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In this paper, an adaptive finite-time fan-coil outlet wind temperature control scheme is proposed for the air-source heat pump air-conditioning system. First, a correction module is introduced to compensate the first-order damp elements in the temperature sensor to capture the temperature in real-time. Then, a simple neural network is employed to approximate the unknown and nonlinear functions of the system. On this basis, an adaptive finite-time neural controller is developed, and the finite-time convergence of temperature regulation error is ensured. The stability of the studied fan-coil control is guaranteed by rigorous Lyapunov proof. Finally, two simulation examples are carried out to verify the effectiveness of the proposed control scheme.
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1 INTRODUCTION
Peaking carbon dioxide emissions and carbon neutrality play an important role on the national strategic level (Jia and Lin, 2021) to realize the “30 ⋅ 60” goal and the “14th Five-Year Plan” for power development. It is urgent to expand the scale of renewable energy utilization and improve the energy efficiency. The ASHPAC system utilizes the solar radiating energy contained in the air as the cooling or heating source (Yu et al., 2021; Yong et al., 2021). It follows the reversible Carnot cycle when working and drives the compressor through a small amount of electricity to realize energy transfer. Compared with the general HVAC system (Magraner et al., 2010), its COP is higher. As the core component of the indoor loop of the ASHPAC system, the fan-coil performance determines the comfort of the indoor environment (Kayaci, 2020). To create a constant and comfortable indoor environment, it is of great significance to design a flexible, reliable, and stable algorithm to improve the control accuracy and response rate of the fan-coil outlet temperature.
Recently, numerous research results on the temperature control of the ASHPAC system have been reported. In Yang et al. (2007) and Grassi and Tsakalis (2000), a conventional PID scheme was proposed to deal with the temperature control problem of the ASHPAC system, but the accuracy and effectiveness would be degraded in a realistic ambience because of the varying load conditions. Thus, some modified PID schemes were proposed to improve the control performance [see (Li et al., 2013; Xu et al., 2019; Wrat et al., 2020; Li et al., 2013; Xu et al., 2019; Wrat et al., 2020) and the references therein], where the PID parameters could be adjusted online by fuzzy reasoning, according to varying working conditions. However, these schemes are dependent on preset fuzzy rules, which require a large amount of professor knowledge, while it is difficult to establish a universal fuzzy rule base for different systems. In Han et al. (2021), a PSO fuzzy PID scheme was proposed to reduce inevitable randomness, which requires a large amount of computing resources. In Wang et al. (2021), a nonlinear MPC algorithm was proposed to regulate the temperature of outlet water of the transcritical CO2 ASHP water heater. This scheme ensures true real-time dynamic optimization, but it requires accurate models, which are difficult to obtain. In Lissa et al. (2021), a DRL algorithm was applied to hot water tank temperature control, but it needs huge computational resources. Thus, it is still a challenging work to design an adaptive controller without prior knowledge on the requirement and accurate model for the ASHPAC system.
On the other hand, the aforementioned literature only guarantees the asymptotical convergence of the temperature regulation error, which means that the convergence time of the temperature regulation error is infinite. Different from the asymptotically stable control, the finite-time control can realize that the state tends to the equilibrium point within a finite time. With the satisfactory characteristics, such as faster convergence performance, higher control precision, and better robustness against disturbances and uncertainties, the finite-time control has been widely applied to various nonlinear systems (Yu et al., 2005; Chen et al., 2018; Li et al., 2019; Xie and Chen, 2022; Yu et al., 2005; Chen et al., 2018; Li et al., 2019; Xie and Chen, 2022). In Yu et al. (2005), a continuous finite-time control scheme was proposed for rigid robotic manipulators by constructing a new form of terminal sliding modes. Li et al. (2019) investigated the problem of adaptive finite-time tracking control for strict-feedback nonlinear continuous-time systems. In Chen et al. (2018) and Xie and Chen (2022), two different control strategies were put forward to deal with the finite-time attitude stabilization problem of the rigid spacecraft. In Emami-Naeini et al. (1994), an approximate finite-time control scheme was applied to temperature profile tracking in rapid thermal processing systems. In Chen et al. (2019), a finite-time controller was designed for the double-layer Peltier system based on a finite-time observer, such that the temperature error can be converged within a finite time. To this end, it is meaningful to design a finite-time outlet wind temperature controller for improving both the transient performance and steady performance of the ASHPAC system. However, the relevant research works on finite-time outlet wind temperature control of the ASHPAC system have not been reported.
Motivated by the aforementioned observations, an adaptive finite-time neural fan-coil outlet wind temperature control scheme is proposed for the ASHPAC system. The main contributions are summarized as follows.
Compared with the asymptotically stable control (Grassi and Tsakalis, 2000; Yang et al., 2007; Li et al., 2013; Xu et al., 2019; Wrat et al., 2020; Han et al., 2021; Lissa et al., 2021; Wang et al., 2021; Grassi and Tsakalis, 2000; Yang et al., 2007; Li et al., 2013; Xu et al., 2019; Wrat et al., 2020; Han et al., 2021; Lissa et al., 2021; Wang et al., 2021), a finite-time neural controller is systematically presented such that the temperature regulation error is ensured to converge into a small region around the origin within a finite time.
