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Abstract— Fractional order dynamic model could model var-
ious real materials more adequately than integer order ones
and provide a more adequate description of many actual
dynamical processes. Fractional order controller is naturally
suitable for these fractional order models. In this paper, a
fractional order PID controller design method is proposed for
a class of fractional order system models. Better performance
using fractional order PID controllers can be achieved and is
demonstrated through two examples with a comparison to the
classical integer order PID controllers for controlling fractional
order systems.

Index Terms—Fractional order calculus, fractional order
controller, fractional order systems, PI*D* controller.

I. INTRODUCTION

The concept of extending classical integer order calculus
to non-integer order cases is by no means new. For example,
it was mentioned in [1] that the earliest systematic studies
seem to have been made in the beginning and middle of
the 19th century by Liouville, Riemann, and Holmgren. The
most common applications of fractional order differentiation
can be found in [2]. The concept has attracted the attention
of researchers in applied sciences as well. There has been a
surge of interest in the possible engineering application of
fractional order differentiation. Examples may be found in
[3] and [4]. Some applications including automatic control
are surveyed in [5].

In the field of system identification, studies on real systems
have revealed inherent fractional order dynamic behavior.
The significance of fractional order control is that it is a
generalization of classical integral order control theory, which
could lead to more adequate modelling and more robust
control performance. Reference [6] put forward simple tuning
formulas for the design of PID controllers. Some MATLAB
tools of the fractional order dynamic system modelling,
control and filtering can be found in [13]. Reference [7]
gives a fractional order PID controller by minimizing the
integral of the error squares. Some numerical examples of
the fractional order were presented in [8]. In [9], a PI®
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controller was designed to ensure that the closed-loop system
is robust to gain variations and the step responses exhibit
an iso-damping property. For speed control of two-inertia
systems, some experimental results were presented in [12]
by using a fractional order PI“D controller. A comparative
introduction of four fractional order controllers can be found
in [10].

In most cases, however, researchers consider the fractional
order controller applied to the integer order plant to enhance
the system control performance. Fractional order systems
could model various real materials more adequately than
integer order ones and thus provide an excellent modelling
tool in describing many actual dynamical processes. It is
intuitively true, as also argued in [11], that these fractional
order models require the corresponding fractional order con-
trollers to achieve excellent performance. In this paper, a
fractional order PID controller is used to control a class of
fractional order systems. A fractional order PID controller
design method is proposed with two illustrative examples.

The remaining part of this paper is organized as follows: in
Sec. II, mathematical foundation of fractional order controller
is briefly introduced; in Sec. III, the fractional order PID
controller and its property are presented; in Sec. IV, the frac-
tional order PID controller parameter setting is proposed with
specified gain and phase margins; in Sec. V, two examples
are presented to illustrate the superior performance achieved
by using fractional order controllers. Finally, conclusions are
drawn in Sec. VL.

II. A BRIEF INTRODUCTION TO FRACTIONAL ORDER
CALCULUS

A commonly used definition of the fractional differointe-
gral is the Riemann-Liouville definition
1 d\" f(7)
DEf(t) = —
1) F(m—a)(dt) /a

(t _ T)lf(mfa) dr M



for m — 1 < a < m where I'(:) is the well-known
Euler’s gamma function. An alternative definition, based on
the concept of fractional differentiation, is the Griinwald-
Letnikov definition given by

(t—a)/h
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One can observe that by introducing the notion of fractional
order operator , D¢ f(t), the differentiator and integrator can
be unified.

Another useful tool is the Laplace transform. It is shown
in [14] that the Laplace transform of an n-th derivative
(n € Ry) of a signal x(t) relaxed at ¢ = 0 is given by:
L{D"z(t)} = s"X(s). So, a fractional order differential
equation, provided both the signals u(¢) and y(¢) are relaxed
at t = 0, can be expressed in a transfer function form

18 + ags®? + -+ Gy SOA
bysPt 4+ bys™ 4+ ... + mes’B’"B
where (@, bm) € R2, (m, Bm) € R2,¥(m € N).

