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Abstract: Robot arms are widely used in industry due to the fact that they are recently made more reliable and more efficient than before. In this 
research, a mathematical model for defining the dynamics of a fast robot arm is developed by coupling the non linear equations of motion of the 
robot arm with those of the actuators which accordingly affect the controller design. The new control strategy proposed in this paper involves 
using a tuning technique for digital PID controller as a control method that proves efficient to control multivariable systems' parameters. The 
technique is based on modifying local optimal controller (LOC) parameters for certain defined system model structure and therefore online 
computational schemes are employed to drive the actuators of a robot arm to follow a specified trajectory using continuous time functions. The 
LOC controller along with the parameter tuning technique strategy is tested in laboratory versus the traditional controller through controlling the 
system model DSD1/EV® with satisfactorily results. Using the proposed control technique, the performance of the actuators and hence the 
performance of the robot arm is shown to be enhanced compared to the performance using the traditional adaptive control scheme that has been 
used before to control the actuators. 
 
Index Terms: Robot manipulator dynamics, Industrial robots, Dc motor actuators, Optimal speed trajectory, PID digital controller, Lyapunov 
stability, Laboratory test. 

——————————      —————————— 

1 INTRODUCTION                                                                     

HE employment of robotic arms has dramatically increased in 
various applications especially in industry field. The many 
advantages of these robots that include reliability, speed, 
accuracy, and efficiency made them good solution in case of 
repetitive work, heavy duty jobs of precision, and working in 
environments that are considered harmful to human health. 
However, the solution of the target reaching problem has 
always been one of the most challenging tasks in intelligent 
automation. Accomplishing the mission of reaching a target 
especially in dynamic environments is considered a current 
problem on which many researchers have been working [1], 
[2], [3], [4]. Fast robot arms are mostly industrial manipulators 
working in high speed that are used in many applications in 
industry such as metal cutting, riveting, welding, spray-painting 
[5], [6], [7]. These arms range in form from numerically 
controlled arms designed to do specific job with limited 
repetitive path to arms that are required to follow a continuous 
time function specified trajectory. The optimum robot trajectory 
can be determined using the arm model to calculate the joint 
parameters that allow the arm to follow the predefined path. 
Some researchers have used the feedback control based 
techniques whose problems have been solved by decoupling 
each joint control from the rest of the system by employing 
position and velocity feedbacks within each local controller to 
provide joint position control. Since the control problem of 
each joint includes parameters that depend on the other joints 
parameters, the local controllers design is likely to involve 
compromise scheme for fixed joints parameters or adaptive 
scheme for varying joints parameters that require 
arrangements for the supply of any necessary information [8], 
[9], [10]. Many adaptive control techniques depend on 
parameter estimation [11], [12], however, an alternative control 
technique of combining feed forward control with adaptive 
feedback control has been used [13], [14], [15] in which the 

control techniques use linear discrete optimal control theory to 
handle the small perturbation feedback control problem 
around any nominal condition on the ideal trajectory. In most 
previously mentioned studies, controller design and 
performance computations have been based on the 
assumption of the actuator ideal performance rather than 
actuator actual performance that strongly influence the robot 
performance. Therefore, the work in [1] is planned to be 
developed to take actuator limitations into consideration by 
using close to real mathematical model definition for a high 
speed industrial manipulator to determine a set of discretized 
state difference equations that can be used to design the 
controller while considering the actual influence of actuator 
dynamics and the reliability of the control strategy.  
The key point in this paper is to develop the work presented in 

[1] to achieve better performance of robot arm actuators 

through the improvement of the dc motors controller design 

and therefore reach enhanced arm performance. A 

mathematical model for defining the dynamics of a fast robot 

arm is developed through coupling the arm's links non linear 

dynamic equations of motion with those for the actuators as 

presented in section2. The used control strategy, discussed in 

section3, involves using a tuning technique for digital PID 

controller that has been previously used to control 

multivariable systems' parameters [16]. Considering the 

presented case study of a fast arm with dc motor actuators, 

the technique here is based on using certain predefined model 

structures parameters through modified local optimal controller 

(LOC). The online computational schemes are employed to 

drive arm links to follow continuous time functions defined 

trajectory. Simulation results and data analysis discuss the 

efficiency of the presented approach compared to the 

traditional technique, as presented in section 4. It is worth 

mentioning that the control technique used here is not limited 

to the dc motors, but it can be applied to any kind of motor 

depending on its mathematical model definition, however, this 

is considered out of the scope of this paper and can be 

considered as future work. 

