside the above challenges nonlinear feedback
linearization controller is recommended. Feedback linear controller is one of the effective
nonlinear controllers for certain situations. To solve the challenge of coupling effect
without using many gears, feedback linearization controller is introduced. However this
control technique has many advantages but it has three important drawbacks: 1) stability
and robustness, 2) uncertainty challenge, and 3) time of system’s response [2].

Mathematical functional based method; improve the rate of variations especially in
uncertain condition to improve the controller’s robustness. Mathematical function divided
into different categories such as saturation function, switching function and sigmoid
function. To improve the robustness switching mode function is recommended to improve
the feedback linearization method. However this method improve the robustness and
uncertainty but it has a limitation in output timing response which to solve this challenge
design FPGA based controller is recommended. The aim of the design of FPGA based
control scheme is to reduce the time of processing and have small size device. FPGA
based system is used in many applications such as industrial automation, robotic surgery,
and fault prognosis [3-6].

This paper is organized as follows; Section 2, is served as the robot manipulator
dynamic formulation. Part 3, introduces and describes the robust functional FPGA based
feedback linearization controller for robot manipulator. Part 4, focuses on the robust
functional based feedback linearization controller in presence of uncertainty and robust
functional FPGA based feedback linearization controller, and in the final section
conclusion is presented.

2. Theorem

Robot Manipulator Dynamic Formulation: In control point of view robot
manipulator has two main parts, kinematics and dynamics. The dynamic formulation of
robot manipulator used to describe the behavior of system. The dynamic equation of a
multi degrees of freedom (DOF) robot manipulator is [1-2]:

T =M(q)g+ B(q)lg q] + Clq)[q]* + G(q) 1)

Where 1 is n X 1vector of actuation torque/force, M (g) is n X n symmetric and
positive define inertia matrix,B(g) is matrix of coriolis torques, C(g)is matrix of
centrifugal torque, G(q) is vector of gravity, [¢ gl is vector of joint velocity that it can
give by: [G1. G2,G1.Gs eeees 1. G G2-G30-. ]7, and [g]? is vector, that it can given by:
(617 G2°.G32" ... ]T. Figure 1 shows an open loop input-output response.
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Figure 1. Open Loop Input/Output Data Set

3. Methodology

Pure feedback linearization method is a nonlinear and reliable controller. This
controller works in many applications but it has two main issues limiting: robust, stability
and uncertainty limitation and output system’s response. Defines the tracking error as:

e(t) = gq(t) — q, (D) )

Where e(t) is error of the plant, gz(t) is desired input variable, g.(t) is actual
displacement. The linear type state space equation is:

x=[p ol=+[1]v

In this equation U is the nonlinear term and is
U= _M_:L(q}- N(q: t}'} + M_l":ti‘}-f ()

The Brunousky canonical form

ailel =l ol 1+ [lv

3)

(®)
U= iid+ M_i(q}-{N(Q-f]'} _T} (6)
Based on controller dynamic formulation:

To have the better performance, design the optimal I/ play an important role. To

improve the robustness and stability mathematical functional based method is applied to
conventional feedback linearization method.
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TNew method = K X fswischiﬂg(dld - U} + N('?J l'-]'}

8
To have the stability and minimum error, U should be near to the zero.
1d
2 =
T (xt) = —C|U(x, 1) ©
U>0- U(ﬂ =—(= ::;NEE?! U(t} = - ::l::“whﬂ - U{treuck} - U(U} = _{(treuck_ U} (10)
uo)
0- U(ﬂ] = _ﬂ(tremchj - tremck =—
¢ o
U<0—0 — U(U} = _ﬂ(treuchJ - U(U} = _fitreu-ck} — Lreach = '”:M (12)
ifU, . =U0)—=error(x—x,)=0 (13)

Based on (12, 13) the stability and robustness improve in new methodology compare
with pure feedback linearization method. FPGA based new methodology controller has
the following subparts:

o Design fewitching

o Design secondary derivation of joint

e DesignU

e Design nonlinearity term N(q, q)

To design FPGA based switching function we have:

1 U=0
f(switching) = {—1 U=0
0 Uv=0 (14)

Figure 2 shows the block diagram of FPGA based switching function methodology.
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Figure 2. FPGA-Based Switching Function

To design second-type derivative function we have

d(e) — Din(t)— Din(t—1)
e = At

Figure 3 shows the derivative part of control system.

- de = {ﬂin{k+ 1) — ﬂin(k}} * sample time

20 Copyright © 2017 SERSC



International Journal of Advanced Science and Technology
Vol.102 (2017)

.......

Figure 3. Derivative Part of Control System

To design U, based on system information and configuration linear or nonlinear
function is introduced. In this research linear mode PD control technique is
recommended. To design PD controller derivative part control method applied to PD
control technique.

One of the main challenges to design FPGA based new method is design nonlinearity
term. To design this term, memory based rule method is recommended. Figure 4 shows
the block diagram of FPGA based nonlinear system design.

Figure 4. Design Memory Based FPGA Based Nonlinear Term

4. Results and Discussion

In the first part of result and discussion feedback linearization method and new method
are comparing. Figure 5 shows the output trajectory following in presence of uncertainty
for feedback linearization method and functional based feedback linearization method.

Copyright © 2017 SERSC 21



International Journal of Advanced Science and Technology
Vol.102 (2017)

NIV SN SN

) / / Pure Feedback linearization
0.6 / / \‘ -+ Functional based Feedback linearization

0.4 /
el \ / \ /
0 \ / \ /
\ / \
\ / \ /
\ / /
N/ \/

; AW NS

0 5 10 15 20 25 30

Figure 5. Pure Feedback Linearization VS New Method

According to Figure 5, the pure feedback linearization method has fluctuation in
presence of uncertainty but new method is more robust. The maximum desired input
frequency in FPGA functional based feedback linearization controller is 64 MHz but the
actual frequency system’s output is about 33 MHz. The timing report shows that the delay
response in  fouieching 1S @bout 4.4 nanoseconds, in derivative part design the delay

response is about 15.7 nanoseconds, in linear PD control technique the delay time is 19.1
nanoseconds and finally in nonlinearity memory based design the delay time report is
about 30.286 nanoseconds. Figure 6 shows the transient error in functional FPGA based
feedback linearization controller in robot manipulator.
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Figure 6. Transient Error Response

According to the Figure 6, the rate of error reduction is extremely fast. The error rate at
136 nanoseconds is about 5.15, in 140 nanoseconds is about 3.3 and in 148 nanoseconds
the rate of error is 1.16. Based on the above Figure the rate of error reduces 75% in 12
nanoseconds. Figure 7 shows the rate of between 160 to 172 nanoseconds.
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Figure 7. Rate of Error (t=160-172 Nanoseconds)

According to above Figure the rate of error reduce from 1.6 at t= 160 nanoseconds to
0.24 at t=172 nanoseconds. According to above Figures in presence of uncertainty
functional FPGA based feedback linearization controller has no fluctuations.

5. Conclusion

In this paper, robust functional FPGA based feedback linearization controller is
designed and applied to robot manipulator. According to the results functional based
feedback linearization method is more robust than pure feedback linearization method in
presence of uncertainty. The rate of output frequency in functional FPGA based feedback
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linearization controller is about 33 MHZ. The rate of steady state error in presence of
uncertainty is less than 0.00006 at 208 nanoseconds.
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