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Abstract

:

A chilled water system transports cooling functionality from refrigerators to users via heating, ventilation, and air conditioning (HVAC) systems. This paper investigated an optimal control strategy to regulate the volume flow rate of each user branch in a chilled water system, considering the minimum resistance operation to reduce energy consumption. An artificial neural network (ANN) was adopted to establish the nonlinear relationship between the volume flow rate of each user branch, pump frequency, and valve opening of each user branch. An optimal control strategy for a chilled water HVAC system is proposed in this article, according to the pump-valve combined control (PVCC) principle and an ANN model, i.e., pump-valve combined control using an artificial neural network model (PVCC-ANN). A series of tests were conducted to collect data to train the ANN model and analyze the performance of the PVCC-ANN in an experimental chilled water system. The results show that the trained ANN model has good prediction performance. A minimum resistance operation can be achieved to control the volume flow rate of each user branch independently by using the PVCC-ANN model. Moreover, the proposed PVCC-ANN method shows good energy-saving performance in chilled water systems, which can be attributed to the minimum resistance operation. Taking the energy consumption of the pump’s constant frequency operation as the reference, the energy saving rate using the PVCC-ANN is between 14.3% and 58.6% under 10 operating conditions, as reported in this paper.
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1. Introduction


Heating, ventilation, and air conditioning (HVAC) systems play a very important role in improving the indoor environment and ensuring the comfort of personnel. The HVAC system is usually used to ensure that the indoor temperature, humidity, and other parameters of the building are within a reasonable and comfortable range [1]. Improving the comfort of the indoor environment and the smart control of energy supplies will not only guarantee physical health but also improve production efficiency and will ensure the safety of production [2,3,4].



Typically, a chilled water system is an important component of HVAC systems in public or commercial buildings, one that is used to transport cooling functionality from chillers to users [5]. During the operation of an HVAC system, the volume flow rate of chilled water produced by the chilled water system should be regulated to meet the cooling load variation, resulting in a change to the indoor and outdoor environmental parameters [6]. In China, building operating energy consumption was responsible for approximately 46.1% of the total building energy consumption in 2019, while the energy consumption of HVAC accounted for more than 50% of the total building operating energy consumption [7]. Similar statistics appear in the United States and most European countries [8,9]. Because the energy consumption of chilled water systems accounts for a certain proportion of the total consumption of HVAC, it is necessary to consider the control strategy of a chilled water system to reduce the energy consumption of a chilled pump, especially for partial cooling load conditions [10].



Hydraulic balance is the premise of the energy-saving operation of chilled water HVAC systems. Some scholars have considered why chilled water systems should be balanced and how to achieve hydraulic balance. It is considered that hydraulic balance can be effectively achieved by using a balance valve [11]. How to select and set the balance valve to reduce the energy consumption of the pump and improve the hydraulic stability of chilled water system operation has been widely discussed [12,13]. Hegberg [14] investigated the application of a balance valve in a variable flow system and proposed the design strategy of a balance valve in chilled water systems. The research indicated that the balance valve can be used in variable flow systems to reduce the energy consumption of the pump. James Burt Rishel [15] discussed the selection strategy of a balance valve in different systems. KN Rhee et al. [16,17] evaluated the regulating performance of a hydraulic balance valve on volume flow rate in a radiant floor-heating system and analyzed the influence of various factors on the hydraulic balance effect. Wijaya [18] developed a control method combining an artificial neural network and a genetic algorithm to optimize a chilled water pump system.



