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A System-Level Model of the Packaged Wind Sensor System

CHEN Bei

(School of Microelectronics and Control Engineering, Changzhou University, Changzhou 213164,
China)

Abstract: A system-level model of the wind sensor system including the sensor chip and the condition-
ing circuit was proposed in this paper. The wind sensor was composed of a center temperature sensor,
four heaters and four temperature sensors. The presented model was based on the theory of lumped
parameters. An analogy was drawn between the heat flow and the electric current. Herein, the volt-
age 1s an analogy for the temperature, and the thermal resistance is the resistance in the thermal trans-
fer like the resistance in the circuit. Further, the thermal analysis of the sensor chip and the electrical
analysis of the conditioning circuit were developed in one system-level circuit by using the model. The
test was performed in the wind tunnel. Experiment results presented here showed an agreement with
the system-level model. The results presented here provided a valuable reference for the practical ap-
plication of the wind sensor.
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The thermal wind sensor has been considered a promising technology due to its low cost, low

power, small size, and no movability parts. For decades, it has been widely researched in different

] [2]

groups'’. In the aspect of improving sensitivity, some pendent structures'” , membrane structures"’’

5

! were developed. In the aspect of reducing power consumption, not only
[6]

and insulation trenchest"
these pendent structures but also some substrates with small thermal conductivity'®, such as glass'”
or porous silicon™, were utilized. Besides, some circuit designs”) were applied. In enlarging the

[10-11]

measurement range, more sets of thermometers were manufactured on the chip Moreover, hy-

1121 or calorimetric and time-

brid measurement modes, such as thermal anemometer and calorimetric
of-flight'*', collectively control the sensor system. In reducing temperature drift, some compensation
circuits and compensation models were developed-'*'", In the process of researching the thermal wind
sensor, the thermal analysis of the sensor chip usually were finished in FEM (Finite Element Method)

1820)  Whereas, the electrical analysis of the control circuit were independently fin-

simulation tools
ished in electrical EDA (Electronic Design Automation) tools?’). However, the sensor chip and the
conditioning circuit have interactions with each other. The conditioning circuit controls the heating
power, that is to say, the temperature of the chip. Similarly, the chip temperature affect the electrical
parameters of the thermometers resulting in the change of the state of the circuit. Unfortunately,
wind-thermal-electric model of the thermal wind sensor system has not been explored. To our knowl-
edge, SHEN et al. "**) developed a macro model of the sensor chip, unfortunately the encapsulation of
the wind sensor was not considered in this model, which induced that the presented macro model did
not conform to practical applications. In this paper, a new system-level model which contains the sen-
sor chip and the encapsulation was presented. The new system-level is more convenient for practical a-
nalysis and applications.

In this paper, a system-level model of the thermal wind sensor system has been developed. By the
theory of heat conduction and forced convection, the thermal resistances of the chip are examined.
Based on the theory of the lumped parameters, the thermal circuit of the chip is developed. By combi-
ning the thermal circuit and the conditioning circuit, the system-level model has been established.
This model can easily be analyzed in Cadence, and help researchers understand the work process of the

sensor system and improve the conditioning circuit.

1 Description of the sensor system

Fig.1 shows the schematic diagram of the thermal wind sensor. The chip consists of a central
thermistor, four central heaters and four outlying thermistors in four directions. The chip is adhered
to the ceramic substrate to avoid the environmental contaminants. The backside of the chip is protec-
ted by thermal insulation glue. The ceramic substrate is pasted in the center of the black aluminum
ring. Because of the high thermal conductivity, the aluminum ringtakes on the role of a thermal sink
to keep the temperature of the ceramic edge at the ambient temperature. When the sensor chip is heat-
ed, the resulting heat transfers through two routes, i. e. thermal convection and thermal conduction as

shown in Fig.1.
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Fig.1 Schematic diagram of the structure of the thermal wind sensor

To control the heating and temperature meas-
urement of the wind sensor, the conditioning con-
trol circuit of the sensor system is designed in
Fig.2. The chip diode and the environment diode are
placed in two branches of Wheatstone bridge respec-
tively. The heating power of the heaters is con-
trolled by R;. In the initial condition, the sensor

has the stable temperature. When wind speed in-

creases, the temperature of the chip decreases due

e

—the temperature sensor on the chip;

V.

chp ! )
temperature sensor; R,—the heaters in parallel on the chip.

