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ABSTRACT

This work deals with the design of Commande Robuste d’Ordre Non Entier (CRONE) control strategy for the
speed control of DC motor. The systematic design of three generations of CRONE control strategy is detailed. The transfer
function of DC motor is derived analytically and represented as a second order model. Using this model the three
generations of CRONE control strategies is designed and tested in simulation. The servo and regulatory responses of all the
three generations of CRONE control strategy is compared and the result is reported in terms of error indices. The
simulation results show that the third generation CRONE control strategy is more effective and gives superior performance

over the other.

Keywords: DC motor, crone controller, non-integer order robust controller, integro-differentiation, black nichols locus.

1. INTRODUCTION

For the past several decades, many researchers
contributed the findings towards the design and
development of controllers. Most of the controllers
designed are integer order and is developed from the time
domain point of view. At the same time research activities
towards the design of non-integer order and frequency
domain based controllers was also given importance.

In this respect Manabe (1960) [1] introduced the
concept of non-integer order [2, 3] integral controller
based on the idea of having a constant phase margin
around the gain crossover frequency (Bode’s [4] ideal loop
transfer function). Extending this idea, Oustaloup [5, 6]
studied the fractional order control algorithms for the
control of dynamic systems. Further he proposed a
frequency domain based Commande Robuste d’Ordre Non
Entier (CRONE) control strategy (1991).

The CRONE [7, 8, 9, 10] control system, the
controller transfer function is defined using integro-
differentiation with non-integer (fractional) order. By
doing so, a flexible tuning and numerous choices of
controller type is possible. Avoiding over estimation of
plant disturbance leads CRONE to be a non-conservative
robust control system. The control of continues and
discrete time SISO and MIMO systems is also possible
with CRONE strategy. The CRONE control strategy is
classified into three generations are namely First, Second
and Third CRONE controllers.

In this work, the three generations of CRONE
control strategy is discussed. In this work, an attempt is
made to evaluate the performance of first, second and third
generation CRONE control strategies. The performance
evaluation is carried out by implementing the three
generations of CRONE controller to control the speed of
DC motor. The implementation is done in MATLAB /
Simulink platform assisted by CRONE Control System
Design (CSD) toolbox [11, 12].

The paper is organized as follows: Section 2
provides the design methodology for the three different
CRONE control generations. The obtaining of DC motor
[13, 14] transfer function model using analytical approach
is considered in Section 3. Section 4 deals with simulation
results of all the three generations of CRONE controller.
In section 5 controller performance results is discussed.
Finally, the concluding remarks are given in Section 6.

2. CRONE CONTROL STRATEGY

2.1. First generation CRONE control strategy

The block diagram of first generation CRONE
control system [7, 15] is shown in Figure-1, here e (t) is
the input reference signal, y (t) is the plant output, u (t) is
the controller output, dy (t) is the disturbances, G(s) is the
plant transfer function, and C(s) is the CRONE controller.

dy(2)
W)

—»

Figure-1. Block diagram of first generation CRONE
control system.

The first generation CRONE controller is defined
within a frequency range [0a, g] around the desired open
loop gain cross over frequency . The ideal fractional
order transfer function of first generation CRONE
controller is defined as:

C(s)=Cqs", with N and Coe# (1)
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Here 'n’ corresponds to fractional order integro -
differentiator.

The Bode plot of first generation CRONE
controller is shown in Figure-2. From the figure it is
observed that the controller ensures a constant phase
(nm/2) around the open loop gain crossover frequency .

4 Ce(0) |8
logw
J.arg(g.} ()
| nm/2
0 ICA wy log®

Figure-2. Bode plot of first generation CRONE controller.

