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A  PAPER REPORT  ON

NEURO-FUZZY MODELING OF SUPERHEATING SYSTEM OF A STEAM   POWER PLANT

ABSTRACT

              Fuzzy control is an application of fuzzy reasoning to control. Although most applications of fuzzy theory have been biased toward engineering, these applications have recently reached other disciplines, such as medical diagnostics, psychology, education, economy, management, sociology, etc..

                An artificial neuron model simulates multiple inputs and one output, the switching function of input–output relation, and the adaptive synaptic weights. Today, several continuous functions, such as sigmoidal or radial functions, are used as a neuron characteristic functions , which results higher performance of NNs.

           In this paper how a neuro-fuzzy algorithm is employed for the modeling of power plant superheating subsystems, including three superheaters and four de- super heatersare explained. Time delays that exist in the real system are considered in the modeling. After that, using subtractive clustering, in order to reduce the number of fuzzy rules, a model with high accuracy is achieved for set of complex subsystems. Then, all these models are put together to reach the global model of the superheating process. .To explain these concept in this paper  Superheating system of a 325MW steam power plant is modeled based on the recurrent neuro-fuzzy networks and subtractive clustering. The experimental data are obtained from a complete set of field experiments under various operating conditions. Nine neuro-fuzzy models are constructed and trained for seven subsystems of the superheating unit. Then, these nine fuzzy models are put together merging series and parallel units according to the real power plant subsystems, to obtain the global model of the superheating process. Comparing the time response of the nonlinear neuro-fuzzy model of a subsystem with the time response of its linear model based on the Least Square Error (LSE) method, indicates that the nonlinear neuro-fuzzy model is more accurate and reliable than the linear model in the sense that its response is closer to the response of the actual superheating system.

1. INTRODUCTION
     Model-based control scheme requires the existence of a suitable process model. Proper models are, furthermore, needed to test new controllers. It is mathematically proven that the least square error (LSE) method is the most suitable modeling method for linear systems.  For nonlinear plants, in addition to mathematical modeling based on the physics of the system, there are a number of data driven (I/O data based) methods, as well. Data driven methods offer different approaches, such as multi-layer perceptron neural networks  (MLP), radial basis function neural networks (RBF) and fuzzy systems (FS) . A dynamically unknown-system can be expressed by fuzzy rules by means of fuzzy modeling, where fuzzy rules are formed mainly by linguistic variables. There are different methods for obtaining fuzzy rules of the unknown-model, for instance fuzzy genetics and neuro-fuzzy networks are of the most common

approaches . In this paper superheating system of a 325MW unit of a steam power plant, containing seven subsystems is modeled, using recurrent neuro-fuzzy networks, as a connected set of series and parallel fuzzy models.
2. MODELING STRATEGY

                  Model-based control scheme requires the existence of a suitable process model. Proper models are, furthermore, needed to test new controllers. It is mathematically proven that the Least Square Error (LSE) method is the most suitable modeling method for linear systems. For nonlinear plants, in addition to mathematical modeling based on the physics of the system, there are a number of data driven (I/O data based) methods, as well. Data driven methods offer different approaches, such as Multi-Layer Perceptron neural networks (MLP),Radial Basis Function  neural networks (RBF) and fuzzy systems (FS) .A dynamically unknown-system can be expressed by fuzzy rules by means of fuzzy modeling, where fuzzy rules are formed mainly by linguistic variables. There are different methods for obtaining fuzzy rules of the unknown-model, for instance fuzzy genetics and neuro-fuzzy networks are of the most common approaches . In this paper superheating system of a 325MW unit of a steam power plant, containing seven subsystems is modeled, using recurrent neuro-fuzzy networks, as a connected set of series and parallel fuzzy models.  One of the most common structures of neuro-fuzzy network is identified as Adaptive Neuro-Fuzzy Inference Systems (ANFIS)..

3. SUPERHEATING SYSTEM OF MODELING

                      The structure of a superheating system in a steam power generating plant is shown in Figure 4. The steam flow enters to the superheater, then after passing through the heat exchangers it goes to the high pressure turbine. For normal operation of the plant, while the capacity of the
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power plant is over 30% of its nominal value, the desired output temperature of superheater is 540 Celsius degree (oC). This temperature is adjusted at the de-superheater by spraying cooling water through spraying valves. In this paper 1st order (linear) Sugeno-type fuzzy inference systems are used . T-norm is algebraic product and membership functions are Gaussian, expressed:

[image: image3.emf]
where x is the input and c and [image: image4.emf]are membership function variables.

              . Superheating system consists of three superheaters and four de-superheaters(totally seven subsystems). Since the first and second superheaters are MIMO systems, they are modeled as two parallel MISO models with same inputs (increasing the number of the neuro-fuzzy models to nine). Consequently ,nine FIS’s are constructed and trained for seven superheating subsystems. Models have 8~11 inputs and one output. Then, all these components are put together as parallel or series elements, whereas in the final system, inputs of the next subsystems are outputs of the preceding subsystems.

                    In order to use recorded data for modeling, the following points were considered:

· Time delays are included in modeling. For instance, it takes 20 seconds for steam to pass through a superheater. Therefore, when the temperature of inlet steam is applied in modeling the superheater, 20  seconds of time delay should be considered. 

· In order to improve the speed of convergence of parameters and coefficients of the neuro-fuzzy model, the sensitivity of the neuro-fuzzy model to the variation of inputs signals should be increased. To do so, elements of each column of training data are substituted with same elements subtracted from the mean value of elements in that column.

It causes increase of the quantity [image: image5.emf] where error in the            numerator is the difference between outputs of the model and the actual system.

