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Abstract

Linear Quadratic Regulator (LQR) is one of the most interesting control techniques
adopted as a control strategy in state feedback. These types of techniques achieve good
results but suffer from the problem of trial and error involved in the computation of
weight matrices. The trial and error technique leads to hard tuning of the LQR
controller parameters. This of course will lead to difficulty in reaching the optimal
system performance.

The paper attempts to solve the above difficulty via the selection of the LQR weight
matrices using Genetic Algorithm GA. This proposed solution will avoid the trail and
error involved in the state feedback technique. The proposed solution has been adopted
in the design of position controller of a robot arm and the results of computer
simulation have shown that the proposed solution fulfill specifications, for minimum
overshoot , settling and rising times.
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1-Introduction

In general, the arm of a robot has a number of joints .The current approach to the design of
control systems for robot joints is to treat each joint of the arm as a simple joint servo
mechanism ,ignoring the effect of the movements of all other joints. In industrial robots,
hydraulic or pneumatic actuators may be used rather than dc servomotors. Due to it's
excellent speed and position control characteristic ,the dc servomotors has been widely used
in industry ,therefore the actuator is assumed to be an armature-control dc motor . In addition
it is assumed that the robot arm is connected to the motor through gears. “The control
systems performance depends on the parameters calculated through the use of optimization
techniques. The most used techniques for state feedback control design are the Linear
Quadratic Regulator (LQR) “ [1]. The LQR optimal feedback is one of many tools that can be used to
improve the stability performance of a position control of a robot arm. Using LQR theory, it has been
established in control linear system, a set of optimal feedback gains may be found using minimization of a
quadratic index and makes it in a stable closed-loop system. The problem in LQR application is adjustment
to determine the elements of weighting matrix Q and R. Conventional methods use many trial-error actions

to design diagonal matrices Q and R to give optimal feedback gain to the system. Therefore, Genetic
Algorithm (GA) can be used to compute the weight matrices instead of the conventional trial
and error used. This will give better tuning of the controller and gives optimum controller
design. Therefore the aim of the paper is to investigate the possibility of using GA controller
method in the computation of the weight matrices of the LQR contrller.

2- Robot Arm Mathematical
Model AUA

Figure 1 illustrates a single-joint robot > " \\ \a
arm. The block diagram of the robot g R > )
joint control system is as shown in 3 K A
Figure (2) [2]. The robot arm is not  wotor and B P
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Fig. (2). Robot Joint Control System
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e () = R.i (t)+L, digt(t) ve () @
_k 0©_
e, =K, pm 2
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After simplification and taking the ratio of o.(s) E. (s) we will get the transfer function as

below.

o (s) K:n

E.(s) JL_S®+(R,J+BL_)S2+(K;K,_ +R_B)S
where.

R,, =armature- winding resistance in ohm.

L, =armature - winding inductance in Henry.
i, =armature - winding current in ampere.

e, =armature voltage in volt .

e,, =back emf in volt.

K, =back emf constant in volt/ (rad/sec)
T,, =torque developed by the motor in N.m
K; =motor torque constant in N.m/A

J =moment of inertia of motor and robot arm in kg. m?/rad.
B =viscous - friction coefficient of motor and robot arm in N.m/rad /sec.
6., =angular displacement of the motor shaft in rad.

6, =angular displacement of the robot arm in rad.
6. =angular displacement of the reference input in rad.

_ . N
n = gear ratio %2

The robot arm control system under study has the following parameters.

R,=21,L,=2,K; =38 ,3=2,B=1,K,=05andn=1
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The block diagram of the servo control system for one of the joint of a robot is shown in
Fig(3).[3]
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Fig. (3) Joint Control System For A Robot Arm

4. Adopted Control Methods

The control methods adopted in this research are Linear Quadratic Regulator (LQR) and the
genetic algorithm (GA). The controller specifications adopted in the design are;

1) Overshot percentage should be less than 10%.

2) Rise time (Tr) should be less than 4 sec.

3) Settling time (Ts) should be less than 6 second.

4) Steady-state error should be less than 0.005

4.1 LQR Controller Method
LQR is one of the modern control methods that X = Ax + Bu
provide the best possible performance with
respect to some given measure. LQR uses state-
space approach which is relatively simple to
work with a multi-output system. For the brief
description of the LQR controller, the full state
feedback representation of robot arm system has -K
been adopted. The structure of the LQR

controller is as shown in Fig. 4. Fig. 4 LQR controller structure

The robot arm can be described by the following state and output matrix equations [7]

X(t) = Ax(t) + Bu(t)
y(t) =Cx(t) + Du(t) ~  ———— (9)

It is worth to mention here that all the three states of x are available for the controller. The
feedback gain of the optimal control is given by the following vector V equation
K=K, K, K, 1] -—-——-——m171771"-"7-—1-"—"1-—"—""+—+-——— (a0

u@)=—-Kx¢ === ——-—————————— — — 11y
This need to be selected in such away that minimizes the performance index, J;

o0

J=[(xX"Qx+uTRu)dt = ———————————————— 12)

(o]
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where Q is state-cost matrix and R is performance index matrix. The index J need to be
minimzed when;

K=RB'™P e (13)
where p isan n x n matrix determined from the solution of the following equation

ATP+PA-PBR'B'P+Q=0 e (14)