A correction module is introduced to compensate the first-order damp elements in the temperature sensor to capture the temperature in real time. Moreover, a neural network-based adaptive law is designed to compensate for the unknown and nonlinear functions of the ASHPAC system such that the model knowledge of the system is not required in prior.
The rest of this article is outlined as follows: in Section 2, the mathematical model is presented. The correction module of a thermistor is given in Section 3, and the adaptive finite-time control design and stability analysis are given in Section 4. In Section 5, the obtained results are supported by numerical simulations. Finally, the conclusion is summarized in Section 6.
2 SYSTEM DESCRIPTION
The ASHPAC system contains the air-source side loop, the heat pump loop, and the indoor loop (Xiao, 2010), which is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Diagram of the ASHPAC system.
As shown in Figure 2, the control structure of the fan-coil consists of the flow-regulating valve, the fan-coil, and the temperature sensor (Zhang et al., 2021). It is found from Figure 2 that l and q are the spool stroke and chilled water flow at a certain opening, respectively. Tin is the output wind temperature of the fan-coil, Tr is the output value of the temperature sensor, and [image: image] is the tracking target.
[image: Figure 2]FIGURE 2 | Control structure of the fan-coil.
Flow-regulating valves generally have four ideal flow characteristics, such as the linear characteristic, parabolic characteristic, quick opening characteristic, and equal percentage characteristic (Dutta et al., 2014).
The equal percentage flow capacity increases exponentially with the spool stroke. Equal increases in valve travel produce equal percentage changes in the existing flow coefficients. The equal percentage flow characteristic is given by Mala and Li (1999):
[image: image]
Using the boundary conditions
[image: image]
one can obtain
[image: image]
If [image: image] is defined as the regulating ratio, then Eq. 3 can be rewritten as
[image: image]
where L is the maximum spool stroke of the valve, Kv is the magnification factor, qmax is the maximum flow rate, and qmin is the minimum flow rate.
The fan-coil is the terminal device of the heat pump air-conditioning system, which is a surface heat exchanger used to reduce or increase the room temperature and create an indoor air environment suitable for human comfort.
Based on the law of energy conservation, by ignoring the heat storage effect of the fan-coil, the mathematical model can be simplified into a single-capacity first-order differential equation (Wu, 2015):
[image: image]
where [image: image], [image: image], and [image: image]; CV is the constant volume-specific heat of air, Vfc is the volume of air circulated into the fan-coil, ρ is the density of air, Gac is the air flow rate of the fan-coil, c1 is the specific heat of air, ΔTd is the chilled water temperature difference, c2 is the specific heat of chilled water, T0 is the inlet air temperature of the fan-coil, and P0 is the total power of the fan-coil. Among these parameters, CV, ρ, c1, and T0 are determined by the actual temperature, which are uncertain.
A thermistor is often used as the temperature sensor in the closed-loop control system of air-conditioning, and the relationship between its sensed temperature Tin and output temperature Tr is given by
[image: image]
where T is the time constant of the thermistor.
3 CORRECTION MODULE OF THE THERMISTOR
The existence of the time constant makes the change of the thermistor thermal potential always lag behind the perceived temperature variation. Based on (6), the characteristic of the temperature sensor can be regarded as a first-order inertial element, which can be described by Gts(s), that is,
[image: image]
The temperature control of the fan-coil is required to be fast and accurate; thus, the influence of T cannot be ignored. To improve the measurement accuracy of the thermistor temperature sensor, we broaden the bandwidth of the feedback element by connecting a correction element in series (Li et al., 2005), that is,
[image: image]
where T′ < T, [image: image], and [image: image] are the transfer functions of the correction element and the feedback loop after correcting.
As shown in Figure 3, when the thermistor with a large time constant is used to detect the temperature directly, its output distortion is large. After adding the correction element, as long as T′ is reasonably selected, the error between the sensed temperature and the output temperature can be eliminated.
[image: Figure 3]FIGURE 3 | Correction of the first-order inertial element.
4 ADAPTIVE FINITE-TIME CONTROL
4.1 Controller design
The introduction of the correction module eliminates the lag of the thermistor, so the characteristic of the temperature sensor can be regarded as unity feedback. Based on the characteristic of the flow-regulating valve in (4), for ease of presentation, one should observe
[image: image]
where [image: image].
According to (5) and (9), one can obtain
[image: image]
where Ka, Kb, and Kc are uncertain in the controller design; let [image: image], [image: image], and [image: image], then the fan-coil control system becomes
[image: image]
The tracking error e is defined as
[image: image]
Differentiating (12) yields
[image: image]
where [image: image] is the lumped uncertainty.
The lumped uncertainty g in (13) can be approximated by the neural network (NN), given by
[image: image]
where ɛ is the approximation error bounded by |ɛ| ≤ ɛN, with ɛN being a small positive constant, and Φ(Tin) is the NN basis function with the following sigmoid form:
[image: image]
With the NN approximation, the finite-time controller is designed as
[image: image]
where k1 > 1/2, k2 > 0, 0 < α < 1, sigα(e) = |e|α sgn(e), and sgn (⋅) denote the sign function, and [image: image] is the estimation of W.