G(s) = 3)

III. BASIC IDEAS OF FRACTIONAL ORDER PID
CONTROLLER

The most common form of a fractional order PID con-
troller is the PI*D* controller [5], involving an integrator of
order \ and a differentiator of order 4 where A\ and i can be
any real numbers. The transfer function of such a controller
has the following form

GC(S) =Kp+ % + Kpst,

(A p>0). 4

The control signal u(¢) can then be expressed in the time
domain as

u(t) = Kp e(t)+ K;D™ e(t) + KpD" e(t).  (5)

Clearly, selecting A = 1 and p = 1, a classical PID
controller can be recovered. Using A =1, 4 =0, and A =0,
1 =1, respectively, corresponds to the conventional PI & PD
controllers. All these classical types of PID controllers are
special cases of the PI*D* controller given by (4). It can be
expected that the PI*D* controller may enhance the systems
control performance. One of the most important advantages
of the PI*D* controller is the possible better control of
fractional order dynamical systems. Another advantage lies
in the fact that the PI*D* controllers are less sensitive to
changes of parameters of a controlled system [5]. This is
due to the two extra degrees of freedom to better adjust the
dynamical properties of a fractional order control system.
It is pointed out in [15] that a band-limit implementation
of fractional order controller is important in practice, and
the finite dimensional approximation of the fractional order
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controller should be done in a proper range of frequencies of
practical interest.

IV. A FRACTIONAL ORDER PID CONTROLLER DESIGN
METHOD

According to the desired gain margin A,, and phase
margin ¢,,, the designed fractional order PID controller
should meet the stability robustness of the feedback control
loop. From the basic definitions of gain and phase margin,
the dynamic system G,(s) and the controller G(s) should
satisfy the following:

G = arg[G(jewy) Gy wy)] + ©)
1
S [CATPR T ] ”
where w, is given by
|Ge(jwg)Gpjwg)| =1 (®)
and w,, satisfies
axg[G. (juy) Gy )] = —. ©)

In this paper, we restrict our attention to a class of frac-
tional order plant Gy (s) described by the following transfer
function:

1

- 10
a18% + agsﬁ + as 10

Gp(s) =
where o and (8 may be any real numbers, and the same to
the coefficient a1, asz, as.

Using G(s) as in (4) and G,(s) as in (10), the following
relationships can be established:
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Here, in our controller design problem, the plant model
Gp(s) and the expected loop gain and phase mar-
gin A,, and ¢,, are assumed to be known. However,
we only have four equations but with seven unknowns
(Wp, wg,s A\, i, K1, Kp, Kp). A good news is that, the un-
known variables A, i1, w, and w, should satisfy the following
constraints:

o T o yiyes
(wp™ — wi ) {as [w? cos(7 + ¢m) — wp cos 7}
+az[w] cos(—ﬁ + om) — ﬂCOS @}
2 2
1
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tasef sin(D 4 6) +agsingn. (1)

Under these constraints, the parameters A, u,w, and wg
can be searched using suitable optimization algorithms. If
the parameters wy,wq, A, ;v are given, the controller gains
K7, Kp, Kp can be uniquely decided as follows:
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Therefore, the fractional order PID controller can be de-
signed according to performance specifications.

V. TwWO ILLUSTRATIVE EXAMPLES

A. Example 1

This example of a heating furnace was considered in [16],
which can be modelled by the integer and the fractional order
differential equations, respectively. According to [16], the
integer order model (IOM) of the heating furnace is a second
order transfer function

1
G = 21
17(8) = 7301357 1 43085 + 1.0 @b
while the fractional order model (FOM) is given by:
1
(22)

el - .
#p(8) = 110015191 1 6009.55997 1 1.60

The unit-step responses of the heating furnace models
(IOM and FOM) are compared in Fig. 1 where it was
remarked in [16] that the fractional order model is more exact
than the integer order model.

