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• Researcher at Control Systems Research Laboratory, Department of
Computer Control, Tallinn University of Technology;

• Contact details at work: E-mail: aleksei.tepljakov@ttu.ee;
Phone (+372) 620 2116;

• Room: U02-320, usual business hours: 9:00AM to 5:00PM;

• Research interests:

◦ Fractional-order modeling and control of dynamic systems;

◦ Control of complex nonlinear systems;

◦ Embedded systems and control.

• Developer of the FOMCON toolbox for MATLAB.
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• Fractional-order modeling and control:

◦ Motivation, Ph.D. thesis contributions;

◦ Basics of FO modeling and control;

◦ Real-life application examples;

• Intelligent Control System design for industrial applications;

• Virtual Reality—prospective applications, including training and
education.



Fractional-order Modeling and Control
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Motivation
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• Fractional calculus allows alleviating the limitations of
conventional differential equations where only integer operator
powers are used. This gives rise to models of dynamic systems
that take into account phenomena such as self-similarity and
system state history dependence.

• Contemporary industrial control systems are of considerable
complexity, therefore such systems are likely to exhibit such
phenomena.

• Hence, the application of fractional-order identification and
control methods to real industrial control problems is expected
to have a positive impact on the particular industrial process in
terms of improved performance, efficiency and cost reduction.



Ph.D. Thesis: Fractional-order Modeling
and Control of Dynamic Systems
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• It is of interest to study control processes with respect to
fractional dynamics. If a process exhibits such dynamics, the
model based control design procedure could be carried out
using the corresponding tools. This gives rise to the problem of
fractional model identification.

• Once a valid model of a process is established, one may proceed
with the design of suitable fractional controllers, the tuning of
which is more involved compared to conventional controllers.

• To apply the developed FO control algorithms to specific control
problems the corresponding controllers have to be implemented.
Two types of realization of such controllers can be proposed:
digital implementation and analog implementation.



The Generalized Operator
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Fractional calculus is a generalization of integration and
differentiation to non-integer order operator aD

α
t , where a and t

denote the limits of the operation and α denotes the fractional
order such that

aD
α
t =















dα

dtα ℜ(α) > 0,

1 ℜ(α) = 0,
∫ t
a (dτ)

−α
ℜ(α) < 0,

(1)

where generally it is assumed that α ∈ R, but it may also be a
complex number. We restrict our attention to the former case.



Fractional-order Transfer Functions
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A linear, fractional-order continuous-time dynamic system can be expressed by
a fractional differential equation of the following form

anD
αny(t) + an−1D

α
n−1y(t) + · · ·+ a0D

α0y(t) = (2)

bmD
βmu(t) + bm−1D

β
m−1u(t) + · · ·+ b0D

β0u(t),

We apply the Laplace transform with zero initial conditions and obtain the
fractional-order transfer function:

G(s) =
Y (s)

U(s)
=

bmsβm + bm−1s
β
m−1 + · · ·+ b0s

β0

ansαn + an−1sαn−1 + · · ·+ a0sα0

. (3)

In the case of a system with commensurate order q we have

G(s) =

m
∑

k=0

bk (s
q)k

n
∑

k=0

ak (sq)
k

. (4)



Fractional-order Controllers
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The fractional PIλDµ controller, where λ and µ denote the orders of the
integral and differential components, respectively, is given by

C(s) = Kp +
Ki

sλ
+Kd · s

µ. (5)

The transfer function, corresponding to the fractional lead-lag
compensator of order α, has the following form:

CL(s) = K

(

1 + bs

1 + as

)α

. (6)

When α > 0 we have the fractional zero and pole frequencies ωz = 1/b,
ωh = 1/a and the transfer function in (6) corresponds to a fractional
lead compensator. For α < 0, a fractional lag compensator is obtained.



Basics of fractional control: Fractional
control actions
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Let a basic fractional control action be defined as C(s) = K · sγ .
The control actions in the time domain for γ ∈ [−1, 1] with K = 1
under different input signals are given below.
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Approximation of Fractional Operators: The
Oustaloup Filter
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The Oustaloup recursive filter gives a very good approximation of
fractional operators in a specified frequency range and is widely
used in fractional calculus. For a frequency range (ωb, ωh) and of
order N the filter for an operator sγ , 0 < γ < 1, is given by

sγ ≈ K
N
∏

k=−N

s+ ω′

k

s+ ωk
, K = ωγ

h, ωr =
ωh

ωb
, (7)

ω′

k = ωb(ωr)
k+N+1

2 (1−γ)

2N+1 , ωk = ωb(ωr)
k+N+1

2 (1+γ)

2N+1 .

The resulting model order is 2N + 1.



Embedded Implementation
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Industrial Integration of FOPID Controllers

Aleksei Tepljakov 13 / 42

+

−

C(s) P(s)CR(s)+1
R(s)

New Controller

E(s)
Y(s)

↓

+

+

+

+

C(s) P(s)
−

−

CR(s)

R(s) u

Original PID control loop
E(s)

Y(s)



FOMCON project: Fractional-order
Modeling and Control
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• Official website: http://www.fomcon.net/

• Toolbox for MATLAB available;

• An interdisciplinary project covering a broad range of topics.



FOMCON Toolbox Structure
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Example: Fractional-order Control of the
Coupled Tank System
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The system is modeled in continuous time in
the following way:

ẋ1 =
1

A
u1 − d12 − w1c1

√
x1, (8)

ẋ2 =
1

A
u2 + d12 − w2c2

√
x2,

where x1 and x2 are levels of fluid, A is the
cross section of both tanks; c1, c2, and c12 are
flow coefficients, u1 and u2 are pump powers;
valves are denoted by wi : wi ∈ {0, 1} and

d12 = w12 · c12·sign(x1 − x2)
√

|x1 − x2|.



