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Abstract—The development of two black-box (ARX and ARMAX) models for a process simulator
has been carried out in this work. Wireless input/output data obtained from The Cussons P3005 type
process control simulator which temperature measurements can be made at four different points
which are first tank (T1), heater output (T2), second tank input (T3) and second tank output (T4)
temperatures. Wireless temperature experiments were achieved by using MATLAB/Simulink
program and wireless data transfer during the experiments were carried out with radio waves at a
frequency of 2.4 GHz. The wireless data used for the models development were generated using a
unit step change between % 10-70 values on the heater capacity of the process simulator. The model
orders used for the estimation of the model polynomial coefficients were determined by optimizing
the Rissanen’s Minimum Description Length with the aid MATLAB. The comparison between the
experimental, ARX and ARMAX simulated temperatures of three different points on the process
simulator have revealed that the ARMAX models can be used to represent the process succesfully.
Furthermore, ARMAX models were discovered to be better in performance because of faster than
ARX models in getting to the steady-state and without any oscillations when a step input was applied
to both models.
Keywords—Black-Box modeling, ARX, ARMAX, Rissanen’s Minimum Description Length,
MATLAB/Simulink, wireless measurement and control
I.
INTRODUCTION
Various measurable chemical, physical and biological properties may be collected by a network of
spatially distributed devices, available during the industrial production or experimental studies in the
laboratory. Actually, the use of wireless monitoring, acquisition and storage of various measured
parameters. The stored data may be used for developing control and optimization strategies of
chemical processes. Also, the collected data may be used for studying the modeling, identification or
optimization. Real time monitoring by implementation of wireless networks contributes to
minimization of potential production risks and energy requires, emerging mainly from environmental
influences and human actions with easy installation and lower maintanence cost according to cable
measurement and control.
Advanced controllers such as classical PID control [1-2], nonlinear control [3-4], robust control [56], optimal control [7-8], model predictive control [9-10], fuzzy logic control [11-12], neural
network control [13-14], adaptive fuzzy control [15] and fuzzy PID control [16-17] can also be
implemented to predict the energy consumption and take appropriate actions to reduce energy
consumption. The performance of the controllers depends largely on the accuracy of the system
models and the processes being controlled. Therefore the development of accurate models is
necessary which perform well under the wide range of operating conditions and are able to cope with
the nonlinear behavior of the system. The researchers have developed several methods such as whitebox models [18], black-box models [19-24] and grey-box models [25-26] to model the behavior of
the various processes.
The black-box models are developed by measuring the data of the process input and output and
fitting a mathematical function to the data. The development of rigorous theoretical models may not
1,2
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be practical for a complex process like this where the models require a large number of equations
with a significant number of process variables and unknown parameters. But the development of
black-box models does not require the understanding of the system physics and they have high
accuracy compared to the physics-based models though they suffer from the poor generalization
capabilities. The statistical black-box models consist of single and multivariate linear and polynomial
regression techniques, autoregressive (AR), ARX, autoregressive moving average (ARMA), finite
impulse response (FIR), autoregressive moving average exogenous (ARMAX), output error (OE)
and Box–Jenkins (BJ) models. The mathematical expression for the generalized structure of
statistical black box models in a simple input/output relationship is applied to various systems.
In this study, two black-box models, (ARX and ARMAX), are developed and compared for process
simulator which wireless temperature experiments achieved in this work using the System
Identification Toolbox of MATLAB (MathWorks 2011). Wireless temperature experiments were
achieved by using MATLAB/Simulink program and wireless data transfer during the experiments
were carried out using radio waves at a frequency of 2.4 GHz. ARX and ARMAX model
performances are compared with the simulation results of three different points on the process
simulator.
II. EXPERIMENTAL SYSTEM AND PROCEDURE
1) Process Description
The process control simulator consists of two main units, an instrument console and a framework
carrying the process equipment which is shown in Figure 1. The instrument console contains the
electronic flow, level, temperature controllers and electrical switchgear. It is connected to the process
equipment by several cable assemblies. The process equipment consists of a water tank, water
circulating pump, electrical water heater, two vessels, two electrically positioned control valves and a
heat exchanger. In process control simulator, twelve manual valves are available for different process
experiment loops. In the process simulator, temperature measurement and control can be made at
four different points which are first tank (T1), heater output (T2), second tank input (T3) and second
tank output (T4).
The wireless system developed for transferring data between the computer and the control panel. To
achieve the data transfer between computer in Process Control Laboratory and the process simulator
in Unit Operations Laboratory, by using the two antennas are found in the laboratory connected to
the computer and outside connected to the process simulator. Control valves outputs are connected to
the modules, the necessary calibrations are made. The water is pumped via the electrical heater into
the reactor up to a certain level. The water then flows back to the sump tank via the cooler. Heat is
fed to the water by the heater and residual heat removed by the cooler so as to return the sump tank
water temperature to a suitable base level. Heater which is connected on-line to the computer is used
as a manipulated variable [27].
Wireless temperature experiments were achieved by using MATLAB/Simulink program and wireless
data transfer during the experiments were carried out using radio waves at a frequency of 2.4 GHz.
MATLAB/Simulink block diagram was used for the on-line wireless temperature experiments with a
computer in the office. There have four moduls, wireless on/off block for the wire or wireless
experiments, numerical or graphical display blocks of process parameters, blocks of giving
numerical values of valve openness, blocks of stored errors on the MATLAB/Simulink block
diagram shown in Figure 2.
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Figure 1. Experimental system: Process simulator, control panel and computer on-line connected to
the process simulator with wireless technology