The ideal fractional order transfer function C(s)
can also be defined by a band-limited transfer function
using corner frequencies ®; and oy,

1+s/m)

n
, @ [ d 0
1+3/60hj @ [l opand oh L 0B )

C(s):CO[

The recursive distribution of real negative zeros
and poles converts the fractional order band-limited
transfer function into achievable rational order transfer
function and is represented as:

N (1+s/a'
CR($)=Co [ |——
i 1+5s/ wj

i=1 3)
Where
@4l _ it —an 01 &)
@'j j
o, ia_,
o and @i )
1
RIYAY
= o
(6)
Where
o =[an) and n= (ﬂcm)l_”;
m':=m;:;r”2 i mN=th;r_”2 -

To avoid phase undulations, it is convenient to
choose a value of N which ensures a value of an close to
5. To achieve desired control effort and to avoid steady
state errors, the fractional (or) rational transfer function of
first generation CRONE controller is cascaded with a band
limited integrator of order n; and a low pass filter of order
ng. After cascading, the complete fractional order first
generation CRONE controller transfer function is given
by:

N

1
1+s/m 7o Yir

" a V(145 @
C(s) = %H 3

I+s/ay

AN

®)

Here the conditions o; [ @ [J o [ o, [ op and
the integer orders n; and ng = 1 must be satisfied to reject
the input disturbance and to avoid the amplification of the
high frequency measurement noise.

The robustness of the first generation CRONE
controller is guaranteed only when the plant transfer
function has a constant phase or atleast in a frequency
range around the desired open loop gain crossover
frequency .. Sometimes due to control effort limitations,
it is impossible to select the desired open loop gain cross
over frequency w., within the asymptotic frequency band
of the plant. This constraint made the author to develop the
second generation CRONE controller.

2.2. Second generation CRONE control strategy

The block diagram of the second generation
CRONE controller [8] is shown in Figure-3. In this
strategy, a open loop fractional integrator transfer function
B(s) is introduced and it is represented as:

Cl)cg

n
B(8)=C()*G(s) = {TJ nefl2]
©

dy(f)

wr)
—

Figure-3. Block diagram of second generation CRONE
controller.

The open loop fractional integrator transfer
function B(s) is plotted in black nichols plane within the
frequency range [wa, ®g] as shown in Figure-4. The
nichols locus B(s) forms a vertical straight line called
frequency template, whose phase location is determined
by order ’n’ around the open loop gain crossover
frequency g,

The change in plant parameters displaces the
frequency template P(s) vertically by providing a constant
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phase around the desired open loop gain crossover
frequency ®,. This ensures the robustness of second
generation CRONE controller.

I ( I gl
" | X, |
|
| |
I O | 0dB .
T -nU3 -T2 0 arg /BEJ @)
| M, !
— |
| kW |
Vo)

Figure-4. Nichols locus B(s) or Frequency template.

The complete open loop fractional integrator
transfer function is represented as:

n, n
,B(s):K[wTIHJ [“S/”hJ : ! (10)

1+s/ol ) (1+s/wp )"

Where o; [ o [ o¢ [ o [ o In addition, the integer
orders n; and ng are selected based on the plant magnitude
asymptotic behaviour at low and high frequencies.

The fractional order second generation CRONE
controller C(s) is defined from the equation (9) and is
represented as:

C(s)=% (11)

The recursive distribution of poles and zeros of
the complete open loop fractional integrator transfer
function B(s) results in rational order open loop fractional
integrator transfer function Bg(s). From this the achievable
rational order Second generation CRONE controller C(s)
is obtained as:

CR(S):ﬂGRTS) (12)

Both the first and second generation CRONE
controllers aim at being robust to plant gain variations.
However other types of model uncertainty, like pole and
zero misplacement are not taken into account. This
motivated the author towards the development of third
generation CRONE controller.

2.3. Third generation CRONE control strategy
The drawbacks of first and second generation
CRONE controllers are overcome by the third generation

CRONE controller [9] through handling of more general
uncertainties than just gain-like perturbations. The design
of third generation CRONE control strategy consists of
different stages namely generalized template, optimal
template and optimization of open loop behaviour.

2.3.1. Generalized template

The vertical straight line Nichols locus in the
Nichols plane is previously defined in the second
generation CRONE control strategy is replaced with any
angle straight line segment called the generalized template
shown in Figure-5. The generalized template is defined by
a complex fractional order integration of fractional order
n, whose real part determines its phase location at
frequency wcg, that is - Re/; (n) n/2 and whose imaginary
part then determines its angle to the vertical.

