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Abstract

The used of DC motor in various applications hasnbiecreased due to the ease with which it sperdbea
controlled to give the desired performance chareties under various condition. PID controllerg avidely
used in DC motor speed control due to its simplectire and robustness to the modeling error, hewtheir
effectiveness is often limited due to the poor c@a (or tuning) of its parameters. To facilitatke
determination of the appropriate values of the patars of the PID controller for the control of Didtor at

any set point therefore required using approptiaténg method. This paper provides a better undedsng of

how PID controller is tuned using Ziegler-Nicholge® Response, Cohen-Coon Method and Chien—Hrones—
Reswick (CHR) method. Experimental results of Ptipteol of DC motor with load coupled by gear shdtst
CHR-PID tunings gives a much improved performaneer Ziegler-Nichols Step Response and Cohen-Coon
PID-tuning with settling time of 355sec., 112send 111 sec . respectively at each set point

Keywords: DC motor, Ziegler-Nichols Step Respon€@hen-Coon method and CHR method

1 Introduction

The used of DC motor in various applications suskstael rolling mills, electric trains, electrichieles,
electric cranes and robotic manipulators has beereased in the recent years due to the ease withvit
speed can be controlled to give the desired pedoom characteristics under various condition (Vhl&e
Khearia 2012). The purpose of DC motor speed ctetres to generate a signal representing the deledn
speed, and to drive the motor at that speed (Rduéi 2012). Although, proportional-integral-deriixa (P1D)
controllers are widely used in DC motor speed adrtue to its simple structure and robustnesseaibdeling
error, their effectiveness is often limited dudtie poor selection (or tuning) of its parametergined to satisfy
the design requirements as best as possible (Astrdtéigglund 1995). To facilitate the determinatiohthe
appropriate values of the parameters of the PICirobter for the DC motor under control at any seinp
therefore required using appropriate tuning meti@umhtroller tuning methods provide the controllargmeters
in the form of formulae or algorithms. They enstivat the obtained control system would be stabtevaould
meet given objectives.
There are several established techniques for tuhimdPID controller parameters (Aborisade & Adew2@i4).
Ziegler and Nichols proposed the well-known Prodesaction Curve technique and the Closed-Loop @gcli
method (Ziegler & Nichols 1942). These tuning meéthare very simple, but cannot guarantee to beyalwa
effective. Many variants of the traditional Ziegiichols PID tuning methods have been proposedj&iming
better and more acceptable control system respmased on the desirable control objectives sucleesept of
overshoot, integral of absolute value of the e(t8iE), settling time, manipulated variable behavard etc.
Some of these tuning methods have considered amdyad these objectives as a criterion for theirirtgn
algorithm and some of them have developed theordlgn by considering more than one of the mentibne
criterion.

Even though PID tuning method using Cohen-Coot@8get al. 1989) and Chien—Hrones—Reswick (Neil
2002) techniques have been extensively studied éyymesearchers, the details on how the technigues
implemented in DC motor speed control are stillueagrhis paper is intended to provide a better tstdiding
of how PID controller is tuned using Cohen-Coon et and CHR approach. The paper also compares the
transient performance of the DC motor using CohenrCMethod and CHR techniques with Ziegler-Nichols
method.

This paper is organized as follows. Section 2 gjigebrief introduction of the DC motor and its miode
concepts if external load is into it through a gamn. Section 3 describes the implementation alfi€h-Coon,
CHR and Ziegler-Nichols techniques to tune PID oulgr. The simulation resultsising MATLAB are
presented in detail in Section 4 and Section 5lodes the paper.

2. Model of a DC Motor with Load Coupled by Gears
DC motor drives are used for many speed and pasttontrol systems where their excellent performreanc
ease of control and high efficiency are desiralilaracteristics. Essentially, a DC motor consista sfator, a
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rotor and a commutator. The stator is the housfrigemotor and contains magnet, bearing and dte.rdtor is
the rotating part of the motor, which contains & ebwire through which current flows. The coil wfire in the
rotor connects to the commutator and receives sutheough brushes. The commutator ensures thatutrent
flows in the proper direction while the rotor turns

Traditionally, DC motors was considered to be @dalde speed motor and are currently used in many
industries because of its torque speed charadtsristat can be varied over a wide range whileimgtg high
efficiency. One of the major challenges of DC msti@rthe control of its speed. DC motor contrajémerally
realized by adjusting the terminal voltage appledhe armature but other methods such as adjuitmdield
resistance, inserting a resistor in series withattmeature circuit are also available (Chapman 2005)

A common actuator that provides rotary motionantcol systems is the DC motor (Ogata 1990, Kual)99
The electric circuit of the DC motor with exterrlabhd coupled to the motor spindle through a geaintrs
shown in Figure 1. The magnetic flyx between the stator and the rotor is given byitreal relation

p=kily =g 1)
where k; is a constant and; is the stator current. The torqdg, developed by the motor is given by the
relation:
T =Knia® 2)
whereKk,,is the armature coil constant angis a constant armature current.
Substituting (1) into (2), the torque now has thef

T =Kala (3)
wherek, =k; Kyl ¢ .