At present, an ON/OFF control with a constant speed, chilled-water pump is often used in HVAC systems [19,20]. However, the chilled water flow could be optimized for better energy-saving using variable speed pump technology [18]. Kirsner [21,22] proposed a chilled water setup for use in HVAC systems using variable speed pump technology, which has attracted the attention of researchers. Many scholars [23,24,25,26] studied the variable frequency strategies of the primary and secondary pump and indicated that the pump frequency can be changed, according to the cooling load variation in HVAC systems, to reduce the energy consumption of the chilled water pump. Liu et al. [27] studied the influence of a variable volume flow rate in a primary water system on chiller efficiency and found that the variable volume flow rate operation of chilled water has little impact on chiller efficiency and can save on energy consumption. Ma et al. [28] proposed an optimal control strategy for variable frequency pumps by optimizing the differential pressure between the main chilled water supply and return pipelines in HVAC systems to improve energy efficiency. Currently, PID controllers are widely used to control the variable frequency pumps in chilled water systems to improve the energy efficiency of HVAC systems [29]. However, the PID controller is usually designed using fixed control parameters, which is limiting in a wide range of operating conditions [30]. In recent years, with the development of computer technology and data collection technology, data-driven models have been gradually applied for controlling HVAC [31,32,33,34,35].



The existing studies in the literature have demonstrated that the frequency conversion of the pump can greatly save on the energy consumption of chilled water pumps in HVAC systems. However, according to fluid mechanics theory, frequency conversion of the pump can only control the total volume flow rate of the chilled water system. When different variation rates of cooling load exist, frequency conversion of the pump could not be used to control the volume flow rate of each user branch independently.



In order to solve the aforementioned problems, this paper studies a pump-valve combined control strategy applied to a chilled water HVAC system, using an artificial neural network model to achieve the minimum resistance control to save energy consumption in a chilled water pump. An artificial neural network (ANN) model is used to construct the relationship between the volume flow rate of each user branch, pump frequency, and the valve opening of each user branch in chilled water HVAC systems. Then, a pump-valve combined control strategy is proposed, aiming at the minimum resistance operation of the chilled water system; that is, either the pump frequency could reach the lower limit or at least one valve of the branches is fully open. The proposed strategy could not only save energy consumption in the device by reducing the pump frequency but also control the volume flow rate of each user branch independently by means of adjusting the valve openings.




2. Regulation Strategies of Chilled Water Systems


HVAC systems often operate under off-design conditions since the cooling load would change along with changes such as outdoor temperature, outdoor humidity, solar radiation, indoor personnel, indoor heat sources, and so on. Therefore, the volume flow rate of each user branch of a chilled water system in an HVAC system should be adjusted in time to meet variations in cooling load. In general, the following three regulation strategies of chilled water systems could be used in engineering, according to fluid mechanics theory.



	(1)

	
Pump frequency conversion (PFC)







When the cooling load in HVAC systems changes, the impeller speed of the pump could be regulated by a frequency converter to change the volume flow rate of the chilled water system to meet variations in cooling load, which is known as a pump frequency control strategy. According to fluid mechanics theory, the energy consumption of a pump is approximately related to the third power of pump frequency, while the pump frequency is correlated linearly with the volume flow rate of a chilled water system. It can be concluded that the energy consumption of a pump is approximately related to the third power of the volume flow rate of a chilled water system. Therefore, using PFC could greatly save energy consumption when the cooling load decreases. However, PFC can only control the total volume flow rate of the chilled water system. When different variation rates of cooling load exist, PFC could not be used to control the volume flow rate of each user branch independently.



	(2)

	
Valve opening adjustment (VOA)







In theory, the VOA strategy is used to adjust the volume flow rate in chilled water systems by means of the changing resistance of valves by adjusting the valve opening of each user branch. Without changing the pump speed, the volume flow rate of each user could be controlled independently using VOA. However, when the actual cooling load of HVAC is lower than that of the design conditions, i.e., partial cooling load conditions, the valve of each user branch will be controlled to a non-fully open condition to achieve a correspondingly lower volume flow rate. Obviously, under partial cooling load conditions, the resistance of valves is higher than that under design conditions, which leads to the non-energy-saving operation of a chilled water system.



	(3)

	
Pump-valve combined control (PVCC) model







According to fluid mechanics theory, the PVCC model could not only save on the energy consumption of the device by means of reducing pump frequency but also control the volume flow rate of each user branch independently through adjusting valve opening. Using a PVCC strategy, in order to achieve maximum energy-saving performance, the optimal operation of a HVAC chilled water system would be that the pump frequency could reach the lower limit or at least one valve of branches is fully open, which represents minimum resistance operation. Therefore, by combining the advantages of PFC and VOC, the PVCC could be used in chilled water system regulation to achieve minimum resistance operation, to save on the energy consumption of the pump.