Step Response
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Fig. 1. Comparison of unit step responses of the integer order model and
the fractional order model of the heating furnace

To design an integer order PID controller, the integer order
model (21) should be approximated by a first order lag plus
time delay system which is given in the following:

0.51813

6714.975
2520.2609s + 1

Glp(s) =



Then, according to the Astrém-Higglund tuning algorithm
[17], an integer order PID controller is designed

10.1
Gro(s) = 30538 + 218 | 9900.35.
S

(23)

Figure 2 shows the results of the same conventional PID
controller (23) applied to the integer order model (21) and
the fractional order model (22). We can observe that using
an integer PID controller for the fractional order system,
the performance becomes worse than for the integer order
model. Note that both cases exhibit long settling time and
large overshoot.

Step Response

Amplitude

integer order model with classic PID controller

— — — fractional order model with the same PID controller
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Fig. 2. Comparison of unit step responses of the closed loop integer order
model and the closed loop fractional order system with the same integer
order controller (23)

Now, let us consider the PI*D* controller. Here, the
expected loop phase and gain margins are specified as ¢,,, =
60° and A,, = 1.1. Selecting A = 0.6 and p = 0.35, the
fractional order PID controller can be designed by the pro-
posed method in this paper. Thus, using our tuning algorithm
in the paper, one can have K, = 736.8054, K; = —0.5885,
and K; = —818.4204. The fractional order PID controller is
then designed as

0.5885

0.35
o — 81842045

Gre(s) = 736.8054 — (24)
The step response of the fractional order PID controller
applied to the fractional order model is given in Fig. 3. The
corresponding Bode diagrams of the controlled models are
presented in Fig. 4. It can be seen that there is an obvious
improvement, i.e., with a much faster system response and
also a smaller overshoot when the fractional order PID
controller is applied to the fractional order model.
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Fig. 3.  Step response of the closed loop fractional order model with

fractional order controller
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Fig. 4. Comparison of Bode diagrams of the fractional order model with
the fractional order PI*D# controller, and the same model with the integer
order controller, and the integer order model with the integer order controller

B. Example 2
We consider the following fractional order plant model
given in [14]:
1
T 08522 4 05509 + 17

Using the least-squares method, the following approximating
integer order model corresponding to (25) was obtained in
[14]:

Grp(s) (25)

1

Grols) = ,
1(5) = 5711452 1023135 1 1

(26)




The comparison of the unit step responses of the systems
described by (25) and (26) are shown in Fig. 5.
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Fig. 5. Comparison of unit step response of the integer order model and

the fractional order system

The integer order PD controller and the fractional order
PD*# controller were designed in [14]. The integer order PD
controller was given by

G.(s) = 20.5 + 2.7343s 7

while the fractional order PD* controller characterized by the
fractional order transfer function [14]

G.(s) = 20.5 + 3.7343s"15, (28)

In Fig. 6, comparison of the unit step responses of the
closed loop fractional order system controlled by fractional
order PD# controller and the integer order PD controller is
given. The conclusion was that the use of the fractional order
controller leads to an improvement of the control of the
fractional order system. It should be pointed out, however,
since there is no integral action introduced, zero steady state
error cannot be achieved.

According to the proposed method, by trial and error,
one can select A = 0.1 and g = 1.15. When one selects
¢m = 60° and A,, = 1.3, the controller parameters K, =
233.4234, K,; = 22.3972, and K, = 18.5274 can then be
obtained. The fractional order PID controller is

22.3972

G.(s) = 233.4234 + o1 T 18.5274s%15, (29)

The unit step response of the closed loop with the fractional
order system (25) controlled by fractional order PI*XD* con-
troller (29) is given in Fig. 7. The settling time of the closed
loop system is 0.573 second which is much shorter than
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Fig. 6. Comparison of unit step responses of the closed loop fractional

order model with the integer order PD controller and with fractional order
PD# controller

those of the existing PD controllers. The corresponding Bode
diagrams of the fractional order model with the fractional
order PD* controller, and with the fractional order PI*D*
controller are presented in Fig. 8.
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Fig. 7. Step response of the closed loop fractional order model with
fractional order PID controller

It can be seen that the fractional order PI*D* controller
designed by the proposed method in this paper are more
effective for the fractional order systems.



