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Fractional order control (FOC) has received widespread attention in recent years due to its efficient tuning capacity, intuitive
concept, and enough flexibility. Again, FOC are known to be robust with the open loop gain in particular. However, the design of
FOC demands the knowledge of the model to be modified. But on the other hand, the linear active disturbance control (LADRC)
technique is known to be model free controller. In order to achieve the better tracking performance even in uncertain operational
conditions by responding timely against external disturbances, these two controllers (FOC and LADRC) are combined to propose
a new fractional order LADRC to handle integer order system. +erefore, FOC-based LADRC for heat-flow experiment (HFE) is
designed in this paper to track desired trajectories of heat flow. Bode’s ideal transfer function is considered as an orientationmodel
to propose this new controller while using the concept of internal mode control. A better performance of fractional order linear
active disturbance control (FO-LADRC) is shown for a very good disturbance rejection capability through simulation and
experiments on a heat-flow system.

1. Introduction

A great advance in modern control theories has occurred
leading to the development of a vast number of new control
techniques in the recent past decades. Despite the large
number of newly available controllers, the proportional-
integral-derivative (PID) controller is still preferred in
various manufacturing applications.+e chief reason behind
this is the fact that the structure of the PID is simple and
hence easily understandable by engineers and easy to design
and implement. Also, the PID performs successfully for a
wide class of processes.

Linear active disturbance rejection control (LADRC) is
the latest version of error-driven control leading PID
controller [1]. It does not need accurate model in prior. +e
actual input-output parameters are analyzed to recompense

unpredictable disturbances and uncertainties [2]. Due to this
compensating ability, LADRC produces better tracking
performance even in uncertain operational conditions by
responding timely against external disturbances. +erefore,
set-point tracking and disturbance rejection both are exe-
cutable by the LADRC technique [3]. LADRC is being
applied both in academic research and industrial process
control because of its simple structure and ease of tuning
capacity.

In the last few years, increasing attention has been given
toward improving the outcomes of LADRC regulators by
implementing the idea of fractional calculus which has been
generalized as fractional order LADR controller (FO-
LADRC). FO-LADRC offers more tractability because of its
better parameters over standalone LADRC, because a
fractional order controller or an integer order controller
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demands the knowledge about the system model to be
modified. But on the other hand, the linear active distur-
bance control (LADRC) technique is known to be model free
controller. +erefore, to enhance the robustness of the
LADRC technique, it is beneficial to incorporate with the
fractional order controller.

To explore new applications, a new tuning method of
FO-LADRC is accomplished in this research. Earlier, frac-
tional order controllers are tuned based on PID controller in
several investigations (see for example [4, 5] and references
therein for more knowledge). More researches are con-
ducted to develop new tuning techniques and to demon-
strate PID cascaded FO controllers [6–12].

In these works, a new control structure is developed to
rheostat fractional or integer order systems with and without
small time delay. +e anticipated regulator consists of dual
transfer functions: one is for time-delay-free systems in
which an LADRC controller is cascaded with a fractional
integrator and a simple fractional filter. +is new structure
having several important advantages such as fractional order
filter LADR controller is easy to design and implement. Also,
a number of industrial systems can be controlled by it. Using
fractional filter, the performance of LADRC will be more
robust.

Although various modern controllers have been
designed for regulating temperature using process control
strategies, this paper attempts to apply the FO-LADRC
controllers for integer order systems in a laboratory ex-
periment. +e heat-flow experiment (HFE) platform is used
for this experiment. Fractional LADRC principle-based
controller is designed for a well-known Bode’s ideal refer-
ence transfer function.

In fact, two different temperature sensors are used for
two different purposes in this delayed time heat-flow ex-
periment. One sensor is used to measure the temperature as
the output of feedback control and other sensor is used to
measure the temperature to be controlled. +is feature can
not be solved well using standard control schemes based on
the model of the system to be controlled. +erefore, a new
robust LADRC scheme is proposed in this paper for the
time-delay heat-flow experiment.