Obviously, considering the energy-saving operation of chilled water HVAC systems, the PVCC strategy is better than a PFC strategy and VOA strategy. In this paper, an ANN is adopted to realize the optimal operation of chilled water HVAC systems using the PVCC strategy.




3. Operation Optimization Strategy of a Chilled Water System Based on an ANN


3.1. Artificial Neural Networks


In this paper, a backpropagation (BP) neural network is used to construct the relationship between the volume flow rate of each user branch, pump frequency, and the valve opening of each user branch in a chilled water HVAC system. A BP neural network is the most widely used artificial neural network (ANN), which is a forward network based on error backpropagation and has a very strong nonlinear mapping ability [36]. In general, the BP neural network includes three layers: the input layer, the hidden layer, and the output layer. In this paper, the volume flow rate of each user branch and the pump frequency are set as the input layer of the BP neural network. The valve opening was set as the output layer. The hidden layer of the neural network is set as 1 layer, and the number of neuron nodes can be determined according to an empirical formula. For any chilled water HVAC system containing n branches, the ANN model can be established as shown in Figure 1.



In this paper, the error of the neural network model training is set to 10-5, the maximum training time is set to 1000, and the learning rate is set to 0.01. The tan-sigmoid function is used as the transfer function between the input layer and hidden layer, and the linear function is adopted as the transfer function between the hidden layer and output layer.




3.2. ANN Model Optimized by a Genetic Algorithm


In order to improve the robustness of the BP neural network, a genetic algorithm (GA) is used to optimize the initial weight threshold of the neural network. The individuals of the genetic algorithm are set to all the weights and thresholds of the BP neural network. In this paper, the population size is set to 100, the number of iterations is set to 500, the initial population is of random values, and the generation boundary is set to [−1, 1]. The genetic, crossover, and mutation operations are carried out from the initial population. Individual screening is performed according to the set fitness function. Individuals with a high fitness value, that is, those with a small network training error, are retained, and individuals with a low fitness value are eliminated. The screened individuals are taken as the population of the next generation, then the genetic and screening operations are repeated. In this way, the optimal individuals can be identified in a set number of iterations. The optimal individual is set to the initial weight and threshold that can produce the minimum neural network training error.




3.3. Optimal Control Strategy of a Chilled Water HVAC System


An optimal control strategy is proposed according to PVCC principles and the ANN model, i.e., the pump-valve combined control of an HVAC chilled water system using an artificial neural network model (PVCC-ANN). The optimal control process is shown in Figure 2, the steps of which are as follows:




	(1)

	
The initial computational pump frequency is set to 50 Hz.




	(2)

	
The required volume flow rate of each user branch and the computational pump frequency are set as the input layer of the trained ANN model, to predict the computational valve opening of each user branch.




	(3)

	
Judgment of iteration termination conditions, to determine whether the computational pump frequency reaches the lower limit or whether at least one valve of the user branches is fully open. If the judgment condition is true, the iteration will finish; if not, the computational pump frequency turns down by 0.01 Hz, and then step (2) is repeated.




	(4)

	
The optimal valve opening of each user branch and the pump frequency of a chilled water system with minimum resistance can be obtained after the iteration is finished in step (3).




	(5)

	
By setting the valve opening of each user branch and the pump frequency in the chilled water system to the optimal values obtained in step (4), optimal control of the chilled water system can be realized.









In the experimental tests for this paper, when the pump frequency was lowered to about 32 Hz, the pump vibrated violently. Similar phenomena also exist in practical engineering. Therefore, the lower limit pump frequency was set to 34 Hz in this paper.





4. Experimental Setup


In this paper, an experimental system is built to simulate a chilled water HVAC system, as shown in Figure 3. The experimental system has 12 branches, including 6 DN15 branches and 6 DN20 branches, respectively, simulating 12 air-conditioning users.



A variable frequency pump is used to provide power for the simulated chilled water system. The rated head of the pump is 9 m, the rated volume flow rate is 3.5 m3/h, and the rated power is 0.37 kW. The total volume flow rate of the chilled water system is measured by a turbine volume flow meter, the measurement range of which is 0–15 m3/h.