AR
T D
JL D1

Figure 1: Equivalent model of a DC motor with ert#rload coupled by gears (Claudio & John 2011)

The Kirchhoff’s law of voltages for the rotor netekds

di .
VazLaf*'Rala-"Vb (4)
The voltageV,, is proportional to the motor speed, i.e.,
— dgm _
Vb = kb T = kbwm (5)

where kb is the back emf constanf,,,is the angular position or displacement, anglis the angular velocity of

the motor. Applying the Laplace transform to (4jhazero initial conditions, the armature current is
_ Va-Vy _Va- kpSOm

I, = = 6
® L,s+R, Lys+R, ©)
Since, the shaft torqu€,, is used for driving load against the inertial aridtional torque, therefore,
d?6, dé, :
Tm:‘]msz"'Bmd_tm:kala (1)

where J,,is the torque inertial an@,, is the coefficient of friction. Apply the Laplaceahsform to (7) to yield
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= 38O + B9y, @®)
Ka

where all initial conditions are assumed zero. Afi@me algebraic manipulations the following trangtinction

is derived

On s ©)

Va [(LaS+ Ra)(‘]m8+ Bm)-"kakb]S

Considering the effect of the load coupled by géathie motor spindle, the block diagram showniguFe 2 is
drawn:

n H - shs+ B

TN s |G

)y, 1 .'I ? i ' ot b ] - .
]-u-‘ + R-: _"|:Ar '—N\)_. "’m-" + Bm T _’. g I o

b

&

Figure 2: Equivalent block diagram of a DC motothaéxternal load coupled by gear (Claudio & Johh130

The transfer function that relates the unloadedomimrque T, with the load positior®, is:
n
ﬂ — (‘]mS+ Bm)s
T n
0 1+m hs(J s+By)

_ n
[ +n230) s+ (B +0%By )]s

where

(10)

== (11)

n, : Number of teeth of the input (motor)

n, : Number of teeth of the output gear (load)
J.  :Inertial momentum of the load

B, :Viscous friction of the load

n2J, : Inertial momentum of the load referred to the enatpindle
n?B, : Viscous friction of the load referred to the muspindle
Jo=d,+n%J,

B, =B, +n°B,

where J is the total inertial momentum of the motor spindieile B is the total viscous friction of the motor

spindle. By putting (12) in (10), the new transfienction relating the unloaded motor torqiigwith the load
position ©, is computed as

O_ n
To (JoS+Bg)s
The complete equivalent block diagram of the sysgesmown in Figure 3

(12)

(13)
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Figure 3: Equivalent block diagram of a DC motothwéxternal loadGlaudio & John 2011)

The associated transfer function of the equivabdatk diagram of the system shown in Figure 3 impoted as
o, _ kan

G(s)=—t= (14)
Va  [(Las+Ry)(Jos+ Bp) +KaKy]s

With the parameters of the DC motor shown in Tdhlthe transfer function describing the dynamicawédr of
the DC motor become

9 _ 0256
V, 002697%° +249665° +1.6338%5

G(s) = (15)

Table 1. Parameters of DC Motor with external loadcoupled by gears

Parameter Value
RatedmotorspeedN 1750rpm
Ratedterminalvoltage 240V

R, 11.20Q

L, 0121H

Im 0.222kg - m?

Bm 0.0030N -m - sec/rad
Ju 0.022kg- m?

B 0.0005N -m - sec/rad
Ka 1.28N - m/amp

K 1.25V - sec/rad

n/n, 15

3. PID Tunings Technique

The Proportional-plus-Integral-plus-Derivative [Pl controllers have found wide acceptance and
applications in the industries for the past fewatkss. It has a simple control structure which wateustood by
plant operators and which they found relativelyyeastune. In spite of the simple structures, Ptidteollers are
proven to be sufficient for many practical contppbblems and hence are particularly appealing éxtiming
engineers. A typical structure of a PID controlteys is shown in Figure 4, where it can be seenithatPID
controller, the error signad(t) is used to generate the proportional, integral, dedvative actions, with the
resulting signals weighted and summed to form twrol signalu(t) applied to the plant model.
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> 0.02697s° +2.4966:52 +1.6338:s >
r(t) _ y(t)
Figure 4: PID control structure
A mathematical description of the PID controller i
t
1 de(t)
ut)=k |et)+—|en)dr+T, —= j16

where u(t) is the input signal applied to the motor model Ibbain the output signay(t) , the error signak(t) is
defined ase(t) =r(t) — y(t) , andr(t) is the reference input signal.

An abundant amount of research work has been tegpar the past on the tuning of PID controllerstHis
study the following methods for tuning are used.

