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In this paper, a novel controller based on the Integral Siding Mode
Controller (ISVIC) is proposed and designed for controlling DC motor in a
servo drive. The modeling and analysis of the servo DC motor are
obtained. To improve the controller performance in steady state (zero
error), the integral diding mode controller (ISMC) is designed and
evaluated. Since the main drawback of SMC is a phenomenon, that called
chattering resulting from discontinuous controllers.  An ISMC with
switched gains is used for chattering reduction and controller robustness.
For comparison, the proposed 1SMC with switched gains is compared with
that of a PID controller. Experimental verification and simulations have
been carried out in order to validate the effectiveness of the proposed
scheme. The proposed controller offers very good tracking, also it is highly
robust and controlled plant reached very fast to the final position.
Furthermore the application of the SV ensures reduction of the system
order by one and quick recovery from matched disturbance in addition to
good tracking. Moreover, this scheme is robust against the parameters
variations.

KEYWORDS: Servo DC motor, integral sliding mode controlDPI
controller.

1. INTRODUCTION

Recently, DC servo motors have been widely usednaactuator for motion control
and direct-drive applications. Examples are as troband actuator for automation
process, mechanical motion and others. This isusecthe well controllability features
of the DC servo motors and they have adaptabdityarious types of control methods.
The DC servo motors have been extensively applymgnany servomechanisms.
Therefore, it is very important to study about ghasition control of the DC servo
motors. Generally, the DC servo motor systems hameertain and nonlinear
characteristics which degrade performance of ctletso Based on these reasons,
Sliding Mode Control (SMC) is one of the populamtol strategies and powerful
control technology to deal with the nonlinear utaiarsystem [1]
AC and DC servomotors [2,3] are in use in many iappbns. Particularly,

DC ones are used in computer peripherals and robotpulators and are characterized
by: ability to produce full continuous torque, aatiied braking is relatively simple
and low cost as compared with similar AC drivekigh powers. Sliding mode control
theory was introduced for the first time in the ot of the variable structure systems
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(VSS). It has become so popular that now it remprssthis class of control systems.
Even though, in its early stages of developmerd, IMC theory was overlooked
because of the development in the famous linearalaiheory. Recently, the variable
structure control strategy using the sliding-mode been focused on many studies and
research for the control of the DC servo drive ayst{4-8]. The sliding-mode control
can offer many good properties, such as good pedoce against unmodeled
dynamics, insensitivity to parameter variationdeaxal disturbance rejection and fast
dynamic respons@]. These advantages of the sliding-mode control beagmployed

in the position and speed control of a DC serveesys

The design of SMC consists of two main steps. lijirene can select a sliding
surface that models the desired closed loop pedoce Secondly, a control law is
designed such that the system state trajectoryréed toward the sliding surface. The
system state trajectory in the period of time befeaching the sliding surface is called
the reaching phase. The system dynamics in théireaphase is still influenced by
uncertainties. Ideally, the switching of the cohtstiould occur at infinitely high
frequency to eliminate the deviation from slidingmifold. In practice, the switching
frequency is not infinitely high due to the finigwitching time. Thus, undesirable
chattering appears in the control effort. Chattgrie highly undesirable because it
excites un-modeled high frequency plant dynamicd #ms can cause unforeseen
instability [9]. Different studies tried to solvéi$ problem by combining fuzzy or
neural controller with the sliding mode [10,11].

In this paper, the position control of the DC motiorservo drive has been
developed based on SM approach. A novel schemg ursiegral sliding mode (ISM)
controller with switched gains has been investigat€éhe system responses are
compared when PID controller is applied to the esystA PID controller is selected
because the cost of implementation is inexpensideiawidely used in industry. SMC
methods yield nonlinear controllers which are rébagainst un-modeled dynamics
and, internal and external perturbations. An expents and computer simulations are
performed to show the validity of the proposed ayst The results obtained with
ISMC with changed gains are compared with the ticathl SMC and PID controller.
The advantages and limitations of each methodiaceissed.

