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system behave as a certain target in the frequency domain. In
other words, obtaining the shape of the open loop in the
frequency domain similar to that of the target is an objective [5,
7]. Therefore, the magnitude of the target in the frequency
domain can be considered as the shape of the open loop which
consists of the controller and plant together. Finding the
controller parameters to shape the loop and meet performance
specifications and achieve desirable robustness properties are
the objectives of designing the controller. The parameters of
the fractional PID can be obtained using frequency loop
shaping technique by minimizing the fitting error function for
different values of the fractional integral order and the
fractional differential order [3-5, 8, 9].

Abstract
The purpose of this paper is to compute the parameters of the
fractional Proportional Integral Derivative (PID) controller to
achieve a closed loop sensitivity bandwidth approximately
equal to a desired bandwidth using frequency loop shaping
technique. This work provides the influences of the order of a
fractional integrator which is used as a target on loop shaping,
stability and robustness performance. A comparison between
classical PID controllers and fractional PID controllers is
presented. Some advantages of fractional PID controllers over
classical PID controllers have been discussed. The proposed
models used in this work are to compute the classical PID
parameters. The novelty in this work is to develop a
generalized mathematical form for the fractional PID.

There are some many physical phenomena that can be
represented by fractional differential equations. For example,
the relationship between the current and voltage of a semiinfinite lossy RC transmission line is given by a fractional
differential equation. Another example, the relationship
between the temperature and heat flux in a semi-infinite
composite body can be described by a fractional differential
equation. The fractional calculus theory has been applied to
control theories to improve control systems performance. The
fractional calculus appeared in the year 1659, as a result of a
question raised by Libnitz in a letter to L’Hospital, generalizing
derivatives with non-integer orders cannot give the meaning of
derivatives with integer order [10-12]. A question raised and
replied by L’Hospital: ‘’if the order was half what will be?’’.
Leibnitzs answered in a historic way, a paradox will happen
which will leads to good results. In the dissertation, the
frequency loop shaping technique is applied to three different
fractional systems. The first system is the heating furnace
system whose transfer function can be obtained as a fractional
transfer function after using the Grnwald-Letnikov definition.
The second system describes the motion of a rigid thin plate
immersed in a Newtonian viscous fluid [13]. The fractional
transfer function of the system is given by the Bagely-Torvik
equation. The last system is Buck converter which is a DC to
DC power converter. The relationship between the input
voltage and output voltage can be given by a fractional transfer
function [14, 15].
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I.

INTRODUCTION

It is known that the use of Proportional Integral Derivative
(PID) controllers began in the thirties of the last century. The
designs of these controllers were based on mathematical and
physical backgrounds. Scientific development in science and
engineering has helped to develop the designs of these
controllers. PID controllers are commonly used in process
control industries because of their performances and
advantageous cost. The first mathematical version of the
fractional PID controller was introduced by the professor Igor
Podlubny, twenty years ago, specifically in 1994 [1-3].
The idea of developing classic PID controllers of three
parameters into fractional PID controllers of five parameters
began in the nineties of the last century. It is known that the
parameters of a classic PID controller are proportional, integral,
and derivative gains .The additional parameters in the fractional
PID controller represent the fractional integral order and the
fractional differential order[4-6].
Many optimization techniques have been used to find the best
parameters in the design. A lot of studies were made to
improve tuning techniques for fractional PID controllers. Loop
shaping technique has been developed in designing to allow
PID controllers to achieve a closed loop sensitivity bandwidth
approximately equal to the desired bandwidth. The idea of this
technique is to find the parameters of the controller by
assuming that the PID controller and the plant in a feedback

In this work, Fractional PID controller will be applied to the
three models in order to obtain good results and compare them
classical controller. Results have shown great improvement
compared regarding to sensitivity and model execution time.
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II. FRACTIONAL ORDER SYSTEMS MATHEMATICAL
MODELS

C s   99.998 

This section contains the mathematical model of the three
proposed fractional PID. The first is furnace temperature
control and the second is the motion of an immersed plate in a
viscous Newtonian fluid. The third is the Buck converter
circuit. All mathematical equations with their fractional transfer
functions are found in the listed references.
A.

B.

99.852
 99.94s 0.068221
0.35073
s

(5)

Motion of an Immersed plate

The motion of a rigid plate immersed in a viscous Newtonian
fluid can be described by a fractional differential equation. The
system consists of a thin rigid plate of mass (M) in a Newtonian
fluid with density (ρ) and viscoelastic constant (µ) connected
by a spring of stiffness constant (K) as shown in Figure. 2.

