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A Study on Characteristics of Nonlinear Mass Flow Controller Using Disc

Piezoelectric Materials

Lee, Sang Kyong

Department of Refrigeration and Air-Conditioning Engineering,

Craduaie Schaol, Pukvong National University

Abstract

A mass flow controllers(MFCs) are widely used in many scientific and
engineering process for controlling the mass flow rate of a gas, with an
accuracy of 1%. The measurement and control of gas flow rate are critical
in many application, such as engine and fuel cell tests, chemical
reactions, and so on. A MFC typically consistg of an actuator, a sensor
and control parts. Piezoelectric materials are used effectively as
actuator of MFCs due to their light weight and quick response. A sensor
tube with heating wire and thermocouple was used to measure mass flow
rates. Control parts send signals from the thermocouple to piezoelectric
material, Issues addressed are the effects of spring reaction and

pressure on the disk piezoelectric actuator, the relationship between the
gap caused by induced voltage in the disk piezoelectric and mass flow

rates, investigation of the parameters that affect characteristics of
mass flow sensor, DC gain-based modeling useful for the system that has
nonlinear characteristics between input and output.

First, the relation between the displacement of the disc piezoelectric
material and the electric field was evaluated. In the beginning state
without mass flow rate, the reaction force and the displacement of plate
gpring were derived using FEM(Finite Element Method). These models were

further verified by experimental investigation. From the HNavier-StoKes



equation and Reynold’s equation, the relation between the flow rate and
plate gap of disc piezoelectric material was determined. The flow rate of
gas was examined experimentally. Finally, the relationship between the
electric field and gas flow rate was derived. These results can be used
in the design of mass flow controller. Static and dynamic characteristics
in the sensor tube of the MFC were studied experimentally. Heat transfer
phenomena in the sensor tube are rather complex, because heat generation
by the heating wire, conduction in the tube wall, convection throughout
the gas, and heat loss through the insulation material are all happening
gimultaneously. Due to this complexity, many investigators have tried to
describe the heat transfer phenomena in the sensor tube with few
gimplified assumptions. It is unrealistic to expect to find the equations
for velocity distribution and energy with accuracy. For that reason, the
difference in temperature between inlet and ocutlet was used for
calculating the mass flow rate. Therefere, the relations between flow
rate, the heat generated by the heating wire and the sensor location were
investigated to determine optimal conditions. Finally, the relationship
between sensor voltage through analog digital conversion{ADC), and flow
rate in the sensor tube can be represented. Based on this study. the
static and dynamic characteristics of sensor tube can be used for the
design of mass flow controller. Finally, learning how to control of mass

flow controller in gas supplying system was studied. It is difficult to

obtain accurate model, because MFC was composed of many parts, and the
relationship between input and output of controller is nonlinear. The
nodel for control was obtained by response time and DC gain. Based on
this model, PI controller was applied to flow controller using DSP hoard.

This dissertation has addressed modeling of mass flow controller uging
disc piezoelectric actuators and thermocouple sensors. The results of
this dissertation are expected to contribute to control mass flow of gas

with an accuracy of 1% in semi-conductors.
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Table 1.1 Piezoelectric properties and dimensions

specification
ds (C/N) Istrain coefficient 190 =< 10" '
t (m) |thickness 0.44 > 10" °
v {m)  |radius 15.9x 107"
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Photo. 2.2 Laser measuring device
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Table 3.1 Displacement of the Nodes

Node No. Ux (m) Uy (m) Uz (m)}
482 -(.00025 0 -0.00075
488 0.0005 0 -0.0015
484 -0.00125 0 -0.00225
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¥ % C MATLAB PROGRAM

HE C MATLAB PROGRAM

clear;

sam_freq=50;

Ts=1/sam_freq;