Figure 2. MATLAB/Simulink block diyagram for wireless temperature experiments
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2) Wireless Data Generation
The wireless data generated by operating the process simulator described above and shown in Figure
1. Wireless data were used for the development of the ARX and ARMAX models of the three
temperatures at different points on the process simulator using Process Identification Technique. The
ARX and ARMAX model parameters were estimated with the aid of System Identification Toolbox
of MATLAB program. Wireless temperature experiments were carried out on process simulator
during the 1500s time period. First 300s the heater operated % 10 heating capacity for the
temperature is expected to become at steady-state. The fluid flow was obtained by running the pump
when the level control valve was % 35 opening. The cooling water was opened after liquid level was
fixed value. The heater output temperature was expected to become at steady-state while % heating
capacity was on. A step change effect was performed as input signal which apply the heater capacity
between % 10-70 values and the heater output, second tank input and output temperature changes
with time as output signal which selected as the controlled variables while the heater capacity was
chosen as the manipulated variable. These effects were given to the heater and output temperatures
taken with MATLAB/Simulink during the experiments shown in Figure 2.
3) Black-Box Modeling
Given the process simulator, which has, apart from the disturbance e, the capacity of heater (R) input
variable and the three temperature ( T2-T3-T4 ) as the output variables respectively, that is
represented as shown in Figure 3, its general black-box model structure can be formulated as
depicted in Figure 4.

Figure 3. Process simulator diyagram for input (R) and output variables (T2-T3-T4)

Figure 4. Black-Box model structure of process simulator

Considering the model structure shown in Fig. 3, the general mathematical expression for the blackbox model of this process can thus be written as;
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B( q )
C ( q)
R(t − nk ) +
e(t )
F ( q)
D( q )

(1)

where nk is the number of delay. The polynomial coefficients contained in the equation above are
expressed as:
A ( q ) = 1 + a 1 q − 1 + a 2 q − 2 + ... + a n a q − n a
(2)

B ( q ) = b1 + b 2 q − 1 + b 3 q − 2 + ... + b n b q − n b + 1

(3)

C ( q ) = 1 + c 1 q − 1 + c 2 q − 2 + ... + c n c q − n c

(4)

D (q ) = 1 + d1q

−1

+ d 2q

−2

+ ... + d n d q

− nd

(5)

F ( q ) = 1 + f 1 q − 1 + f 2 q − 2 + . .. + f n f q − n f

(6)
For ARX model structure of this process, C(q)=D(q)=F(q)=1, while for the ARMAX model structure
D(q)=F(q)=1. Based on Eq (1), for the process simulator with heater capacity being the input and
three temperatures at different points on the process simulator being outputs, considered in this work,
the structures of the ARX and ARMAX models to be developed are given as;
ARX models for the T2, T3 and T4 temperatures at different points on the process simulator given as
respectively;

A ( q )T2 ( t ) = B ( q ) R ( t − n k ) + e ( t )
A ( q )T3 (t ) = B ( q ) R ( t − nk ) + e ( t )

(7)
(8)

A ( q )T4 ( t ) = B ( q ) R ( t − n k ) + e ( t )

(9)
ARMAX models for the T2, T3 and T4 temperatures at different points on the process simulator
given as respectively;
A ( q )T2 ( t ) = B ( q ) R ( t − n k ) + C ( q ) e ( t )
(10)

A ( q ) T3 ( t ) = B ( q ) R ( t − n k ) + C ( q ) e ( t )

(11)

A ( q )T 4 ( t ) = B ( q ) R ( t − n k ) + C ( q ) e ( t )

