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ABSTRACT A kind of capacitive type air flow sensor is designed and fabricated for respiratory flow
measurement. Major sensitive elements of the sensor are two parallel placed capacitance plates which are
perpendicularly fixed on the sidewall of the air channel. The flow and pressure differential of air can be
calculated by measuring the change of the micro capacitance, which is initiated by air pressure. The Bernoulli
equation and the continuous equation of the fluid are used for theoretical analysis. The mechanical analysis
and FEM (finite element method) is used to make the optimum design for the sensor. Then, the micro
capacitance measuring circuit using the so called peak detection method is fabricated and corresponding
A/D convert digital circuit are also made. Experimental result indicates the capacitance measuring circuit
has little error. The accuracy, sensitivity, and resolution of the circuit reach 0.2% FS, 1.4089 V/pF, 0.003 pF
respectively, which indicates this kind of system is feasible in practical applications.

INDEX TERMS Capacitive type, pressure differential, air flow sensor, optimum design.

I. INTRODUCTION

Generally, the volume or mass of fluid flowing through a
certain effective section per unit time, is called the flow
through the section. The former is called volume flow and
the latter is called mass flow. Mass flow sensors, which are
mostly used for accurate measurement because of its insen-
sitivity to some parameters such as temperature and pres-
sure, can be divided into indirect and direct ones according
to measurement methods [1]. Common direct flow sensors
include thermal, Coriolis, and impulse mass flow sensors [2],
within which the mostly used is the thermal mass flow sensor
which has the benefit of large range, high accuracy, and high
reliability. The thermal mass flow sensor measures the mass
flow by detecting the transfer or dissipation of heat when the
air is heated. Based on the heat transfer principle, the flow rate
is measured by detecting the direct heat exchange relationship
between the air in the pipeline and the flow sensor [1].
In 2016 [3], C. Wu et al. designed a MEMS thermal flow
sensors with the dumbbell type, aiming at measuring liquid
flow whose rate is down to 0.05 p1/min, and the sensor turned
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out to have a sensitivity of 7.7 mV/(ul/min). In 2017 [4],
K. Clocker et al. presented a brand new architecture using a
single, resistive transducer element to measure fluid flow with
a two-phase control and measurement algorithm, and related
experiments indicated that the architecture is feasible.
Volume flow sensors can be divided into speed type, vol-
umetric and differential pressure type based on the sensitive
mechanism. To differential pressure flow sensors, when the
fluid flows through a throttling element, the flow velocity
and kinetic energy of the fluid in the constricted cross section
will increase rapidly as the cross-sectional area of the tube
suddenly becomes smaller. Since the energy loss of the fluid
in the contraction stage is very small, it can be assumed that
the total energy is a constant. According to the law of conser-
vation of energy, in the ideal case, the fluid is accelerated after
the partial static pressure is converted into kinetic energy,
in another word, the static pressure of the fluid is reduced [5],
which generated differential pressure, and there is a certain
functional relationship between this differential pressure and
flow rate, so the value of flow rate can be obtained indirectly
by measuring the differential pressure. In 2015 [6], P. Chen
designed a kind of beam-membrane structure micromachined
flow sensor, based on the principle of differential pressure
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caused by the mass flow, and the calibration results show
that the beam-membrane structure differential pressure flow
sensor achieves ideal static characteristics and works well in
the practical applications. In 2016 [7], D. Bridgeman et al.
presented a new differential pressure-based flow meter for
human breath measurements, and characterized the new sen-
sor flow experimentally and theoretically, by means of lami-
nar and turbulent models in Comsol Multiphysics® Software.
In addition, S. Pant et al. proposed a non-invasive, wear-
able, Fiber Bragg Grating Respiratory Measurement Device
in 2018 [8].This device employs two FBG sensors to capture
the respiratory cycle from both the nostrils of the subject.
It comprises the ability to acquire the respiratory pattern
employing the nasal airflow and the respiratory parameters
will be obtained. In 2019 [9], I. Lorato ef al. provides the
proof-of-concept that low-cost thermopile-arrays can be used
to monitor respiratory flow in a lab setting and the sensor has
been proven to allow respiratory flow detection over a range
of parameter settings.

