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Abstract: In this study, we developed a virtual air flow sensor using an in-situ damper performance
curve to secure the stability of control of the variable air volume (VAV) terminal unit, and also
established the in-situ measurement procedure. The minimum air flow rate of the VAV terminal
unit was related to the energy consumption, it was important to determine the minimum air flow
rate suitable for the situation of each room in terms of energy saving. However, it was difficult to
set the minimum air flow rate low setpoint due to the low accuracy of the air flow sensor of the
VAV terminal unit. This paper suggested a virtual air flow sensing method using an in-situ damper
performance curve in the VAV terminal unit. The input factors of the virtual sensor were developed
on the basis of the supply fan speed and damper opening ratio, which could be easily obtained from
the existing control system. In addition, the in-situ measurement procedure of the virtual air flow
sensor was developed by dividing the procedure into five steps. Finally, reliability of the virtual air
flow sensor was evaluated through uncertainty analysis of input variables and relative error analysis,
in comparison with the conventional air flow rate measurement method. The developed virtual air
flow sensor was found to have an uncertainty of up to 8.8%, and it was also found that the closer to
the maximum the values of the input variables, the lower the uncertainty. In addition, verification of
relative error with respect to the measured values by the hot-wire anemometer was conducted by
varying operation conditions to a total of 12 cases, and as a result, relative error was found to be up to
5.6%. In addition, the results of long-term experiment showed that relative error was within about
9.5%, and thus, the feasibility for field application and control was confirmed.

Keywords: variable air volume system; terminal unit; in-situ damper performance curve; air flow
rate; virtual sensor

1. Introduction

In general, when the variable air volume (VAV) terminal unit is used, the maximum air flow
rate according to the indoor load is estimated at the time of design and the minimum air flow rate
is set at 30% to 50% of the maximum air flow rate [1,2]. Since the minimum air flow rate of the VAV
terminal unit is related to energy consumption, it is important to determine the minimum air flow rate
suitable for the situation of each room, in terms of energy saving [3,4]. However, it is difficult to set
the minimum air flow rate setpoint at a low value due to indoor environmental problems, such as
indoor air quality and temperature stratification and the low accuracy of the air flow sensor of the VAV
terminal unit [5].
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The air flow sensor of the VAV terminal unit generally measures air velocity by a pitot tube [6].
However, the accuracy of the sensors is generally low at low air velocities, making it difficult to secure
the stability of control [7]. If a hot-wire anemometer is used to measure low air velocities, the accuracy
of the sensor can be increased, but it is expensive compared to the pitot-tube anemometer [8]. Therefore,
it can incur high costs to install it at every point where air flow measurement is required in the building.
Liu [9] studied the feasibility of designing a flow conditioner to increase the airflow measurement
accuracy for a VAV terminal unit. However, it is difficult to apply to the existing installed VAV
terminal unit because of cost and site conditions. Therefore, a low-cost, high-accuracy air-flow-sensing
technology is required to control the minimum air flow rate of the VAV terminal unit.

1.1. VAV Terminal Unit and Volume Damper

The typical VAV terminal unit is composed of an air flow sensor, a damper, and a reheating
coil [1,10]. In order to control the air flow supplied to each room, the air flow rate is checked through
the air flow sensor installed at the inlet of the terminal unit, and the air flow rate is controlled by
adjusting the damper opening ratio. The damper of the terminal unit has operating characteristics
according to the type and size, and there is a relationship between the air flow rate according to the
change of the opening ratio and differential pressure.

