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ABSTRACT: The development and application of a method for the online and adaptive design of
control systems for the tracking of moving targets is presented in this article. Due to the characteristics
of the process the indirect deterministic self-tuning regulator without zeros cancellation was chosen to
track the solar irradiation and to position the photovoltaic panel to absorb this energy. In terms of a
polynomial approach, the mathematical formulation is presented in the domains of discrete continuous
time. Also, the parametric estimation algorithms, the pole allocation method and its minimum degree
algorithm for allocation are presented. Finally, the results are compared with a PID controller and the
final considerations are presented.
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I. INTRODUCTION

Control theory has provided powerful regulator design tools for industrial processes. However, in many
practical applications it is difficult to determine the controller parameters since the process and disturbance
dynamics are unknown. In this way, process parameters must be estimated [1], [2], [3].

In addition, it is desirable to have a regulator that tunes its parameters in an online manner. Therefore,
the designed controller must be composed of three parts: a parametric estimator, a linear controller and a block
that determines the estimated process parameters used to calculate the controller parameters.

The main reason for using an adaptive controller is when the process or its environment is continually
changing as it is difficult to analyze such systems. To simplify the problem, one can assume that the process has
unknown parameters. An important result of the self-adjusting regulator is that the controller parameters
converge to the regulator that was designed even though the model structure is incorrect [4].

In tracking control systems it is desirable for the controlled variable to follow the input signal. There
are several types of systems for this purpose. One can cite trajectory tracking of manipulating robots in which
the robotic arm must follow a given trajectory; Solar thermal and photovoltaic tracker in which both the
concentrated solar collector and the photovoltaic collector require the use of solar trackers to increase the area
exposed directly by the sun. In photovoltaic systems the solar tracker maximizes energy production.
Experimental results have shown that using followers in PV modules has increased the annual energy
production by more than 30% compared to the same size and fixed slope photovoltaic systems [5], [6].

The controller type applied in this search is a self-tuning controller. This type of controller
automatically adjusts its parameters to obtain the desired properties in closed loop [8]. In several situations it is
possible to reparametrize the process such that the model can be expressed in terms of the controller parameters
[4]. After realizing the system specifications in closed loop, the parameters of the plant are estimated taking into
account these estimated parameters are treated as if they were the true parameters (principle of equivalence to
certainty). These estimated parameters are used in the calculation of the control law.

The article is organized into sections that present the proposed methodology, its development, the
parametric estimative and adaptive algorithms, together with the results obtained.

In Section 2 the description of the problem with its mathematical formulation is presented in both the
continuous time domain and the discrete time domain. In Section 3 the parametric estimation algorithm, the self-
adjusting regulator, the pole-allocation design, and the minimum-degree pole-allocation algorithm are presented.
Also in this section we present the PID controller that is used for comparison purposes with the STR. Finally, in
Section 4, the results obtained with this work are shown and in Section 6 the final considerations are presented.

I1. PROBLEM CHARACTERIZATION
In this section, the text is developed around the problem of tracking the solar irradiation and to position
the photovoltaic module. The description of the same is presented with its mathematical formulation. In order to
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carry out the self-adjusting control of the solar tracker, it is necessary to know the structure of the plant to be
controlled and its digital equivalence in order to estimate its parameters and to calculate the control law.

2.1. Problem Description

The methodology presented in this article is applied in a solar tracking system in order to maintain the
surface of the PV module perpendicular to the solar incident rays. The dynamic system, represented by the
actuator, PV and sensor can be seen in Fig. 1. The actuator of the system is a direct current motor and its
armature consists of permanent magnet. The element responsible for measuring the angular position of the PV is
a potentiometer coupled to the PV axis.

= 7~

Sensor
Actuador

Figure 1: System overview.

For control purposes the PV is modeled as a load on the motor shaft. In Fig. 2, this consideration is
taken into account.

Load

Actuador

u

Figure 2: PV as load on the motor shaft.

2.2. Mathematical Formulation of the Problem
The actuator-load assembly model is shown in Fig. 3. Since the actuator armature consists of a
permanent magnet, the field circuit is considered constant and the input voltage is applied to the armature
circuit.
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Armature circuit
Figure 3: Actuator-load model.

If i is constant, the torque applied to the load is given by
F(t) = kyi () (1)

where %+ = Kirll) a constant. Considering .7 as the total moment of inertia of the load, axle and motor rotor; #, the
angular displacement of the load; and /, the coefficient of viscous friction of the bearing. So we have to

APy dft)
S Y )
which describes the relationship between the motor torque and the angular displacement of the load.