A .
Aiw) g

0dB
/2 0

»
>

arg fi(jw)

Figure-5. Generalized template in Nichols plane.

The complex fractional order integral transfer
function is:

oo 2l

With a+ib € ¥ and s € ¥;,

Where are respectively time domain and
frequency domain complex planes? Expanding the above
equations provides.

B(S) :[cosh(b;DSign(b) [ng]a[cos{bln[a}zgj]]_Sign(b) (14)

From the derivatives of the B (jo) magnitude and
phase at frequency o, the angle of the generalized
template to the vertical can be expressed as a function of a
and b:

d(]ﬂ(ia’)|db) __—20asign(b)
d(phasef(i®) 1, 10yp anh(o %)
2

(15)
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Where the transfer function of the generalized
template is band-limited, then the equation is replaced by a
more general expression.

n a
+1] a01+s/wh
1+s/a|

ibJ_qsign (b)

B(s) = cSign (b)[ﬂ
) (16)

S

. [Re/i[ao”/”hj L
(HE)

1+s/m|

Where

C = cosh [b[tan -1 [ﬂ] ~tan ! [“’Cg]j] (17)
o oh

(18)

‘b‘<min 51 E[ ) il (19)
n(a
0 21n(a0 wh]
o]

Therefore the third generation fractional order
CRONE cotroller is:

o= 0%

2.3.2 Optimal template

The CRONE control strategy deals with the
stability margins and performance, especially the closed
loop resonant peak M, in the Nichols magnitude contour
(M-contour). Let M4 be the resonant peak for the nominal
plant G, (jo). An indefinite number of open loop Nichols
loci can tangent (Figure-6) the M-contour for the nominal
parametric state of the plant. An optimal template is
selected from these, if it tangents the M,y M-contour
around resonant frequency (w,) for the nominal plant state
and if it minimizes the variations of the phase margin for
the perturbed plant states.

The cost function minimized by the optimal
template is described as:

(20)

J=Mprmax ~Mrq 1)

Figure-6. Infinite number of generalized template
tangents.

The optimal template showed in Figure-7(b)
positions the open - loop uncertainty domains correctly, so
that they overlap the low stability margin areas as little as
possible.

| My | My
I —‘:Ir;;l:-i-.‘;lr-'

' Mt

(0 dB, -|sn )

© C!B_ 180°)
1 -

Figure-7. Generalized template Nichols loci and
frequency uncertainty domains.

(a) Generalized template (GT) (b) Optimal template (OP)

GT: Mr maxa_ Mrd >>OT: Mr maxb_ Mrd.
2.3.3. Optimization of the open-loop behaviour

There are eight high level parameters are there in
open-loop transfer function B(s), they are n;, ny, a, b, o,
op, ®; and C. In which n; and n;, are fixed by the control
system designer. In order to obtain the tangency condition,
o; and C are mentioned. A nonlinear optimization
algorithm for the four independent parameters which
minimises the cost function J based on the resonant peak
variations and fulfils a set of shaping constraints on the
four usual sensitivity functions T(S), S(s), CS(s) and
GS(s). Synthesizing such a template through the
optimization of three independent parameters (a tangency
is imposed) from the four high-level parameters a, b, o
and oy, is the initial aim of the third generation Crone
control.

The optimization of the generalized template
consists in determining three optimal values from the
following four parameters (Figure-8):

=  Optimal real integration order a, which determines the
position of the template along the axis 0 dB;

= Optimal imaginary integration order b, which then
determines its angle to the vertical;
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=  Optimal corner frequencies ®, and ®,, which
determine its length.

ﬂiml 4B
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I
S —

!

s

=

(g

| |
ay, | |
| |
| |

Figure-8. Effect of parameters a, b, o, and o, on the
asymptotic Nichols locus.