T 
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2 ROBOT ARM DYNAMIC MODEL 

One of the most challenging problems of fast robotic arm path 

planning is to analyze the singularities that may appear during 

tracking analysis by the arm controller due to the fact that the 

arm equations of motion are non linear differential equations 

which need to be dealt with first mathematically to form a set 

of state difference equations that can be used as mathematical 

basis for controller design [17], [18]. 

 
2.1 Equations of Motion of Robot Arm Structure 

Robotic arm is composed of a number of rigid links with 

degrees of freedom that are connected through joints each of 

which is powered by an independent actuator as a torque 

source. The equation of motion of an n degrees of freedom 

robot arm can be written in matrix form using the Lagrange 

formulation [19] as follows 

),()( qqqq  CM   (1) 

Where n is the arm's number of degrees of freedom, M(q) 

is generalized inertia matrix; q , q  and q are vectors that 

respectively represent generalized joint position, velocity and, 

acceleration. C is the vector that represents the combined 

effects of gravitational, centrifugal, and Coriolis forces while   

is the vector that represents the generalized joint force. 

2.2 DC Motor Dynamic Model 

Robot arms can be actuated by different types of actuators, 

however considering electric drives the separately excited DC 

motors are the most commonly used actuators in industrial 

robots due to their many advantages such as low friction, 

small size, high speed and safe operation with minimum 

chance of gear backlash and minimum need of using limit 

switches [20], [21], [22]. A separately excited DC motor is 

schematically drawn in Fig. 1. The control is applied at the 

armature terminals in the form of the control voltage ea(i). It is 

assumed that: 

(1) ef(t) is the magnetic field voltage which is applied so that 

the field current if(t) is almost constant and equals if.  

(2) Фf(t) is the air gap flux that is proportional to  if (t) so that 

Фf(t) = Kf if(t) = Kf if = constant.  

(3) Based on the fact that the inductance has a small influence 

at the operating frequencies of concern, the effects of the 

armature inductances are neglected. 

(4)  m(t) is the torque developed by the motor that is 

proportional to Фf and armature current ia(t) so that  m = Km Фf 

ia(t) = Ki ia(t) and Ki = Km Kf if  where Ki is the motor torque 

constant, Km is the motor rotor constant, and Kf is the motor 

field constant.  

 
Fig. 1. DC motor construction schematic diagram 

 

Therefore, 

 

mbaaa
a

a KiRe
dt

di
L   (2) 

mmLaimm BiKJ     (3) 

Where Bm is the viscous frictional coefficient, Jm is the 

motor rotor inertia, Kb is the constant of back electro-magnetic 

force, La is the motor armature inductance, Ra is the motor 

armature resistance, θm is the angular position of motor shaft, 

 L is the output torque of motor.  The equations for n motors 

are written in vector form as 

      mbaaa
a

a ie
dt

di
KRL   (4) 

      mmLaimm BiKJ     (5) 

 Tanaaa iiii ,..,, 21  (6) 

 Tanaaa eeee ,..,, 21  (7) 

 Tmnmmm  ,..,, 21  (8) 

Noting that diagonal n x n matrices [La], [Ra],[Kb], [Ki], [Jm], 

[Bm] are with i
th
 non zero element corresponding to the 

relevant i
th
 motor parameter value. 