Air volume control dampers are used to adjust unbalanced air flow, change the air flow rate,
and partially seal a space. Dampers are classified according to the shape into a single blade, louver
type (parallel blade and opposed blade), and slide dampers. The most common type of damper is
a louver-type damper. The louver-type damper is a damper with two or more blades, and it has
parallel blades that are opened and closed parallel to the shaft as the shaft rotates and opposed blades
that are opened and closed in the left and right directions; the opposed blades have better air flow
characteristics [11]. The damper control performance can be expressed by the ratio of the pressure loss
when no damper is installed in the duct system to the pressure loss when the damper is fully open, as
shown in Equation (1).
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The air flow characteristic curve of the damper is shown in Figure 1 [11]. It can be seen that the air
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flow passing through the air flow control damper is linearly proportional to the opening ratio and
pressure loss of the damper. Based on this relationship, the possibility of calculating the air flow rate
can be confirmed. The damper of the terminal unit is almost a single blade damper. The damper of the
VAV terminal unit accounts for a relatively low amount of the pressure loss in most situations. Thus,
the damper tends to operate above the line with a low authority curve [12].
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Figure 1. (A) PARALLEL-BLADE, (B) OPPOSED-BLADE. Characteristic curves of the installed dampers
(from ASHRAE Handbook Fundamentals 2017, Chapter 07).
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1.2. Typical Airflow Measurement of the VAV Terminal Unit

In order to examine the accuracy of the air flow sensor of the VAV terminal unit when the system
is operated at the minimum air flow rate, the supply air flow rates according to the change of the
minimum air flow rate setpoint were analyzed. The VAV terminal unit used for the analysis of the
current status was a terminal unit with the reheating coil. The maximum air flow rate is 0-1360 cubic
meter per hour (CMH), and a terminal unit that enables the monitoring and control of the air flow
rate by a building automation system (BAS) was selected. The minimum air flow rate setpoint was
set at 500 CMH (50% of the maximum air flow rate) and at 250 CMH (25% of the maximum air flow
rate), and the air flow rate was measured at 1 min intervals through the BAS. Figure 2 shows the
measurement results of air flow rates, according to the change of the minimum air flow setpoint of the
VAV terminal unit.

600
Minimum airflow setpoint : SO0CMH ——Measured VAV TB airflow

VAV TB airflow setp oint
‘—/\__.M P .. |
S00 o . >~ <7

Minimum airflow setpoint: 250CMH

400

Air flow rate (CMH)
g
M——
-
>
P

[
(=]
(=]

100

i ]

Figure 2. Comparison of air flow according to the setpoint change in the variable air volume (VAV)
terminal unit.

When the minimum air flow rate of the VAV terminal unit was set at 500 CMH, the measured value
of the supply air flow rate was 480-524 CMH, so reliability within 5% of the setpoint was confirmed.
When the minimum air flow rate was changed to 250 CMH, the measured values of the air flow rate
ranged from 0 to 346 CMH, which showed that there was a lack of stability of the air flow control due
to the low accuracy of the air flow sensor.

Precise measurement of the minimum air flow is essential for energy saving through advanced VAV
system control, such as DCV (demand controlled ventilation) [13], OBC (occupancy-based control) [14],
and temperature setpoint reset [15]. It can also be used to fault the detection and diagnostic of air flow
sensors and air flow controls in VAV systems [16-18]. In recent research, the virtual sensor is a method
for estimating a new physical quantity using existing physical quantities [19], and has been developed
and applied in many parts (water flow rate of pump [20,21], mixing air temperature [22], etc.) of the
heating, ventilation and air conditioning (HVAC) system. Liu [23] has developed a mathematical-based
virtual air flow sensor called fan airflow station (FAS). FAS was used to predict the air flow rate in
air handling unit (AHU). Wang [24] and Yu [25] developed a virtual air flow sensor using fan power
consumption and heat transfer theory, respectively.

In this study, we developed a virtual air flow sensing technology using an in-situ damper
performance curve to secure the stability of control of the VAV terminal unit, and also established the
in-situ measurement procedure. In addition, the reliability of the virtual air flow sensor was evaluated



Energies 2019, 12, 4307 4 of 14

through an analysis of the uncertainty of input factors and the comparison between the developed and
existing air flow measurement methods.

2. Methodology

2.1. Virtual Air Flow Sensor of VAV Terminal Unit

The influencing factors for the HVAC system affecting the air flow rate of the VAV terminal unit
are the damper opening ratio, damper differential pressure, and supply fan speed. The in-situ damper
performance curve of the VAV terminal unit can be expressed by the quadratic equation of the air
flow rate and damper differential pressure at the maximum speed of the supply fan, as shown in
Equation (2). In order to derive the coefficients (ag, a1, 42) of the in-situ damper performance curve, it is
necessary to measure the air flow rate and damper differential pressure, while varying the damper
opening ratio with the supply fan running at full speed.