By comparing all methods mentioned above, it can be
concluded that indirect methods are relatively more sensitive
to external factors due to their indirect measuring approaches.
Currently, the standard method for measuring flow rate is
to use a differential pressure orifice flowmeter. This method
reflects the flow rate by measuring the gas pressure difference
across the orifice, which is simple, universal and reliable.
However, the measurement accuracy depends on the differ-
ential pressure gauge. The structure proposed in this paper
is also similar to the throttling device. It is not necessary to
measure the pressure differential directly, but to convert the
pressure differential generated by the airflow into a change in
capacitance. Capacitance detection is a kind of non-contact
detecting method, it is not easily affected by the temperature,
humidity and some other interference in some specific cir-
cumstances. Based on all of these, a new kind of capacitive
type air flow sensor is designed and fabricated in this article.
It has the advantages of low consumption, low cost and it is
portable. Most importantly, it can realize the measurement
of pressure differential and flow at the same time, which
can be applied in respiratory flow measurement at normal
temperature and pressure.

Il. WORKING PRINCIPLE OF THE SYSTEM

The system is mainly composed of a tube through which
air flows, a capacitance detection circuit, A/D conversion
circuit and DSP (Digital Signal Processing) module. The
core of the system is a tube with capacitance plates as throt-
tling gears in it. One of the capacitance plates is thinner
and its shape is easily changed by the air flow because of
its low stiffness, while the other one is thicker and hardly
deforms. Thus it is the sensitive element to respond to the
air flow. The capacitance value changes regularly with the
shape changing of capacitance plate according to pertinent
theory. Then the capacitance detection circuit converts the
capacitance signal to proportional voltage signal. A/D con-
version circuit can realize the conversion of analog voltage
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signal into digital signal. Finally, a DSP section is used to
process the acquired digital voltage signal and realize the
calculation of flow and pressure differential. The using of
DSP can improve the calculation speed, accuracy and realize
real-time acquisition, which is an advantage of the sensor.

IIl. THEORY ANALYSIS AND OPTIMUM

DESIGN OF THE SENSOR

The air flow sensor to some extent refers to the design of
differential pressure flow sensors, so the sensor can get flow
and pressure parameters differential in the same time. Some
theoretical analysis of flow and pressure is necessary before
the designation.

A. THEORY ANALYSIS OF FLOW IN PIPE

The air flow sensor consists of two parts, which are airflow
tube and capacitance plates. Capacitance plates are set in the
airflow and play the role of sensitive and throttling element.
The simplified sketch map of the device is shown in Figure 1.
The inlet is on the left, which is connected with section 1. The
outlet is on the right and it is open to atmosphere. The pressure
in section 1 is caused by respiration.

[
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FIGURE 1. Schematic of airflow in pipeline.

According to fluid Bernoulli theory, when incompressible
and ideal air flows through variable cross-section tube, its
speed and pressure are changing with the change of cross-
section area. The sum of kinetic energy, gravitational poten-
tial energy and pressure potential energy of fluid is fixed.
When the flow rate of flow to be measured is low, it can
be regarded as incompressible fluid and its viscosity can be
neglected. So the Bernoulli equation can be expressed as:

p v
g+l 4+l —m M)
0 2
where g is the gravitational acceleration value, z is the height
of vertical position, p is the density of fluid, v is the velocity
of fluid, p is the pressure of fluid, M is a constant value. In this
design, z changes little. So the equation may change into:
2
Pyl —m @
P 2

According to the continuous equation of fluid, the fluid can
neither interrupt nor piled up when flowing through the pipe.
In unit time, the quality of air flow through every cross section
is the same. The status of the flow between the pipe of inlet
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and the gap between capacitance plate and wall of tube can
be described with the following equation:

PLVIST = P2V2§2 =M 3)

where p; is the density of fluid, v; is the velocity of fluid, s; is
the cross section area of the tube, 57 is the cross section area
of the throttling element, which includes the gap between the
top of capacitive plate and the tube and the gap between the
flank of capacitive plate and the tube, m is the quality of air

which flow through the tube per second.
Refer to (2) and (3) the Bernoulli theory and continuous
equation of fluid can be combined as the following equation.
1

1
5,01\’% +p1= E,Ozvg +p2 @

where, v and p; stand for the velocity and pressure in
sectionl, respectively. v» and p» stand for the velocity and
pressure in section2, respectively.