+e rest of the paper is organized as follows: an outline of
heat-flow experiment (HFE) is discussed in Section 2. +e
design procedure of the proposed LADRC is explained in
Section 3. Section 4 shows the experimental results varying
different parameters and discusses the effectiveness of the
proposed scheme. Finally, Section 5 concludes the current
investigation.

2. HFE System

+e heat-flow experiment (HFE) device demonstrated by
Quanser helps in investigating the heat transmission in a
chamber as well as controlling of temperature at particular
places along the chamber [13, 14]. +is progression regu-
lation plant is best for coaching, learning, and representing
perceptions of control related to thermodynamics and fluid
dynamics.

+e HFE delivered by Quanser is shown in Figure 1.+is
progression rheostat plant is made of a fiberglass com-
partment which comprehends a blower and a coil-based
heating apparatus at one side and three temperature sensors
equidistantly situated along the conduit. Power is delivered
to the blower and heater using a built-in amplifier. Analog
signals are used to control the delivered power. A ta-
chometer is mounted on the blower and is used to measure
the blower’s angular rate. Fast-settling platinum transducers
are used for all three temperature sensors in the chamber.
+e sensor produces analog voltage signal from zero to 5.0
volts as output which is proportional to the temperature. An
information procurement called data acquisition (DAQ)
board is utilized in addition to the process control plant in
this experiment.

In the duct, three temperature sensors are located
equidistantly to measure the heat-flow performance. +e
sensors are actually fast-settling platinum transducers. Using
model-based standard controller, the position of the con-
troller is linked to the time delay of the first order model
[13, 14]. By using model free controller, such as LADRC, the
position of the sensors (or time delay) included in the
proposed model is explained in the following section.

3. Controllers Design Procedure

3.1. Bode’s Ideal Transfer Function. A fractional order con-
troller design imposes on the closed-loop feature based only
on the noninteger order in which it was introduced. In this
case, this feature will be robust relative to the variations of
the system parameters. To achieve this goal, one solution is
to impose on the open loop a behavior similar to that of
Bode’s ITF [15–17]. So, the phase margin will be constant
and, therefore, the overshoot of the closed-loop step re-
sponse does not change with the variations of the static gain
of the system to be controlled.

+e ITF suggested by Bode [18] is

Gol(s) �
ωc

s
μ , μ ∈ R+

. (1)

+e Bode’s ITF in closed-loop is then

Gcl(s) �
ωc

s
μ

+ ωc

. (2)

Its step response exhibits the so-called iso-damping
property. In this paper, Gcl(s) is used as a closed-loop
reference model to tune the control law parameters. It has
two adjustable parameters, the controller bandwidth ωc and
the fractional order μ, which can be deduced from the phase
margin φm by μ � (π − φm)/(π/2) [15, 16].

3.2. Integer Order Linear ADRC. Figure 2 shows an integer
order LADRC structure. Usually, the HFE system is dem-
onstrated by a 1st order with time-delay model [19]. In this
paper, in order to use the ADRC structure, we propose to
model it by the differential equation:

€y (t) � b0u(t) + f(t), (3)
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where u(t) is the control voltage of the heather and y(t) is
the temperature in the chamber of the HFE system; b0 is the
estimate value of the system gain; and f(t) is an unknown
function representing unknown and unmodelable dynamics
and external disturbances. For the HFE system, f(t) also
contains the nonmodeling error of the system delay. f(t) is
called the generalized disturbance.

In the ADRC framework, the unknown generalized
disturbance f(t), assumed to be differentiable, is estimated
using the IESO [20–22] (Figure 2).

_z � Az + Bu + L y − yo( ,

yo � Cz,
 (4)

where z � y _y f ,

A �

0 1 0

0 0 1

0 0 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦,

B �

0

b0

0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦,

C � 1 0 0 ,

(5)

and L � β1 β2 β3 
T is the gain vector of the observer.