The adaptive update law of [image: image] is given by
[image: image]
where σ is a positive constant.
4.2 Stability analysis
To analyze the finite-time stability of the fan-coil control system, several useful lemmas are provided as follows.




5 SIMULATION RESULTS
We choose the fan-coil “SF05RC” produced by PHNIX and the electric small flow-regulating valve produced by VTON as objects and compute the parameters of the system in Table 1, and the units of measurements of these terms are provided.
TABLE 1 | Parameters of the system.
[image: Table 1]The models of the flow-regulating valve, the fan-coil, and the temperature sensor are given as
[image: image]
[image: image]
Based on this system model, the proposed adaptive finite-time controller is then utilized. Also, the unknown parameters are initialized with Ka = 0.3275s, [image: image], and Kc = 27.1070°C. The parameters of the finite-time controller (16) and adaptive update law (17) are chosen as [image: image] and σ = 0.1. The parameters of the sigmoid function (15) are set as l1 = 12, l2 = 10, l3 = 6, and l4 = 2.
5.1 Simulation with the step signal
The tracking objective is chosen as Table 2 for controlling the step signal, where r(t) is the step signal.
TABLE 2 | Objective of the tracking step signal.
[image: Table 2]To verify the effectiveness of the proposed scheme, two comparative cases, that is, without and with the NN compensation are provided. For fair comparison, the parameters of the two schemes are selected the same. The corresponding simulation results are depicted in Figures 4–9. Figure 4 shows the tracking performance without NN compensation. From Figure 4, it can be seen that the output wind temperature of the fan-coil cannot reach the first target (24°C) and the second target (26°C) in a short time. Figure 5 depicts the tracking performance with NN compensation. It can be found from Figure 5 that the tracking performance is superior. Compared with Figures 4, 5, we can conclude that the finite-time controller can realize fast and accurate temperature regulation with the help of the NN compensation. The temperature tracking error e without and with NN compensation are shown in Figures 6, 7, respectively. From Figure 6, it can be seen that the temperature tracking error e is large. From Figure 7, we can see that when the temperature changes rapidly, the temperature tracking error e becomes lager, but the temperature tracking error e is small overall. In addition, the control input u without and with NN compensation are depicted in Figures 8, 9, respectively. From Figures 8, 9, it can be obtained that the larger control input is required with NN compensation.
[image: Figure 4]FIGURE 4 | Tracking performance without NN compensation.
[image: Figure 5]FIGURE 5 | Tracking performance with NN compensation.
[image: Figure 6]FIGURE 6 | Tracking error without NN compensation.
[image: Figure 7]FIGURE 7 | Tracking error with NN compensation.
[image: Figure 8]FIGURE 8 | Control input without NN compensation.
[image: Figure 9]FIGURE 9 | Control input with NN compensation.
5.2 Simulation with the cosine signal
Furthermore, we also simulate the proposed adaptive control algorithm with the cosine signal, and the objectives are chosen as Table 3.
TABLE 3 | Objectives of the tracking squarewave and ramp signals.
[image: Table 3]The results of the tracking cosine signal are shown in Figures 10–15. Figure 10 shows the tracking performance without NN compensation. From Figure 10, it can be seen that the output wind temperature of the fan-coil cannot reach the target temperature. Figure 11 depicts the tracking performance with NN compensation. It can be found from Figure 11 that the tracking performance is superior with a fast response. The temperature tracking error e without and with NN compensation are shown in Figures 12, 13, respectively. From Figures 12, 13, we can again obtain that the temperature tracking error e is smaller with the aid of NN compensation. Moreover, the control input u without and with NN compensation are depicted in Figures 14, 15, respectively. From Figures 14, 15, we can again obtain that the larger control input is required with NN compensation.
[image: Figure 10]FIGURE 10 | Tracking performance without NN compensation.
[image: Figure 11]FIGURE 11 | Tracking performance with NN compensation.
[image: Figure 12]FIGURE 12 | Tracking error without NN compensation.
[image: Figure 13]FIGURE 13 | Tracking error with NN compensation.
[image: Figure 14]FIGURE 14 | Control input without NN compensation.
[image: Figure 15]FIGURE 15 | Control input with NN compensation.
From Figures 4–15, it can be concluded that the proposed control scheme can achieve the satisfactory tracking performance (e.g., fast convergence speed and accurate tracking error) with the help of NN compensation.
6 CONCLUSION
In this paper, an adaptive finite-time fan-coil outlet wind temperature control scheme has been developed for the air-source heat pump air-conditioning system. A correction module is introduced to compensate for the first-order damp elements in the temperature sensor to capture the temperature in real time. On this basis, an adaptive finite-time neural controller is developed. Different from the asymptotically stable control, the proposed finite-time temperature control can ensure that the temperature regulation error be converged into a small region around the origin within a finite time, which further improves the tracking performance of the ASHPAC system. Finally, two simulation examples have been carried out to demonstrate the effectiveness of the proposed scheme.
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