Thus the differential pressure between section 1 and 2 can
be calculated as:

A Lza-2 2 Loed 21
= —_ = — 0V _—) = — _— —
p Pl P2 2102 S% 210 S% S%

where Ap is the differential pressure between section 1 and
section 2. This is also the pressure impacted on the capaci-
tance plate. s; is the cross section area in section i. Q(L/min) is
the flow rate of air.

Equation (5) indicates that the pressure difference is pro-
portional to the square of flow when the density of air land the
structure of pipe and capacitance plate are fixed. In practical
application, the actual orifice area is not completely equal to
the cross-sectional area of section2(area difference between
pipe and capacitance plate) due to the fact of pipe roughness,
air density changes caused by the temperature and air com-
pression after the orifice. In addition, considering the changes
in air density caused by the temperature and air compression
and the effect of vena contracta, the phenomenon that the
cross section of air flow continues to shrink after the airflow
passes through the orifice, the correction coefficient should
be added after calibration and Ap is calculated by using (6).

1 52 1 1 1
Ap = —tpvi(l — 2) = —¢pQ*(— — — 6

If the structure of pipe and the size of throttling gears
are certain, then the correction factor { can be got through
calibration experiment.

‘When the cross-sectional area of section 2 is small, the den-
sity of the air in pipe will change and the gas will be com-
pressed. The Bernoulli equation can be expressed as:

2 2
v K D1 1% K D2
gy _n P2

2 "k—=1p 2 k—1p
where « is the isentropic exponent, which is 1.4 for air.
According to (3) and (7), since the density of air increases
after compression, the actual pressure differential is smaller
than the result obtained from (6). However, in this case,

)
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the pressure and density changes of air are complicated
and the relationship between pressure differential and flow
rate cannot be directly derived from the formula. Therefore,
the obvious compression of air should be avoided when we
design the size of the throttling element.

B. THEORY ANALYSIS OF NON-PARALLEL CAPACITANCE
CALCULATION METHOD

In this design, the original status of capacitor is two parallel
plates. There will be deformation on the capacitance plate
when air flowing through the tube. This will cause the change
of clearance between two capacitance plates, which results in
change of capacitance value. The calculation of capacitance
value before and after air flow applying on is necessary to the
designation of devices.

S
JEANINAV VNIV

§ N

FIGURE 2. Structure of parallel plate capacitor.

Figure 2 shows the structure of parallel plate capacitor and
the value of it can be calculated by the equation below.

_eS
TS

C 8)
where, 6(m) is the distance between parallel plates, S (m?) is
the area between two plates, ¢ is the dielectric constant of
medium between parallel plates.

However, for our design, the capacitance plates are not
always parallel to each other, so the model of capacitor with
nonparallel capacitance plates are shown in Figure 3:

FIGURE 3. Nonparallel capacitance plates.

X-axis, Y-axis and Z-axis are also set in the model shown
as Figure 3. When uniform pressure is applied on parallel
capacitance plates, displacement of bottom clamped sensi-
tive capacitance plate will occur. Then, the clearance of two
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capacitance plates can be expressed as:
§=d —yx) ©)

where d is the initial clearance of two capacitance plates,
y(x) is the displacement of sensitive plate. The non-parallel
capacitance plates could be divided into numerous small
stretches. Based on calculating method of ideal capacitor with
parallel capacitance plates, regarding the capacitance plates
as countless micro sections, and each section corresponds to
a capacitance value AC;, then the value of whole capacitors
can be expressed as:

8AS[ EASZ
C=ACi+AC+...+ACy = + 5
1 2
AS a b
il =/ £ a0
SN 0o d—ykx)

where, a and b are the length and width of capacitance plate,
respectively.