(12)

4) Determination of Model Orders
The determination of appropriate model orders (na, nb, nc and nk which stand for number of poles,
number of zeros plus 1, number of C coefficients and number of delays respectively) is very
important when developing any black-box model. During the model development, the optimum
values of these model orders are necessary to be determined in order to avoid under-fitting or overfitting of the developed model equation. Many criteria (such as AIC, BIC, and MDL) are available in
the literature for the optimum selections of these model orders. In this work, the MDL (Rissanen’s
Minimum Description Length) criterion, shown in Eq. (13) below, was used because it allows the
shortest possible description of the observed data[28]. In Eq. (13) V is the loss function; d is the total
number of parameters in the structure; and N is the number of data points used for the estimation.

 d log( N ) 
MDL = V  1 +

N



(13)

III.
RESULTS AND DISCUSSION
The wireless data acquired from the experiment carried out in the process simulator are as shown in
Figure 5. It can be observed from Figure 5 that a change in the heater capacity between % 10-70
values to a unit step resulted in a change in the temperatures of the T2, T3 and T4. Using the
wireless data acquired from the experiment, the model orders were estimated by optimizing the MDL
criterion. The optimum model orders obtained from the optimization of the criterion were na=2,
nb=3, and nk=3. Thereafter, the model orders were used to develop the black-box models (ARX and
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ARMAX) for the process simulator in MATLAB environment. That is, the polynomial coefficients
of the models were estimated using the obtained model orders. The polynomial coefficients
estimated are as outlined given in Table 1 and Table 2 for ARX and ARMAX models, respectively.
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Figure 5. T2, T3 and T4 temperature changes according to given a step effect to the
heater capacity between % 10-70 values
Table 1. Obtained ARX models for T2, T3, T4 temperatures

Temperature ARX Model
(1 − 2.305q −1 + 1.767 q −2 − 0.6174q −3 + 0.155q −4 ) y (t ) =
T2
( − 0.000414 q −1 + 0.001469 q −2 + 0.0003432 q −3 − 0.001398 q −4 )u (t ) + e (t )

(1 − 1.998q −1 + 0.7929 q −2 + 0.4079 q −3 − 0.2031q −4 ) y(t ) =
T3

(0.00008392 q −1 − 0.0002006q −2 + 0.0009591q −3 − 0.0008388q −4 )u (t ) + e(t )
(1 − 1.857 q −1 + 0.5116q −2 + 0.5474q −3 − 0.2022 q −4 ) y(t ) =

T4

(0.0001153q −1 − 0.00004458q −2 + 0.0005043q −3 − 0.0005705q −4 )u (t ) + e(t )
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Table 2. Obtained ARMAX models for T2, T3, T4 temperatures

Temperature ARMAX Model
(1 − 1.99 q − 1 + 0.9897 q − 2 ) y ( t ) = (0.008831q − 1 − 0.008831q − 2 ) u ( t )
T2
(1 − 0.6486 q − 1 − 0.2763 q − 2 ) e ( t )

(1 − 2.0 q − 1 + 1.0 q − 2 ) y ( t ) = (0.0002699 q − 1 − 0.0002683 q − 2 ) u ( t )
T3

(1 − 1.13 q − 1 + 0.1658 q − 2 ) e ( t )
(1 − 0.9 49 7 q − 1 − 0 .04 73 q − 2 ) y ( t ) = (0 .34 9 q − 1 − 0.3 464 q − 2 ) u ( t )

T4

(1 + 0.0 028 99 q − 1 + 0.006 56 9 q − 2 ) e ( t )

The developed models were then simulated and their simulated results were compared to the three
different temperature points on the simulator. Shown in Figure 6 is the comparison between the
experimental and the simulated T2-T3-T4 temperatures of the process simulator for the ARX and
ARMAX models, respectively. As can be seen from Figure 6, there is a good agreement between the
experimental and ARMAX model simulated T2-T3-T4 temperatures.
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Figure 6. Comparison between the experimental and the simulated T2-T3-T4 temperatures

