GPC and PID controllers applied in a small plant

Daniel Thomazini Resumo
Universidade de Fortaleza, Neste trabalho ¢ proposto o Controle Preditivo Generalizado (GPC) com trés passos a frente e
Av. Washington Soares, outro Proporcional Integrativo Derivativo (PID) para uma planta pequena, utilizando um algoritmo
1321, thomazini@unifor.br de minimos quadrados estendido para a identificacdo da planta. Como resultado obteve-se uma
solugdo de baixo custo e facil implementagdo para fornos elétricos, de poténcia de 2500W. Ambas
Maria Virginia Gelfuso as aplicagoes dos controles tiveram uma variacdo de 0,2% sobre o setpoint em regime permanente,
Universidade de Fortaleza, o que pode ser totalmente aceitavel, pois uma variagdo como essa em tratamentos térmicos pode
Av. Washington Soares, produzir resultados confiaveis. Além disso, esse erro é muito menor quando comparado com um
1321, thomazini@unifor.br processo manual onde se pode obter erros na ordem de 20 até 30%. O controlador GPC apresentou
uma convergéncia para o setpoint em menor tempo quando comparado com o controlador PID, pois
Francisco Teixeira Neto isso ocorreu em 1740 e 8230s, respectivamente.

Universidade de Fortaleza,
Av. Washington Soares,
1321, ftnt@edu.unifor.br

Palavras-chave: GPC. PID. Algoritmo minimos - quadrados estendido.

, A
Eber de Castro Diniz b.stract . .. .
Universidade de Fortaleza, This work proposes a Generalized Predictive Control (GPC) with three steps ahead for plant controller

Av. Washington Soares, and Proportional Integrative Derivative (PID) control, using the Extended Least-Squares algorithm

1321, eber@unifor.br for the plant identification. As a result we have a low-cost solution and easy implementation for
electrical ovens, in this case, power of 2500W. Both control application had gotten a variation about
0.2% around the setpoint at steady-state, which is acceptable because +2°C in thermal treatments
can produce reliable results. Also, this error is much better if you compare with manual process that
gets an error from 20 to 30%. GPC shows faster convergence to set-point than PID control because
it happened in about 1740s, while 8230s for PID control.
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1 Introduction

Actually there are a lot of control techniques that can be applied in a device, as an electric furnace. The Proportional
Derivative Integrative (PID) controller algorithm involves three separate parameters (Liptak, 1995): the Proportional,
the Integral and Derivative values. The weighted sum of these three actions is outputted to a control element such as the
position of a control valve or power into a heating element. Some applications might require only using one or two modes
(by setting undesired control values to zero) to provide the appropriate system control.

A PID controller will be called a PI, PD, P or I controller in the absence of respective control actions. PI controllers are
particularly common, since derivative action is very sensitive to measurement noise, and the absence of an integral value
prevents the system from ever reaching its target value due to control action.

An interesting approach to unify different ideas of predictive control is Generalized Predictive Control (GPC)
according to (Clarke, 1987; Clarke, 1989). It generates a sequence of future control signals within each sampling interval
to optimize the control effort of the controlled system. It was done by minimizing a rather complex cost function. Due to
the high calculation power required for GPC, real applications in drive systems are very rare. Therefore most papers just
present simulation results (Kennel, 2001).

This is the motivation of this paper comparing GPC algorithm (Clarke, 1987) three steps ahead for controlling and PID
with parameters adjusted by modified by Ziegler-Nichols Method, and using Extended Least-Squares algorithm (ELS) for
identification of the plant.
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2 Experimental procedure

An electric oven of 2500W was used in this study. The GPC, PID and ELS algorithms were implemented in a personal
computer and interfaced using a microcontroller PIC18F452 with a state solid relay as actuator. All the algorithms were run
using Matlab 7.1 with Simulink application. The block diagram of the system is described below.
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Figure 1: Block diagram of the system.

On the first iteration, the plant parameters had been already calculated and are allocated in the Matlab, the PID and
GPC algorithm calculates the controller parameters three steps ahead. As we have a SISO (Single Input, Single Output)
and it is linear, it was first calculated the parameters for power actuator. After signals had sent to the actuator, thermocouple
measures the temperature and sends its data to the microcontroller. The microcontroller, having this data and the input
parameters calculates the new parameters of the plant using Extended Least-Squares algorithm. So the system has the on-
line data for calculating new plant parameters. This system with on-line identification is very useful because changes in the
plant parameters are evaluated inside the process, so malfunctioning parts, climate changes are automatically detected, and
plant parameters are evaluated on-line, so calculation of controller parameters are well done and more precise.

3 System Identification

The Extended Least-Squares algorithm is a modification in Least-Squares algorithm that envisages reduction in
polarized parameters caused by aging of actuators, climate changes or modification in system agents. These methods differ
from a different assumption of the noise. While Extended Least-Squares considers a colored noise in its modeling, defining
in ARMA (Auto Regressive Moving Average) model, Least-Squares models only a white noise.. So, in our case, modeled
plant is described by the following equation:

Mk]=apylk =11+ ayylk =21+ a3 y[k — 3]+ by [k 1]+
byu [k — 2]+ dk]+ d[k—1] 1

Where y[n] is output of the system, u,[n] is power input and v[k] is white noise. We use the equation 2 to identify the
SISO system with regressors vector extended to two inputs (Aguirre, 2002):
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Where the regressors vector are defined as:

A3)
Y (k=1)=[yk=1] y[k=2] ylk=3] w,[k-1]

w [k = 2] up[k =17 [k —2] vk vk —1]

Using these mathematical analyses, the identification could be started. The microcontroller sent the required data (the
output and input) to the computer, using the serial port. The software received the data and identified the plant parameters,

plotting the output of real plant and modeled plant for comparative analyses. Figure 2 shows the real and identified
modeling of the plant.
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Figure 2: Real and online plant identification.