The capacitance structure consists of two parallel plates.
They are both fixed by one end in the pipe through which
the air flows. One of the capacitance plates is much thinner
than the other one, for it performs as the sensitive element
reacting to air flow in pipe. The shape of thinner plate will
change obviously while the thicker one changes little when air
flow working on them. So the clearance between two parallel
capacitance plates will change.

According to the theory of elastic mechanics, the equilib-
rium equation of a thin plate under uniform load which is
expressed by the displacement y(x, z) can be described with
the following equation:

he, ) 0D kD) p
x4 dx2y? 9z D

(11)

where y(x, z) is the displacement of the plate in the Y-axis
direction at (x, z), p(x) is the load, D is the flexural rigidity of
the plate.

When the single-ended fixed capacitor plate is loaded,
the plate becomes a cylindrical surface, and its bus bar is
parallel to the Z-axis. Therefore the displacement function
y(x, z) is only related to x and the equilibrium equation degen-
erates to:

dty,2) _ p)
ax* D
The equilibrium differential equation of the beam can be
expressed as:

12)

My @) px)

axt  EI

where y*(x) is the displacement of beam, p(x) is the load and

EI is the flexural rigidity of beam. The above two equations

are similar, so the cylindrical curvature of a plate can be
solved analogously to the bending of a beam.

According to the theory of material mechanics, the dis-

placement of a cantilever beam under uniform load can be

(13)
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calculated as:
2
vy PO
YO =S
where [ represents the length of the beam. Similarly, the dis-
placement of the capacitance plate can be calculated as:
2

(x> — 4lx + 61°) (14)

Apx
24D

where a is the length of the capacitance plate and Ap is the
differential pressure, which is the uniform load of the plate.
Refer to (10) and (15), C can be expressed as:

/“ eb d
= —dx
0o d—ykx)

4 eb
= — —dx  (16)
0 d — 345 (x? — dax 4 6a2)

yx) = (x? — 4ax + 6a%) (15)

The flexural rigidity D can be calculated as:
_ER

1231 = 0?)
where E and v represent the elastic modulus and Poisson’s

ratio of the capacitance plate material respectively, and 4 is
the thickness of the plate.

D 7)

C. DIMENSION DESIGN AND FEM SIMULATION

OF DEVICE STRUCTURE

This section is aimed to determine the shape and dimension
of the thinner capacitance plate. During the design of capac-
itance plate and tube, some rules must be obeyed as follows:

The initial clearance of two capacitance plates should
be larger than the maximum displacement of the thinner
plate when air flow works on it. Or the capacitance plates
may cause short circuit. With the requirement of portability,
the cross-section area of tube is set as 100 mm?. In order to
ensure air flows through the tube fluently, the cross-section
area of capacitance plate should not surpass 90 mm?. Con-
sidering the ideal cases, the area of capacitance plate can
be regarded as throttling area in the tube. The shape and
dimension design of capacitance plates should follow the
following steps.

To begin with, using an appropriate material of capacitance
plates is necessary due to the fact that different material
has different characteristics. After times of tries, beryllium
bronze is selected as the material of sensitive capacitance
plate. The elastic modulus of the material is 128GPa, which is
much smaller than steel and most of metal, which also means
itis easier to deform than other metal materials. The Poisson’s
ratio is 0.35. In addition, this material possesses advantages of
high corrosion resistance, fatigue limit and conductivity too.

Then, the initial clearance of two capacitance plates is
needed. In order to set the initial clearance between two
capacitance plates, the maximum deformation of capacitance
plate under different flow rate is needed. For the same struc-
ture and dimension of plate, the greater the flow, the greater
the pressure applied on the thinner plate, which means the
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TABLE 1. Relationship between cross-section area and pressure.

Cross-section area(mm?) Pressure(Pa)

30 695

40 1187.7

50 2004

60 3507

70 6740

80 16034

90 66142

larger the deformation of it. The flow range of respiratory air
of human is 0 to 200L/min, therefore, considering 200L/min
as the biggest air flow, applied on the thinner plate to get
the largest displacement of every structure. With fixed air
density and cross-section area of tube, different pressure
applied on different cross-section area of capacitance plates
can be calculated from (5). The statistics are shown in
Table 1.