When the actuator is moving the load, a voltage ™il*] against electromotive force (fcem) appears in the
armature circuit which, in turn, opposes the applied voltage. The voltage il'! is proportional linearly to the
angular velocity of the actuator axis:
________________________________________________________________________________________________________________________________|
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Thus the armature circuit of Fig. 3 is described by

i i)

Mai i) + Ly gt i) v, () (4)

or
digit) i) )
Raiqlt) + Ly—— .n‘.u.l— wlt)

dt dt (5)

using (1), (2) and (5), we can find the transfer function of the actuator. The substitution of (1) in (2), and the
application of the Laplace transform in (2), assuming zero initial conditions,

ko da(8) = Js*0(8) + f59({s) (6)
Uia) = Hodols) + Loslyg] + ks8] (7)
The elimination of 7. from these two equations results in

als) ks

G} = Tis) = 3[(ds + 1) (Ra + Lus) + ko] ®)

this is the transfer function from ., = uto .
Using (1), (3), (4) and (6) one can draw the block diagram for the DC motor controlled by the armature
as shown in Fig. 4.

Motor Load
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Figure 4: Actuator-load blocks diagram.

In applications, the armature inductance L. is brought to zero [8]. In this case (8) is reduced to

i) Bi(s) ki -
NS e T S Bs Kk 4 [ 87w 4 1) 9)
where
k F
" kuky + SR, : Gain constant (10)
and
i J,
" keky + FH, : Time constant (11)

The time constant in (11) depends on the load and the armature circuit. Equations (8) and (9) are often
called the transfer function of the motor, although it is effectively the function of transferring the motor and
load.

2.3. Model Discretized

Then, the digital equivalent of the PV-axis assembly must be found, since the digital compensators
generate a sequence of numbers that must be later transformed into an analog signal to add to the analog plant.
This conversion is called the zero-order hold (ZOH).

The transfer function of the zero-order hold is given by
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In digital control a plant is always connected to a zero-order hold (D/A conversion). The transfer
function of the discretized model, considering the dynamics of the zero order hold, is given by

Gis) z lj[f.-':a'_lJ
: & (13)
Multiplying the numerator and denominator of (9) by !/, one has to
. ) L/ T
iis) =k, —
54 4 JI'__.I_I (14)
and
{s]5) Ky I-".'_l'.. :
s T (15)

The discrete transfer function of (15) is given by

o s kool " LTz (1= rf." =)
- Tin [z =113z = T/7m)

£

and the digital equivalent of the PV-axis assembly results in

|I;'... | _.- L 4« _.-":I: } IJ & m 5 r.: |
T (z=1){z = e T/mm) (16)

As the system will stay outdoors it will be subject to changes in environmental conditions such as
temperature and direction variation and wind intensity. In addition, the transfer function of the same motor will
be different if it drives several loads because the dynamic characteristics of the actuator depend on the load and
if the load is not balanced the moment of inertia, .7, will be changed as a function of the angular displacement , i.
These situations lead to a variation of the model parameters as a function of time. Another reason for using this
methodology is parametric uncertainties. Therefore, in order to achieve and maintain an acceptable level of
control system performance in the occurrence of variation of model parameters, an adaptive control approach
must be considered [7].

I1l. ONLINE CONTROL SYSTEM DESIGN

In this section we present the method developed for the control system online project, which is based
on the architecture of the self-tuning regulator (STR). In turn, the recursive least squares method is used to
compose the parameter estimator. Also, the minimum degree pole placement algorithm (MDPP) is used for the
adjustment of the controller parameters.

In the design of adaptive control systems it is assumed that the structure of the process model is
specified. The model of the model is estimated online and one can be carried out in a continuous or batch mode.
The parametric can be able to be done in several ways. There are also techniques that can be used to design the
control system. In this research, the estimated parameters are treated as the controllers. This is called the
principle of equivalence to certainty.

3.1. Self-tuning regulator Deterministic

The self-adjusting regulator (STR) automatically adjusts its parameters to obtain the desired properties
of the closed-loop system. The choice of the structure of the model and its parameterization are important
practices for self-adjusting regulators. Often, the model can be reparametrized such that the controller
parameters can be estimated directly. That is, a direct adaptive algorithm is obtained. This approach has been
called implicit.