969696 9%96% %6 % 96 %696 %6 %0% %696 9626 9696 96 2696 %626 90969696 26 26 %6 % 26 %6 %

o Unit step response from 0 to 120 scem

el

2

data are read from the file and converted decimal value from Hex

O

% value,

% Hex (12 bit unsigned): 000"FFF --> Decimal: (¢ 710

9626969696 9696 % %9696 %6 %6 %6 %9696 % 9696 %6 %6 96 %696 %6 %6 %0 %696 %6 %6 26 %6 %6 %
fid=fopen(’dynamic_l.txt’, 'r');
[sam, count] = fread(fid, inf, ‘char’):
fcloselfid);

fault=0;

dual=0;

k_count=0;

kk=0;

while k_count < count

k_count=k_count—+1:

if (sam(k_count) ~= 32) & (sam(k_count) 7= 13) & (sam(k_count)
“= 10) & (sam(k_count) "= 9)
conv={x

k_count=k_count 1:
for k=0: 2
k_count=k_count+1:
val=sam{k_count) 48;
if val > 9
val=val-T,

end
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1% C MATLAB PROGRAM

if (val < O) | (val > 16 )

fault=1;
end
conv=conv*16+val:
end
if dual==0;
kk=kk+1;
sen{kk)=conv/204.7-10;
dual= 1:
else
act(kk)= conv/204.7-10;
dual= 0;
end

end

if faull == 1
disp(’ Hex data is fault’)
break

end

end

clear sam;

% sampling rate 500Hz
samp_u=220;

[nb, nal=butter(4, 10/samp_u*2);
sen=filter(nb, na, sen):
Ysact=filter(nh, na, act);

time=(1:kk)/samp_u;

- 11 -

9% TFiltering Noise at the sensor and the actuator signals with the
9% 4'rd Butterworth Filters of 10Hz bandwidth



%% C MATLAB PROGRAM

95969696 %% %6 %6 %6 2696 94 %6 %60 %6 96 %6 96 96 %6 96 26 96 %6 96 90 % %626 26 2626 26 26 %6 96 96
9% Idendification with huristic method
% impulse(Sys), slep(Sys) fsys=feedback(Sys, 1)

0696969 26966 %696 969696 9696 96 9696 9696 %6 069696 %696 %696 %6 96 26 9696969696 %

Tss=1/samp_u;

9%Num=10.2 1x1.88; Den=[1, 0.2 J; %first order model
Num=[0.2, 0.2¢-4]*1.88: Den=[1, 0.2, 0]} %second model
hsys=tf(Num, Den)

dhsys=c2d(hsys, Ts, "tustin’)

[y, tl=stepthsys, 0: Tss: 118)

y=[zeros(499, 1); y]+sen(100):

figure(1)

plot(time(100:kk), act(100:kk), ‘b’, time(100:kk), sen(100:kk), 'k’
time(100:kk), v(100:kk), r")

title{'sensor and actuator signal in time domain’)
vlabel('volts” );

xlabel("sec’):

grid;
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H.2 C MATLAB PROGRAM

049696969696 9694 96 %6 %6 %6 9696 96 %6 %6 %6 %60 %6 %696 %6 %6 26 %6 26 96 26 26 %6 96 2696 96 %
9% Unit step response from 20 to 100 sccm

9496969696 9696969696 9696 %6 %6 96 9696 9696 %6 9 %6 %6 96 %6946 %6 96 9690 % %6 %6 2626 %
fid=fopen(’dynamic_2.txt’, 'r’);

% Filtering Noise at the sensor and the actuator signals with the
% 4'rd Butterworth Filters of 10Hz bandwidth

26 sampling rate 500Hz

samp_u=200;

[nb, nal=butter{4, 10/samp_u*2);

sen=filter(nb, na, sen):

%%act=filter(nb, na, act);

time=(1:kk)/samp_u;

v, ti=step(hsys, O: Tss: 118);
v=[zeros(499, 1): v]+sen(100);
ky=length(v);

figure(2)

plot(time(100:ky), act(10G:ky), ’'b’, tmell100ky). sen{lO0ky), 'k’
time(100:ky), v(100ky), 'r")

ttle(’sensor and actuator signal in time domain’)

viabel('volts’ );

xlabel('sec’);

arid;
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¥2 C MATLAB PROGRAM

9496969696% % %6 %6 %6 %6 %6 %6 96 %6 9696 %6 %696 %696 %6 %6 26 %6 %6 %6 %6 26 2696 %690 %6 %0
9% data are read from the file and converted decimal value from Hex
24 value.
% Hex (12 bit unsigned): 000"FFF --> Decimal: 0 710
969696269 % %696 %096 %6 % 96 %6 %6 96 %6 26 %6 %6 69696 9696 96 9696 %6 2696 % %696 %6 %6
fid=fopen('id_1.txt’, 'r');
sums=0;
suma=0;
for k=1:kk
sums=sums+sen(k);
suma=suma+tact(k);
end
sums_m=sums/kk
suma_m=suma’/kk
isen=sen-sums_m;
lact=act-suma_m,
isen=isen’;

lact=iact’;
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25 C MATLAB PROGRAM