2.3 Equations of Motion of the Robot Arm 

The robot arm dynamic model is now completed by combining 

motors' dynamic model equations represented by equations 

Eq. (4) and Eq. (5) with the corresponding robot arm links 

equation represented by Eq. (1). Therefore, substituting the 

variables q , q  and q  and   in Eq. (1) by the n x n diagonal 

matrices with the value of the gear ratio of the i
th
 joint and its 

inverse as the i
th
 non zero element corresponding to the 

relevant i
th
 motor parameter value. The equations can be 

written as 

      mbaa
a

aa KiR
dt

di
Le   (9) 
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aimmm iKCM    (10) 
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Neglecting the inductances as assumed and eliminating 

the variable ia, Eq. (9), Eq. (10) can be merged as 

 

),()(  
mmma CMe   (13) 

Since the terms M and C and their partial derivatives in Eq. 

(13) should be obtained in algebraic form, the algorithms can 

be generally used for a robot arm with any number of degrees 

of freedom 
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3 THE LOC CONTROLLER DESIGN STRATEGY 

DC motors are extensively used in industrial applications due 
to their well known merits such as good start up, speed 
performance, and high efficiency [23], [24], [25].  Mainly, the 
position and speed tracking control are considered as basic 
challenges of dc motor controller design. These controllers are 
generally divided into two types, the first is the traditional 
method such as pulse width modulation (PWM) and 
proportional integral derivative (PID) [26], while the second 
type is the intelligent method such as fuzzy control [27] and 
neural network [28]. PID controller is widely used in dc motor 
control traditional application scenarios due to its reliability, 
simplicity and design convenience. However, the commonly 
used PID controller sensitivity to the system uncertainty along 
with the time variant noise and disturbance is considered as a 
challenge for controller design in a way that may be seriously 
affect the controller performance in a way that may result in 
possible performance decline and even fail. Therefore, 
continuous adjustment of the PID parameters is required to 
ensure the normal operation of the system. The control 
strategy proposed in this research is based on the possibility 
of enhancing the system controller performance using the 
traditional PID controller combined with the concept of tuning 
PID parameter using a local optimal controller (LOC) modified 
to adapt the case study of interest, it is worth noting that such 
control method has been previously used and proved to be 
reliable, robust, Lyapunov stable technique of controlling real 
time multivariable systems [16], [29], [30], [31]. Basically the 
modified LOC parameters can be expressed as functions of 
model parameters along with the relations between the 
multivariable PID controller parameters and the modified LOC 
parameters that are presented for certain predefined model 
structure. Therefore, the multivariable PID controller 
parameters are transformed into model parameters and one 
tunable parameter for each output. Considering x×y 
multivariable system of y inputs and x outputs, the system 
control block diagram using PID controller is shown in Fig. 2, 
where IN is closed loop system reference input vector, MU is 
the PID controller output vector, OP is output vector of the 
closed loop system, ME is the tracking error vector (ME = IN − 
OP ), vectors IN, MU, OP, ME are defined in Eq. (20).  

 

 
Fig. 2. The block diagram of multivariable system controlled by 

PID 
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 (16) 

 

The controller parameters represented in Eq (16) are tuned 

using a genetic algorithm via minimizing of the values of the 

mean squared error (MSE) which is the difference between the 

system’s output and the reference input to eliminate the 

overshoot of the multi-objective function [32], [33]. In the case 

study of interest in this research, the objective is to control a 

robot arm to closely follow a predefined trajectory. The robot 

arm here is required to follow a continuous time function 

specified trajectory given that the trajectory is defined with 

reference to time in joint space which means that )(t  , 

)(t   , )(t   . 

Generally, it is difficult to make a robot arm to exactly follow a 

trajectory due to the environment dynamics complexity. For the 

case study of interest, it is assumed that the first derivative   

is continuous while the second derivative  is limited over the 

closed interval [0, tf]. Therefore, the trajectory is discretized in 

a way that a sequence of landmarks on the trajectory is to be 

defined and tracked. It is impossible to make the arm tip move 

from the current landmark to the exact position of the next 

landmark because the control function u(k) is constant within a 

sampling period. Hence, the control algorithm can be designed 

to find the control function u(k) which enables the arm to follow 

the predefined trajectory as close as possible. To fit the 

application of digital control, the equations of motion are 

recommended to be linearized about a predefined short path 

and then transformed into discrete time space [16]. Defining 

point d = ),,( 000 mmm   as the point in motor shaft space 

that is corresponding to point ),,( 000 qqq  which is predefined 

on a short path that satisfies Eq. (13), Taylor series 

expansions can be used to linearize the equations of motion 

around point d with neglecting all the terms with order higher 

than one.  