An indirect approach is to estimate the parameters of the process transfer function. This results in an
indirect adaptive algorithm. The controller parameters are not updated directly, but indirectly via the estimation
of the process model. This method is often called explicit. In Fig. 5, the block diagram based on the indirect
self-tuning is shown. It is assumed that the structure of the process model is specified.

The model parameters are estimated recursively online and the "Estimator” block provides an estimate
of the process parameters. The "Control Law" block contains calculations that are required to carry out the
design of a controller with a specified method and some parameters that can be chosen externally. The
"Controller" block is an implementation of the controller whose parameters are chosen from the control project.
________________________________________________________________________________________________________________________________|
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Figure 5: Based on self-tuning indirect regulator.

3.1.1. Parametric Estimation Algorithm
The technique used in this research for parametric estimation is the recursive least squares (RLS). The
RLS equations are given by

it — 1)t — 1)

Kit) = .

v 1+ @ [t - 1P — Ljglt — 1)

Bit) = Bit—1)+ Kyt — & (1 - 18t —1))

Pit) (= Kie(t - 1P - 1) 17)

where i is the gain vector; i the error covariance matrix; ¥ the vector of regressors and i is the vector of
parameters.
From (16) one can see that the system model is given as follows

bpz + Iy
2z s (18)
and that in equation to differences result§ in
i)z 4 apzyit) + asylf) = bpzult) + byalf) (19)
Multiplying (18) by ¢~ results in
gl +agplt — 1) +aeyl — 2) = |I.l.|rr[|' -1}y + f1| it — 2

and (19) can be rewritten as
wit) =Tt —1)8 (20)
where
7 = [y aa By By
Pl — 1) = (—wyit —1) —ylt—2) ult—1) w(f—2))

3.1.2. Design by Pole Placement

The control design method used is the pole allocation method. The idea is to design a controller that
provides the desired poles in a closed loop. The process can be described by a single input and single output
system (SISO)

Ay(t) = Blu(t) + v(t)) (21)

where .4 and i are polynomials in = and are relatively prime.
A general linear controller can be described by

Hult) = T b)) — Splt) (22)
where 7, 5 and 7 are polynomials.
The elimination of u between the equations (21) and (22) results in the following equations for the
closed-loop system

-a (8] 4

g b1
f
YW= AR T BS

BR
AR+ BS (23)

u(t) = “u () —

AT Bs
AR BS AR + BS (24)
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The characteristic polynomial closed loop results in
AR+ RS = A, (25)

The key idea in the design method is to specify the desired characteristic polynomial in closed loop ..
The polynomials iz and = can be solved from (25) which is called the Diophantine equation.
To determine the polynomial 7 in the controller (22) it is required that the response of the command
signal 1. to the output is described by the dynamics
Attt th = Hou 8] (26)

Follows from (23) and (24) that the conditions must have

BT BT R,
AR+ BS  A.  Aw 27
the model-following depends on the model, system and command signal.

The equation (27) implies that there is a cancellation of 571 and -i. factors. Factoring the & polynomial
as
B=gB*'R (28)

where ##° is a monic polynomial whose zeros are stable and so well damped that can be canceled by the
controller and &~ corresponds to unstable or weakly damped factors that cannot be canceled. It follows that iz
must be a factor of

B,=E B, (29)
since [ is canceled, it must be a factor of A.. The characteristic polynomial in closed loop has the following
form

Ap = A A, B (30)
Since 1" is a factor of i and A., it follows from (25) that
R=R#g (31)
and the Diophantine equation is reduced to
AR + B 5= A4, = A, (32)

By introducing (28), (29) and (30) into (22) results in

I'=A,B, (33)
3.2. Algorithm MDPP
The following one has minimum degree pole placement algorithm (MDPP) [4]

Data: Polynomials A e i
Specifications: Polynomials A, Fe, & Aa
Compatibility Conditions:

r.'l-I q .H_.,_. = ||'r q 1

e i ”: = i Ik

deg Ay ey A — deg 37 1

B, BB,

Step 1: Factor Fas & = &' 13-, where i is monic
Step 2: Find the the solution it and s with deg 5 < deg A from
_ AR +B5=4,4,,
Step 3: Form 1t = & 5" and ¥ = <15, and compute the control signal from the control law