· Noting that the algorithm for adjusting the neurofuzzy model depends on the magnitude of data, all inputs are normalized.

· In neuro-fuzzy modeling, minimizing of the checking error is used as the criterion for successful modeling and avoiding over training.  

        In order to illuminate the modeling process, one subsystem of the superheating system that is the second left-hand de-superheater, is selected to be comprehensively offered in the next section.

4. SECOND LEFT-HAND DE-SUPER HEATING MODELING
                       The inputs and output signals of the second left-hand desuperheater are shown in Figure 5, where the three inputs are: the steam temperature before spraying water Tb (inlet temperature), the spraying water mass rate V and the steam mass rate f. The output is the steam temperature after spraying water Ta (outlet temperature).

                         [image: image6.emf]
                    The steam mass rate (f) is summation of two other signals. The first signal is half of the total mass flow of water exiting the drum, (after drum the steam flow is divided into two branches) and the second signal is the first step spraying water mass rate which is added the to main steam flow (see Figure 3). The de-superheater system is influenced by both of these signals with different time delays. Figure 6 illustrates the input-output signals of the neurofuzzy model for the de-superheater in the discrete time domain. In this Figure, the values of Tb, V and f at present time, their values at two steps before (for Tb and V) and one step before (for Tb, V and f) and also the values of Ta at the past two time increments construct the array of the input signals. The output of the neuro-fuzzy model is the output temperature of the de-superheater Ta(k). The relation between the ten inputs and one output of Figure 6 for each fuzzy rule is given by the following discrete equation:

                                [image: image7.emf]
where parameters , 1,...,i i 11 and coefficients of Gaussian membership functions for all associated fuzzy rules are adjusted in neuro-fuzzy model. Note that (3) is written for each fuzzy rule, while for simplicity the subscript of the associated fuzzy rule is omitted in this equation. If the left hand side of (3) for the jth fuzzy rule is shown by Taj(k), then the output of the global neurofuzzy model is:

[image: image8.emf][image: image9.emf]is the firing strength of the jth rule. For neurofuzzy modeling, all quantities Ta, Tb, V and f are measured and a Cutted  
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  together in this coloumn vector .
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Figure 7 shows a schematic diagram of this desuperheater neuro-fuzzy model. Note that the number of inputs in this model equals to 10, assigning only 3 linguistic variables (i.e. positive low, positive medium or positive large) for each input, as a consequence, will result to enormous number of 310 rules. In order to reduce the number of rules. A linear model of this desuperheater is also derived based on the least square error (LSE) method in the form of a third order transfer functions:

                                   [image: image13.emf]
5. SIMULATION RESULTS

                     We first investigate the simulation results of implemented neuro-fuzzy approach for the modeling the second left-hand de-superheater of power generating plant. Then, the results of implementing this modeling method for the whole superheating system will be studied. Figure 8 illustrates the response of the second left-hand de-superheater, obtained from historical data. It also shows the responses obtained from simulations result for both LSE and neuro-fuzzy models. Figure 9 shows similar responses of the actual plant and the models for specific operating region. Both Figures 8 and 9 indicate that the neuro-fuzzy model is more accurate than the LSE model, in the sense that, its response is closer to the response of the actual plant. The simulation results confirm that the de-superheater is a nonlinear system. 

                        [image: image14.emf]
A scheme of the whole superheating model of the power plant is shown in figure 10 (signals that represent order or time delay and recurrent dynamic are avoided). Signal i f is steam mass rate passing through the ith superheater. Note that the spraying water is also being introduced to the steam in each de-superheater. V1L, V2L, V1R and V2R are the mass rate of spraying water in the first and the second left and right de-superheater respectively. The fuel signal is the mass of the injected fuel and the T signal represents temperature (constructed from seven different signals). Figure 11 shows the simulation result of the global model, formed by nine series and parallel fuzzy models mentioned above, for both for training and checking areas. It is clear from the Figures 9 and 11 that the obtained model is very accurate and trustful.

[image: image15.emf]
               [image: image16.emf]
6. An Application

                 One of the main objectives of the de-superheater system identification is to achieve an adequate model of the process in order to design an effective controller. With the purpose of showing effectiveness of presented identification scheme, an illustrative control law was designed for the second left-hand de-superheater. The controller is a PI-action controller with anti-wind-up strategy . Parameters of the controller are tuned by GA optimizing technique .The controller command has the following form:
 [image: image17.emf]
where e(t) is the error signal,  Kp and Ki are proportional and integral gains respectively, and t T is the tracking time constant. Employing GA optimization following values for controller parameters are obtained: KpKtTt . 

Time response of the closed-loop system is depicted in Figure 12 for the sample interval with respect to operating PI controller on the actual system. It can be clearly seen that the set-point is followed by designed controller closer than operating PI controller. It is clear from the Figure 12 that the controller command is subjected to saturation, which obviously explains the necessity of implementing anti-wind-up strategy.
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7. CONCLUSION
                       In this paper a neuro-fuzzy algorithm is employed for the modeling of power plant superheating subsystems, including three superheaters and four de- super heaters. Time delays that exist in the real system are considered in the modeling. After that, using subtractive clustering, in order to reduce the number of fuzzy rules, a model with high accuracy is achieved for set of complex subsystems. Then, all these models are put together to reach the global model of the superheating process. Many inputs of the global model subsystems are outputs of the other subsystems or their own outputs at earlier times, indicating necessity of use of recurrent structure. Also, it is illustrated that power plant subsystems have nonlinear nature, which can be concluded by comparing results of LSE and neuro-fuzzy modeling.
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