In this study, the integral control based on slideurface has been adopted to
control the motion of a DC servo motor to achietie tesired position tracking
performance. The goal of this study of the servéomsystem is to achieve robustness
against system parameter variations and any extedismrbances. This study will
present the system description and the proposettotdechnique design. Stability
analysis of the proposed integral control technigas derived in stability analysis [1].
The comparisons of the proposed ISMC technique witonventional PID and SMC
controllers that demonstrated faster response, nuimgstness to parameter variations
and external disturbances than the other contsotteait will be presented in results.,
then conclusion will be given.

2. PLANT DESCRIPTIN

The plant consists of a DC motor with an inert@d. The DC motor is separately
excited and armature controlled, whose schematigrdin is shown in Fig.1. In this
section design of controller to control the motmad angle speed is proposed. The
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system parameters are shown in appendix. A blaadgrdim of the DC servomotor with

automatic voltage regulator (AVR) is shown in Fig.2

Clontroller

Fig.1: DC Servomotor circuit diagram

The state equations that describe the DC servorbetuavior [2,12] are:
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Fig. 2: Block diagram of the DC motor with AVR.

3. INTEGRAL SLIDING MODE CONTROLLER

In this section, first the design of the SM corlgpbls described and later, based on the
analysis and interpretation of the controller blai&gram we introduce the proposed
ISM controller is introduced.

The sliding surfaces is defined as:

c=é+Cl=(@, -0)C+6, ~w )
where

6, the position reference

C a positive constant

From the second theorem of Lyapunov, the stalibitydition can be written as:
1 _do? .
E % = O-L_ﬂ‘T < _K |0|

Where:%ﬂf2 > 0(positive definite) is a Lyapunov function and Kasitive constant.

(8)

The control voltage command is calculated by stiistg o and ¢ in equation (8) as
follows [2,13]:

Ry Jo | . [BR,+K2 .1 .
u=—2-m Hr+Cmr+(M—CJ0+J—TL+KE§gn(o—) )

m avrm m

A block diagram of this conventional SM controlieishown in Fig.3.
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Fig. 3: Block diagram of the conventional SM coli&no

The problem with this conventional controller igtlit has large chattering in
the control output and the drive is very noisy.tRarmore, because of chattering, it is
difficult to achieve small enough positioning eriior steady state [13]. To reduce
chattering the sign function (infinite gain) of tbenventional SM is substituted with a
finite gain K within a small boundary. This affecsntroller's robustness too, but still
the controller will remain robust enough if gainig<chosen large enough. An infinite
or very large gain K increases chattering becabsebandwidth of the automatic
voltage regulator (AVR) is not infinite. We assunadideal AVR and did not include
it in the plant model, but this assumption holddasy as the bandwidth of the outer
control loops does not exceed that of AVR. Thed#la of a finite K gain affects the
sliding surface. By choosing a finite, appropriatédue for K the chattering is greatly
reduced [13]. The constant C basically determihesspeed of response. It is the only
parameter, which determines the dynamic of theesysh SM. The choice of the
constant C is also bounded from the AVR bandwidil the encoder noise. Large
values of constant C tend to faster response, fbtitei bandwidth of the AVR is
exceeded this will lead in chattering and it witeriorate the controller performance.

To reduce greatly the steady state error an intégwek is added, which forces
the system in steady state toward a zero errotipogig. This integral block tends to
slow down the transient response of the contralesysFor this reason it is switched
on only when the system approaches the final positbn one hand the sliding mode
tracks the reference very fast ensuring a very Istnatking error till the final
positioning is reached and on the other hand ttegjial block, taking advantage of the
small initial error, reduces it to zero very faBhe gain K is switched to a larger value
K1 right before the position command reaches tlserelé final value. The condition of
switching is detected when speed and acceleratgrals of the position command
have opposite signs. This gain is returned to riévipus value immediately after the
final position is reached. This ensures a fast @nedise stop of the servo. If a large
gain will be applied all the time, chattering irettorque command will be inevitable.
So, we have designed a controller, which has a geod tracking and reaches very
fast the final position. The controller is alsoyweobust to the outside disturbances or
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parameter uncertainties. A block diagram of the GGWith switched gains is shown in
Fig. 4.
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Fig. 4: Block diagram of the proposed ISM contnoligth switched gains