Ry =Tu. - 5y
No zeros are canceled: The factorization in Step 2 also becomes very simple if no zeros are canceled. We have
2t =1, 8 =B and B = 38 where 7 = .1}/ B(L), Furthermore, deg A, = deg A~ deg &~ land T = 4.,
The closed-loop characteristic polynomial is - = -1, and the Diophantine equation in Step 2 becomes

AR+ 8BS = A, = A, 4,
|
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3.3. Parallel PID Controller

For the purposes of comparison with the proposed methodology, the remainder of this Section presents
the structure of the controller output of three terms, PID (Proportional-Integral-Derivative), in the time domain.
This controller offers a proportional term, an integration term and a derivative term and its output can be written
as [9]

f et
ult) = Kpe(t) + K; ;‘ el(r)dr + K 1 : (34)
S i

The time derivative of #if1and *]in (34) becomés

full] . de(t) . L d2e(t)
- s + Apelt) + A
dt

it dt? (35)

and the use of the Euler’s method in (35) results in the following equation the difference [10]

. R VR ') W o KaN L K
(k) =ulk - 1)4 (.1\;- FTHKy 4 T )H_J.y (/\;- | 27 elh — 1) 4 _IA:I,). 2) (36)
IV. EXPERIMENTAL RESULTS
The experiments obtained in this work consist of performance results of the control and action methods
resulting from the tracking of the moving target. Initially, we present the design specifications, the plant model
and the setup of the experiments that are constituted of the parameters the estimator and simulations. The
section ends with an analysis of results.

4.1. Design Specifications

The desired system must meet the design specifications that are represented in terms of the damping
coefficient, & , natural frequency not damped, wu, and regime gain. The specifications are given by & = .5
wy = 2 rads and steady-state gain unit gain.

4.2. Plant Model

The plant model for purposes of implementing the positioning system are obtained from the motor plate
data. Taking into account that o = 32284 % 107" Kgom® o By =40 k= 00274 N e AT
by = 00274V - 5-rad '; and = 35077 = L0 N o es results in T = 0.0019 and & — 1 15, Thus, the
equation (9) is as follows

' 022 (37)

From (37), the crossing frequency is estimated to be approximately 2 Hz. The sampling frequency
should be significantly faster than the plant dynamics. With this, a sampling frequency of 200 Hz is chosen and

the digital equivalent of the PV-axis assembly results in
L 02400 5 002182
Gl = 7 v orar (38)
4.3. Setup
The setup consists of the initial conditions of the plant parameters, the estimator and command signal.

As well, of the parameters of the model-based simulations.

4.3.1. Estimator
The algebraic structure of the estimator is given by (17), the initial conditions of the estimator are:
P = 10" « 7, the initial estimates of iy = —2.5, az = 0.5 by = 0.03 and &y = 006

4.3.2. Command signal
To generate the reference signals of the STR scheme of Fig. 17, it is assumed that the generation of the
input data is given by rectangular pulses of variable amplitude and period 125 = 107,

4.4. Parametric Estimator
The evolution of the recursive estimation behavior of the plant parameters by the parametric estimator

of the STR schema of Fig. 5 and represented by the polynomials &/ is in Fig. 6.
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Figure 6: Estimation of parameters.
It is observed in Fig. 6 that the parameters converged to the plant parameters that are given by (38)
with a lesser convergence time than 22 ms.

4.5. Tracking Control

In Fig. 7, we have the graph of the STR and PID outputs with the command signal. It is observed that
the overhang of the STR controller is smaller when compared to the overhang of the PID controller.

1.5
— i

— P11

Time [s)

Figure 7: Input and output signal.

In Fig. 8, the control signal of the STR is sent to the actuator
P : i

— £

a4t

) [

-6
0 .1 0.2 0.3 0.4 0.5
Time (=}

Figure 8: Control signal.

4.5. Performance Analysis
In Fig. 6, it can be seen that the parameters converge with less than 22 ms. The convergence time is

influenced by the initial conditions. These parameters are used to calculate the control law polynomials, as
described in the MDPP algorithm.

From Fig. 7, it can be seen that the STR and PID output can track the input signal and that there is a
salient in the responses. This overshoot comes from the dynamics of the controllers used. In addition, if the
choices of the initiator data of the estimator were inadequate the system would present great oscillations at the
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beginning of the response, but then the algorithm would be able to make the output of the system follow the
input.