 

 

Therefore, a state vector can be defined as 
X = [X1     X2]

T
 (17) 

where 
T

211 ],..,,[ mnmmm  X , T

212 ],..,,[ mnmmm   X  (18) 

Hence, state space form of the linearized equations is as 

follows 

BuAXX   (19) 

Where A and B are coefficient matrices. Discretizing the 

linear equations for unit time step, t, the following state 

difference equation can be determined as 

)()()()()1( kkkkk uXX   (20) 

As X(k) and X(k+l) are respectively state vectors at time 

instants (k-l)t and kt while u(k) is a control vector that is 

considered constant within the period between instants (k-l)t 

and kt. Ф(k) is the state transition matrix and Γ(k) is the control 

gain matrix that are assumed constant within each unit time 

step and their values are updated consecutively for each 

following step. The control law is developed by employing a 

step by step optimization technique with respect to belittling 

the function as represented in Eq. (21) 

)()]([)]1()1([)]1()1([ 2

T

1

T kkkkkk dd uQuXXQXXJ  (21) 

As Q1, and Q2 are positive weighting matrices. The open 

loop control strategy adjusts the various joints coupled forces 

through applying the feed-forward control law represented by 

eq. (22) which governs the control efforts provided to the 

model and the predefined trajectory as follows 

)]1()()()[()(*  kkkkk dXXKu  (22) 
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A closed loop control scheme, which is based on the online 

measurement of state information, is used here to correct the 

state deviation that is caused by any sources of errors such as 

external disturbances, linearization and discretizing 

approximations, and parameter uncertainty using the following 

error state equation 

)()()()()1( kkkkk eee uXX   (23) 

Where Xe(k) is the vector of state error at instant k, ue(k) is 

the variation of the control vector u(k), Xe(k+l) is the terminal 

value of the state error Xe(k) at instant k+1, and ue(k) is the 

control variation which can be determined in a way that Xe(k+l) 

is determined to be as near to zero as possible. Using same 

procedures to derive the closed loop control law, the derived 

law is 

)()()(* kkk eee XKu   (24) 

Where the gain matrix of the closed loop control is 

)()(])()([)( 1

1

21

T kkkkke  
QQQK  (25) 

Where K(k) and Ke(k), the control gain matrices, are with 

constant values during each sampling period and varying 

values from one sampling period to another. 

For facilitating real time control, the online computational 

problem is handled using the approach from [13] to calculate 

the time needed for the online computations in addition to 

analogue to digital / digital to analogue conversions consumed 

time, as represented schematically in Fig. 3.  

As long as the time delay effect is significant during the 

operation of fast arms, a computational method is used to 

eliminate this effect. The computational method is based on 

predicting one step ahead position next to the current position 

for each control step then the predicted position is used to 

calculate the control parameters required for the next step 

instead of doing the computations after the arm tip actually 

reaches the position as follows 

)]1()1()[1()1(*  kkkk dpeep XXKu  (26) 

 
Fig. 3. State and control prediction diagram 

 
A separately excited dc motor is a motor type with field circuit 
that is power supplied from a separate power supply of 
constant voltage, while a shunt dc motor is a motor type of a 
field circuit that is power provided directly across the motor 
armature terminals. Practically, there is no difference in 
behavior between these two types of motors when the motor 
supply voltage is assumed constant as in the case study of 
interest in this research. The proposed control strategy is 
tested through controlling the system model DSD1/EV® inside 
the robotics laboratory, mechanical equipment department, 
MTC, as shown in Fig. 4.  The system is composed of a 
servomechanism along with the necessary instruments for the 
practical study that can be carried on the thyristor DC 
servomechanisms used for shunt dc motors. The motor drive 