As can be seen from Table 1, when the cross-section area
of capacitance plate reaches 90mm?, the pressure differential
is 66142Pa. In this situation, the air density will change
significantly and the calculation of the pressure differential
is not reliable. According to the theory of fluid dynamics,
the compressibility of gas can be ignored when the Mach
number of the airflow is less than 0.3. Taking the local sound
velocity as 340m/s, then the gas compressibility is negligi-
ble when the air velocity in section 2 is less than 113m/s.
Therefore, in order to avoid significant compression of the
air in pipe, according to (3), s> should be more than 30mm?
and the cross-section area of capacitor plate should be less
than 70mm?.

After that, FEM simulations of different models have been
made to get the best structure and dimension of capaci-
tance plates. The bottoms of the plates are fixed in the tube.
The thinner plate senses the air flow, so FEM simulations of

TABLE 2. Results of square capacitance plates with different areas.

it are carried out. First we assume that the capacitor plate
is square. The area of square plates changes from 30mm?
to 70mm? and the thickness is 0.1mm. After five groups of
simulation, results of square capacitance plates with different
areas are listed in Table 2.

The minimum clearance should not be less than 0.5mm
according to assembly technology. dgyqx and s,,4, can be get
from structural simulation of ANSYS. Cy and AC can be
calculated according to (8) and (16). From the statistics in
table, the maximum displacement of each plate is smaller
than the initial clearance and the maximum stress is lower
than the fatigue limit of beryllium bronze. Considering the
value of capacitance variation, processing difficulty and max-
imum stress applied on plate, areas from 40mm? to 70mm?
are the best choice. In order to get the best dimension of
capacitance plate, several groups of simulations with differ-
ent aspect ratio are made with the thickness of 0.lmm and
areas between 40mm? to 70mm?. The statistics are shown in
Table 3.

From the results, it can be concluded that the chang-
ing value of capacitor is lager when the height and width
are 10mm and 6mm respectively, which means the struc-
ture has better sensitivity when sensing air flow. So the
structure with rectangle cross-section and dimension with
6mmx 10mmx0.1lmm has been selected as sensitive capac-
itance plate, which is shown in Figure 4.

According to the results of FEM simulation, the color
nephogram of displacement and stress are shown in Figure 5
and Figure 6, respectively.

It can be concluded from Figure 5 that the displacement
of rectangle capacitance plate is well-proportioned horizon-
tally with uniform pressure applied. Its displacement curves
obtained by (15) and FEM simulation are shown in Figure 7,
indicating that the results of mathematical model are
consistent with the simulation results.

A(mmZ) AP(Pa) dt'maz (mm) dsmaz (l’IlIIl) Smax (MP“-) dznz(mm) CO (PF) AC(PF)a
70 6740 0.340 0.376 152.1 0.5 1.24 0.653
60 3507 0.130 0.139 66.3 0.5 1.06 0.133
50 2004 0.0515 0.0515 30.54 0.5 0.885 0.039
40 1188 0.0195 0.0204 24.36 0.5 0.708 0.011
30 695 0.0064 0.0068 6.491 0.5 0.531 0.003

@A is the area of the capacitance plate. Ap is the pressure applied on capacitance plate. d¢maq 1S the theoretical value of the maximum
displacement of sensitive capacitance plate. dsmaq 1S the simulated value of the maximum displacement of sensitive capacitance plate. Syaz
is the maximum stress of the plate.d;y,; is the initial clearance of two parallel capacitance plates. Cy is the origin value of capacitance. AC' is

the difference value between Cy and the changed capacitance value.

TABLE 3. Results of rectangular capacitance plates with different aspect ratio.