The general form of third generation CRONE
controller is given by:

= Ais)
Cis) = Gs) @)
Where
. a
poy=csO( 2 )" e
ib —qgsign(b) (23)
x| Re/j 0101+S/wh _—
N5 sra 1s SN,
®h

The recursive distribution of real negative zeros
and poles converts the fractional order band-limited
transfer function into achievable rational order transfer
function and is represented as:

CR(s) = A Ris)

G5 24)
n . 2
nl—1[1+i ﬁl_i_@_i_si
CR(s) = Co =1 @z i=l ®Ni  o’ni 25
sNiw s 4 20pis §2
1+ [11+ + )
i=l @pi izl @mpi wZppi

Thus the design of third generation CRONE
controller overcomes the limitations faced by the first and
second generation CRONE controllers. In the following
sections the mathematical modelling of DC motor is
derived and performance of controllers is analysed.

3. SPEED CONTROL OF DC MOTOR

3.1. Process description

The DC motor is very popular in industry control
area for a long time, since it shows high start torque
characteristics compatible to most mechanical loads, high
response performance, easier to be linear etc. This makes
the motor controllable over a wide range of speeds. It can
be considered as Single Input Single Output System
(SISO). This paper focuses on the study of linear DC
motor speed control. Therefore a separately excited DC
motor is selected. The DC motor speed control setup [14]
is shown in Figure-9. It consists of a separately excited DC
motor with corrugated plate in the rotary shaft to transfer
speed in the form of pulses. Opto-coupler is acting as
sensor to measure the interval.

The DC motor speed is controlled by varying the
armature voltage with the help of a chopper circuit since it
is driven by PWM signals. The chopper circuit is used to
convert the pulse width modulated signal from the PC
through the card into the corresponding voltage. The V-
MAT card is used to interface motor circuit with PC. It
acts as a data acquisition card. Matlab® Simulink
environment is used to monitor and control the speed of
the motor from the PC.

RN

Data Acquisition Module |

Opto-Coupler
Sensar

Figure-9. DC motor speed control system.

3.2. DC motor mathematical model

There are many methods of DC motor speed
control exists, in this paper the speed of DC motor is
controlled by varying the armature voltage of the motor
coil. The armature voltage control method is purely based
on some fixed parametric values like flux and field current
in the control circuit. Thus the armature voltage controls
the motor velocity. The control equivalent circuit of the
DC motor by the armature voltage control method is
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shown in Figure-10. The mathematical model is derived
from the control circuit based on its input, output and
inherent parameters of the DC motor.

Because the back EMF e, is proportional to speed
o directly, then

do
ob (6) = Kp = Kpo) (26)

Making use of the KCL voltage law can get

ea () = Raia () +La dijt(t) ep() @7)

Fa
—+ —_—

Ea

Figure-10. Control circuit of the DC motor using the
armature voltage control.

R, = armature resistance, L, = armature inductance, i, =
armature current, iz = field current

o = angular velocity of motor, J = rotating inertial
measurement of motor bearing.

e, = input voltage, e, = back electromotive force (EMF),
T., = motor torque, B = damping coefficient

From Newton law, the motor torque can obtain

2
d<o¢) _deo .

+B—==KTig(t 28
2 o Tia(® (28)

Tm(®)=1J

Taking Laplace transform for the above given
equations, the equation can be formulated as follows:

Ep(s) = Kpa(s) (29)
Ea(s)=(Ra +Las)la(s)+Ep(s) (30)

T(5) = Ja(s) + Ba(s) = KETigls) G31)

The following Figure-11 describes the DC motor
armature control system functional block diagram.

E (s) + T LO [ | (=) 1 ()
Las+Ry 1T | Je+B -
Ev(3) I
LT

Figure-11. DC motor armature voltage control system
functional block diagram.

The transfer function of DC motor speed with
respect to the input voltage can be written as follows:

o(s) KT

o= o (Las+Rg JJs+B)+ KpKT

(32)

3.3. DC motor speed control transfer function
The following table provides the DC motor
control specification.

Table-1. DC Motor specifications

Moment of Inertia of the rotor J=0.03 kgm2
e R T
Ky=Kr=K K=0.1331
Electric resistance R=6Q
Electric inductance L=45mH

On substituting the values of the control system
parameters, the transfer function model is obtained as
follows:

o(s) 1.01

G(s) =2 = 2
a(®)  0.001025s% +1.367s+1

(33)

4. CRONE CONTROLLER DESIGN

4.1. MATLAB and CRONE control toolbox

The simulation results of CRONE control
strategy for speed control of DC motor are obtained using
Simulink environment of MATLAB software. The
CRONE CSD (Control System Design) Toolbox is
designed by CRONE research group [12, 15].