Parameters β1, β2, and β3 are tuned so that (A − LC) is
Hurwitz. In this case, z1(t) and z2(t) approximate y(t) and
_y(t), and z3(t) approximates the unknown generalized
disturbance f(t). L is designed using the observer band-
width ωo, as suggested in [23]. It is given by

L � 3ωo1 3ω2
o1 ω3

o1 
T
. (6)

To reject f(t), the following control law is used [22]:

u �
−z3 + u0

b0
. (7)

If the estimated error is ignored, (z3(t) � f(t)) is as-
sumed, then the original model equation (3) is reduced to
the second order integral model

€y (t) � u0(t), (8)

for which set-point tracking is solved using a state feedback
method. So, the control law u0(t) is given by

u0 � kp(r − y) − kdz2. (9)

Considering equations (8) and (9), the closed-loop
transfer function will be

Gr y(s) �
kp

s
2

+ kds + kp

�
ω2

c

s + ωc( 
2. (10)

Parameters kp and kd are designed using the adjustment
controller bandwidth ωc as

kd � 2ωc1,

kp � ω2
c1.

(11)

3.3. FractionalOrderLADRC. +eHFE system is modeled as
a fractional order controller by using the ADRC structure

D
2λ

y(t) � b0u(t) + f1(t) 0< λ< 1. (12)

Suppose that f1(t) is differentiable and consider the
state variables: x � y f1 

T. To estimate f1(t), the fol-
lowing FESO is used

D
2λ

z � Az + Bu + L y − yo( ,

yo � Cz,

⎧⎨

⎩ (13)

where

A �
0 1

0 0
 ,

B �
b0

0
 ,

E �
0

1
 ,

C � 1 0 ,

(14)

and L � β1 β2 
T is the gain of the observer to be deter-

mined. +e corresponding characteristic polynomial is then

s
4λ

+ β1s
2λ

+ β2. (15)

+erefore, to ensure the convergence of the observer, β1
and β2 are calculated so that the roots of the integer order
polynomial corresponding to the polynomial equation (15)
by the change of variable w � s2λ satisfy the Matignon’s
stability condition [24]. Here also, the method proposed in
[23] is used.

L � 2ωo1 ω2
o1 , (16)

– – –

r Kp

Kd

u0 1/b0
u HFE

system
y

z3
z2
z1

I ESO

Figure 2: Integer order LADRC scheme.Vent
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Sensor2
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Heater Fan
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Figure 1: Heat-flow experimental device.
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where ωo1 is the observer bandwidth in the w plan.
+e association of FESO equation (13) with the model

equation (12), using the control law equation (17), yields to
the fractional integrator of order 2λ.

u �
−z3 + u0

b0
. (17)

+e new input u0(t) is now used to solve the set-point
tracking problem. To make the control structure even more
robust, the Bode’s ITF equation (2) is chosen as reference to
the closed-loop transfer function. To do this, the following
control law is used:

u0 � kc(r − y). (18)

In this case, the closed-loop transfer function is

Gr y(s) �
kc

s
2λ

+ kc

��
ωc

s
2λ

+ ωc

. (19)

Parameters kc and λ are given by

λ �
μ
2
,

kc � ωc,

(20)

where ωc is the controller bandwidth in the w-plan and μ is
the fractional order of the Bode’s ideal transfer function
equation (1). Figure 3 shows the fractional order LADRC
structure obtained.

4. Experimental Results

Figure 4 shows the experimental setup. +e HFE, DAQ board,
and personal computer are shown in the figure as hardware
components. +e real-time experiment is conducted using
MATLAB and QUARC software of version 2.6. DAQ board
processes the sensor signals from HFE to the controller.