A locking valve is used to simulate the resistance of the air-conditioning user. The locking valve can only be adjusted with a key, which can effectively prevent the switch action caused by unexpected operations in the experiment.



The pipes are transparent, in order to observe the water flow in the experimental chilled water system. Each user branch is installed with a regulating valve, which comprises a static balance valve to control the volume flow rate of each user branch by adjusting the corresponding regulating valve opening. As shown in Figure 4, the opening scale of the regulating valve is marked from 0 to 4, which indicates the different valve openings. The opening scale, 0, represents the point at which the valve is closed, and the volume flow rate of the user branch is 0. The opening scale, 4, means that the valve is fully open, and the corresponding resistance of the regulating valve is minimal.



It can be seen in Figure 4 that there are two pressure-measuring holes on the regulating valve. The pressure difference of the regulating valve can be measured through the two measuring holes, using a pressure difference sensor. The volume flow rate of the user branch can be calculated using the pressure difference of the corresponding regulating valve, via Equation (1):


  Q =  K v    Δ P    



(1)




where Q is the volume flow rate of the user branch, L/h; Kv is the flow coefficient, which is related to the valve type and opening value; Δp is the pressure difference of the valve, Pa.



Two types of valves, DN15 and DN 20, are used in the experimental chilled water system in this paper. The corresponding flow coefficient, Kv, is shown in Table 1. Using these data, the flow coefficient, Kv, of the DN 15 and DN20 valves can be fitted as Equations (2) and (3), respectively. Therefore, the volume flow rate of the user branch can be calculated using Equations (1)–(3) by means of a measured pressure difference, Δp, and the opening value, x, of the corresponding regulating valve:


   K v  = − 1.984  x 3  + 32.443  x 2  − 40.23 x + 28.214  



(2)






   K v  = − 8.8  x 3  + 80.024  x 2  − 61.169 x + 65.729  



(3)




where x is the opening value of the valve.




5. Results and Discussion


5.1. Performance of Neural Networks


In order to train and validate the ANN model, 1700 groups of experimental data, obtained by testing, were used as the dataset. In the experimental test, 1700 groups of valve openings of each user branch and pump frequency values were randomly set, and the corresponding volume flow rate of each user branch was obtained by testing them respectively. The ANN model was established using construction, as shown in Figure 1. The number of input nodes in the network was set to 13, which represents the volume flow rate of 12 user branches and the pump frequency. The number of neuron nodes in the hidden layer was set to 20. The number of output nodes was set to 12, which represents the valve opening values of 12 user branches.



In total, 1500 groups of experimental data from the dataset were used to train the ANN model. The other data were used to validate the trained ANN model. The training result for the ANN is shown in Figure 5. It can be seen from Figure 5 that the correlation coefficient of the trained neural network is 0.98, indicating that the neural network demonstrates good fitting conditions.



The prediction performance of the ANN model was analyzed by comparing the testing value with the predicted value of the ANN model. The first user branch and the seventh user branch were selected as examples to analyze the deviation between the testing value and the predicted value of the ANN, as shown in Figure 6. It should be noted that there is no unit for the valve opening. It can be seen from Figure 6 that the predicted value of the ANN fitted well with the testing value, and the mean absolute percentage error was about 8.11%. In order to verify the superiority of the neural network, combined with a genetic algorithm, it was compared with the unoptimized BP algorithm in Figure 7. The results showed that the optimized neural network algorithm improved the prediction accuracy by 5.52%, compared with the BP algorithm, which indicates that the trained ANN model could be used to predict the valve opening of each user branch from the volume flow rate of each user branch and pump frequency.