4.2. First generation CRONE controller

First generation CRONE controller transfer
function model is designed based on the DC motor plant
transfer function (equation 33). The DC motor plant
information is entered in the CRONE CSD toolbox for
further computation. The DC motor plant perturbation is
also considered. The perturbed gain changes are in the
range of 0.08 <1.01 <1.2.

The CRONE CSD toolbox is made of several
commands like allowing, computing, visualizing and
modifying the parameters of fractional and rational
versions of CRONE controller. The Controller
predefinition command allows setting the values of the
parameters imposed by the wuser. The Controller
predefinition parameters are listed in Table-2.
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Table-2. CRONE Fractional controller parameter Based on the rational values the controller is

predefinition. further synthesized as follows.
Required nominal open
. A Ch () = 91,0195 x ST 0-D(5 +0.47139)(s +13697)(s +3.9796)
loop gain cross over 3 ratio 10 R = S 026788)(5 + 0.77833)(s + 2.2615) (35)
frequency (o) L (s+11.5631)(s +33.5974)
Required nominal phase | ¢ /- | on/ s 10 (5 +6.5709)(s +19.0923)(s + 90)
margin P, ratio
. WAB / (ch Plant output y(t)
Integral order n; 1 ratio 1 ) : : : : ! : : : :
Low-pass filter order ng 1 (ch/. i 30
ratio
Fractional effecF width 21535 ¢/ Ocg 30
s/ ®p ratio ratio
Approx. Cell no 5 - - :
_ I S B B e N I
The computed first generation CRONE controller tme(s)  =mee- Perturbed 1
fractional values are listed in Table-3. Control efotuft) e Patabed2

Table-3. First generation CRONE Fractional controller

parameters.

Gain Cy 17.0659
Integral order n; 1 ] ‘ . : ; : 5
Frequency w; (rad/sec) 0.1 L ‘1 ; ; ; ; . ‘7 . . 0
Fractional order n -0.52986 e

Figure-12. First generation CRONE controller unit step
Fequency e, (rad/sec) 0.20847 closed loop response with perturbations.
Fequency o, (rad/sec) 43.1715

Fractional open-loop Nichols chart Rational open-loop Nichols chart

Low pass filter orde n¢ 1 T T T T T T T T T
Filter Frequency o¢ (rad/sec) 90

According to the basic equation (8) for the first
generation CRONE fractional controller, on substituting

the values from Table-3, the controller takes the below
given form.

Magnitude (dB)
Magnitude (dB)

00+

! ~0.52986
C(s)=17.0659 02087 [ 1+5/0.1 J (4
S 1+s/43.1715 (1+5/90)1

-150 r ;
Similarly on computing the values for the First |

generation CRONE rational controller are tabulated in
Table-4.

== Perturbed 1
| Nominal
s Perturbed 2

200bt--cpodpo g ] B o S TP PP SEr
-350 -300 -250 -200 -150 -100 -60 0 -350 -300 -250 -200 -150 -100 -60
Phase (deg) Phase (deg)

Table-4. First generation CRONE rational controller Figure-13. First generation CRONE fractional and
parameters. . .
rational open loop Nichols chart.

Gain C 91.0195
1 b 4.3. Simulation of second generation CRONE control
Cell number 5 strategy
Recursive factor n) 1.6511 On following the general initial procedures of
. CRONE control strategy, which is already discussed in
Recursive factor B 17597 simulation of First generation CRONE controller. The
Numgrator corner [0.1,0.47139,1.3697, Second generation CRONE fractional parameters are
frequencies oy (rad/sec) | 3.9796, 11.5631, 33.5974] evaluated and tabulated in Table-5.
Denominator corner [0, 0.26788, 0.77833,
frequencies w,; (rad/sec) | 2.2615,6.5709, 19.0923, 90]
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Table-5. Second generation CRONE fractional controller