Example: Fractional-order Control of the
Coupled Tank System: Model
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Our task is to control the level in the first tank. We identify the real
plant from a step experiment with w1 = w12 = 1, w2 = 0 in (8). The
resulting fractional-order model is described by a transfer function

G2 =
2.442

18.0674s0.9455 + 1
e−0.1s. (9)

We notice that this model does not tend to exhibit integer-order
dynamics. Due to the value of the delay term the basic tuning formulae
for integer-order PID tuning do not provide feasible results. It is
important to choose the correct frequency domain specifications to
ensure control system robustness. We obtain the following controller:

Kp = 6.9514, Ki = 0.13522, Kd = −0.99874,

λ = 0.93187, µ = 0.29915. (10)



Example: Fractional-order Control of the
Coupled Tank System: Real-time Control
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Example: Control of Magnetic Levitation
System (MLS): Model of the MLS
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We use the following model of the MLS:

ẋ1 = x2,

ẋ2 = −
c(x1)

m

x2
3

x2
1

+ g, (11)

ẋ3 =
fip2
fip1

i(u)− x3

e−x1/fip2
,

where x1 is the position of the sphere, x2 is
the velocity of the sphere, and x3 is the coil
current, fip1 and fip2 are constants, c(x1)
is a 4th order polynomial and i(u) is a 2nd
order polynomial.



Example: Experimental Results: Retuning
the Real-life MLS Model
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Example: Experimental Results: Controller
Performance: Variable Set-point
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Fractional-order systems; analysis, synthesis
and their importance for future design
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“FRACTAL”

Management Committee Members for this Action from Estonia:
Dr. Eduard Petlenkov, Dr. Aleksei Tepljakov.



Intelligent Control System Design for Industrial
Applications
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Industrial Control: Transition of Novel
Control Methods into Practice
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District heating plant in Würzburg, Germany.



Intelligent Control System: Initial
Developments
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• Control theory has formed a basis for implementation of intelligent
control methods in the industry. One of the most important open
issues lies in the combination of classical industrial controllers with
knowledge based reasoning within a single programming framework.

• We restrict our attention to district heating plants. The motivation
behind this choice is dictated by the importance of the role these play
in Northern Europe. Practical implementation and verification of the
ICS is also facilitated due to the rise of interest of local and
international industrial entities towards these new developments.

• The ICS will be formed by a combination of classical control
techniques with intelligent control methods by means of the
interacting modules. This expert system will be capable of
determining the most suitable control strategy for a particular part of
a heating plant with respect to a predefined set of specifications.



Industrial Control: Transition of Novel
Control Methods into Practice
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Intelligent Control System Design: Core
Competences
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• Nonlinear Control design, Dynamic Linearization, and Artificial
Neural Networks.

• Fractional-order Modeling and (Retuning) Control. This
particular competence revolves around developing a CACSD
system—FOMCON toolbox for MATLAB. Research shows that
fractional-order calculus is very useful in heating control
applications.

• Fuzzy Logic based modeling and control.

• Optimal controller structure determination using Genetic
Algorithms, for which a software solution is in development.

• Model Predictive Control.



Example of a Real Industrial Problem and
Solution based on Fuzzy Logic

Aleksei Tepljakov 28 / 42

We are interested in a controller that is capable of accomplishing
the following tasks put forth by a typical control problem in heating
plants:

• It must ensure stable and correct operation of the overall
control loop;

• It has to maintain nominal operating conditions for various
particular pieces of equipment (e.g., boilers) involved in the
process;

• It should make possible running the system in automatic mode.

The proposed solution is based on transfering the knowledge of
qualified personnel to a Fuzzy Logic based control system.



Qualified Personnel—Essential Training
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Question: Is there an efficient way for transferring knowledge
related to practical industrial control problems?

Answer: Yes, through Virtual and Augmented Reality applications.
The effect of immersion (or the effect of “being there”) coupled
with additional teaching elements will create the corresponding
experience and facilitate and improve personnel training.



Virtual Reality: Prospective Applications.
Training and Education
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Virtual Reality: Oculus Rift

Aleksei Tepljakov 31 / 42

Initial development funded through Kickstarter. Officially endorsed
by John Carmack.



Virtual Reality: Head Mounted Display
Technology
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Virtual Reality vs. 3D Video
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The main advantages are

• Real effect of immersion (“Being there”) possible due to
advanced user head tracking;

• Possibility to interact with the virtual environment, or even the
real world (Augmented reality);

• Simulation of physical presence in places in the real world or a
fantasy world.

It is possible to design virtual educational environments where any
real-life situation can be simulated in great detail. If the effect of
“being there” is persistent, the whole experience will contribute to
the learning process.



Application Examples: Augmented Reality
for Navigation
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Application Examples: Industrial Education
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Examples of Applications Developed in
Control Systems Research Laboratory
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Industrial process monitoring and security applications.



Examples of Applications Developed in
Control Systems Research Laboratory
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Master/slave remote reality viewing.



From a Real-Life Laboratory Model of the
MLS...
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...to a Reproduction in a 3D Modeling
Application...
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...to a Complete Model in Virtual Reality
Connected to MATLAB/Simulink
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Specialized Laboratory To Open in
MEKTORY in Spring 2016
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Discussion

Aleksei Tepljakov 42 / 42

Thank you for listening!
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