5.2. Optimization Results of the Chilled Water System Operation


A series of experiments were conducted to examine the performance of the optimal control strategy (PVCC-ANN) in Section 3.3. The 10 groups of the required volume flow rate of each user branch were set in experiments, respectively, as shown in Table 2. The corresponding computational operation optimization results were obtained using an optimal control strategy (PVCC-ANN), as shown in Table 3. It can be seen from Table 3 that at least one valve of the branches is fully open (condition 1 to condition 8), or the pump frequency is the lower limit of frequency 34 Hz (condition 9 and condition 10), in any operating volume flow rate condition in the experimental chilled water system. This means that the minimum resistance operation of a chilled water HVAC system can be obtained using the above optimal control strategy (PVCC-ANN) mentioned in Section 3.3.



The above computationally optimized valve opening and pump frequency values were used in the experimental chilled water system to measure the operating volume flow rate of each user branch, respectively. The measured operating results were compared with the required volume flow rate setting, as shown in Table 4. It can be seen from Table 4 that the relative errors between the measured operating volume flow rate of each user branch and the required volume flow rate were tolerable. Most of the relative errors were ±5%. The maximum relative error is −13.1%, which is in branch 9 in group 9. This indicates that an optimal control strategy (PVCC-ANN) can be used to achieve a minimum resistance operation to meet the required volume flow rate in the experimental chilled water system reported in this paper.




5.3. Energy Consumption Analysis


For this paper, the energy consumption of a chilled water system using an optimal control strategy (PVCC-ANN) was analyzed by comparing it with that using a VOA strategy. The pump frequency of the VOA strategy was constant, while that of the optimal control strategy (PVCC-ANN) was varied. According to the above 10 groups of volume flow rates in the experimental chilled water system, the comparison results are shown in Table 5. It can be seen from Table 5 that energy consumption using the optimal control strategy (PVCC-ANN) was lower than that using a VOA strategy in any operating condition in the experimental chilled water system. Based on energy consumption using a VOA strategy, the energy-saving rate using an optimal control strategy (PVCC-ANN) is from 14.3% to 58.6% under the above 10 operating conditions.



The valve openings of the user branches and pump frequency were analyzed to explore the energy-saving effect of an optimal control strategy (PVCC-ANN) in a chilled water HVAC system. Taking condition 3 and condition 10 as examples, comparisons of the valve openings are shown in Figure 8. Figure 8 demonstrates that all valve opening values in a chilled water HVAC system using an optimal control strategy (PVCC-ANN) are higher than those using VOA in any operating condition. This indicates that the resistance of the chilled water system using an optimal control strategy (PVCC-ANN) is lower than that using VOA in the same operating conditions, which means less energy consumption by the pump. Moreover, a comparison of pump frequency, as shown in Figure 9, also shows that the pump frequency in chilled water HVAC systems using PVCC-ANN is lower than that using VOA in any operating conditions.





6. Conclusions


In this paper, pump-valve combined control using an ANN model is proposed to achieve minimum resistance operation in a chilled water HVAC system. A series of experiments were conducted to examine the performance of the PVCC-ANN. The main conclusions of the study are as follows:




	(1)

	
The ANN model can be used to construct the relationship between the volume flow rate of each user branch, pump frequency, and valve opening of each user branch in a chilled water HVAC system. Comparing the predicted valve openings with the testing value, the mean absolute percentage error is about 8.11%. This indicates that the trained ANN model has good prediction performance.




	(2)

	
Minimum resistance operation can be achieved using a PVCC-ANN strategy in the chilled water system, which means that at least one valve of the branches is fully open, or the pump frequency is at the lower limit of frequency. Moreover, a comparison between the measured results using the PVCC-ANN and setting the required volume flow rate shows that the relative errors are tolerable. Most of the relative errors are ±5% and the maximum relative error is −13.1%. This means that a PVCC-ANN strategy could be used to regulate the chilled water system to meet the required volume flow rate under the conditions of minimum resistance operation.




	(3)

	
The energy consumption of a chilled water system using PVCC-ANN is analyzed by comparing it with that using a VOA strategy. The results show that the PVCC-ANN strategy has good energy-saving performance in a chilled water HVAC system, which is attributed to the minimum resistance operation. Based on the energy consumption using a VOA strategy, the energy-saving rate using a PVCC-ANN is from 14.3% to 58.6%, under the 10 operating conditions used in this paper.