A(mm?) Ap(Pa) dimaz(Mm) | dsmaz(Mm) | Smaz(MPa) | dins(mm) Co(pF) AC(pF)
5x8 1188 0.050 0.053 24.5 0.5 0.709 0.030
5x9 1540 0.10 0.11 40.6 0.5 0.797 0.077
5x 10 2004 0.21 0.22 65.9 0.5 0.886 0.202
6 x 8 2000 0.084 0.088 40.7 0.5 0.850 0.064
6x9 2498 0.17 0.18 65.2 0.5 0.957 0.166
6 x 10 3507 0.36 0.39 109 0.5 1.06 0.639
7Tx8 2782 0.12 0.12 56 0.5 0.992 0.110
7Tx9 4212 0.28 0.30 108 0.5 1.116 0.419
7 x 10 6740 0.69 0.73 217 1.0 0.620 0.341
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FIGURE 4. Sketch of rectangle capacitance plates.
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FIGURE 5. Displacement nephogram of capacitance plate (geometry
dimensions of capacitance plates: 6mmx 10mmx0.1mm unit of
displacement: m).
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FIGURE 6. Stress nephogram of capacitance plate (geometry dimensions
of capacitance plates: 6mmx 10mmx0.1mm unit of stress: Pa).
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FIGURE 7. Displacement curve of capacitance plate.

The structure of tube has also been designed by AutoCAD
after the dimension of plate is certain. The tube consists of
pipeline and cover, which are shown as Figure 8 and Figure 9,
respectively. The cross-section shape of tube is rectangle so
that it matches the shape of capacitance plates well. Two ends
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40
50

FIGURE 9. Cover of the tube(mm).

"

FIGURE 10. Manufactured device of the tube.

of tube are cylinder-shaped, which makes it easy to connect
with breathing hosepipe. The clearance between two capaci-
tance plates can be adjusted by hand. Manufactured device
is shown in Figure 10.

D. THE RELATIONSHIP AMONG CAPACITANCE
VARIATION, FLOW AND PRESSURE DIFFERENTIAL

When dimensions of capacitance plate and tube are fixed,
ten groups of structural simulations are made with different
pressures applied. With the dimensions of capacitance plate
and tube, the pressure can be calculated by (6) with different
flow. The relationship can be expressed as:

Ap = 0.0880° (18)

where, Q(L/min) is the flow rate of air. Ap(Pa) is the pressure
applied on the plate. Simulations are made under different
pressure and same initial clearance of 0.5mm. With the same
method as before, the initial capacitance and capacitance after
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TABLE 4. Relationship between air flow and AC.

Q(L/min) Ap(Pa) AC(pF)
0 0 0

20 35 0.003
40 142 0.013
60 316 0.029
80 561 0.053
100 880 0.087
120 1265 0.134
140 1722 0.197
160 2252 0.288
180 2847 0.421
200 3507 0.639

FIGURE 11. Curve of relationship between flow and AC.

changing can be calculated. Ten groups of statistics are shown
in Table 4.

Figure 11 shows the curve of relationship between flow
and AC.

The relationship is described by (19), which is given
through polynomial fitting. Its correlation coefficient
is 0.9974, which means the cubic polynomial function is a
good model.

AC = 1.363 x 1077Q% — 1.782 x 107°Q? + 0.0012810
—0.0090421  (19)

where Q(L/min) is the flow rate of air flow. AC(pF) is the
capacitance variation. The relationship between AC and Ap
can be expressed as:

AC =5.221 x 107°Ap!> —2.025 x 1074 Ap
+4.328 x 1073 Ap%3 — 0.0090421  (20)

IV. DESIGN AND REALIZATION OF THE HARDWARE
CIRCUIT BASED ON DSP AND CPLD

The circuit is designed to convert changing capacitance into
voltage, which could be acquired and processed by digital
signal processor. The circuit consists of four parts. They
are carrier wave generation, C/V conversion, amplification
circuit, peak detection and filter.

The improved Wien bridge circuit is used to generate the
sine signal, which is used to realize the capacitance signal
modulation. Schematic circuit diagram is shown in Figure 12:

The frequency of sine signal is depending on two RC nets
(R2, C2 and R1, C1).

fo =2nRC 1)

where, R| = Ry = R, C1 = C, = C. Its amplitude can be
adjusted by parameters of following circuit.