Trial and error need to be adopted in the selection of the two matrices Q and R. The selection
of large matrix Q suggest that the performance index J is small. However, the selection of
large matrix R means that the control input u must be smaller to keep performance index J
small. One should select Q to be always positive or zero at each time t. And the scalar
quantity Ru? is always positive positive semi definite and R to be positive definite. This
means that the scalar quantity x' Q x is at each time t eq.(14) can be easily programmed for a
computer, or solved using MATLAB eq.(14) is often called the Riccati Equation. This
optimal control called the Linear Quadratic Regulator (LQR) which is shown in state-space
configuration in Fig. 4.Combine Fig.3 with Fig.4 yields Fig.5 which shows the use of LQR
controller with the Robot Arm [4].
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Fig. 5- Robot Arm System with LQR

4.2. Genetic Algorithm Method

The second type of the contrllor methods adopted is the Genetic Algorithms (GA’s). It is a
stochastic search method that mimics the process of natural evolution. GA begins usually
with no knowledge of the correct solution. It relies entirely on responses from its
environment and evolution operators (i.e. reproduction, crossover and mutation) to arrive at
the best solution. GA avoids local minima and converging to sub optimal solutions. This can
be achieved via starting at several independent points and searching in parallel. This
capability allows the GAs to locate high performance areas in complex domains without any
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random population that formed by a real-valued number or a binary string called a
chromosome. The fitness of each chromosome is assessed and a survival of the fittest strategy
is applied. There are three main stages of a GA. The procedure used with GA controller
method has three stages, reproduction, crossover and mutation. This procedure can be
described briefly with following sequence steps [ 5].

Step 1: Generate initial population randomly

Step 2: Evaluate fitness of the population

Step 3: Select parents from population

Step 4: Apply crossover operation on parents

Step 5: Apply mutation operation on parents

Step 6: Evaluate fitness of the population

Step 7: Checking convergence

Step 8: If convergence is achieved stop else go to step 3

5. Controller Objective Function

The objective function is essential for both controller methods LQR and GA methods. With
the LQR method the objective function is used to evaluate the best LQR controller for the DC
motor system. Specifically, it can be created to determine the LQR controller that gives the
highest overshoot, fastest rise time or fastest settling time. However, all these aspects of
controller objective can be combined with an objective that minimizes the error of the
controlled system response.

With the GA the specification of an objective function is a difficult task. This is because,
“each chromosome in the population is passed into the objective function at a time. The
chromosome is then evaluated and assigned a number to represent its fitness, the bigger its
number the better its fitness. The genetic algorithm uses the chromosome’s fitness value to
create a new population consisting of the fittest members. The chromosome is formed by
three values that correspond to the three gains of the weight matrix Q and R to be adjusted in
order to achieve a satisfactory behavior” [6].

Fig. 6 shows how these chromosomes can be defined together with the gains Qi1 , 022 and ry;
of the Q and R weight matrices. These gains should be positive numbers and will be used to
characterize the individual to be evaluated.

Q11 (22 (33 ra

Fig.6 . Chromosome Definition

The objective function is the calculation of its associated fitness. The fitness function is the
measure of the quality of chromosome and can be defined as.

Minimize J
Where,

1 N
J_Wi;ei

N=3 and
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ei={t 2, D*} , where,

5o L (ML) if (Me-1)?< 0,05
o0

ts is the settling time of GA, t, is the rising time of GA and M, is the maximum over shoot
For GA , My is the maximum over shoot for closed loop response. The robot arm
controller that combines the LQR with GA controller is as shown in Fig. 7.
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Fig. 7 Block Diagram Of GA With LQR Controller Of The Robot Arm.

6. Simulation and Results
The best LQR controller parameters are Q = dig(100,20,90) , R =1. The elements of K

vector obtained by LQR method are K=[4.4165 10.5425 9.4868] with an Eigen values of
[-14.5494, - 0.6835+i0.4299 and - 0.6835-10.4299]. These LQR parameters for the LQR
controller method give a time response for the closed loop system as shown in Fig.8.

Simulation with the GA controller method shows that the best parameters are
Q =dig(5,30,180), R =2. The elements of K vector obtained by the GA method are K=

[0.8334 8.6818 9.468] with an Eigen values of [-10.6652 -0.8341+i0.4462 -0.8341-
10.4462]. These LQR parameters for the LQR controller method give a time response for the
closed loop system as shown in Fig. 9.
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GA Response,closed Loop Without controller
14 T T T T T T T T T
LQR step response
Closed Loop response

() 4
k=)
2
S
S 4
<
8 10 12 14 16 18 20
Time (sec)
Fig. 8 Closed Loop System With The Simulated LQR Controller
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Fig. 9 Closed Loop System With The Simulated GA Controller
Finally, from the results presented in Figures 8 and 9, the overshoot time, settling time and

the steady-state error have been computed for the three different cases closed loop controller
status, LQR controller status and the LQR tuned with the GA asshown in Table 1.
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Table 1
Controller Status Over Shoot Settling Time ts Steady-state error
Mp % (sec) Ess
Closed Loop 20.2 8.92 0
LQR Manual 0.676 5.22 0
LQR Tuned By 0.259 491 0
GA

7. Conclusions

The paper adopts two controller methods LQR and GA methods. Both methods have been
applied to the state feedback control system of robot arm and their performance compared.
The adoption of the GA overcomes the problem with LQR of weight matrices computation.
Thus the GA has been used to solve this problem via the tuning of the LQR method.

The paper shows that when the GA is used to tune the LQR matrices an optimum dynamic
response can be achieved. In according to the obtained result, it can be noted that the
proposed combination of LQR and GA gives a satisfactory response of minimum overshoot
and accommodation time. This is because the proposed method has been designed based on
this specification of the system time response.
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