3.1 The Ziegler Nichol'sStep Response
A simple method of computing the parameters of B Bbntroller developed by Ziegler and Nichols and
published in 1942 is known as Ziegler-Nichols stepponse method. This method is applied to the bpmm
step response of the load coupled DC motor disglatyé-igure 4. This response is approximated bytritnesfer
function given by a first-order plus dead time (FOP given by (Nagrath & Gopal 2002):
_ b s

G(s) s (17)
where L is the apparent time delay afdis the apparent time constant, which are determmedrawing a
tangent line at the inflection point of the curveldinding the intersections of the tangent linéghwthe time axis
and the steady-state level line.

The PID parameters of the Ziegler-Nichols steppoese method is determine as given in Table 2 where

ais computed as (Astrom & Wittenmark 1995).

a=bL/T (18)
Table 2: Ziegler-Nichols step response method
Controller Parameter kp '|'I Td
PID Controller 12/ a 2L L/2
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Figure 4: Open loop step response of the load coupled DC motor

3.2 Cohen-Coon Method
Cohen-Coon method is another version of the Zigglehols PID tuning method. This method is alsodubsn
a delayed first order rise, and the method of tyrire PID gains to achieve good response morets@ngian
the Ziegler-Nichols method. Referring to the FOP@®del (17), denot@=KL/T and7=L/(L+T), the
controller parameters with this method is desigmgthe direct use of Table 3.

Table 3: Cohen-Coon method

Controller Parameter kp Ti T d
PID Controller 135 1+ 018r 25-2r L 0.37-0.371 L
a 1-71 1-0.39r 1-0.81r

3.3 Chien—Hrones—Reswick (CHR) Method
Chien-Hrones-Reswick (CHR) method is also anothedified version of the Ziegler-Nichols method
(Neil 2002). This method, developed in 1952 by @GHirones-Reswick provides a better way to select a
compensator for process control applications. Ceatpavith the traditional Ziegler-Nichols tuning foula, the
CHR method uses the time constdnbf the plant explicitly. The CHR-PID controller tmg formulas are
summarized in Table 4 for set-point regulation.
Table 4: CHR tuning formulae for set-point regulation

PID Controller with 0% overshoot with 20% overshoot
kIo 'I'I Td kp Ti Td

06/a| T 05L | 095/a| 14T 047L

4. Experimental Results

The simulink model of the PID control of the loadupled DC motor is shown in Figure 5. In the
experiment to evaluate the performance of PID obttming technique, the parameters of Ziegler-NistStep
Response, Cohen-Coon and CHR methods are calcultdede able to define PID parameters of the three
analyzed tuning methods, open loop step responedbad coupled DC motor was examined. Figurboivs

the simulation result of the open loop step respasfsthe load coupled DC motor through whithand T
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values used in calculating the PID parametershieitiiree tuning methods are generated.

The three tuning methods are implemented usingade®IMULINK. Experimental results of PID control of
DC motor with load coupled by gear using Ziegleciils Step Response, Cohen-Coon and CHR tuning
methods at three different set points are giveRigure 6, 7, 8 and 9 respectively. First set p@&nt600 rpm,
second set point is 1750 rpm and the third settpsit900 rpm. The second set point change ocau2é30"
second and the third set point change occurs &@5&cond.

Comparisons of the percentage overshoot andrgetitne for each tuning method at various set jgoémée
presented in Table 5. As seen in the figure antktébs clear that CHR-PID-tunings gives a muclpioved
performance with smallest settling time of 355sdd2sec., and 111 sec respectively at each set fi@n
Ziegler-Nichols Step Response and Cohen-Coon Pridwu

5. Conclusion

In this paper the speed of a DC motor with loadpted by gears is controlled using PID controller.
Regarding to the tuning of PID controller modifigggler-Nichols methods has been presented. Theskoahs
are implemented using MATLAB/SIMULINK simulation.rém the obtained results shown in Figure 9 and
Table 5 it is concluded that CHR based tuning @ Bbontroller outperformed the Ziegler-Nichols andh@&n-
Coon tuning methods at each set-point. The perfocmaf CHR-PID based tuning is at the cost of éiss|
settling-time to reach desired value.

Overall Transfer Function

| simout
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e u > » — To Workspace
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Figure 5: Open loop step response of the load cogal DC motor

Table 5: Comparison of results at various set poiist

Set Point Maximum Overshoot (%) Rise Time (sec.) ttlisg Time (sec.)
1600 1750 1900 1600 1750 1900 1600 1750 1900
(rpm) (rpm) (rpm)
Ziegler-Nichols | 8.80 8.80 8.80 142 173 58 428 229 209
Cohen-Coon 13.81 13.81 13.81 89 224 44 355 195 164
CHR Method 747 7.47 7.47 181 11 61 329 112 111
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Figure 6: Experimental result of PID control for Ziegler-Nichols Step Response
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Figure 7: Experimental result of PID control for Cohen-Coon tuning method
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Chien-Hrones-Reswick
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Figure 8: Experimental result of PID control for CHR tuning method
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Figure 9: Comparison of PID control of all Tuning Methods
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