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Black Box Modeling of Steam Distillation Essential Oil Extraction System using ARMAX Structure Mohd Hezri Fazalul Rahiman, Mohd Nasir Taib and Yusof Md Salleh Faculty of Electrical Engineering Universiti Teknologi MARA, 40450 Shah Alam, Malaysia. Email: [email protected] AbstractIn this paper, the temperature response of a steam distillation essential oil extraction system with a refilling line is modeled based on data collected using a dedicated acquisition system. The autoregressive moving average with exogenous input (ARMAX) model structure is assumed and the pseudo-random binary sequences (PRBS) signal was used to perturb the process. The optimization of ARMAX model structure such as model order criterions is discussed. The model order criterions includes the normalized sum of squared error (NSSE), Akaike’s Information Criterion (AIC), Akaike’s Final Prediction Error (FPE) and Rissanen’s Minimum Description Length (MDL). All criterions will be used to estimate the model order of the system based on the data. The system identification will be performed based on these selected model orders and the estimated models are denoted as ARMAX-NSSE, ARMAX-AIC, ARMAX-FPE and ARMAX-MDL respectively. All the models will be validated and compared in terms of coefficient of determination (R2), adjustedR2 and normalized mean-square-error (NMSE). Overall, ARMAX-MDL provides best results. Finally, the results are discussed and concluded. Index TermsEssential oil extraction system, steam temperature model, autoregressive moving average with exogenous input (ARMAX), model order selection, normalized sum of squared errors (NSSE), Akaike’s information criterion (AIC), final prediction error (FPE) and Rissanen’s minimum description length (MDL).



I. INTRODUCTION Essential oils are the volatile component of botanical material which can be found in the flowers, leaves and stems. The essential oils have been widely used in traditional medication, aromatherapy, insects repellant and fragrance industries. To collect the essential oils, an extraction process is required in order to force the oils out from its pocket and channeled into a collection stage for further processing. The extraction process itself can be realized in many techniques such as distillation, cold pressing, enfleurage, solvent extraction, carbon dioxide extraction and many more. Among all, steam distillation extraction is the most popular technique. II. STEAM DISTILLATION COLUMN Traditionally, the column is isolated and no water inlet to sustain the water level. However, in order to get a consistent



result especially for system identification, the water level should be maintained to a fixed level. Therefore, a special refilling line is introduced where the refilling process will maintain the water level without disturbing the process. Following are the three situations to compare the water level maintaining system. Fig. 1(a) shows the distillation without any water refilling system. The water will evaporate and the level will drop. Fig. 1(b) shows the traditional refilling system and Fig. 1(c) shows the newly implemented system.



Fig. 1. Water level maintaining technique for steam distillation essential oil extraction



III. EXPERIMENT SET-UP The experiment set-up and the voltage-temperature calibration curve are shown in the Fig. 2. Referring to Fig. 2(a), a computer is used to collect data from the plant via a data acquisition (DAQ) system. The control signal will be sent to the solid-state-relay (SSR) and the SSR controls the immersion heating element. The steam temperature will be measured by a resistive-temperature detector (RTD) and conditioned by a signal conditioning circuit (SCC). The conditioned signal will be sent back to the DAQ. Fig. 2(b) shows the voltagetemperature relation measured at the output of the SCC. The temperature data is fitted to the voltage data by means of second-order polynomial equation. The SCC consists of a Wheatstone bridge and an instrumentation amplifier. The diagram of SCC is shown in Fig 3. Referring to Fig. 3, the value of R1, R2 and R3 is 100Ω. Rlim is to limit the current so that the current passes through the RTD will be less than 5mA. This is essential to prevent the



self-heating problem. Roffset is to reduce the offset level. The INA217 is used as the instrumentation amplifier.



greater timing accuracy. All input and output will be recorded by the DAQ program for modeling purposes. The PRBS input and the measured output are shown in the following figure. measured temperature Temperature (°C)
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Fig. 4. The PRBS input and the measured temperature
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Fig. 4 shows the input-output of the steam temperature measured by the RTD. The PRBS signal sent to the process is on/off signal, which drives the zero-crossing SSR to control the 1.5 kW electric immersion heater. The sampling period was set to 1 second and a total of 5000 data have been sampled. However, the first 1000 data were not used for modeling. Therefore, for parameter estimation and model validation, data 1001 to 3000 and 3001 to 5000 were used respectively.
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(b) Fig. 2. (a) Experiment set-up and (b) the voltage-temperature calibration curve



A. ARMAX Model Structure ARMAX is one of the assumed model structures in blackbox modeling approach. There are many other assumed black box structures which are explained in [1, 2]. ARMAX structure can be described by the following figure.