+e experimental results of integer order LADRC are
found by using a square reference input of maximum
amplitude 40 and minimum amplitude 35, as shown in
Figure 5. It shows the impact of varying closed-loop pole
position, ωc, for integer order LADRC controller. Using this
experiment, the best value of closed-loop pole position, ωc, is
chosen as 0.88. Initially, the temperature rises slowly while
ωc is close enough to the origin, as shown in Figure 5. Again,
the constant 6.0 volts is applied to the blower to run it at a
constant rate. On the other hand, the temperature set-point
is maintained through the control voltage to the heater
which is up to 5.0 volts. Sensor 1 is chosen to measure the
temperature in the chamber for this experiment. +is sensor
transfers the feedback signal to the controller to regulate the
temperature. However, one can select whichever sensor (1, 2,
or 3) to control. Initial ambient temperature, 270 to 280, is
upheld during the experimentation. To regain the normal
temperature of the chamber, the scheme is kept in relaxation
till the temperature of the heating coil is reduced after each
run. All the results are plotted for desired and measured
temperatures along with real-time voltages for the heater
and blower.

+e experimental results of fractional order LADRC
(FO-LADRC) are obtained using a square set-point input
of maximum amplitude 40 and minimum amplitude 35,
as shown in Figure 6. 5.0 volts is applied as control
voltage to the heater in order to regulate the temperature
around the set-point. Applying constant 6.0 volts, the
blower was being run at the same rate. For these results,
sensor 1 is used to produce the feedback command for the
controller to control the temperature of it. 250 to 300 is
maintained throughout the experiments as initial am-
bient temperature.

+e performance of the proposed controller is observed
while applying three values of λ (λ� 0.46, λ� 0.48, and
λ� 0.51), as shown in Figure 6. In this figure, it is shown that
the overshoot increases due to increased value of λ conse-
quently; the control voltage requirement becomes higher
than the maximum permissible value.

Figure 7 displays the temperature restrained on sensor 1
and the control input for all controllers and for the three
values of closed-loop pole position (0.15, 0.17, and 0.2). Note
that for large values of closed-loop pole position, the
overshoot of the response becomes smaller. Figure 8 shows
an experimental comparison between fractional order and
integer order LADRC controller for sensor 1. Performance
comparison is shown in Table 1 for different experiments
conducted for different values of λ and ωc.

Note that the performance of FO-LADRC is better than
ILADRC and the voltage required for the fractional order
controller is lower than that of the integer order controller.
Further, the frequency of input voltage required by
ILADRC is higher than that of FO-LADRC, as shown in
Figures 5–9.

To show the robustness of the proposed fractional order
LADRC controller, the same experiment is conducted, but
the feedback signal is that measured by sensor 3 and the
controlled temperature is that on sensor 1. Figure 9 shows
the temperature restrained on sensor 1 and the control input

– –
r Kc

u0 1/b0
u HFE

system
y

z1

z2
FESO

Figure 3: Fractional order LADRC scheme.

Heat-flow
chamber Emergency stop

Data acquisition unitThree sensorsBlower

Figure 4: Experimental setup of HFE.

4 Mathematical Problems in Engineering



0 10 20 30 40 50 60 70 80
Time (s)

25

30

35

40

Te
m

pe
ra

tu
re

 at
se

ns
or

 1
 (d

eg
 C

)

Reference
ωc = 0.94

ωc = 0.88
ωc = 0.22

(a)

0

2

4

6

8

In
pu

t (
V

)

Blower
ωc = 0.94

ωc = 0.88
ωc = 0.22

0 10 20 30 40 50 60 70 80
Time (s)

(b)
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Figure 7: Experimental results with fractional order LADRC (FO-LADRC) controller, for different values of closed-loop pole position.
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Figure 8: Experimental comparison between ILADRC and FO-LADRC for sensor 1.
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for three values from λ (λ� 0.46, λ� 0.48, and λ� 0.51).
Result shows the best values for λ� 0.48.

5. Conclusion

+e aim of this research work is to represent a new fractional
order-based LADRC scheme which is a model free analytical
design technique.+e robustness improvement and tracking
results of the proposed technique are confirmed through an
experiment on a heat-flow system. Because the heat-flow
experiment platform is a delayed system, several tests have
been carried out to study performances of the proposed
controller and their robustness. All those tests have shown
the comparatively better performance of the fractional order
LADRC controller than the integer order LADRC controller.
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