108986

FIGURE 12. The improved Wien bridge circuit.

ud

) >- Uo2

FIGURE 13. C/V conversion circuit.

C/V conversion circuit (see Figure 13) is aimed at convert
capacitance signal into voltage signal, which consists of two
amplifier circuits with same parameters. The output of one
amplifier is the modulation signal of a fixed capacitance. The
other is the modulation signal of changing capacitance which
derives from the air flow sensor. Signals of these two channels
can be expressed as (R7 = Rg = Ry):

dU;
U1=—focxx_l (22)

: dt

dU;
U2:_RfXCX7 (23)

An instrumentation amplifier is used in amplification circuit
with input of two differential signal generated in C/V conver-
sion circuit. According to the working principle of instrumen-
tation amplifier, the output signal of it can be expressed as:

Upp = G(U; — U2) (24)
where G is the amplification factor.
50k

G=1+— (25)
Rg

Supposing AC = C, — C, then:

50k du;
U,,2=G(U1—U2)=—ACXRfX(1+R—)X —_—
G

dt
(26)

Peak detection circuit (see Figure 14) is used to realize the
demodulation of signal. The output signal of peak detec-
tion is U,3, which is the amplitude of U,. The filter cir-
cuit, consists of a first-order filter, is aimed at reducing the
high frequency noise. Then, the voltage signal U, which is
proportional to capacitance changing can be obtained.

In order to suppress the electromagnetic interference,
we set appropriate frequency carrier wave, design the filter
circuit to reduce high-frequency interference, isolate the sig-
nal source and subsequent circuits with the voltage follower,
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FIGURE 16. Calibration experiment.

and arrange the wiring reasonably when designing the PCB
board. The circuit board is shown in Figure 15.

V. EXPERIMENT

From the analysis of Sec. III D, it turns out that there exists a
good functional relationship between AC (pF) and Q(L/min),
so the performance of capacitance detecting can also reflect
the performance of air flow measuring.

A. CALIBRATION EXPERIMENT OF ANALOG CIRCUIT
Fix-valued ceramic capacitors (1 — 10pF) are used as chang-
ing capacitances in circuit for calibration experiment of ana-
log circuit. To get the real value of the ceramic capacitors,
high precision LCR testing device whose model number
is AH2770, is used as standard equipment for capacitance
testing.

Group of experiments are made with different value of
ceramic capacitors (see Figure 16). And the experiment
results are shown in Table 5:

The relationship between output voltage and capacitance
value can be plotted as Figure 17.

The relationship can be derived from linear regression as
follows:

U = 1.4089AC + 1.4297 27)

Its linear regression coefficient is 0.9999, which represents
the good linear relationship of two parameters.
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TABLE 5. Relationship between capacitance value and output voltage.

AC(pF) U(V) AC(pF) U(V)
1.03 2.890 5.08 8.630
1.18 3.078 5.15 8.680
1.43 3.435 5.34 8.951
1.77 4.010 5.43 9.069
2.29 4.625 5.57 9.280
2.37 4.760 5.72 9.481
2.45 4.871 5.83 9.650
2.58 5.030 5.99 9.873
2.64 5.138 6.14 10.10
2.78 5.336 6.21 10.18
2.92 5.530 6.39 10.41
3.21 5.941 6.47 10.56
3.40 6.210 6.58 10.70
3.69 6.611 6.71 10.88
3.82 6.799 6.90 11.14
4.08 7.172 7.08 11.41
4.21 7.356 7.25 11.65
4.45 7.690 7.31 11.72
4.67 8.005 7.48 11.98
4.87 8.286 7.89 12.56

output voltage(V)
T

| | I | | I I
1 2 3 4 5 6 7 8
capacitance(pF)

FIGURE 17. Relationship between output voltage and capacitance value.

TABLE 6. Measurement results of capacitors.

