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On industrial induction heating devices, induction coils are water cooled at a high flow rate: this large amount of energy (10 to 60 % of the total energy consumption) is often lost. A heat recovery test bench has been built to collect the coil losses and reuse them when needed. The main parts of the test bench are made up two heat exchangers which can be by-passed according to the control and regulation system. The "recovery heat exchanger" collects the heat to be recovered and transfers it to the reuse, the recovery circuit. The "waste heat exchanger" evacuates the remained energy to ensure a safe use of the induction heating device. These two exchangers are designed for a 100 kW power transfer. A "Predictive Functional Control" (PFC) regulation has been implemented to drive the bench. This system is more efficient compared to a conventional PID controller. Thanks to a precise modeling of the bench parts and the induction device, it is possible to anticipate disturbances such as induction power fluctuations and to adapt the recovering in order to always work in a safe way. It was then possible to recover 66 % of the energy lost in the coil with a water output temperature of 85 to 90 °C.

Introduction: recovering the Joule losses of an induction heating device

On industrial induction heating devices (Fig. 1), induction coils are water cooled at a high flow rate: the water temperature increase is then too small to recover the transported energy. Nothing is done today to recover this large amount of energy that can reach 10 to 60 % of the total energy consumption because of a bad investment payback [START_REF] Ahn | Récupération de chaleur dans les installations des fours à induction à creuset[END_REF].

Fig. 1: Global view of an induction heating device and its cooling system Energy consumption analysis in many industrial sectors show that thermal needs at higher temperature (typically 90 to 140 °C) makes the energy recovery more relevant at this level in order to reduce the energy bill [START_REF]Applications of Industrial Heat Pumps[END_REF]. Preliminary studies on a billet heating configuration proved that a water output temperature of 90°C can be reached in safe conditions and without any efficiency reduction [START_REF] Paya | Investigation on energy recovering in an induction coil for continuous through heating billet[END_REF], [START_REF] Paya | Recovering energy in an induction coil: Impact on the water and coil temperature[END_REF]. In the frame of the French joint research project ISIS with financial support of the French Research National Agency (ANR), EDF has built a heat recovery test bench at industrial scale. This paper presents the main results obtained with this equipment.
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Heat recovery bench Presentation of the heat recovery test bench

The main objective of the heat recovery test bench is to be able to recover as much heat as possible without disturbing hot metal production from the induction heating device. That means that induction losses due to hot metal production have to be evacuated if they cannot be reused or stored. To reach this goal, the main parts of the test bench (Fig. 2) are made up two heat exchangers which can be by-passed according to the control and regulation system. The "recovery heat exchanger" collects the heat to be recovered and transfers it to the reuse, the recovery circuit. The hot water tank can play either the rule of heat storage or heat use by acting on the output valve. The "waste heat exchanger" evacuates the remained energy to ensure a safe use of the induction heating device. These two exchangers are designed for a 100 kW power tranfer. Several sensors are put in the various circuits to control the bench: flow meters, temperature, pressure. The two-way and three-way valves can be controlled either manually or by the regulation system. Also are the pumps of the inductor or recovery circuits. The regulation is realized by a programmable controller Schneider M340. First experiments used the "Proportional Integral Derivate" (PID) controller. But the strong interactions between all the valves made the system difficult to adjust for a smooth behavior. The use of the "Predictive Functional Control" (PFC) strategy appears to be more relevant for a safe control of the bench.

Principles of the "Predictive Functional Control" regulation

"Predictive Functional Control" (PFC) regulation [START_REF] Richalet | Model Predictive Heuristic Control: Application to industrial processes[END_REF] is an advanced method of process control using a model of the pieces of equipment to be controlled to predict the evolution of the controlled variables respect to the control inputs. At each timeslot, the current plant state is sampled. An optimized control strategy is then computed to reach the target in a specific time-horizon. This computation takes into account the behavior of the modeled pieces of equipment to predict the future values of the controlled variables. Finally, the first step the controlled strategy is applied to the system and the resulting plant state is sampled again. The calculations are repeated again with a shifted forward horizon. So, PFC is often called receding horizon control.