Bode Diagram
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Fig. 8. Comparison of bode diagrams of the fractional order model with
the fractional order PD* controller, and with the fractional order PI*DH
controller

VI. CONCLUSION

In this paper, a fractional order PID controller design
method is proposed for the fractional order system model.
The benefits of fractional order models for real dynamical ob-
jects and processes become more and more obvious. Through
two fractional order dynamical models, the fractional order
PID controller design by the proposed method has been
demonstrated. The simulation results illustrate that fractional
order PID controller achieves better control performance with
the proposed design method.

REFERENCES

[1] K.B. Oldham and J. Spanier, The Fractional Calculus, Academic Press,
New York and London, 1974.

[2] M. Axtell and M.E. Bise, “Fractional calculus applications in control
systems,” the IEEE National Aerospace and Electronics Conference,
New York, USA, pp. 563-566, 1990.

[3] N. Engheta, “On fractional calculus and fractional multipoles in
lectromagnetism,” IEEE Trans. Antennas Propagat, vol. 44, pp. 554-
566, 1996.

[4] M. Unser and T. Blu, “Wavelet theory demystified,” IEEE Trans. Signal
Processing, vol. 51, pp. 470-483, 2003.

[5] 1. Podlubny, “Fractional-order systems and PI*D* -controllers,” IEEE
Trans. Automatic Control, vol. 44, pp. 208-214, 1999.

[6] W.K. Ho, K.W. Lim, and W. Xu, “Optimal gain and phase margin
tuning for PID controllers,” Automatica, Vol.34, No.8, pp.1009-1014,
1998.

[7]1 Z.F. Ly, “Time-domain simulation and design of SISO feedback control
systems”, Doctoral Dissertation, National Cheng Kung University,
2004, Taiwan, China.

[8] R. Caponetto, L. Fortuna, and D. Porto, “A new tuning strategy for a
non integer order PID controller,” IFAC2004, Bordeaux, France, 2004.

[91 C.A. Monje, B.M. Vinagre, Y.Q. Chen, V. Feliu, P. Lanusse and J.
Sabatier, “Proposals for Fractional PI D Tuning”, The First IFAC
Symposium on Fractional Differentiation and its Applications 2004,
Bordeaux, France, July 19-20, 2004.

221

[10]

(11]

[12]

(16]

(17]

Dingyii and YangQuan Chen, “A Comparative Introduction of Four
Fractional Order Controllers”. Proc. of The 4th IEEE World Congress
on Intelligent Control and Automation (WCICAO02), June 10-14, 2002,
Shanghai, China. pp. 3228-3235.

YangQuan Chen, Dingyu Xue, and Huifang Dou. “Fractional Calculus
and Biomimetic Control”. IEEE Int. Conf. on Robotics and Biomimet-
ics (RoBio04), August 22-25, Shengyang, China. (PDF-robio2004-347)
C. B. Ma and Y. Hori, “Design of fractional order PID controller for
robust two-inertia speed control to torque saturation and load inertia
variation,” IPEMC 2003, Xi’an, China.

Dingyii and YangQuan Chen, “Advanced Mathematic Problem Solution
Using MATLAB” (in Chinese, ISBN 7-302-09311-3/0.392),
Beijing: Tsinghua University Press, 2004.

I. Podlubny, “Fractional-order Systems and Fractional-order Con-
trollers”, The Academy of Sciences Institute of Experimental Physics,
UEF-03-94, Kosice, Slovak Republic, 1994.

A. Oustaloup, F. Levron, B. Mathieu, and FM. Nanot, “Frequency-
band complex noninteger differentiator: characterization and synthe-
sis,” IEEE Trans. Circuits Syst. I, vol. 47, pp. 25-39, 2000.

I. Podlubny, L. Dorcak, and I. Kostial, “On fractional derivatives,
fractional-order dynamic system and PI*D* -controllers”, Proc. of
the 36th IEEE CDC, San Diego,1999.

K. J. Astrom and T. Higglund, PID Controllers: Theory, Design and
Tuning, Research Triangle Park, Instrument Society of America, 1995.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