C1(pH) Co(pb) Error(%)
1.950 1.954 0.2047
2.058 2.062 0.1940
2.241 2.245 0.1781
2.332 2.336 0.1712
2.640 2.635 0.1897
2.853 2.849 0.1404
3.032 3.029 0.0991
3.266 3.260 0.1840
3.544 3.538 0.1695
3.945 3.938 0.1777

B. PERFORMANCE TEST OF THE CIRCUIT
In this part, C, of the differential capacitance is fixed in
advance and C; can be calculated by following equation:

U — 1.4297
Cl=———+C 28
'S Ta0s0 @ 28
Then comparing our results C; with Cyp which is detected
by high precision LCR testing device, and 10 groups of

experiments are made, whose results are shown in Table 6.

1) ACCURACY

Accuracy refers to the relative error between the measured
value and the true value, it can be seen from the last column
in Table 6 that the accuracy reaches 0.2%.

2) SENSITIVITY
The sensitivity of detecting circuit means variation of the
output voltage caused by the change of input capacitance per
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TABLE 7. Result of resolution test.

Cpp o) Cpp Tv)
2.625 2.305 2.842 2.616
2.635 2.327 2.904 3.708
2.636 2.327 2.905 3.708
2.639 2.331 2.907 3.711
2.734 2.466 2914 3.719
2.738 2.471 3.005 2.848
2.745 2.481 3.008 3.853
2.760 5.498 3.009 3.852
2.763 2.503 3.012 3.859
2.770 2.515 3.015 3.864

FIGURE 18. Bell gas flowmeter.

unit, which can be expressed by equation below according
to (27):
du,
S =
dAC

3) NONLINEAR

According to our data, the maximum value between output
voltage and ideal voltage is 0.086V, and the range of output
voltage is 9.67V, so the nonlinear of detecting circuit can be
calculated:

= 1.4089V /pF (29)

AU,
E=—""  —092% (30)

Unax — Unin

4) RESOLUTION
Resolution test experiments are also carried out, during the
experiments, the fixed capacitance was set 2pF, and results
are shown in Table 7.

It turns out that when the value of capacitors changes
0.003pF or more, the output voltages can be detected, which
means the resolution of the circuit is 0.003pF.

C. CALIBRATION EXPERIMENT OF THE SENSOR

The calibration experiment was carried out in China metrol-
ogy institute and the calibration device is shown in the
Figure 18.

A steady flow of air was introduced into the pipeline and
the sensor was calibrated by bell gas flowmeter. The experi-
ment results are shown in Table 8.

Where Q(L/min) is the flow rate of air, U(V) is the output
voltage. The relationship between them is obtained by cubic
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TABLE 8. Result of calibration experiment.

Num. Q(L/min) UNV)
1 0 1.571
2 23.10 1.588
3 43.34 1.621
4 62.96 1.679
5 81.16 1.748
6 98.90 1.830
7 119.88 1.942
8 140.40 2.080
9 158.18 2.229
10 178.4 2411
11 196.08 2.586

I
[}

FIGURE 19. Relationship between flow and output voltage.

polynomial fitting:

U=1547x10780% + 2214 x 107°0% + 2.54
x107*0+1.57 (31

Figure 19 shows the curve of relationship between flow and
output voltage.

VI. CONCLUSION
A kind of capacitive type air flow sensor is designed and
fabricated for respiratory flow measurement in the article.

Firstly, theoretical analysis of the relationship between
flow and pressure differential have been made, using the
Bernoulli equation and continuous equation of fluid. The
mechanical analysis and FEM simulation is used to make
the optimum design for the sensor.

Secondly, to understand the change of capacitance value
of the plat caused by the pressure generated by air flow,
the micro capacitance measuring circuit using the so called
peak detection method is fabricated.

Then the relationship among capacitance variation, flow
and pressure differential was fixed through simulation and
polynomial fitting, after that, the air flow and pressure differ-
ential can be calculated when AC is detected by the circuit.

Finally, calibration experiment was carried out to test the
analog circuit, and result indicated that the micro capacitance
measuring circuit has little error, and the performance test of
the circuit showed that the accuracy, sensitivity and resolution
of circuit reach 0.2%FS, 1.4089V/pF, 0.003pF respectively,
which indicates this kind of system is feasible in practical
applications.
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