is of the AC/DC type with thyristors (SCR) whose advantages 
of robustness and low cost make it suitable product for the 
applications in industry [34], [35], [36]. An eight-pole cable 
connects the servomechanism to the external unit while the 
system’s feedback is provided by a tachogenerator that is 
mounted on the external unit. An electronic board enables the 
PC interfacing through USB/Bluetooth during data acquisition. 
The system allows the study and data analysis for 
tachogenerator speed control, inner current loop speed 
control, current and voltage waveforms of the motor, 
calibration of proportional action/current controller, calibration 
of proportional action/speed controller, and dynamic response 
of the system, the system model and characteristics are 
shown in Fig. 5. 
The LOC controller along with the parameter tuning technique 
strategy is tested versus the traditional controller through 
controlling the system model DSD1/EV® with satisfactorily 
results which can be inferred from reaching the motor 
stabilized speed in better time with a smoother pattern in a no 
load to loaded condition test, as seen in Fig. 6. 
 

 
Fig. 4. Testing the proposed control strategy in laboratory by 

controlling the system model DSD1/EV. 

 

Fig. 5 The system model and characteristics 
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Fig. 6 The motor no load to loaded condition test using LOC 

controller vs Traditional controller 

4 RESULTS AND DATA ANALYSIS 

To efficiently solve the path planning problem for fast robot 

arm, the behavior of the robot arm case study of interest in this 

research is compared using the two control strategies; the 

traditional adaptive controller that has been traditionally used 

to control high speed manipulators and the LOC controller 

strategy proposed in this paper. Now a trajectory is specified in 

space with tracking performance indices ERP and ERV. ERP 

is the sum of the mean squared errors over all joints' position 

while ERV is the sum of the mean squared errors over all 

joints' velocities where X1e(k), X2e(k) are state errors in 

positions and velocities at instant k, respectively. The errors 

can be represented as follows  

)()(
1N

1
ERP 1

1N

1K

T

1

t

t

kk ee XX



  (27) 

)()(
1N

1
ERV 2

1N

1K

T

2

t

t

kk ee XX



  (28) 

Nt = tf / T1 (29) 

Where tf is the total simulation time period, while T1 is the 

required time to move for a step length unit. To accomplish 

precise trajectory tracking, the actuators are selected to have 

capacity that makes them capable of correcting the errors 

effects that may exist after the compensation of the related 

dynamic properties. Therefore in equations (21) and equation 

(25), the elements of the matrix Q2 are set to zero. The 

performance results of the traditional adaptive controller and 

the LOC controller are compared for a robot arm, to determine 

the effect of different payload errors on the robot arm tracking 

ability, trajectories of the two joints are specified using simple 

sinusoidal time functions;  = -2cos(2t), therefore  = 4sin(2t) 

and =8cos(2t). Where T is the control sampling time while T2 

is the step length predicted time duration, it is worth noting that 

the trajectories are followed for all sampling periods in a way 

that tracking errors values can be neglected. The simulation 

results for errors with different values of error in Payload (5%, 

10%, 15%) and sampling time T2 equals 0.05s , 0.025s using 

the proposed LOC control strategy against those using 

traditional adaptive controller are listed in Table 1 and Table 2, 

respectively. 

 

 

 

TABLE 1 

 SIMULATION RESULTS USING TRADITIONAL ADAPTIVE CONTROLLER 

FOR DIFFERENT VALUES OF PAYLOAD ERROR AND DIFFERENT 

SAMPLING TIME. 

Payload 

Error 

T=T2=0.05s T=T2=0.025s 

ERP  

(x10
-6

 

rad
2
) 

ERV 

(x10
-6

 

(rad/s)
2
) 

ERP 

(x10
-6

 

rad
2
) 

ERV 

(x10
-6

 

(rad/s)
2
) 

5% 12 447 1 118 

10% 31 868 4 215 

15% 47 1155 9 298 

20% 88 1926 19 382 

 

TABLE 2 

SIMULATION RESULTS USING THE LOC PROPOSED CONTROL 

STRATEGY FOR DIFFERENT VALUES OF PAYLOAD ERROR AND 

DIFFERENT SAMPLING TIME. 