Fig. 5. ARMAX model structure Fig. 3. Signal conditioning circuit



IV. DATA COLLECTION In this work, the system is perturbed with PRBS signal and the response of the system is measured. The PRBS signal is generated by using MATLAB System Identification Toolbox and the generated data is stored in the DAQ program. The DAQ program is develop by using Visual Basic programming and coupled with the Application Programmers’ Interface for



Referring to Fig. 5, u, e and y are representing the input, white noise and output respectively. Related to this work, u and y are shown in Fig. 4, which is the known parameter. e is the assumed white noise with zero mean. The representative A, B and C are the polynomials to be estimated. Polynomials A, B and C are representing the overall system dynamic, the input dynamic and the noise dynamic, respectively. The polynomials are given by



A(q) = 1 + a1q −1 + … + ana q − na B (q) = b1 + b2 q −1 + … + bnb q −nb +1



(1)



where the measured temperature is compared with its one-stepahead-prediction (1-SAP). The discrepancy between the measured and 1-SAP is called residual.



C (q) = 1 + c1q −1 + … + c nc q − nc



A(q) y (t ) = B (q)u(t − nk ) + C (q)e(t )



1-SAP (∆°C)



From the above equation, q-1 is the delay operator. The variables a1..na, b1..nb and c1..nc are the parameters to be estimated. By making use of the above equation, the ARMAX model shown in Fig. 5 can be represented by



meas. (∆°C)



measured, 1-SAP & residual. %R2=87.64 %R2a=87.26 %NMSE=85.51



(2)
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VI. RESULTS Based on estimated parameters from each model order criterion, the model validations are performed. The model based on NSSE criterion is denoted as ARMAX-NSSE. Similarly, the rest of the criterions are denoted as ARMAXAIC, ARMAX-FPE and ARMAX-MDL. Comparison can be made by visual inspection as well as numerical inspection. The performance of each model is evaluated based on the coefficient of determination or R2, adjusted-R2 and normalized mean-squared-error (NMSE). Details on the R2 and adjusted-R2 can be found in [10]. Following are the validation results,
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Fig. 7. Measured, 1-SAP and residual for ARMAX-AIC and ARMAX-FPE measured, 1-SAP & residual. %R2=87.71 %R2a=87.57 %NMSE=85.67 meas. (∆°C)



C. Parameter Estimation Parameter estimation is the stage where a lot of mathematical optimizations are involved. There are numerous works done by various authors that can be found from as early as 1970s in this area. The main objective of parameter estimation is to estimate the optimum values of parameters described in (1). In this work, it is assumed that the parameters in (1) are full e.g. from 1 to na for A(q). The minimization approach used is Levenberg-Marquardt [9].



Fig. 6. Measured, 1-SAP and residual for ARMAX-NSSE
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B. Model Order Selection Model order selection is a step to limit the value of na, nb, nc and nk in (1) and (2). There are many approaches and information criterions have been used in order to get the optimum orders. Underestimate the orders will result in biased model, but overestimate the orders will result in high variance model. Thus, statistically preferred orders should be chosen with parsimony principle in mind. After several previous works [3-6], the model orders that fulfilled the MDL criterion is used. Besides, this criterion is statistically consistent [7]. However, other information criterions such as NSSE, AIC and FPE are also used for comparison. In this work, the values of na, nb and nk are decided based on abovementioned criterions while nc is assumed to be equal to na [8]. Considering the model order of the ARMAX structure is written in the arrangement of [na,nb,nc,nk], the selected model orders are [20,20,20,5], [7,16,7,9], [7,16,7,9] and [6,10,6,13] for NSSE, AIC, FPE and MDL respectively.
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where nk is the output delay or estimated process dead time. The minimum value of nk is assumed to be 1.
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Fig. 8. Measured, 1-SAP and residual for ARMAX-MDL



Based on visual inspection from the results shown in Fig.6 to Fig. 8, it can be seen that ARMAX model structure is sufficient to represent the dynamic of the system under test. The numerical results proved that the ARMAX-MDL outperformed the others even with the lowest number of parameters. Following are the summarized results.
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It can be concluded that over-parameterized ARMAX model i.e. ARMAX-NSSE still can represent the system dynamic with the R2 over 87 %. However, since the ARMAX-MDL is sufficient to represent the system with 22 parameters, the excess number of parameters will only represent the noise, which will result in lower model accuracy. This phenomenon is known as overfitting. In the previous work [6], it already shown that the NSSE criterion does not penalized the model complexity, while AIC and FPE lightly penalized them. The MDL criterion penalized the model complexity greatest compared to the rest. This work has proved the previous work’s finding but this time with ARMAX model structure. ACKNOWLEDGMENT This work was conducted on the data gathered at the Faculty of Electrical Engineering, UiTM Shah Alam with the support of JPbSM UiTM and IRDC UiTM. The authors would like to thank all staff involved.
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