The control signal in Fig. 8, presents oscillations only at the beginning of the system response, however
in the remaining time of the response the control signal presents a smooth behavior and its value is null in cases
in which the system output Is equal to the command signal.

V. CONCLUSION

In this paper, we presented the mathematical modeling in the discrete time domain of a photovoltaic
tracking system and the algorithm of the indirect self-tuning regulator without zeros cancellation. The
parametric estimation algorithm used was the RLS. In addition, the STR was applied in the system under
discussion and obtained satisfactory performance. The STR controller has been compared to the PID controller.
By means of the obtained results it was noticed that the parametric estimation algorithm converged to its real
values and that the output of the system was able to follow the command signal well according to the
specifications of the desired system. Finally, it was verified that the signal of the control effort did not reach
exaggerated values and did not present severe oscillations, which means that the actuator will not be subject to
stress in the operating conditions.

ACKNOWLEDGEMENTS

The authors are indebted to the Federal University of Maranhdo (UFMA), the Graduate Program in
Electrical Engineering (PPGEE), the Embedded Systems and Intelligent Control Laboratory (LABSECI), the
Coordination of Undergraduate Personnel Improvement (CAPES), and the National Council for Scientific and
Technological Development (CNPq) for the development infrastructure and financial support.

REFERENCES

[1].  G. Sun, X. Wu, A self-tuning fuzzy-PID stabilization experiment of a seeker inertial platform's tracking loop subject
to input saturation and dead-zone, Aircraft Utility Systems (AUS), IEEE International Conference on. IEEE, 2016,
580-585.

[2].  S. Peter, M. Revak, M, Chovanec, Self-tuning input shaper modeling, Information and Digital Technologies (IDT),
2016 International Conference on. IEEE, 2016, 271-273.

[3].  A. Filipescu, V. Minzu, Trajectory-tracking and discrete-time sliding-mode control of wheeled mobile robots,
Information and Automation (ICIA), 2011 IEEE International Conference on. IEEE, 2011, 27-32.

[4]. K. J. Astrém, B. Wittenmark, Adaptive control (Mineola, NY: Courier Corporation, 2013).

[5]. R. Eke, A. Senturk, Performance comparison of a double-axis sun tracking versus fixed pv system, Solar Energy
86(9), 2012, 2665-2672.

[6]. C. Sungur, Multi-axes sun-tracking system with plc control for photovoltaic panels in turkey, Renewable energy
34(4), 2009, 1119-1125.

[7]. I. D. Landau, R. Lozano, M. M’Saad, A. Karimi, Adaptive control: algorithms, analysis and applications (Grenoble,
France: Springer Science & Business Media, 2011).

[8].  C.T.Chen, Analog and digital control system design (New York: Saunders College Publ, 1993).

[9].  G. Franklin, J. D. Powell, M. L. Workman, Feedback control of dynamic systems (Michigan, USA: Addison Wesley
Longman, 2011)

[10]. G. Franklin, J. D. Powell, M. L. Workman, Digital control of dynamic systems (Menlo Park, CA: Addison Wesley
Longman, 1998)

|
| JMER | ISSN: 2249-6645 | www.ijmer.com Vol. 6 | Iss. 12 | Dec. 2016 | 58 |


https://www.google.com.br/search?hl=pt-BR&tbo=p&tbm=bks&q=inauthor:%22GENE+F+AUTOR+FRANKLIN%22&source=gbs_metadata_r&cad=8
https://www.google.com.br/search?hl=pt-BR&tbo=p&tbm=bks&q=inauthor:%22J.+DAVID+AUTOR+POWELL%22&source=gbs_metadata_r&cad=8
https://www.google.com.br/search?hl=pt-BR&tbo=p&tbm=bks&q=inauthor:%22MICHAEL+L+AUTOR+WORKMAN%22&source=gbs_metadata_r&cad=8
https://www.google.com.br/search?hl=pt-BR&tbo=p&tbm=bks&q=inauthor:%22GENE+F+AUTOR+FRANKLIN%22&source=gbs_metadata_r&cad=8
https://www.google.com.br/search?hl=pt-BR&tbo=p&tbm=bks&q=inauthor:%22J.+DAVID+AUTOR+POWELL%22&source=gbs_metadata_r&cad=8
https://www.google.com.br/search?hl=pt-BR&tbo=p&tbm=bks&q=inauthor:%22MICHAEL+L+AUTOR+WORKMAN%22&source=gbs_metadata_r&cad=8