A Sliding Mode Controller is a Variable Structurer@roller (VSC). Basically,
a VSC includes several different continuous funiohat can map plant state to a
control. Surface and the switching among diffefaimictions are determined by plant
state that is represented by a switching functiithout lost of generality, consider
the design of a sliding mode controller for thédwaing second order system[18]
The position error is introduced:

e(k) = 6,4 (k) - 6(k) (10)
Where;
6.4 (k), 8(k) are the respective responses of the desired refeteack and actual
rotor position, at the K the sampling interval ae¢k)is the position error. The sliding
surface (s) is defined with the tracking errorge) its integra(J. edt) 0 and rate of
change (e)

S=e+ e+, j edt an

Where

A;,A,)0 are a strictly positive real constant. The basiotiol law of Sliding Mode
Controller

Where K is a is given bytJ = —K sgn(s) constant parameter, sign (-) is the sign
function and S is the switching function.
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4. PID CONTROLLER

PID controllers are dominant and popular and, lmeen widely used because one can
obtain the desired system responses and it camot@ntvide class of systems. This
may lead to the thought that the PID controllesg giolutions to all requirements, but
unfortunately, this is not always true [14]. Altative tuning methods have been
recently presented including disturbance reductmagnitude optimum [15,16], pole
placement and optimization methods [16,17].

In this work, the PID optimal tuning method usedasnd in [17]. Where, the
parameters of PID controller satisfying the constsacorrespond to a given domain in
a plane. The design plot enables identificatiothef PID controller for desired robust
conditions, and in particular, gives the PID colro for lowest sensitivity. By
applying this method, trade-off among high frequesensor noise, low frequency
sensitivity, gain and phase margin constraintsatse directly available.

The transfer function of a PID controller is givien

K(s) =K, @1+

— 4T
Ts' S) (12)

wherek,, % and K, T, represent the proportional, integral and deriagains
|

of the controller respectively. Defing ___ 1,y .-

TITD
frequency and the damping coefficient, respectivélyen the PID transfer function
can be written as:

W +2{w,s+s?
2{w,s (13)

1 /T, as the controller's natural
2\/TD

K(s) = Kp

5. RESULTS AND DISCUSSION

The purpose of this part showing the powerful amioustness of the proposed SMC
approaches as applied to a DC servo system. SMQSMC schemes are applied to
control the position of the DC servomotor. Alsogitil simulation and experimental
setup verification are utilized to evaluate the glo@he parameters of the DC motor
are shown in table 2 in the appendix.

5.1. Digital Simulation Results

Figure 5 shows the position and speed time resgahse to step change in the desired
position angle €) using SMC and PID controllers. It is seen thaplging a PID
controller which its parameters has been tunedguia optimization method to the
system when, there is no disturbance, the outpuptsiely tracks the desired position,
but with the traditional SMC, the position achievedslightly lower than the desired
value. However, the settling time for SMC is 1e8<lR sec.) than the PID (0.47 sec.).
To remove this obstacle the ISMC is applied togistem. Fig. 6 shows the position
and speed time responses using a PID controlletrandlassical SMC with matched
disturbance, which shown in figure (6a). SMC iseimsitive against the (matched)
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disturbance and the desired position is obtained @vthe presence of disturbance. A
well-tuned PID controller may reduce the effecttiog disturbance on the system.
However, by applying PID controller, it is impodsibto reject the oscillations
completely. The simulation results for ISMC whearthis a random disturbance in the
system is shown in Fig.7. The result shows the tegasition is obtained (without
steady state error) when ISMC is applied, and tistudbance doesn’t affect the
position. But when a PID controller is applied, thesition and speed of the servo
drive does not reach to steady state but makelatgmil around the desired position.
Appropriate PID can reduce this oscillation bus itmpossible to reject the disturbance
effect completely. Fig. 8 depicts the time respook¢he proposed ISMC and PID
driven DC servo motor with disturbance and parametkanges. It should be seen that
the system is robustly stable in spite of paramsetariations. Moreover, the settling
time and the overshoots calculation for positioglarand rotor speed is depicted in
Table 1.