In order to have ideas about the dynamics of the developed models, the two models were simulated
with the aid of MATLAB/Simulink by applying a step input to each of them and their dynamic
responses were recorded. The obtained dynamic responses for the ARX and ARMAX models are as
shown in Figures 7, 8 and 9 for temperatures T2, T3, and T4, respectively. From Figure 7 for
temperature T2, ARX and ARMAX models step response results were stable because they were able
to the steady state succesfully. ARMAX models results from Figure 8 and 9 for temperature T3 and
T4 were stable because they were able to the steady state rapidly but ARX model results have big
oscillations. From Figures 8 and 9, it was observed that the response of the developed ARX model to
the applied step input resembled that of a first order system or of a higher order system with
overdamped behavior. Therefore, it is very clear that the developed ARX model is a higher order
model with overdamped response. Based on the simulation results, ARMAX models were discovered
to be better than ARX models due to both faster than ARX models in getting to the steady-state and
without any oscillations for this process simulator.
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Figure 7. Comparison between the dynamic responses of ARX and ARMAX models
to a step response for T2 temperatures
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Figure 8. Comparison between the dynamic responses of ARX and ARMAX models
to a step response for T3 temperatures
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Figure 9. Comparison between the dynamic responses of ARX and ARMAX models
to a step response for T4 temperatures

IV. CONCLUSION
In this study the development of two Black-Box (ARX and ARMAX) models for a process simulator
has been carried out. Wireless temperature experiments were achieved by using MATLAB/Simulink
program and wireless data transfer during the experiments were carried out using radio waves at a
frequency of 2.4 GHz. The wireless data used for the models development were generated using a
unit step change between % 10-70 values on the heater capacity of the process simulator. The model
orders used for the estimation of the model polynomial coefficients were determined by optimizing
the MDL with the aid MATLAB. The good comparisons between the wireless experimental and the
simulated values of the temperatures (T2-T3-T4) of the developed ARX and ARMAX models for the
process simulator have shown that the ARMAX models can be used to represent the behavior of the
process simulator successfully. Based on simulation results, ARMAX models were discovered to be
better than ARX models due to both faster than ARX models in getting to the steady-state and
without any oscillations for this process simulator.
Acknowledgements
The authors would like to thanks the Ankara University, Research Fund for providing financial
support this research; Ankara, Turkey
REFERENCES
[1] S. Jingzhuo, L. Yu, H. Jingtao, X. Meiyu, Z. Juwei, Z. Lei, ‘‘Novel Intelligent PID Control of Traveling Wave
Ultrasonic Motor’’, ISA Transactions, Volume 53, Issue 5, pp. 1670-1679, September 2014.
[2] C. Anil, R. Padma Sree, ‘‘Tuning of PID Controllers for Integrating Systems Using Direct Synthesis Method’’ ISA
Transactions, Volume 57, pp. 211-219, July 2015.
[3] X. Zhang, Y. Lin, ‘‘Adaptive Output Feedback Control for a Class of Large-Scale Nonlinear Time-Delay Systems’’,
Automatica, Volume 52, pp. 87-94, February 2015.
[4] Z. L. Zhao, B. Z. Guo, ‘‘On Active Disturbance Rejection Control For Nonlinear Systems Using Time-Varying
Gain’’, European Journal of Control, Volume 23, pp. 62-70, May 2015.
[5] Y. Su, C. Zheng, ‘‘Robust Finite-Time Output Feedback Control of Perturbed Double Đntegrator’’, Automatica,
Volume 60, pp. 86-91, October 2015.

@IJMTER-2015, All rights Reserved

315

International Journal of Modern Trends in Engineering and Research (IJMTER)
Volume 02, Issue 07, [July– 2015]