Pgp s = ﬂonc +a3Qf + a2 2)

As shown in Figure 3, the air flow rate and damper differential pressure of the VAV terminal unit
vary according to the damper opening ratio and the supply fan speed. As the speed of the supply fan
changes, the relationship between the air flow rate and differential pressure can be corrected using
Equation (3), based on the Fan Laws, and Equation (4) can be derived [6,23].
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Figure 3. Relationship between air flow rate and damper differential pressure in the VAV terminal unit.

Using Equation (5), the air flow rate of the VAV terminal unit can be calculated, using the fan
speed and damper differential pressure as input values. However, the damper differential pressure
sensor must be additionally installed to measure the virtual air flow of the VAV terminal unit. In
a building with multiple terminal units, the installation of a damper differential pressure sensor at
every point gives rise to the problem of high costs. Therefore, we intend to analyze the relationship
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between the damper opening ratio and the damper differential pressure, which is one of the existing
control factors of terminal units in order to substitute it for damper differential pressure and use it as
an input value.

The damper differential pressure can be measured by changing the fan speed at the minimum
damper opening ratio, and the relationship between the damper opening ratio and the damper
differential pressure ratio can be derived as a cubic equation, as shown in Equation (6). The damper
differential pressure ratio can be expressed as the ratio of the partial damper differential pressure to the
maximum damper differential pressure for the same fan speed, as shown in Equation (7).

p= b0a3 + b1a2 + by + b3 6)
= )
P dp,max

The maximum damper differential pressure according to the change in the fan speed can be
derived, as shown in Equation (8).

Pdp,max = Coa3 + Claz + Czal +C3 8)

By combining Equations (6)—(8), Equation (9), which contains the damper opening ratio and
fan speed as its components, can be derived from the measured differential pressure. Additionally,
Equations (5) and (9) can be combined to derive Equation (10), the final equation for virtual sensing of
the air flow rate of the VAV terminal unit.

Pdp,p = ﬁpdp,max = (boaf?) + blaz + bra + bg)(C053 + c152 + c251 + C3) 9)

-1 — \/(ala)z - 4610(01252 - (bo&ta +b1a? + by + b3)(C053 + 6152 + Czal + C3))
Q= (10)

249

2.2. In-Situ Measurement Procedure

When the hot-wire anemometer, differential pressure sensor, and the BAS system which enables
control and measurement of the damper opening ratio and fan speed are prepared, measurements are
performed according to the following procedure.

Step 1: The in-situ measurement of the VAV terminal unit is conducted. The measurement is
performed twice. First, the damper differential pressure and the air flow rate (or air velocity) are
measured by varying the damper opening ratio of the terminal unit at the maximum fan speed.
Second, the damper opening ratio of the terminal unit is fixed at the minimum value, and the damper
differential pressure and air flow rate (or air velocity) are measured by varying the fan speed.

Step 2: The in-situ damper performance curve is derived from the damper differential pressure
and air flow rate of the VAV terminal unit measured by varying the damper opening ratio at the
maximum fan speed.

Step 3: The equation for the relationship between the damper opening ratio and differential
pressure ratio is derived using the damper differential pressure and the air flow rate of the VAV terminal
unit measured by varying the damper opening ratio at the maximum fan speed.

Step 4: The equation for the relationship between the fan speed and the damper differential
pressure is derived using the damper differential pressure of the VAV terminal unit measured by
varying the supply fan speed at the minimum damper opening ratio.

Step 5: Equation (10) was derived using Equations (3)—(9) for calculating the virtual air flow rate
of the VAV terminal unit.
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Figure 4 shows the in-situ measurement procedure algorithm for the development of the virtual

air flow sensor of the VAV terminal unit.
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Figure 4. In-situ measurement procedure algorithm for the development of the virtual air flow sensor.

2.3. Error Analysis

The virtual air flow rate of the VAV terminal unit is calculated using various input variables. The
measurement sensors can generate errors in all the input variables, and all the errors in the input
variables can affect the calculated air flow rates. Common sensor errors include accuracy and bias

errors, and errors can be detected as combined errors [26].