Heating Furnace

Fuel is supplied in the form of coal and iron ore continuously
from the top of the furnace. The air which is powered by extra
oxygen is blown into the bottom of the furnace, so that the
chemical reactions occur inside the furnace as shown in
Figure 1.

Figure. 2: A rigid plate immersed in a viscous Newtonian fluid
Figure 1: Mechanism of heating furnace system

The displacement x(t) of the plate due to an external force f (t)
in a Newtonian fluid system can be described by the following
fractional differential equation [17-20]

The heating furnace can be expressed mathematically as the
following differential equation


F  m x  b x kx

(1)

(6)

By taking the Laplace transform of equation 6, we have [21-24]

The equation above shows that the total force is the sum of
individual forces caused by mass (m) , damping (b) and spring
(k) element. The differential equation of the heating furnace
system is giving by [16]
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F  73043 x  4893 x 1.93x

Therefore, the transfer function of the system is given by

(2)

G s  

It can be expressed in the Laplace domain as the following
transfer function

1
Gs  
2
73043s  4893s  1.93

1
3

Ms 2  2  0 s 2  K

(8)

Comparing between equation 8 and the transfer function given
with unity stiffness constant [24-29]

(3)

The fractional order model of heating furnace system can be
evaluated using Grunwald-Letnikov definition as

G s  

1
GFOM s  
1.31
14494s  6009.5s 0.97  1.69 (4)
Where GFOM(s) represent the transfer function of the plant in
the fractional order system. The fractional order controller was
obtained using Nelder-Mead optimization technique as [16]
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It can be deduced that
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   n  0

m
for

3
2

The voltage and current in the fractional order inductor (Lα),
are related as [34, 35]

(11)

v L t   L

The analytical solution x(t) for the inhomogeneous BagleyTorvik equation in (6) can be calculated as [24, 29]
t

(12)
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Taking Laplace transform,

xt    ht    f  d



di L t 
dt 

Similarly, the fractional order capacitor can be represented by a
chain of resistors and a chain of capacitors in parallel
combinations at each node as shown in Figure. 5.
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The Buck Converter

Figure 5: Fractional order capacitor

The Buck circuit is a DC to DC converter. It is used to step
down the input voltage to a lower output voltage
[30-33].
The buck network contains a voltage source( vin), switch (S),
fractional inductor (Lα), fractional capacitor(Cβ), Diode (D),
and the load (R) which has the output voltage(vo)as shown in
Figure 3.

The current across a fractional order capacitor (Cβ), is given by
[36 -38]

dv t 
i C t   C  o 
dt


(17)

Taking Laplace transform,

i C t   C  vo s 


(18)

The transfer function from the input voltage to the output
voltage(Vo/Vin) of the circuit can be obtained by replacing the
switch and the diode by a current-dependent current source and
voltage-dependent current source as shown in Figure. 6 which
represents the circuit averaged model of the Buck circuit [3841].

Figure 3: Buck converter circuit

The fractional order inductor contains a chain of resistors and a
chain of capacitors in parallel combinations at each node
connected with a series resistor as shown in Figure. 4.

Figure. 6: Circuit averaged model of the Buck converter

Therefore

 iS  d  i L 

 v D  d  vin 

Figure. 4: Fractional order inductor

(19)
(20)

where (d) is the duty cycle with a value between 0 and 1. The
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DC equivalent circuit of Figure can be obtained by replacing
the inductor with a short circuit and replacing the capacitor
with an open circuit as shown in Figure. 7.

The circuit in Figure.8 can be reduced to the following circuit
in Figure 9.

Figure 9: The small-signal equivalent circuit model of the
Buck converter circuit

Figure 7. The DC equivalent circuit

The relationship between the input voltage and the output
voltage can be determined using Kirchhoff’s current and
voltage laws as

Therefore



Vo  DVin
IL 

(21)

D
Vin
R







C  s  vo s   i L s  

(22)







vo s 

(24)
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 vin  Vin  vin

(25)

D



L C  s    



d  Dd

Substituting equations (23), (24), (25) and (26) into (21) and
(22), yields




L 
s 1
R

(31)

The following parameters are used as in [27].