pos. (tad)
(72}
Z
0

% ......................................... .
&
] ..
% .......
=]
E
-20 1 i 1 1
n.z2 0.4 0.6 0.a 1
titnie (sec.)
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Fig. 5: Time response of the SMC and optimizatioret! PID driven DC servo motor
(a- Rotor Position in Rad. , b- Rotor Speed in Bad/)



EXPERIMENTAL SET UP VERIFICATION OF SERVO DC MOTOR ... 1103

1

OSf- e S TR L L -

distuthance level

L
=
=8
2]
[}
=,
A i i
o o2 0.4 0s o= 1
tithie [sec)
(b)
E L"» ------------------------------ -
z : :
= - |
= :
= :
=0 i i
o o=z o 4 O & o= 1
titne (=e=c0
(©)

Fig. 6: Time response of the proposed SMC drivensB¥o motor with matched
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Rad/Sec.)
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Fig. 8: Time response of the proposed ISMC and Btiven DC servo motor with
matched disturbance and parameters changes @-Raugition in Rad. , b- Rotor
Speed in Rad/Sec.)

Since our concerns are also in robust stabilityirsgavarious model
uncertainties, some system parameters have beageaghian the following ways:
1. The moment of inertia is decreased by 10% to be-3.Rg n.
2. the armature rotor resistance, is increased by 2086 0.38 ohm.
3. The armature rotor inductance is increased by Ibbet9.2e-5 H.

5.2. Experimental Results

Configuration of studied system is illustrated iig.B. The DC machine parameters
used in the experiments are shown in appendix. ldrdware of the drive system
consists of a four-quadratic MOSFET based choppkee SMC and the switching
controller are implemented related to Figs 3 anth& experimental setup is shown in
Fig.10. Moreover, Fig. 11 shows the experimentaktresponse of DC motor position
based on SM controller. This figure shows the pmsitesponse has a chattering and
steady state error. To improve the system resp@mséSMC is used instead of SMC
but the response still has chattering as shownign B, which shows the system
response has zero steady state error. Fig.13 dehietsystem time response with the
proposed ISMC with gain changed. This figure shtiwes system response has zero
steady state error and without chattering and #&lsodisturbance doesn't affect the
position. While the external disturbance affect gusition when PID controller is
used as shown in Fig.14.
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Fig. 9: DC motor drive system configuration

Fig. 10: Experimental setup
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Fig. 11: Experimental time response of the SMCeiriloC servo motor
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Fig. 13: Experimental time response of the ISMChwgi&in changed driven DC servo
motor
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Fig. 14: Experimental time response of the PID aal@r driven DC servo motor with
external disturbance.

Table 1. Settling time and over shoots calculation based on control method

techniques.
PID SM |SM
Case Parameters
control | control control
Settling time 0.3 Sec.
Position >>1 Sec. 0.2 Sec.
(Sec.) +S.S.E
angle
Overshoots (rad.) 3 rad. 2.9 radg. 2.9radg.
Settling time
>>1 Sec.| 0.23 Seq. 0.2 Seq
(Sec.)
Rotor speed
Overshoots 25 42 42
(rad./Sec.) rad/Sec. | rad./Sec.| rad./Sec.

6. CONCLUSIONS

In this work, SMC, ISMC with switched gains and Plontrollers have been
considered for controlling the position of DC mofar servo drive. A comparison
method has been included to show the relative ddgas and limitations of each
method. PID controllers are suitable if there isdiurbance in the system. However,
the settling time is longer and contains the chatgewhen the SMC is applied to the
system. Using an ISMC the desired position is oleti Moreover disturbances don’t
affect the system in the sliding mode. A novel sebeusing Integral sliding mode
(ISM) controller with switched gains has been iriggged and evaluated in terms of
less settling time with no steady state error dad ao chattering. Experimental set up

verification of the system is implemented to eviduhe effective of proposed SMC ,
ISMC and conventional PID controller.
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APPENDIX
Table 2. Parameter of the DC motor

Parameters Values

Ra 0.316 ohm

La 0.00008 H

Km 0.0302 Nm/A

Kv 60/317 Vs

Va 24V

Jm 1.34e-5 Kgm2
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