The errors of input variables affecting the calculated virtual air flow rates can be estimated using
the Taylor series method, and uncertainty can be calculated using Equation (11) [21,25]. The types and

sources of errors in input variables are shown in Table 1.

2 2 2
00 20 20
Ug = || ==0@| +|===0Py,| +|==0al| + 6a2,,e + Ob2,e + OC (11)
Q ( oo apdp p oa curve curve
Table 1. Input error sources and precision.
Errors  Parameters Symbols Values Error Sources Accuracy Full Scale
Damper . .
Input differential Py, Variable Er;::; ;j:::?oliﬁjégir;gﬁi pressure 1Pa 1000 Pa
pressure
Input Sus}féchan @ Variable Output variable from the controller to the VFD 1Hz 60 Hz
Damper .
Input opening o Variable aOCl:ltE?;rvarlable from the VAV damper 1% 100%
ratio
Propagated error through hot-wire
Input Dfamper o, 2 Constant anemometer, damper differential pressure and B R
P performance by, by, bz, b onstan fan speed when developing damper
coefficient

€0,€1,€2,€3 performance coefficient
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Statistical methods for error analysis, such as the absolute error (AE), relative error (RE), root-mean
square error (RMSE), and coefficient of determination (R?), were used to validate the developed virtual
air flow sensor. Smaller RMSE and error values indicate a better virtual sensor, in which the R? value
is close to 1 [27]. The statistical values are expressed as Equations (12)-(15).

AE = Xyeas — Xuir (12)
RE — Xmeas — Xvir (13)
Xmeas
Zﬁl (xmeus - xvir)2
RMSE = B — (14)
2 Z;l (xmeas - xvir)z

R =1- By — (15)

21 (xwr)

3. Experimental Verification

3.1. Experimental Setup

A university laboratory where it was possible to conduct experiments on the HVAC systems was
selected as the test-bed for the verification experiment of the virtual air flow sensor of the VAV terminal
unit. The target HVAC system provides cooling and heating for a space with 80 m? of floor area, shown
in Figure 5.
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Figure 5. Schematic of VAV virtual air flow sensor.

The experimental system installed on the test-bed was composed of a VAV terminal unit, a HVAC
system, an air-cooled heat pump and a pump. The VAV terminal unit was equipped with a reheating
coil, the design air flow rate was 1360 CMH, and heating capacity of the reheating coil was 4000 kcal.
The HVAC system was equipped with cold and hot water coils and supply and return fans, and it was
capable of variable air volume control through the variable frequency drive (VFD). The air-cooled heat
pump supplied cold water to the chilled water coil of the HVAC system and also supplied hot water to
the hot water coil of the HVAC system and the reheating coil of the terminal unit. The hot and cold
water pumps allowed for variable flow rate control through the VFD. In addition, the entire system
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was monitored and automatically controlled through the BAS. In this study, the hot-wire anemometer,
differential pressure sensor, damper actuator, and VFD of the supply fan were used for development
and verification of the virtual air flow sensor. The input data were measured at 1 min intervals.
Hot-wire anemometers were installed and measured using ASTM D3464-96 [28]. In addition, another
measurement sensor collected data through the BAS. Table 2 shows the specification of the test-bed.

Table 2. HVAC system specification in test-bed.

Category Specification
Supply Air Fan Return Air Fan
. Static . Static
AHU Air Flow Pressure Power (kW) Air Flow Pressure Power (kW)
(CMH) (CMH)
(mmAq) (mmAq)
12,000 92 5.5 9600 35 3.7
. . Rated air flow rate (CMH) Capacity of reheating coil (kcal)
VAV Terminal unit 1360 4000

3.2. Implementation of In-Situ Measurement Procedure

Step 1: In-situ measurement was conducted to collect the damper performance data. The
measurement results obtained by varying the damper opening ratio of the terminal unit at the
maximum fan speed are shown in Table 3. The measurement results obtained by varying the fan speed
are shown in Table 4.

Table 3. Measurement data at full speed.

Supply Fan Speed (Hz)  Damper Opening Ratio Air Flow Rate (CMH) Damper DP (Pa)

1 1222 200

0.9 1107 210

0.8 1023 225

0.7 657 253

60 0.6 490 289
0.5 344 326

0.4 207 366

0.3 110 403

0.2 31 418

0.1 4 435

Table 4. Measurement data at the damper closed.