C   100 F



L  3 mH

(27)



 v S  DI L  d VL  D v L

(30)

which represents the transfer function of the open loop Buck
converter.

(26)

 iS  DI L  d I L  D i L

vo s 
R

solving the previous two fractional order equations. Therefore,

(23)

 vo  Vo  vo

(29)



 

 v o s  
The transfer function  
can be easily obtained by
 v s  

 in


Also, the small-signal (AC-signal) equivalent circuit model can
be obtained from the following relationships as

 i L  I L  i L



L s  i L s   D vin s   vo s 

R  20

(28)

D  0.6

Equations (27) and (28) represent the summation of the DC and
AC signals. Therefore, the small-signal equivalent circuit
model can be designed as shown in Figure 8.

III. RESULTS AND DISCUSSION
In this section the analysis for the three proposed models are
presented and evaluated using MATLAB. This is based on the
mathematical model discussed in section II.
Heating Furnace PID Results and discussion

Figure 8: The small-signal equivalent circuit
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Figure 12: The fitting error at (λ=0.6, µ=0.1)

Figure 10: The step response of the uncompensated system

From Figure 12, the best choice for the orders of the fractional
PID controller would be at (λ=0.6, µ=0.1). It satisfies the

Figure 10 shows the step response of the uncompensated
system. It can be seen that the uncompensated system is stable
and has a steady state response of (0.4) in response. The
bandwidth of the desired system is around (0.048928) rad/sec.

relationship K

0.00987
s 1.35

Ub .

The values of the fractional PID parameters are

A fractional PID controller can be designed to eliminate the
steady state error and improve the system transient. The target
can be chosen to have the desired bandwidth as

Ls  

min

p , K i , K d , , , 

K p  2.8186  10 2
K i  13.272

(32)

K d  9.6543  10 6

  0.6
  0.1

The obtained results would be as follows
The distribution of the fitting error all over the range of the
fractional orders is shown in Figure 11

U b  0.17
The information above shows that the fractional PID behaves
as a fractional PI controller.

Figure 11: The fitting error (Ub) with fractional orders (λ, µ)
Figure 13: The target loop and plant
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The frequency responses and the step response of the system
are shown in Figure 16 and Figure 17, respectively

Figure 14: The approximation error (fitting error)
Figure 17: The step response of the system

The obtained approximation error is (≈0.1705) at the bandwidth
frequency which is less than (0.3). Figure 14 shows that the
approximation error decreases at high frequencies.

The fractional integrator (1/s0.6) needs adding a pure integrator
and differentiator at the origin to eliminate the steady state error
as shown in Figure 18. Figure 19 shows that disturbance at the
plant input has been eliminated for the same reason.

Figure 15: The sensitivity and complementary sensitivity
functions

Figure 15 shows that the closed loop transfer function has good
noise rejection at high frequencies and the disturbance at low
frequencies will not affect the output. Also, it can be seen that
the bandwidth of the closed loop sensitivity is approximately
around the desired bandwidth (0.048928) rad/sec.

Figure 18: The disturbance rejection response

Therefore, the final form of the fractional PID is

12.676
 1  0.1
 3.0415  10 5 
s
0.6
s
 0.01s  1 

(33)

12.676 0.4
 1  0.1
s  3.0415  10 5 
s
s
 0.01s  1 

(34)

C s   2.8571 10 2 
Or, equivalently

C s   2.8571 10 2 

Choosing (λ=1, µ=1) with the same target gives a classical PID
controller with the following results
K p  3.8905  10 2
K i  0.59278
K d  3.0682  10  4
U b  0.4088

Figure 16: The frequency responses of the system
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The information above shows that classical PID controller
behaves as a PI controller. The fitting error is slightly higher
than the typical value (0.2-0.3). The following Figure shows a
comparison between the fractional PID controller and the
classical PID controller.

Figure 21 shows that the fractional PID controller has
eliminated the steady state error faster than the classical PID
controller despite the obtained overshoot is higher than the
overshoot caused by the classical PID. Figure 22 shows that
disturbance rejection due to the fractional PID controller is
faster than the used classical PID.

Figure 19: The approximation error (fitting error)

Figure 22: The disturbance rejection responses

The fractional controller in [16] has the following form

C s   100 

100
 0.66945s 0.3486
0.2972
s

(35)
The compared results between the fractional controller obtained
by the frequency loop shaping and the fractional controller in
[16] are shown in the following figures

Figure 20: The sensitivity and complementary sensitivity
functions

Figure 20 shows that the fractional PID and the classical PID
achieved the closed loop sensitivity bandwidth approximately
equal to the desired value.