9696969696969 6% %6 %6 %6 %6 %6 %6 %46 %6 26 96 96 2696 969096 96 96 96 96 96 96 26 %6 96 %6 %
% Plot data in the time and the frequency domain
9696969696 %96 %6 %96 96 %6 % 26 % %6 262196 %6 %6 %6 96 96 9696 %6 2696 26 96 %6 96 96 %6 %
time=(1:kk)/sam_freq;

figure(3)

plot(time. sen)

litlel’sensor signal in time domain’)

ylabel("ADC {(volts)’ k%

xlabel({'time (sec)’);

al=4096+(1+fix{(kk/4096));

ar=al-kk;

sen=[sen, zeros(l,ar)];

sen=fft(sen);

a2=al/2;

freq=(1:a2)*sam_freg/al;

figure(4)

plot{freq, 20xlog(abs(sen{1:a2))/kk));

title('sensor signal in frequency domain’)
vlabel('DAC (dB)" )

xlabell’ frequency (Hz)'):

plot(time, act)

title("actuator signa! in time domain’)

viabel'DAC (volts)" );

xlabel(‘time (sec)');

act=lact, zeros(l,ar)];

act=fft{act);

plot{freq, 20*xlog(abs(act(1:a2))/kk));

title(’actuator signal in frequency domain’)
ylabel'DAC (dB)" ) xlabel(’frequency (Hz)'):
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2= C MATLAB PROGRAM

2096 %6 %626 969696 %0 96090 %6 90 %6 20 M 96 260 K 96 26 96 96 90 2094 26 6 90 W6 %6 %6 26 96 96 Yo
% Achive Data for Svstem idendification of the MFC from

2% experiment data

% First order Model of MFC = a/(s+b)

% Second order Model of MFC = (as+b)/(s™2+c*s)

% Actuator signal Range @ -05 to 0.5 --> DAC wvalue: 2.1 to 4.1
% > Piezo volt=17=DDAC value

Sensor signal Range @ 05 to 0.5 > ADC value: 24 to 44 - >
Mass flow= 0 to 120 scem

26%0 %6 %60 %0696 %6 %096 %6 %0 %0 96 %6 9096 9696 %6 %6 96%6 %6 %6 %6 %6 %696 96 %6 96 %696 % %
z = lisen,iact);

m = arx(z, [2 3 0]); %second order model

idsys=t1f{m)

[ni di]=tfdata(idsys(1}, 'v')

disp{'tustin rule’)

idsys=tf(ni, di, Ts);

isys=dZcidsys. tustin’);

[vl, tl= stepthsys, 0: Ts: 100)%

[v2, tl= steplisys, 0: Ts: 100):

figure(7)

plot(t, v1, 'k', t, v2, 't")

title{'step response’)

ylabel(' ADC (volts)’ )

xlabel("time (sec)’);

grid;
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2% C MATLAB PROGRAM

95969696 %6 9696 %6 %6 %6 % %6 %6 %6 %6 %6 9696 % %6 %6 %6 %6 96 %6 96 90 2696 26 26 96262696 %0
2% Conform ID svstem with another data
969696969 %9696 26269696 %6 %6 %9694 969696 %6 96 %6 %6 %6 %6 %6 %6 %6 26 %6 20 %6 %0 %6 Yo
fOd=fopen('id_2Z.txt’, 't
sums=0;
suma=0:
for k=1:kk
sums=sums+sen(k);
suma=suma-+aci(k);
end
sums_m=sums/kk
suma_m=suma/kk
1Sen2=sen-sums_m;
laclZ=act—suma_m;
isenZ=isen?’;
1act2=iact2’;
1senid=filter(ni, di, iact2);
[nh dhl=tfdata(dhsys, 'v'}
hsenid=filter(nh, dh, 1act2):
time=(1:kk)/sam_{req;
figure(8)
plot(time, isen2+3.13, 'k’ time, isenid+3.1, 'r’,time, hsenid+3.1, 'b")
title{' sensor signal in time domain’)
viabel("ADC (volts)’ J;
xlabel("time (sec}’);

grid;
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