Damper Opening Ratio  Supply Fan Speed (Hz) Air Flow Rate (CMH) Damper DP (Pa)

60 4 435
50 0 320
0.1 40 0 184
30 0 99
20 0 37

Step 2: The in-situ damper performance curve was derived from the damper differential pressure
and air flow rate measured by varying the damper opening ratio at the maximum fan speed, as shown
in Figure 6. The in-situ damper performance curve can be represented as a quadratic curve, as shown
in Equation (16).

Pgy = 0.0001Q% - 0.364Q + 434.82 (16)
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Figure 6. Generation of in-situ damper performance curve at full speed.

Step 3: The equation for the relationship between the damper opening ratio and differential
pressure ratio was derived using the damper differential pressure and air flow rate of the VAV terminal
unit measured by varying the damper opening ratio at the maximum fan speed. As shown in Figure 7,
analysis of the relationship between the damper opening ratio and damper differential pressure ratio
revealed that the variation of the fan speed showed a similar tendency, and the correlation coefficient
R? of 0.9964 indicated a strong correlation. Accordingly, the equation for the relationship between the
damper opening ratio and differential pressure ratio was derived by using the measured data at the
maximum fan speed, as shown in Figure 8. The relationship between the damper opening ratio and
the differential pressure ratio can be represented by a cubic equation, as shown in Equation (17).

B = 1.43750° — 2.2664a” + 0.3041cr + 0.9889 (17)

1.00
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Figure 7. Relationship between differential pressure and damper opening ratio according to fan
speed change.
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Step 4: The damper differential pressure of the VAV terminal unit measured by varying the supply
fan speed at the minimum damper opening ratio was used to derive the relationship between fan
speed and damper differential pressure. In the equation derived at Step 3, the maximum differential
pressure according to the fan speed was needed to convert the differential pressure ratio. For this
purpose, the equation for the relationship between the damper differential pressure and fan speed
was derived, as shown in Figure 9. The relational equation could be expressed as a cubic equation, as
shown by Equation (18) below.

Py max = ~7920° + 1987.70° — 909.29% + 150 (18)

350 ¥ =-792x% + 1987.7x2 - 909.29x + 150
R* = 0.9986 -

Maximum diffrential pressure (pa)
~
h
=

0 01 02 03 04 05 06 07 08 09 1
Fan speed ratio
Figure 9. Relationship between maximum differential pressure and fan speed ratio (x = 0.1).
Step 5: The equation for calculating the virtual air flow rate of the VAV terminal unit was derived
using Equations (16)—(18).
3.3. Verification of VAV Virtual Air Flow Sensor

To verify the developed virtual air flow sensor of the VAV terminal unit, datasets of 12 cases were
collected by varying the fan speed and damper opening ratio. The data of the fan speed, damper
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opening ratio, and damper differential pressure were collected through the BAS, and the supply air
flow rate was measured using a hot-wire anemometer. Figure 3 and Equation (10) were used to apply
the virtual air flow rate measurement procedure and calculate the air flow rate. The uncertainty of
the calculated air flow rate was verified using Equations (11) and (12). The measured and calculated
results are shown in Figure 10. The error analysis result are shown in Table 5. The uncertainty of the
virtual air flow rate was within +8.8%, and as the fan speed and the damper opening ratio decreased,
the uncertainty of the virtual air flow rate increased. The comparison of relative error regarding the
measured and virtual air flow rates was up to 5.6%. Additionally, the absolute error, RMSE, and R2
showed —22 to 18 CMH, 13.4 CMH, and 0.999, respectively. The absolute error and RMSE values were
small. In addition, R? close to 1, and the virtual airflow sensor was effective for predicting the airflow
rate in the VAV terminal unit.

1000 100
® Muasared air flow rate Elib e - SO
200 X Virtual air flow rate 90
A Relative error
800 80
20Hz
_ 700 2 70
g % e
g 600 60 =
= ]
v -
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¥ *
"
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Test-ID

Figure 10. Comparison of measured and virtual air flow rate.