Figure 23: The sensitivity and complementary sensitivity
functions

Figure 23 shows that the fractional PID and the fractional PID
in Reference [16, 35-40] achieved the closed loop sensitivity
bandwidth approximately equal to the desired value.

Figure 21: The step responses
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It can be seen that the fractional PID using the frequency loop
shaping has rejected the disturbance faster than one used in
[16].
Similarly, the following target can be chosen to achieve the
desired design
Ls   0.01586

s  a 0.9
s 2.1

(36)

where (α=BW/4)
The obtained results would be as follows
The distribution of the fitting error all over the range of the
fractional orders is shown in Figure 27.

Figure 24: The step responses

Figure 24 shows both of step responses of the two systems
have no steady state error. Figure 25 shows that disturbance
rejection due to the fractional PID using the frequency loop
shaping is faster than the used fractional PID in Reference [16,
35-40]. The fractional controller should contain a pure
integrator to reject the disturbance at the input plant.

Figure 27: The fitting error (Ub) with fractional orders (λ, µ)

Figure 25: The disturbance rejection responses

Therefore, an integrator and differentiator are added at the
origin to the fractional controller [16, 33-36] to eliminate the
disturbance as shown in Figure 26.

Figure 28: The fitting error at (λ=1.1 and µ=0.1)

From Figure 28, the best choice for the orders of the fractional
PID controller would be (λ=1.1 and µ=1.7). It satisfies the
relationship K

Figure 26: The disturbance rejection responses

40

min

p , K i , K d , , , 

Ub .
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The values of the fractional PID parameters are

K p  1.8725  10 2
K i  2.7737
K d  2.1412  10 2

  1.1
  0.1
U b  0.299
The information above shows that the fractional PID behaves
as a fractional PD controller as shown in Figure 29.

Figure 34: The sensitivity and complementary sensitivity
functions
Figure 34 shows that the closed loop transfer function has good
noise rejection at high frequencies and the disturbance at low
frequencies will not affect the output. Also, it can be seen that
the bandwidth of the closed loop sensitivity is approximately
around the desired bandwidth (0.048928) rad/sec.

Figure 29: The target loop and plant

Figure 35: The frequency responses of the system
The frequency responses and the step response of the system
are shown in Figure 35 and Figure 36, respectively

Figure 33: The approximation error (fitting error)
The obtained approximation error is (≈0.299) at the bandwidth
frequency which is in between (0.2-0.3). Figure 33 shows that
the approximation error decreases at high frequencies.

Figure 36: The step response of the system
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It can be seen that the fractional integrator (1/S1.1) which
contains a pure integrator (1/s) eliminates the steady state error.
Figure 37 shows that disturbance at the plant input has been
eliminated for the same reason.

Figure 39: The sensitivity and complementary sensitivity
functions
Figure 37: The disturbance rejection response

Figure 39 shows that resonant peak due to the classical PID
controller is higher than the resonant peak due to the classical
PID.

Therefore, the final form of the fractional PID is

C s   1.8725  10 2 

2.7737
 1  0.1
 2.1412  10 2 
s
1.1
s
 0.01s  1 

(37)

Choosing (λ=1, µ=1) with the same target gives a classical PID
controller with the following results

K p  1.9752  10 2
K i  5.4420
K d  3.6102
U b  0.46
The fitting error is greater than the typical value (.2-0.3). The
following figure (figure 38) shows a comparison between the
fractional PID controller and the classical PID controller.
Figure 40: The step responses
Figure 40 shows that the fractional PID controller has improved
the transient of the system with a reduction of overshoot and
oscillation are obtained. Figure 41 shows that disturbance
rejection responses are eliminated as time goes to infinity.

Figure 38: The approximation error (fitting error)
Figure 41: The disturbance rejection responses
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The compared results between the fractional controller obtained
by the frequency loop shaping and the fractional controller in
[16, 35-40] are shown in Figure 42

Figure 44: The disturbance rejection responses
The transfer function of the system with the parameters values
used in [29] is

Figure 42: The sensitivity and complementary sensitivity
functions

Gs  

It is expected that fractional PID using the frequency loop
shaping has a high resonant peak due to the value of the fitting
error which is around(0.3). Therefore, an overshoot should
appear in the step response as shown in Figure 43.