There are also some limitations to this paper. When the scale of the water system is large and the number of pipe network branches is large, the application of a neural network to construct a nonlinear relationship between the valves, pumps, and flow will make the number of output nodes of the neural network too large, thereby increasing the training error values of the network. The prediction performance of the network is thereby reduced, which eventually leads to an increase in the adjustment error of the optimal control method. At this time, it can be considered possible to construct a multi-layer neural network or construct a hierarchical network to reduce the number of output nodes and improve the accuracy of neural network predictions.
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Figure 1. The ANN structure in a chilled water system. 
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Figure 2. An optimal control process. 






Figure 2. An optimal control process.



[image: Energies 16 02416 g002]







[image: Energies 16 02416 g003 550] 





Figure 3. The chilled water HVAC system. 
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Figure 4. The regulating valve, created using a balance valve. 
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Figure 5. Correlation coefficient of the trained neural network: (a) training set; (b) test set. 
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Figure 6. The deviation between the testing value and the predicted value of the ANN: (a) user branch 1; (b) user branch 7. 
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Figure 7. Comparison of the mean absolute percentage with an optimized neural network algorithm and a BP algorithm. 
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Figure 8. Comparisons of the valve openings: (a) condition 3; (b) condition 10. 
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Figure 9. Comparison of pump frequency. 
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Table 1. The flow coefficient of the valves.






Table 1. The flow coefficient of the valves.





	Opening Value of Valve
	DN15
	DN20





	0.5
	13.6
	53.3



	1.0
	22.6
	78.1



	1.5
	34.7
	122.0



	2.0
	61.8
	195.0



	2.5
	93.1
	271.0



	3.0
	146.0
	371.0



	3.5
	207.0
	451.0



	4.0
	256.0
	539.0
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Table 2. The required volume flow rate settings.






Table 2. The required volume flow rate settings.





	
User Branches

	
Required Volume Flow Rate Q (L/h)




	
Group 1

	
Group 2

	
Group 3

	
Group 4

	
Group 5

	
Group 6

	
Group 7

	
Group 8

	
Group 9

	
Group 10






	
1

	
350

	
350

	
350

	
350

	
250

	
200

	
300

	
300

	
250

	
200




	
2

	
350

	
350

	
350

	
350

	
250

	
250

	
300

	
250

	
250

	
200




	
3

	
350

	
350

	
350

	
350

	
250

	
300

	
300

	
200

	
250

	
200




	
4

	
700

	
600

	
600

	
650

	
600

	
500

	
600

	
500

	
500

	
500




	
5

	
700

	
600

	
600

	
650

	
600

	
600

	
600

	
600

	
500

	
500




	
6

	
700

	
600

	
600

	
650

	
600

	
700

	
600

	
500

	
500

	
500




	
7

	
300

	
300

	
350

	
300

	
250

	
200

	
250

	
200

	
250

	
200




	
8

	
300

	
300

	
350

	
300

	
250

	
250

	
250

	
300

	
250

	
200




	
9

	
300

	
300

	
350

	
300

	
250

	
300

	
250

	
250

	
250

	
200




	
10

	
700

	
700

	
600

	
600

	
600

	
500

	
500

	
600

	
500

	
500




	
11

	
700

	
700

	
600

	
600

	
600

	
600

	
500

	
600

	
500

	
500




	
12

	
700

	
700

	
600

	
600

	
600

	
700

	
500

	
500

	
500

	
500
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Table 3. The optimal valve opening values and pump frequency.
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	Valve Opening and Pump Frequency
	Group 1
	Group 2
	Group 3
	Group 4
	Group 5
	Group 6
	Group 7
	Group 8
	Group 9
	Group 10