" —the outside

to the increasing thermal convection. As the diode

has a negative temperature coefficient, the voltage 2 MR T G ]

of the chip diode will increase. Then the voltage of  Fig2 Conditioning control circuit of the sensor system

the negative input of the amplifier will increase. It

will induce the decrease of the output voltage of the amplifier. Due to the action of the voltage regula-

tor V,, the current through R; will increase. The base current of the transistor will increase. As the

transistor works in the amplification zone, the collector current will also increase. The increased heat

power will make the chip temperature rise. This process becomes a negative feedback loop, and vice versa.
Thereafter, the heat is transmit to the ceramic substrate. One part of the heat is the horizontal

heat conduction through the ceramic and aluminum ring to the outside environment. The other part of

the heat is the longitudinal heat transfer to the outside environment by the heat convection.

2 Construction of the system-level model

2.1 Thermal-electric model of the sensor structure

Fig.3 shows the top view of the wind sensor. The blue part is the sensor chip, the white part is
the ceramic substrate, and the grey part is the aluminum ring. L, is the length of the chip, r. is the ra-
dius of the ceramic substrate, and 7, is the outside radius of the aluminum ring. Due to the high ther-
mal conductivity of silicon (150 W/(m * K)) and the small size (4 mm), the temperature of the chip is
simplified equal everywhere, as T4,. Because the thicknesses of the chip and ceramic substrate are far
less than the length of them, the same zones in the vertical direction of the chip and the ceramic sub-

strate have approximately the same temperature. For simplicity, the shape of the chip transforms from
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a square to a circle, whose radius is ;. T is the temperature of the outside radius of the ceramic sub-
strate, and T, is the ambient temperature. The heat flow transfers from the center point to the out-
side, as shown by the yellow arrows in Fig.3.
Aluminum ring
With the thought of the lumped parameters, an
analogy is drawn between the heat flow and the e-
lectric current. The voltage is an analogy for the

temperature., The thermal resistance is the resist-

ance in the thermal transfer like the resistance in the

Ceraminc

circuit. By the definition of the thermal resistance of
the single layer cylindrical wall®*, the thermal re-

sistance of the ceramic substrate is

_InGr/ro)
R1 fm (D Chip
The thermal resistance of the aluminum ring is 3 feRETE
e InCra/r) - Fig.3 Top view of the sensor
z 27‘(’/%1\161/\1

where k. is the thermal conductivity of the ceramic substrate, k&, is the thermal conductivity of the alu-
minum ring, d. is the the thickness of the ceramic substrate, and dy; is the thickness of the aluminum
ring.

[16]

According to the heat transfer coefficient formula of the flat heating surface"'®, the convection co-

efficient of the wind sensor is
2 101 1.1
hi=0.664Mk} % p% cg U (&)
where M is a constant which is related to the geometric information of the sensor system. ¢,, ps ks
and y are the specific heat capacity, density, heat conductivity and dynamic viscosity of the airflow,
respectively. U is the velocity of the flow. The thermal resistance of the thermal convection is

—z 1 1 1
1 1 :]Q[:slusp chgUfé

R A e~ 0. 664 “
Base on the thought of the lumped parameters, T, q
Fig.4 shows the thermal-electric equivalent circuit.
The voltage source represents the temperature 1 &
difference AT between the chip temperature T, and ATCD Tom ‘éRr
the ambient temperature T,.,. The T,y is equal to R,
GND. The heat flow q transfers from T, to GND T, T
through two branches in parallel. One is the branch T,,,—the temperature of the chip: T, ,—the ambient
with R; and R, in series representing the thermal Li,ﬂifﬁf,fﬁsfa; ;E&f;ﬁﬁ:iﬁgiﬁfﬁeomsme of the
conduction, the other is the R; branch representing B4 st gk
the thermal convection. According to Kirchhoff’s Fig.4 Thermal-electric equivalent circuit
current theorem, the relationship of AT and thermal resistances are written as
=20 AT (5)
R, +R, R;

Substitute Eq. (1), Eq. (2) and Eq. (4) into Eq. (5), the formula can be rewritten as
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i — ancdcki’\ld/\l
AT kAldAlh’l (I"C/TS) +kcdcln(l"A1/7‘c)

Evidently, ¢/AT, the total thermal-electrical conductance of the sensor system, is the linear function
of U2,

If the material parameters and structure size are considered constant, Eq. (6) can be simplified as

-+0. 6647TMr§k1‘%#7%‘0%C:}U% (6)

4 — i
AT A+BU D

— Zﬂ'kcdck/\ldl’\l
kadaln (ro/r)) +kdInCra/ro)’

To extract the parameters of the thermal-electrical model of the sensor, i. e, A and B, the experi-