Payload 

Error 

T=T2=0.05s T=T2=0.025s 

ERP  

(x10
-6

 

rad
2
) 

ERV 

(x10
-6

 

(rad/s)
2
) 

ERP 

(x10
-6

 

rad
2
) 

ERV 

(x10
-6

 

(rad/s)
2
) 

5% 10 327 0.6 11 

10% 24 734 1 107 

15% 37 1032 5 151 

20% 77 1713 10 243 

 

 

From results shown in table 1 and table 2 it is clear that when 

using the LOC controller rather than using the traditional 

adaptive control method the errors values generally decrease 

and hence a performance improvement occurs due to the 

employment of the LOC controller and the proposed step-

ahead predicting computational method which allows to tune 

the parameters in a way that improve the tracking to a 

predefined trajectory. The trajectories tracking ability of robot 

arm using different velocities is now studied by using joints' 

varying velocity amplitudes while maintaining same frequency 

which means that )(t =A sin(2t) using 10% payload error and 

sampling time period of 0.05s, the results are shown in Fig. 7 

and Fig. 8. 

 

 

 

 

 

 

 

Fig. 7. ERP vs the velocity amplitude (A) using the LOC 

controller vs traditional adaptive controller  
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Fig. 8. ERV vs the velocity amplitude (A) using the LOC 

controller vs traditional adaptive controller 

 

Figures 7 and 8 show that the error values generally increase 

with the increase of joint velocities, however, considering using 

the LOC controller instead of using the traditional adaptive 

controller, the state errors the angular positions error (ERP) 

and the angular velocities error (ERV) are decreased. The 

reductions in the angular velocities error (ERV) values are 

more significant than those of angular positions error (ERP) in 

a way that reflects the stabilizing effect due to using of 

proposed parameter tuning technique and the acceptable 

robot arm stability for a wide range of operational speeds. The 

simulation results for examining the robot arm tracking ability 

to trajectories represented by the equation )(t = 4.0sin(2πft) 

with various frequencies f are represented in Fig. 9 and Fig. 10 

using 10% payload error and sampling time period of 0.05s. 

 

 
Fig. 9.  ERP vs trajectory frequency (f) using traditional 

adaptive controller and the LOC controller 
 

 
Fig. 10. ERV vs trajectory frequency (f) using traditional 

adaptive controller and the LOC controller 

 

 

Fig. 9 and Fig. 10 show that for lower spectrum of trajectory 

frequencies (beneath 4.0 rad/s) the tracking errors are 

decreased and the tracking performance is generally 

satisfactory. The control of a robot arm is complicated task due 

to the complexity of its equations of motion, however, the used 

LOC control strategy is found to make the arm follows the 

specified trajectories with minimum tracking errors through 

simplify the equations of motion using linearization and 

discretization techniques. Also, simulation results show that 

the robot arm case study successfully tracks the specified 

trajectories with high velocities by using the designed LOC 

controller and the computational strategy even when 

parameter disturbances and inaccuracies exist. 

5 CONCLUSION 

This paper presents the development of the local optimal 

controller LOC control strategy to achieve improved 

performance of fast robot arm through enhancement of the DC 

motor actuators' controller performance. The proposed control 

strategy involves using a tuning technique for digital PID 

controller designed to control multivariable system 

parameters. The LOC controller and online computational 

schemes are employed to drive robot arm to follow a specified 

trajectory defined using continuous time functions. The control 

technique proposed here is based on modifying LOC 

parameters for certain predefined values to accomplish the 

task. Based on the used piecewise linearized and discretized 

mathematical model for robot arms, a set of state difference 

linear equations is developed. By comparing the simulation 

results presented using the proposed control strategy to the 

simulation results using traditional adaptive controller, it is 

clear that the performance of robot manipulators to follow the 

predefined trajectory is improved using the LOC control 

strategy through reducing the error for different actuator's 

speeds. Also, simulation results show that the high velocity 

robot arm case study tracks the specified trajectories 

successfully by using the proposed control and computational 

strategy even when disturbances and inaccuracies exist. 
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