	x1
	3.76
	3.98
	3.63
	3.92
	3.73
	2.96
	3.92
	3.88
	3.75
	2.8



	x2
	3.73
	3.9
	3.65
	3.92
	3.66
	3.23
	3.9
	3.44
	3.71
	2.73



	x3
	4
	4
	3.71
	4
	3.84
	3.7
	4
	3.25
	3.87
	2.81



	x4
	3.68
	3.13
	2.89
	3.43
	4
	2.99
	3.7
	3.23
	3.53
	2.9



	x5
	3.01
	2.8
	2.58
	3.04
	3.54
	3.03
	3.31
	3.29
	3.19
	2.6



	x6
	2.97
	2.71
	2.66
	3.11
	3.89
	4
	3.47
	3.14
	3.49
	2.99



	x7
	3.74
	3.93
	4
	3.67
	3.97
	3.19
	3.43
	3.44
	3.97
	2.85



	x8
	3.47
	3.93
	3.86
	3.54
	3.8
	3.26
	3.33
	4
	3.85
	2.76



	x9
	3.37
	3.67
	3.72
	3.42
	3.68
	3.64
	3.19
	3.52
	3.67
	2.72



	x10
	3.43
	3.73
	2.85
	2.83
	3.89
	3.03
	2.65
	3.73
	3.41
	2.87



	x11
	3.21
	3.62
	2.77
	2.84
	3.72
	3.23
	2.63
	3.59
	3.27
	2.67



	x12
	2.81
	2.92
	2.39
	2.44
	3.23
	3.47
	2.28
	2.67
	2.79
	2.47



	n
	46.8
	44
	44.6
	44.4
	38.7
	40.7
	38.2
	37.3
	34
	34
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Table 4. The comparison between the measured operating volume flow rate and the required volume flow rate settings.
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Group

Number

	
Branch

Number

	
The Setting Required

Volume Flow Rate (L/h)

	
The Measured Operating

Volume Flow Rate (L/h)