1 1

B=0. 664xMr2ki 1 T p7 ¢yl

Here, A

ment is performed in a wind tunnel. The sensor is heated by a voltage source with voltage ranging
from 3 V to 8 V. The ambient temperature is 298 K. The wind velocity varies from 1 m/s to 20 m/s.
The four heaters on the chip connect to the voltage source in parallel. The resistance of each heater is
400 Q. The temperature of the chip is measured by the center diode on the chip. The temperature of
the ambient flow is measured by the outside diode. Fig.5 shows the measurement results of the tem-
perature difference AT. Fig.5(a) shows that the temperature difference AT with different powers de-
creases with the wind speed U. Fig.5(b) shows that the temperature difference AT with different

wind speeds increases linearly with the heat power P.

40 40 -
——0.0936 W
—0—0.1632W
—£—02540W
= 03672 W 30
—<— 04984 W
—<—0.6480W

30+

M 20t 20}
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(a) Relation curve between temperature difference and (b) Relation curve between temperature difference and
wind speed heating power
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Fig.5 Measurement results of the temperature difference

According to the test data in Fig.5, with U"? as the horizontal axis and P/AT as the vertical axis,
the relationship curves under different heating powers are drawn in Fig.6. It is obvious that the differ-
ent curves with different heat powers approximately coincide, and the P/AT is a linear function of

U'?. The linear fitting equation can be expressed as

P 1
A—T—o. 015 7940. 003 43U~ (8)

In the thermal-electric model, P is the thermal flow which is equal to g in Eq. (7), AT is the tem-
perature difference, and P/AT is the thermal conductance. Fig.4 has shown that the thermal conduct-

ance consists of two parts, one is the thermal conductance of thermal conduction, the other is the
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thermal conductance of thermal convection. The 0.0351
thermal conductance of thermal conduction is the in-
. - . —o—0.0936 W
tercept of this linear fitting equation, 0.015 79 W/K. 0030k —©—0.1632W
= —a 02540 W
1 - 4 —7—0.3672W
Then the thermal resistance of the thermal conduc . DErCHEAN
tion R, (R.=R,+R,) is 63.33 K/W. The thermal Soosl T oemOW
S / =
conductance of thermal convection is 0. 003 43U"* &
W/K. The thermal resistance of the thermal con- 0,020 [PIAT=0.015 79+0.003 430'2]
vection Ry is 291. 5U V2 K/W.
I h ind f h B 0 1 2 3 4 5
n the wind sensor system, Iour heaters con U (m'2 - 512
nected in parallel are powered by the heat voltage E6 P/AT5U”ZEMERE
Vi, and then the heat generated transfers to the Fig.6 Relationship between P/AT and U">

whole sensor chip, as shown in Fig. 7. In the ther-

A Voltage controlled current source
mal-electric model of the sensor structure, a volt-

+

P
age controlled current source is used to build a
bridge between the electric domain and the heat do- v, R, () R, Ry
+

main. The controlled characteristic is the ampli-

tude of the current source P=V%/R,. Here R, is L
Controlled characteristics: Vi/R,

7 fEREBEHHRF-BEEE

Fig.7 Thermal-electric model of the sensor structure

the resistance of the four heaters in parallel. The
heat voltage V3, is controlled by the conditioning

control circuit.

2.2 The thermal-electric model of the diodes

The temperature of the sensor is measured by

—e— Ambient diode
—a— Chip diode

the diode in the center of the chip. While the ambi-

ent temperature is measured by the outside diode. > 078
o

The voltage drop of the diode is a function of the S 076
on

temperature, as shown in Fig.8. Each diode con- 2074
S

nects with the current source, and the current is

0701 Vem=1265-0.002T,,,
1 mA. The test is performed in a temperature con- 0.8 Van™1233-0.002L.,

1 273 283 293 303 313
troller. TIK

Fig. 8 plots the voltage drop of the diode line- 8 INEEREME RSN R ER
arly decreasing with temperature. The linear fit- Fig.8 Measured voltage drop of the ambient
ting function of the diode on the chip can be diode and the chip diode
expressed as
Vap=1.233—0.002T4, (9

The linear fitting function of the outside diode can be written as
Ve = 1. 265—0. 002 T 4t 10)
where T4y, and T, are in K. The difference between these two linear fitting functions is the cause of
encapsulation.