ISSN (Online):2349–9745 ; ISSN (Print):2393-8161

[6] I. K. Cho, K. Kasa, ‘‘An Escape Time Đnterpretation of Robust Control’’, Journal of Economic Dynamics and
Control, Volume 42, pp.1-12, May 2014.
[7] V. Gaitsgory, L. Grüne, N. Thatcher, ‘‘Stabilization With Discounted Optimal Control’’, Systems & Control Letters,
Volume 82, pp.91-98, August 2015.
[8] S. Titouche, P. Spiteri, F. Messine, M. Aidene, ‘‘Optimal Control of A Large Thermic Process’’, Journal of Process
Control, Volume 25, pp. 50-58, January 2015.
[9] R. Bindlish, ‘‘Nonlinear Model Predictive Control of An Industrial Polymerization Process’’, Computers &
Chemical Engineering, Volume 73, pp. 43-48, February 2015.
[10] L. Liu, B. Huang, S. Dubljevic, ‘‘Model Predictive Control of Axial Dispersion Chemical Reactor’’, Journal of
Process Control, Volume 24, Issue 11, pp. 1671-1690, November 2014.
[11]S. E. Oltean, M. Dulau, ‘‘Design and Simulation of Fuzzy Logic Based Temperature Control for a Plasma Nitriding
Process’’, Procedia Technology, Volume 19, pp. 569-575, 2015.
[12] C. Brown, H. A. Gabbar, ‘‘Fuzzy Logic Control for Improved Pressurized Systems In Nuclear Power Plants’’,
Annals of Nuclear Energy, Volume 72, pp. 461-466, October 2014.
[13] M. L. Ho, P. T. Chan, A. B. Rad, M. Shirazi, M. Cina, ‘‘A Novel Fused Neural Network Controller for Lateral
Control of Autonomous Vehicles’’, Applied Soft Computing, Volume 12, Issue 11, pp. 3514-3525, November
2012.
[14] L. C. Kiong, M. Rajeswari, M. V. C. Rao, ‘‘Nonlinear Dynamic System Identification and Control via
Constructivism Inspired Neural Network’’, Applied Soft Computing, Vol. 3, Issue 3, pp. 237-257, November 2003.
[15] S. Sui, Y. Li, S. Tong, ‘‘Adaptive Fuzzy Control Design and Applications of Uncertain Stochastic Nonlinear
Systems With Input Saturation’’, Neurocomputing, Volume 156, pp. 42-51, May 2015.
[16] A. J. H. Al. Gizi, M. W. Mustafa, H. H. Jebur, ‘‘A Novel Design of High-Sensitive Fuzzy PID Controller’’,
Applied Soft Computing, Volume 24, pp. 794-805, November 2014.
[17] S. E. Mansour, G. C. Kember, R. Dubay, B. Robertson, ‘‘Online Optimization of Fuzzy-PID Control of A Thermal
Process’’, ISA Transactions, Volume 44, Issue 2, pp. 305-314, April 2015.
[18] A. A. T. Maia, R. N. N. Koury, L. Machado, ‘‘Development of a Control Algortihm Employing Data Generated By
a White-Box Mathematical Model’’, Applied Thermal Engineering, Volume 54, Issue 1, pp. 120-130, 2013.
[19]O. Montiel, O. Castillo, P. Melin, R. Sepulveda, ‘‘Black Box Evolutionary Mathematical Modeling Applied to
Linear Systems’’, International Journal of Intelligent Systems, Volume 20, Issue 2, pp. 293-311, February 2005.
[20] T. A. Papadopoulos, A. I. Chrysochos, A. I. Nousdilis, G. K. Papagiannis, ‘‘Simplified Measurement Based BlackBox Modeling of Distribution Transformers Using Transfer Functions’’, Electric Power Systems Research, Volume
121, pp. 77-88, April 2015.
[21] J. Ruschenburg, T. Cutic, S. Herkel, ‘‘Validation of A Black-Box Heat Pump Simulation Model By Means of Field
Test Results From Five Installations’’, Energy and Buildings, Volume 84, pp. 506-515, December 2014.
[22] L. Prada, J. Garcia, A. Calderon, J. D. Garcia, J. Carretero, ‘‘A Novel Black-Box Simulation Model Methodology
for Predicting Performance and Energy Consumption In Commodity Storage Devices’’, Simulation Modeling
Practice and Theory, Volume 34, pp. 48-63, May 2013.
[23] W. Polifke, ‘‘Black-Box System Identification for Reduced Order Model Construction’’, Annals of Nuclear
Energy, Volume 67, pp. 109-128, May 2014.
[24] L. Piroddi, M. Farina, M. Lovera, ‘‘Black-Box Model Identification of Nonlinear Input-Output Models: A WienerHammerstein Benchmark’’, Control Engineering Practice, Volume 20, Issue 11, pp. 1109-1118, November 2012.
[25]A. A. Farooq, A. Afram, N. Schulz, F. Janabi-Sharifi, ‘‘Grey-Box Modeling of a Low Pressure Electric Boiler For
Domestic Hot Water System’’, Applied Thermal Engineering, Volume 84, pp. 257-267, June 2015.
[26]M. Aprile, M. Motta, ‘‘Grey-Box Modeling and In Situ Experimental Identification of Desiccant Rotors’’, Applied
Thermal Engineering, Volume 51, Issue 1, pp. 55-64, March 2013.
[27]A. Aldemir, H. Hapoglu, M. Alpbaz, ‘‘Optimization of Generalized Predictive Control (GPC) Tuning Parameters
By Response Surface Methodology (RSM)’’, International Journal of Control and Automation, Volume 8, Issue 2,
pp. 393-407, February 2015.
[28] Ljung. L, System Identification – Theory for the User, 2nd Edition, PTR Prentice Hall, Upper Saddle River, NJ,
USA, 1999.

@IJMTER-2015, All rights Reserved

316