1
0.25s  0.28284s1.5  1

(38)

2

Figure 45 shows the step response of the uncompensated
system.

Figure 45: The step response of the uncompensated system
Figure 43: The step responses
It can be seen that the uncompensated system oscillatory. The
bandwidth of the system is around (3.5523) rad/sec. The
fractional PID controller for the design is expected to reduce
the overshoot and reach the stability faster than the
uncompensated system.

Figure 43 shows both of the step responses of the two systems
have no steady state error. Figure 44 shows that disturbance
rejection due to the fractional PID using the frequency loop
shaping is faster than the used fractional PID in [16]. The
fractional controller should contain a pure integrator to reject
the disturbance at the input plant. The same figure shows the
effect of adding a pure integrator and differentiator at the origin
to the fractional controller used in [16].

The target can be chosen to have the desired bandwidth as

Ls  

3.37
s 1.4

(39)

The obtained results would be as follows:
The distribution of the fitting error all over the range of the
fractional orders is shown in Figure 46
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Figure 46: The fitting error (Ub)with fractional orders

(λ, µ)
Figure 48: The target loop and plant

Figure 47: The fitting error at (λ=1.4, µ=0.5)
Figure 49: The approximation error (fitting error)
From Figure 47, the best choice for the orders of the fractional
PID controller would be(λ=1.4, µ=0.5). It satisfies the
relationship
min Ub .

The obtained approximation error is (≈0.035) at the bandwidth
frequency which is less than(0.2-0.3). Figure 49 shows that the
approximation error decreases at high frequencies.

K p , K i , K d , , , 

The values of the fractional PID controller

K p  0.51383
K i  3.388
K d  1.2387

  1 .4
  0 .5

Figure 50: The sensitivity and complementary sensitivity
functions

44

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 14, Number 1 (2019) pp. 33-51
© Research India Publications. http://www.ripublication.com
Therefore, the final form of the fractional PID is

Figure 50 shows that the closed loop transfer function has good
noise rejection at high frequencies and the disturbance at low
frequencies will not affect the output. Also, it can be seen that
the bandwidth of the closed loop sensitivity is approximately
around the desired bandwidth (2.7144*104) rad/sec.

C s   0.51383 

3.388
1

 0.5
 1.2387
s
1.4
s
 0.01s  1 

(40)

Choosing (λ=1, µ=1) with the same target gives a classical PID
controller with the following results

K p  0.39769
K i  3.7821
K d  1.0939
U b  0.78
The information above shows that classical PID controller
behaves as a pure integrator. The fitting error is greater than the
typical value (0.2 – 0.30). Figure 54 show a comparison
between the fractional PID controller and the classical PID
controller.
Figure 51: The frequency responses of the system
The frequency responses of and the step response of the system
are shown in Figure 51 and Figure 52, respectively

Figure 54: The approximation error (fitting error)
Figure 52: The step response of the system
It can be seen that the fractional integrator (1/S1.4) which
contains a pure integrator (1/S) eliminates the steady state
error. Figure 53 shows that disturbance at the plant input has
been eliminated for the same reason.

Figure 55: The sensitivity and complementary sensitivity
functions

Figure 53: The disturbance rejection response

Figure 55 shows that resonant peak due to the classical PID
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Therefore, fractional the transfer function of the system with
the parameters values used in [27] would be

controller is higher than the resonant peak due to the fractional
PID. Definitely, the fractional PID meets the desired design.



vo s 


vs 



7

3  10 s

1.6

1
 1.5  10 4 s 0.8  1

(43)

Figure 56: The step responses
Figure 56 shows that the fractional PID controller has improved
the transient of the system with a reduction of overshoot and
oscillation are obtained. Figure 57 shows that disturbance
rejection due to the fractional PID controller is faster than the
used classical PID.

Figure 58: The step response of the uncompensated system
Figure 58 shows the step response of the uncompensated
system. It can be seen that the uncompensated system is stable
and has overshoot. The bandwidth of the system is around
(2.7144*104) rad/sec.
A fractional PID controller can be designed to reduce the
overshoot and improve the system transient. The target can be
chosen to have the desired bandwidth as

Ls  

6.435  10 4
s1.1

(44)

The obtained results would be as follows:
The distribution of the fitting error all over the range of
the fractional orders is shown in Figure 59.