In the same way, the voltage is an analogy for the temperature. The thermal-electric model of the
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diode is a voltage controlled voltage source shown Voltage controlled voltage source
. . ~ . . Voltage dro
in Fig.9. The DC power is the real temperature in Q, + Ofthegdiodep
=
K. GND represents 273 K. The voltage controlled g
o
. g
voltage source converts the temperature into the 3
3 _
voltage. a
= 273K =i
Chip diode: 1.233-0.002(¥,—V"_); Ambient diode:
2.3 The system-level model 1.265-0.002(V,~V")

9 ZTHRENRF-BFEE
Fig.9 Thermal-electric model of the diode

The thermal-electric model of the sensor struc-
ture, the thermal-electric model of the ambient di-
ode and chip diode, and the conditioning circuit are connected to form the system-level model, shown
in Fig.10. The left part is the thermal-electric model of the flow sensor. Then the right part is the e-
lectronic interface. In the original conditioning circuit shown in Fig.2, the chip diode and the environ-
ment diode in the Wheatstone bridge are replaced by the thermal-electric model of these two diodes.
The voltage drop of the ambient diode V,,, is controlled by the ambient temperature T,,,. And the
voltage drop of the chip diode Vy, is controlled by the chip temperature Ty,. The temperature differ-
ence AT="T4,— Tu. In the original conditioning circuit, the heating resistor is replaced by the ther-
mal-electric model of the sensor structure. And in the thermal-electric model of the sensor structure,

the voltage of the output end of the controlled current source is AT.

FLOW SENSOR ELECTEONIC INTERFACE
Temperature converts to voltage
Vit

) " p

273K =

Heating power converts to temperature

| ,

"
) R, %e,‘ AT

Lok

10 ERB[BRENRFERRE

Fig.10 System-level model of the sensor system.

To keep the temperature difference between the chip temperature and the ambient temperature
293 K, the circuit parameters are set as R, =2.7 kQ, R,=2 kQ, R;=1.5kQ, R,=2 kO, R;= 1kQ,
Ri= 5.1kQ, Ryn= 200 Q, R,=100 Q, V,=7.5V, Vu=5V, V.=12V, R.=63.33 K/W, R=
291.5U 1 K/W.

3 Experiments

Circuit simulation experiments are executed in Cadence. To simulate the wind speed varies from
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1 m/s to 40 m/s, R; is set as 291.5, 168.3, 130.4, 110.2, 87.9, 75.3, 65.2, 58.3, 53.2, 49.3,
46.1 Q. corresponding to the wind speed 1, 3, 5, 7, 11, 15, 20, 25, 30, 35, 40 m/s, respectively.
T.., =287 K. By changing R;, the heating voltage V, corresponding to different wind speeds is tested.
The simulation results are drawn by the black curve in Fig.11. With the increase of the wind speed,
the heating voltage increases, which is consistent with the theoretical analysis of the conditioning con-
trol circuit in Sec. 1. 0

The measurement experiments are performed in

—a—Simulation results

the wind tunnel. The ambient temperature is set as 1ol Ze—Measurement results

287 K, and the wind speed varies from 1 m/s to
40 m/s. The measurement results are drawn by the

red curve in Fig.11. The measurement results are

Heating voltage/V

nearly consistent with the simulation results. The

percentage errors between the simulation results and

the measurement results in different wind speed are 7 10 20 30 20

Wind speed/(m - s7")

B 11 fn#h e R BEXUE 2 4L

Fig. 11  Diagram of heating voltage variation

given in Table 1. Table 1 indicates that the percent-
age error is less than 1. 56 %, the system-level model

of the sensor system viable and feasible.
with wind speed

®1 HTEERSNELZRZEWRE

Table 1 Percentage errors between the simulation results and the measurement results

Wind speed/ (m+s 1) 1 3 5 7 11 15 20 25 30 35 40

Error/ % 1.53 1. 56 1. 00 0. 83 0.75 0.78 0.52 0.08 —0.15 —0.51 —0.58

4 Conclusion

This paper has presented a system-level model of the wind sensor system. The system-level model
is based on theory of lumped parameters. The thermal-electric model of the sensor structure was con-
structed by a voltage controlled current source in which the controlled current source presented the
heat flow produced by heating four heaters. The function of thermal conduction and thermal convec-
tion were expressed by two resistors. The thermal-electric model of the diode was constructed by a
voltage controlled voltage source in which the controlled voltage source presented the voltage across
the diode. Combining the thermal-electric models with the conditioning control circuit, the system-lev-
el model of the wind sensor system was constructed. The simulation results of the system-level
showed a good agreement with the measurement results. The percentage error was less than 1. 56 %.

The results presented here provide a valuable reference for the practical application of the wind sensor.
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