Implementation in the heat recovery test bench Modeling the various elements

The heart of the process control is the modeling of the full system; it requires describing the behavior of each component constituting the bench. The two-and three-way valves are characterized using an experimental approach. A set point step is given to the valve and the corresponding response is recorded. Assuming a first order behavior, it is then possible to identify the key parameters: delay, gain and time constant.

The behavior of the heat exchangers is strongly dependant on the temperature and flow of the two fluids exchanging heat. A characterization by experimental approach is not relevant and we preferred a numerical modeling. For each input value (flow rate, input temperature), we calculate first the heat exchange (power transferred, output temperatures) thanks to the thermo-hydraulic equations commonly used for designing this kind of equipment. Considering a first order behavior without delay, we can then evaluate the gain and the time constant for each set of input values. These last parameters are then approximated by polynomial curves.

Comparison with the PID control strategy

Experiments were made during the programming of the PFC regulation to evaluate the interest of this strategy. Fig. 3 shows the difference between the two strategies on the valve controlling the flow through the primary circuit of the recovery heat exchanger. During the first 18 minutes, the valve is controlled by the PID regulation. We observe strong oscillations on the valve and the primary flow. When switching to the PFC regulation, the control softens and reaches a relative stability. The remained oscillations were due to the waste exchanger by-pass which was still PID regulated.

Fig. 3: Comparison between PID and PFC regulation

Experimentations

The objective of the experimentation is to prove the robustness of the bench regards to the events which can occur during a production process. As we use a coil without a heated load, the inverter power data collected directly from the power supply corresponds to the coil Joule losses (blue curves below) but these measures are not precise. For a better accuracy, we preferred to use the calorimetric balance (1) in both inductor and recovery circuit.

𝑃 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 = 𝑚 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 • 𝐶 𝑝 • 𝜃 ℎ𝑜𝑡 -𝜃 𝑐𝑜𝑙𝑑 (1) 
Where 𝑚 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 is the flow rate of the circuit, 𝐶 𝑝 , the water specific heat and 𝜃 ℎ𝑜𝑡 -𝜃 𝑐𝑜𝑙𝑑 , the temperature increase at the inductor level or at the secondary of the recovery heat exchanger. The recovery yield is then evaluated as the ratio between these two powers. Two typical scenarios are presented here.

In the first scenario (Fig. 4), the production of the induction heater is constant (100 kW Joule losses) and no use is needed in the workshop. In that case, the losses are stored into the water tank until it is full. The blue curve corresponds to the Joule losses in the coil and the red one, the coil output temperature. The brown curve represents the power collected by the recovery circuit and stored into the tank. During the first 11 minutes, the losses are mainly stored into the inductor circuit and the inductor output temperature increases until its set point. After 11 minutes, the by-pass valve transfers the hot water from the coil to the recovery heat exchanger and the storage begins. After 20 minutes, the storage becomes less efficient and the remained energy is transferred to the waste circuit. After 29 minutes, the storage is full and all the losses are evacuated through the waste heat exchanger. The recovery yield is evaluated to 75 % at the end of the storage phase.

The second scenario (Fig. 5) represents a cycling production of a batch heating with three power steps (100 kW losses, then 80 kW and finally 50 kW corresponding to the blue curve Fig. 5) and a last step without energy consumption simulating the furnace unloading and loading. At the same time, a constant flow rate of hot water is dumped from the water tank. After a period of energy storage (not shown in the graph), we observe that the output temperature of the hot 
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water coming out of the tank is almost flat (purple curve) at a level of 70 °C. The output inductor temperature (red curve) is under control especially during the high power phases. The safety of the heating device is assured. The mean energy recovery yield along a cycle is estimated to 66 %. 

Conclusion: a heat recovery bench ready for industrial use

We have developed a 100 kW heat recovery test bench able to collect the losses coming from an induction heating device. Its recovery yield reaches 66 % during a production cycle and reuse of the collected energy and up to 75 % during the heat storage. The hot water output can reach a level of 90 °C. The PFC regulation implemented to drive the bench makes the regulation robust and easy to adjust. It requires an advanced modeling of the different parts of the unit to make the prediction accurate. The use of two heat exchangers allows a safe work of the induction heater: the losses are either reused or evacuated when the storage is full. This test bench is proposed for insertion in an existing heating facility, for example a 400 to 500 kW steel billet heating device in a forging workshop. 
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