Table 5. Error analysis result of the virtual air flow sensor.

Measured Virtual

T Air Flow Air Flow  Uncertainty Absolute Relative Root mean Coefficient of
est-ID o Error o Square Error A
Rate Rate (%) (CMH) Error (%) (CMH) Determination
(CMH) (CMH)

1 234 227 +5.3 7 3.0

2 146 153 +6.1 -8 54

3 62 65 +8.8 -3 5.6

4 432 436 +0.8 -3 0.8

5 265 277 +1.8 -13 4.8

6 84 80 +3.2 4 4.2

7 679 661 +0.9 18 2.6 134 0-999

8 370 382 +2.3 -11 3.1

9 128 126 +5.6 2 1.8

10 983 954 +1.2 29 3.0

11 512 533 +2.7 =22 4.3

12 172 164 +7.2 8 4.7

Figure 11 shows the long-term experimental results of the virtual air flow sensor. The virtual
air flow rate was measured continuously for 10 h at 1 min intervals. In the long-term experiment,
the terminal unit was controlled according to the load variation of the target space. During the
experimental period, the supply fan was operated at a frequency of 19 to 21 Hz and the damper
opening ratio was 59% to 68.2%. The damper differential pressure was 88 to 105 Pa. As the load
changed from 220 min, the supply fan speed, the air flow rate and the damper differential pressure
decreased, the damper opening ratio increased. At this time, the virtual air flow rate showed a relative
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error of up to 9.4% with respect to the air flow rate measured by the hot-air anemometer, and it was
shown that it could be efficiently applied to the prediction of the air flow rate of the VAV terminal unit.
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Figure 11. Long-term experiment result.
4. Conclusions and Discussion

In this study, we developed a low-cost, high-performance virtual air flow sensor to secure the
stability of measurement of the minimum air flow rate, one of the important control factors of the
VAV terminal unit. Additionally, the in-situ measurement procedure of the virtual air flow sensor was
established. The input factors of the virtual air flow sensor were developed based on the supply fan
speed and damper opening ratio, which could be easily obtained from the existing control system. In
order to use the damper opening ratio and supply fan speed as input factors, the relationship between
these factors and the damper differential pressure was analyzed, and it was found that there was a
high correlation between the differential pressure ratio and the damper opening ratio and between the
differential pressure and supply fan speed. Therefore, the estimation method of the virtual air flow
rate was derived as a function consisting of the damper opening ratio, supply fan speed, and damper
performance coefficient. In addition, the in-situ measurement procedure of the virtual air flow sensor
was developed by dividing the procedure into five steps.

The test-bed for verification of the developed virtual air flow sensor and in-situ measurement
procedure was selected and the verification was conducted. The damper performance data of the
terminal unit was collected by varying operation conditions 14 times in total, and the relational
equations such as the in-situ damper performance curves were derived.

Finally, in order to examine the errors of the virtual air flow sensor, reliability of the virtual air flow
sensor was evaluated through uncertainty analysis of the input variables and relative error analysis,
in comparison with the conventional air flow rate measurement method. The developed virtual air
flow sensor was found to have an uncertainty of up to 8.8%, and it was also found that as the closer to
the maximum values that the values of the input variables were, the lower was the uncertainty. In
addition, verification of relative error with respect to the measured values by the hot-wire anemometer
was conducted by varying the operation conditions to a total of 12 cases, and as a result, the relative
error was found to be up to 5.6%. In addition, the results of the long-term experiment showed that
relative error was within about 9.5%, and thus, the feasibility for field application and control was
confirmed. In future studies, it is necessary to develop and verify air flow rate control technology
based on the developed VAV virtual air flow sensor.
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Nomenclature

A Damper authority

P Pressure (pa)

Q Air flow rate (m3/h)

W Fan speed ratio

o Damper opening ratio

B Pressure ratio

ag, a1, Coefficient of in-situ damper performance curve

bo, by, by Coefficient of damper opening ration-pressure ratio curve

€0, €1,C2 Coefficient of fan speed ratio-maximum differential pressure curve

e Relative error

Subscripts

dp differential pressure

f full speed

p partial speed

max Maximum

vir virtual

meas measurement
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