Figure 57: The disturbance rejection responses

Since (D)is a constant, the fractional transfer function of the
system can be written as


vo s 


vs 

1



L C  s    

L 
s 1
R

(41)

Where




vs   vin s D

Figure 59: The fitting error (Ub) with fractional orders (λ,µ)

(42)
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Figure 62: The approximation error (fitting error)
The obtained approximation error is (≈ 0.038) at the bandwidth
frequency which is less than (0.2-0.3). Figure 61 and 62 show
that the approximation error decreases at high frequencies.

Figure 60: The fitting error at (λ=1.1, µ=1.7).

From Figure 60, the best choice for the orders of the fractional
PID controller would be (λ=1.1, µ=1.7). It satisfies the
relationship

min

K p , K i , K d , , , 

Ub .

The values of the fractional PID parameters are

K p  1.3171
K i  6.5182  10 4
K d  1.8718  10 5

  1.1
  1.7

Figure 63: The sensitivity and complementary sensitivity
functions

U b  0.038
The information above shows that the fractional PID behaves
as a fractional PI controller.

Figure 63 shows that the closed loop transfer function has good
noise rejection at high frequencies and the disturbance at low
frequencies will not affect the output. Also, it can be seen that
the bandwidth of the closed loop sensitivity is approximately
around the desired bandwidth (2.7144*104) rad/sec.

Figure 61: The target loop and plant

Figure 64: The frequency responses of the system
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The frequency responses and the step response of the system
are shown in Figure 64 and Figure 65, respectively

typical value (0.2-0.3). figure 67 shows a comparison between
the fractional PID controller and the classical PID controller.

Figure 65: The step response of the system
Figure 67: The approximation error (fitting error)

It can be seen that the fractional integrator(1/S1.1) which
contains a pure integrator (1/S) eliminates the steady state
error. Figure 66 shows that disturbance at the plant input has
been eliminated for the same reason.

Figure 68: The sensitivity and complementary sensitivity
functions

Figure 68 shows that resonant peak due to the classical PID
controller is higher than the resonant peak due to the classical
PID.

Figure 66: The disturbance rejection response
Therefore, the final form of the fractional PID is

C s   1.3171 

6.5182  10 4
 1  1.7 (45)
 1.8718  10 5 
s
1.1
s
 0.01s  1 

Choosing (λ=1 and µ=1) with the same target gives a classical
PID controller with the following results

K p  3.8617  10 6
K i  1.7542  10 4
K d  2.1007  10  2
U b  0.53
The information above shows that classical PID controller
behaves as a pure integrator. The fitting error is greater than the

Figure 69: The step responses
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Figure 69 shows that the fractional PID controller has improved
the transient of the system with a reduction of overshoot and
oscillation are obtained. Figure 70 shows that disturbance
rejection responses are eliminated as time goes to infinity.

used in the frequency response to describe fractional order
systems. Fractional PID controller has some advantages over
classical PID controller like increasing stability as shown in
Riemann surface plan, improving the performance of fractional
systems and more freedom to tune. Riemann surface plan
shows that the response of a fractional order integrator whose
order is less than one is slow. This problem can be solved by
adding a pure integrator and differentiator at origin. The effect
of the fractional orders on the shape of fractional transfer
functions is presented. A target can be used for the tuning to
achieve a robust performance. Choosing a fractional integrator
as a target in the frequency loop shaping technique has some
advantages such as rejecting disturbance. The fractional orders
play an important role on sensitivity shaping. The sensitivity
function shows how the disturbance goes through the system
and appears on the output or the error signal. The
complementary sensitivity function show how the noise will be
filtered through the system. The obtained results in this work
show significant improvement in the transient response and
satisfactory results through the achievement of a closed loop
sensitivity bandwidth approximately to a desired value of
bandwidth. Indeed, the study of Fractional Calculus, especially
mathematical analysis has been very interesting. The future
works will be focusing on the following points:

Figure 70: The disturbance rejection responses

The step response of the system when the duty cycle is (0.6)
can be obtained as shown in Figure 71. It has the following
fractional transfer as in [27].

1. Generating the target loop shape using LQR solution.
2. The mathematical rules of the root locus in Riemann
principal sheet for fractional order systems.



vo s 


v in s 



7

3  10 s

1.6

0.6
 1.5  10  4 s 0.8  1

3. Studying the complex order integrals and derivatives and
possibility of extending fractional PID to complex
fractional PID.

(46)
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