Plant output y(t}
T

parameters. R L ]
Gain K 34.9238
Low frequency order n; 1
High frequency order n, 3
Fractional order n 1.3307 i 5 ‘: 5 5 ‘: i ‘: ‘: i
Fequency o (rad/sec) 0.20847 ’ 1 ? ’ Y e s ’ T et
Fequency oy, (rad/sec) 43.1715 , _Contal et ) o SZKDZ‘,?”
Fractional effect width m, / op 2.0709
oy / o ratio 10
oy, / ®pratio 10

Substituting the given values in equation 16, the
open loop fractional transfer function is obtained as:

! (36)
(1+5/43.17158

1
.2084 1 /43.171
B(s) = 34.9238 [0 08 7+1) [ +8/43.1715
S

1.3307
l+s/0.20847)

The rational controller parameters are computed
and shown in Table-6.

Table-6. Second generation CRONE rational controller

parameters.
Gain C 28.787
Cell number 5
Recursive factor n 1.423
Recursive factor 3 2.0419

Numerator corner
frequencies o,; (rad/sec)
Denominator corner
frequencies o,; (rad/sec)

[ 0.4239, 0.73649,1.2316,

3.5786, 10.3979, 30.2118 ]

[0,0.2979, 0.8655,2.5149,
7.3073,21.2318,43.17 ]

Based on the above parameters the Second
generation CRONE controller rational transfer function is
obtained as:

(5 +0.423)(s + 0.73649)(s + 1.2316)
s(s + 0.2979)(s + 0.8655)(s + 2.5149)
X 37)
(s +3.5786)(s +103979)(s + 30.2118)
(s+7.3073)(s + 21.2318)(s + 43.17)

CR(s)=28.787 x

Unit step response of the second generation
CRONE controller with perturbation is shown in Figure-
14 and the Nichols chart of second generation CRONE
fractional and rational open loop is shown in Figure-15.

time (s)

Figure-14. Second generation CRONE controller unit step
closed loop response with perturbations.

Fractional open-loop Michols chart
T T T

1]

Rational open-loop Nichols chart
—T T T T

T F SO

Magnitude (dB)
Magnitude (dB)

00 Bt SIITE SRS S

A50 e hen o

150 N NS M S

200}~ --h--
o 200t ]
H H H i ===== Perturbed 1

Nominal
250 oo, S I [ — [ S— [ S— J— f H i i ‘ F‘e‘nurbe‘dz
-350 -300 -250 -200 -150 -100 -50 0 -350 -300 -250 -200 -150 -100 -50 0
Phase (deg) Phase (deg)

Figure-15. Second generations CRONE fractional
and rational open loop Nichols chart.

4.4. Third generation crone control strategy

Similar to that of First and Second generation
CRONE controllers, the plant parameters, time domain
and frequency domain specifications are entered into the
CRONE CSD Toolbox and following the design
procedures one can obtain the third generation fractional
optimized open loop transfer function parameters is shown
in Table-7.
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Table-7. Third generation CRONE open loop parameters.

C 9.78243 magnitude Y, 2

n 1 Phase x, -127.236
ny 3 1.21693

oY 0.6 b 0.278608
[N 15 q 1

o, 3 O 5

Substituting the given values in equation 23, the
open loop fractional optimized transfer function is
obtained as:

i 1
B(s)= 9.782435'9'1(0-278608)(% . 1]
S

[ s s/ j1.21693
x| 5
1+5s/0.6

~1sign(0.278608)  (38)

1+5s/0.6

i0.278608
{Re/i(sns/lsj ]

1

s\3
1+
(+15)

The rational optimized CRONE
parameters are shown in Table-8.

controller

Table-8. Rational optimized CRONE controller

parameters.
Gain 5.01187
Integration order 1
Zeros
Corner frequencies oy 1710 , 0.555
Order 0 1 0, 1
Damping constant d 1 d, 1
Poles
Corner frequencies ®; 18.3 ®, 18.3
Order o 1 0, 1
Damping constant d; 1 d, 1

On substituting the above given parameters in
equation, the rational optimized CRONE controller
transfer function is given below:

52
1+—+ )
500187 W 700) 1710 (1710)2
CR(S) = S >
— 2s S
183 (+——+ 2)
(18.3)
39
2s 52 39
1+ +—)
. 0.555 (0.555)2
2
a+ =2
18.3 (18_3)2

Unit step response of the third generation
CRONE controller with perturbation is shown in Figure-
16 and the Nichols chart of second generation CRONE
fractional and rational open loop is shown in Figure-17.