As it can be seen, after 400 seconds, the identified output of modeled plant was close to real one, for the same input.
The parameters of the modeled plant, showed in equation 1, calculated with ELS algorithm, were:

al=1;

a2=-1.0125111;

a3=0.013296532;

b1=0.051108651;

b2=0.051050069.

The plant was modeled in third order because the lack of resources (memory) of the microcontroller. We also

disconsidered the parameters of colored noise (extended part of identification algorithm) because it would not be useful
for GPC controller.

To calculate the parameters of controller we used GPC (Generalized Predictive Control) algorithm, that have been

successfully implemented in many industrial applications (Clarke, 1988), “showing performance and certain degree of
robustness” (Camacho, 1999).

The basic principle of the GPC resides in the fact that to try to minimize the cost function predicting the future control
signals. So, because that this case is a linear model, and a SISO systems as explained previously.

Having this information, we used the CARMA (Controller Auto-Regressive Moving-Average) model for the input.
CARMA model has the following equation:

A () =Bz Yz Ut =)+ C(z Ve(r)/ A ®)

where; A=1-z""
The GPC algorithm is described by:
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v, (6)
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In way that following function minimizes the cost function (or the predictive error). The y(#|f) indicates how many
steps ahead the algorithm is calculating system output relationed with t variable., N, and N, are minimum and maximum
horizons of cost function, respectively, and N is control horizon. A(f) and A(f) are weighting sequences relationed with
time and w(z+j) is at the time #. In this case, vector w(#+/) is fixed, since our set point is fixed too, that is, does not vary.

The solution of above function is:

Au(t) = K(w=f) ™

Where K is first line of the matrix, f'is free response vector and w is reference vector.

G could be solved using the Diophantine equation. But there is an easy way to implement and it is showed below
(Camacho, 1999). As G is a triangular matrix by definition, and diagonals and subdiagonals elements are the same, we use
the following equation:

(GTG+M)_1GT ®)

Where a, and b, are numerator and denominator parameters, respectively. Index j indicates diagonal or subdiagonal
number. For example, if j is equal 0, element g, refers elements of main diagonal, and g, refers to elements of second di-
agonal (or first subdiagonal), and so on. Having these elements we calculate all elements of the G matrix recursively.

Free response could also be calculated by a easier way than using Diophatine equation (Camacho, 1999). Using
transfer function of system, we calculate y(¢+1), that results in a third equation when we sum y(¢) and y(#+1), without white
noise(that in our case is only to remove the polarization of the parameters):

Yk +1]=ayylk]+ay ylk =11+ az ylk = 2]+ by [k]
+byuy [k =1]+ cuuy[k]+ couy [k 1]

and
Ykl = aylk =11+ ay y[k — 2]+ a3 y[k = 3]+ by [k 1]
+byu [k = 2]+ cuuy [k —1]+ cuy [k —2]

which gives:

Yk +1]=A+a))ylk]+(a; —ay) y[k —1]

+(ay —az)ylk =21+ A+ b))uy [k]— (by = by )uy [k —1]
+byuy [k = 2]+ 1+ uy [k]+ (¢ — ¢ )uy [k 1]
+cyuy [k —2]

So, defining f{#+1) = y(++1) we calculate recursively f{#+n), using same way that we calculate y(#+1), forming free
response vector.

4 Modified Ziegler-Nichols method

If an arbitrary point on the Nyquist curve of open-loop system is chosen, the parameters of a PI controller can be
calculated in way that this point can be allocated in a suitable position (Astrom, 1995). If the chosen point is described by
polar coordinates:
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The point to be moved is usually the ultimate point, which can be determined by relay feedback method (Astrom,
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1995). Has been suggested by Pessen (Pessen, 1954) to move the ultimate point to ,=0.41 and ¢,=61°.

Using this information and the calculated parameters in ELS algorithm, the plant’s output is presented in Figure 3.
Figure 3: Controlled sensor output and set-point.

The steady state error for GPC and PID was, respectively, 0.4% and 1%. Although rise time using PID(650 seconds)
was lesser than using GPC (1330 seconds), the first controller drove the system to 23.63% of overshoot, while in GPC the

overshoot was only 1,02%. The GPC algorithm stabilized the process in about 1740 seconds, which is a good performance.
The PID controller stabilized in 8230 seconds.
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Figure 4: Control effort for the plant.

Figure 4 presents the control effort for the plant. PID saturates the controller for greater time than GPC. Also, variation
of control variable was higher in PID than GPC, meaning that the first controller needs more energy than the second one.
The time to steady-state in this case was the same observed to the controllers operation. GPC takes a faster and reliable
control than PID controller.

4 Conclusions

The GPC control has a fast and reliable response as expected [2], making temperature controlling easy to implement,
having facts that interferes in this control, as demonstrated before. Least Squares algorithm modeled the non-linearity of
system inside white noise, making a lesser computational effort than compared with nonlinear identification algorithms.
The set-point was reached in less than 1800 seconds, for a 0,4% error. Also, this is an online algorithm, that can handle
environment changes which can take a time to be detected using PIC controlled.
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