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Abstract
The present study investigated internal state estimation during heat curing of composite materials. For estimation of the internal state with surface measurements, we used a data assimilation technique that integrated temperature measurements with numerical simulations of heat curing. By integrating measurements and numerical simulation, information missing in measurements is compensated by the simulation. In addition, the unknown model parameter in numerical simulation can be identified. To validate the effectiveness of the proposed method, we conducted numerical experiments for two models: a central low thermal conductivity model and a random conductivity model. The results showed that the temperature and degree of cure can be estimated with higher accuracy using data assimilation than that without data assimilation.

1. Introduction
Recently, the "out-of-autoclave method" was proposed with the aim of achieving lower manufacturing costs and higher productivity. However, because the out-of-autoclave method forms carbon fiber reinforced plastics (CFRP) by using vacuum pressure, imperfect moldings such as voids are likely to occur. Therefore, compared to the autoclave method, it is slightly inferior in terms of molding quality. In the past, the smart manufacturing technique was studied as a means to perform efficient molding by predicting the molding state using a numerical simulation based on the information obtained by monitoring the molding process. However, some problems arose. The sensors embedded in the interlaminar region of the CFRP degraded the molding quality and it was difficult to estimate the state of complex models.

In this study, we aimed to develop a robust molding method using a data assimilation technique that unites a CFRP thermosetting simulation and surface temperature measurements to develop a method for estimating the thermoset state and material properties of CFRP. We propose a method using the ensemble Kalman filter (EnKF) to integrate the forecasted value obtained by numerical simulation with the observed value obtained by measurement. 
2. Data assimilation using ensemble Kalman filter

EnKF is a method for performing state estimation on multiple ensembles and reducing errors with observation values [1-3]. First, we conducted numerical experiments to examine the estimation accuracy of internal temperature, degree of cure, and thermal conductivity. The data assimilation technique can estimate the internal state from a portion of the observed value with high accuracy. 

Figure 1 shows the schematic flow of EnKF. In the numerical simulation, the system equation of the model state was constructed using a state variable vector, which represents the temperature and thermal conductivity distribution. In the EnKF, the observation equation is also required. This equation must be a linear equation between observed value and state vector with an additional observation error term. The data assimilation was conducted using the Kalman gain matrix, and it filtered the forecasted value by numerical simulation. The flow of the EnKF can be explained by the following four steps.

1) Generate multiple initial ensemble values.

2) Obtain the ensemble forecasted value by simulating the time development of all ensemble members.

3) Integrate the forecasted value with the observed value using the ensemble Kalman gain.

4) Obtain the estimated value by averaging the filtered value.
In the EnKF, we repeated these four steps time sequentially.
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Figure 1. Schematic of internal composite estimation using data assimilation.

3. Validation using numerical experiments

The effectiveness of the proposed method was validated by using numerical analysis as shown in Figure 2. The temperature and degree of cure of the internal state of composites were estimated with and without data assimilation for comparison. We set two true models: model 1, with low thermal conductivity in the center, and model 2, with randomly distributed thermal conductivity. The model was two-dimensional and its boundary conditions were as follows: the lower side provides heating, the upper and lower sides provide heat transfer, and the left and right sides provide insulation. The analysis conditions were as follows: analysis time of 7200 s, simulation interval time of 1.0 s, initial temperature of 298 K, heating condition of 5 K/min temperature increase up to 453 K. 
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Figure 2. Numerical experiments for validation of data assimilation for estimation of composite internal state. 
4. Results
Figure 3 shows the time mean error of temperature and degree of cure of model 1 and model 2. The error is calculated using the true value (numerical experiments) and the estimated value at the top, middle, and bottom points. Both parts of the figure show that the error was decreased drastically by using data assimilation in comparison with the case of no data assimilation. From these data, by integrating surface measurements and numerical simulation, the accuracy of the estimation, including the internal state, is improved by data assimilation. In addition to the temperature and degree of cure estimation, the thermal conductivity was also identified simultaneously using data assimilation.
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Figure 3. Accuracy of estimation of temperature and degree of cure inside composites with and without data assimilation.

5. Conclusions

We proposed an estimation method of the internal heat-curing state of CFRP using data assimilation. This method integrates the forecasted value by numerical simulation with the observed value by measurements. In addition, we validated the effectiveness of the proposed method. The data assimilation can successfully estimate the internal state of composites and identify the model parameter.
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