Plant output y(t)
T T T

14

0.4HE

02
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Figure-16. Third generation CRONE controller unit step
closed loop response with perturbations.
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Figure-17. Third generation CRONE fractional and
rational open loop Nichols chart.
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5. RESULTS AND DISCUSSIONS

The performance of set-point tracking for the
three generation CRONE control strategies for the speed
control of DC motor are compared based on ISE and IAE
error indices. The servo response is made at 50% (i.e., 750
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rpm) set point of speed. Different step changes are applied
at 5%, £10% and +£15%. The performances are tabulated
in Table-9. The servo responses for the three generations
of CRONE controllers are shown in Figure-18.

70

N
N

—_—+5%
—_—+10%
—+15%
5%
_—-10%
-15%

N
=

w
P

IS
0

DC Motor Speed in %

20 30 40 50 60 70

Time in Seconds Time in Seconds
(a) (b)
70
65 — +5%
o — 410 %
c\ 60 — 1+15%
= —_—5%
o= e UL
g 55} -15%
5}
=3
£ 50 1
1.
S
o 451 \
U 40t v
35}
30 L L ’ !
20 30 40 50 60 70

Time in Seconds
(©

Figure-18. Servo response of speed control of DC motor using (a) First generation
(b) Second generation and (c) Third generation CRONE controllers.

Table-9. Performance measures in terms of ISE and IAE at operating point 50% of the DC motor speed.

First generation Second generation Third generation
Set point tracking crone crone crone

cases ISE IAE ISE IAE ISE IAE

+15% 84.2 19.7 82.15 10.9 59.32 5.23
+10% 39.14 13.8 37.7 7.22 26.36 4.45

+5% 10.35 7.8 9.13 3.55 6.591 2.02

-5% 10.33 6.8 9.126 3.47 6.592 2.11

-10% 39.1 11.7 37.6 7.43 26.38 4.01

-15% 84 17.8 82.16 11.24 59.33 5.11
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Table-10. Performance measures in terms of ISE and IAE at operating point 50% of the DC motor speed

with load change of 2%.
Load tracking First generation crone | Second generation crone | Third generation crone
(2% load change ) g g &
ISE 1.568 1.503 1.066
IAE 2.505 1.311 0.8586

The load tracking performance of the three
generation CRONE control strategies for the speed control
of DC motor are compared based on ISE and IAE error
indices. The regulatory response is made at 50% (i.e., 750
rpm) set point of speed with load disturbance of 2%. The
integral performance indices IAE and ISE for the
regulatory response is tabulated in Table-10.
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Figure-19. Regulatory response of speed control of DC
motor using all Gen. CRONE controllers with 2% load
change at 50% (750 rpm) of speed.
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Figure-20. Controller output of all Gen. CRONE
controller with 2% load change at 50% (750 rpm)
of speed.

6. CONCLUSIONS

In this paper the design of three generation
CRONE control strategy is discussed. From the design, it
is inferred that the limitations of first generation CRONE
controller are overcome by providing a constant phase by
displacing frequency template corresponding to the
parametric changes. Similarly the draw back of second
generation CRONE control strategy is overcome by any
angle straight line generalised template, thereby handling
more general uncertainties.

The three generation CRONE controller is
designed for the speed control of DC motor by varying the
armature voltage of the motor. The CRONE controller
design is performed using CRONE control system design
tool box developed by CRONE research group. The servo
and regulatory responses of the system is recorded and its
performance is analysed using ISE and IAE criteria. It is
inferred that the third generation CRONE controller
outperforms other generation of controllers. The second
generation CRONE controller performs better than the
first generation CRONE controller.
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