	
Relative Error






	
1

	
1

	
350

	
357.3

	
2.1%




	
2

	
350

	
334.5

	
−4.4%




	
3

	
350

	
379.5

	
8.4%




	
4

	
700

	
674.9

	
−3.6%




	
5

	
700

	
717.6

	
2.5%




	
6

	
700

	
735.7

	
5.1%




	
7

	
300

	
318.9

	
6.3%




	
8

	
300

	
297.2

	
−0.9%




	
9

	
300

	
291.6

	
−2.8%




	
10

	
700

	
653.0

	
−6.7%




	
11

	
700

	
692.0

	
−1.1%




	
12

	
700

	
694.8

	
−0.7%




	
2

	
1

	
350

	
353

	
0.9%




	
2

	
350

	
353

	
0.8%




	
3

	
350

	
343

	
−2.0%




	
4

	
600

	
621

	
3.6%




	
5

	
600

	
626

	
4.4%




	
6

	
600

	
587

	
−2.1%




	
7

	
300

	
311

	
3.7%




	
8

	
300

	
301

	
0.3%




	
9

	
300

	
285

	
−4.9%




	
10

	
700

	
665

	
−5.0%




	
11

	
700

	
741

	
5.9%




	
12

	
700

	
676

	
−3.5%




	
3

	
1

	
350

	
321

	
−8.4%




	
2

	
350

	
342

	
−2.3%




	
3

	
350

	
340

	
−2.9%




	
4

	
600

	
603

	
0.6%




	
5

	
600

	
649

	
8.1%




	
6

	
600

	
610

	
1.7%




	
7

	
350

	
378

	
7.9%




	
8

	
350

	
353

	
1.0%




	
9

	
350

	
330

	
−5.6%




	
10

	
600

	
604

	
0.7%




	
11

	
600

	
653

	
8.8%




	
12

	
600

	
632

	
5.4%




	
4

	
1

	
350

	
324

	
−7.3%




	
2

	
350

	
358

	
2.3%




	
3

	
350

	
355

	
1.4%




	
4

	
650

	
674

	
3.6%




	
5

	
650

	
691

	
6.3%




	
6

	
650

	
618

	
−4.9%




	
7

	
300

	
325

	
8.3%




	
8

	
300

	
303

	
1.0%




	
9

	
300

	
292

	
−2.7%




	
10

	
600

	
596

	
−0.7%




	
11

	
600

	
656

	
9.4%




	
12

	
600

	
636

	
6.0%




	
5

	
1

	
250

	
257

	
2.9%




	
2

	
250

	
270

	
8.0%




	
3

	
250

	
262

	
4.6%




	
4

	
600

	
609

	
1.5%




	
5

	
600

	
630

	
4.9%




	
6

	
600

	
563

	
−6.1%




	
7

	
250

	
267

	
6.8%




	
8

	
250

	
254

	
1.7%




	
9

	
250

	
252

	
0.6%




	
10

	
600

	
614

	
2.3%




	
11

	
600

	
659

	
9.8%




	
12

	
600

	
619

	
3.2%




	
6

	
1

	
200

	
217

	
8.6%




	
2

	
250

	
263

	
5.1%




	
3

	
300

	
298

	
−0.5%




	
4

	
500

	
532

	
6.5%




	
5

	
600

	
629

	
4.9%




	
6

	
700

	
641

	
−8.4%




	
7

	
200

	
226

	
12.9%




	
8

	
250

	
235

	
−6.1%




	
9

	
300

	
282

	
−6.1%




	
10

	
500

	
540

	
8.1%




	
11

	
600

	
649

	
8.2%




	
12

	
700

	
708

	
1.1%




	
7

	
1

	
300

	
281

	
−6.3%




	
2

	
300

	
307

	
2.2%




	
3

	
300

	
292

	
−2.6%




	
4

	
600

	
581

	
−3.2%




	
5

	
600

	
621

	
3.6%




	
6

	
600

	
561

	
−6.5%




	
7

	
250

	
262

	
4.9%




	
8

	
250

	
248

	
−0.9%




	
9

	
250

	
253

	
1.3%




	
10

	
500

	
510

	
1.9%




	
11

	
500

	
554

	
10.8%




	
12

	
500

	
525

	
4.9%




	
8

	
1

	
300

	
276

	
−8.1%




	
2

	
250

	
239

	
−4.2%




	
3

	
200

	
211

	
5.4%




	
4

	
500

	
527

	
5.4%




	
5

	
600

	
613

	
2.2%




	
6

	
500

	
535

	
7.0%




	
7

	
200

	
215

	
7.4%




	
8

	
300

	
287

	
−4.5%




	
9

	
250

	
240

	
−4.0%




	
10

	
600

	
635

	
5.8%




	
11

	
600

	
645

	
7.5%




	
12

	
500

	
560

	
12.0%




	
9

	
1

	
250

	
230.1

	
−8.0%




	
2

	
250

	
237.3

	
−5.1%




	
3

	
250

	
230.9

	
−7.6%




	
4

	
500

	
505.9

	
1.2%




	
5

	
500

	
522.1

	
4.4%




	
6

	
500

	
464.1

	
−7.2%




	
7

	
250

	
245.3

	
−1.9%




	
8

	
250

	
227.4

	
−9.1%




	
9

	
250

	
217.3

	
−13.1%




	
10

	
500

	
492.5

	
−1.5%




	
11

	
500

	
518.4

	
3.7%




	
12

	
500

	
509.5

	
1.9%




	
10

	
1

	
200

	
193

	
−3.3%




	
2

	
200

	
196

	
−2.1%




	
3

	
200

	
196

	
−2.2%




	
4

	
500

	
485

	
−2.9%




	
5

	
500

	
513

	
2.7%




	
6

	
500

	
517

	
3.4%




	
7

	
200

	
196

	
−1.9%




	
8

	
200

	
189

	
−5.4%




	
9

	
200

	
195

	
−2.7%




	
10

	
500

	
507

	
1.5%




	
11

	
500

	
541

	
8.2%




	
12

	
500

	
515

	
3.0%
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Table 5. A comparison of the energy consumption between the PVCC-ANN and VOA strategies.
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	Group Number
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	Energy consumption of

VOA (W)
	601.2
	588.7
	587.9
	588.2
	571.5
	572.1
	568.6
	564.8
	557.9
	549.7



	Energy consumption of

PVCC-ANN (W)
	515.5
	445.1
	456.1
	451.2
	317.4
	360.5
	307.5
	288.8
	230.8
	228.2



	Energy-saving rate
	14.3%
	24.4%
	22.4%
	23.3%
	44.5%
	37.0%
	45.9%
	48.9%
	58.6%
	58.5%
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