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In this paper, the traditional control circuit of the constant-temperature-difference (CTD)
mode for a MEMS thermal wind sensor is introduced and analyzed. Then, it is demonstrated that
the transistor in this closed-loop control circuit has high power consumption owing to its use as a
modulator with low conversion efficiency to supply a high current for the Wheatstone bridge. To
reduce unnecessary power consumption, the use of a DC/DC converter with high conversion
efficiency in the switching mode power supply is proposed to replace the transistor in a new low-
power-consumption control circuit of the CTD mode. Then the loop stability and the performance
of the new control circuit in reducing the power consumption are verified by simulation. Finally,
power-consumption experiments are performed on the traditional and new control circuits in a
laminar flow wind tunnel. The experimental results show the capability of the new low-power-
consumption control circuit to reduce the total power consumption of the control circuit by 20 to
40% at wind speeds from 0 to 30 m/s by replacing the transistor with the DC/DC converter.

1. Introduction

MEMS thermal wind sensors have been widely studied because of their small size, low cost,
and easy fabrication.”3 They typically consist of a center heater and four sensing elements
arranged downstream and upstream symmetrically in two perpendicular directions.®) Wind
information can be measured by detecting the amount of heat that has been removed from the
heater or by detecting the temperature difference between the upstream and downstream sensing
elements. A thermal anemometer and a calorimetric flow sensor are respectively produced on
the basis of these two principles.®) Thermal wind sensors, an extension of thermal flow sensors,
are commonly operated in one of two modes: constant-power (CP) mode and constant-
temperature-difference (CTD) mode.(-0)

Because thermal wind sensors are usually applied in mobile meteorological measurement
equipment and other low-power devices, it is necessary to reduce the total power consumption of
thermal wind sensors. Many designs from the literature have been based on low-power-
consumption research and can be categorized into two main types. The first type of design
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reduces the heat dissipation on the chip caused by the substrate.(7-14 Therefore, a substrate with
low thermal conductivity can be used,(’!2 and the fabrication of insulation trenches in the chip
is an approach sometimes employed for this type of design.®13:14) The other type of design
reduces the power consumption of the processing circuit. In the design of Makinwa and Huijsing,
thermal sigma-delta (TXA) modulators and system-level chopping are adopted in the interface
circuit to control the power distribution in different heating parts by employing heating pulses of
different lengths with a constant total heating power.!>19) The power consumption of the sensor
can be reduced to 25 mW with the capability of detecting airflow speeds of up to 25 m/s.19 The
operation mode of this method is called the temperature-balanced (TB) mode, which combines
the advantages of the CTD mode and the CP mode: a wide measurement range and low power
consumption. However, the sensor chip is not bonded in the center of the plate; thus, the output
signals are distorted.!7”) Thus, other approaches to reduce the power consumption of the
processing circuit that comprises the control circuit should be employed.

A MEMS thermal wind sensor that measures the wind speed by detecting the total heat loss
of the sensor chip has been developed. The heater is bonded in the center of the chip as shown in
Fig. 1(a), and the fabrication of the sensor chip is shown in Fig. 1(b). The heater of this sensor is
operated in the CTD mode in the control circuit to achieve a wider measurement range than that
of sensors operated in the CP mode, and the power consumption of this control circuit can be
reduced by circuit design. In the traditional control circuit of the CTD mode, a transistor is used
in the closed-loop circuit as a modulator for the Wheatstone bridge, and the power dissipation of
the transistor results in high power consumption of the whole control circuit in the processing
circuit.(!®) Thus, the transistor with low conversion efficiency should be replaced by a modulator
with high conversion efficiency in a new control circuit of the CTD mode to reduce total power
consumption.

A DC/DC converter is usually used in the switching mode power supply (SMPS) to change
the voltage level and modulate the output voltage for applications requiring high current. A DC/
DC converter working stably and normally can commonly achieve over 80% conversion
efficiency. Therefore, traditional modulators, such as resistance dividers and transistors, which
cause large power losses, can be replaced by a DC/DC converter in the SMPS at a high current
to reduce the power consumption of the circuit.(1%:20
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Fig. 1. (Color online) (a) Schematic of MEMS thermal wind sensor chip. (b) Fabrication process of chip.
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In this paper, we present a novel low-power-consumption control circuit of the CTD mode for
MEMS thermal wind sensors. In this new control circuit, we replace the traditional transistor
with a DC/DC converter with high conversion efficiency to reduce the total power consumption
of the control circuit. The DC/DC converter and external circuit compose the feedback loop of
the SMPS, in which the output voltage is determined by the external circuit including a
Wheatstone bridge with an operational amplifier for CTD control. In this way, the new control
circuit can realize the functionality of a MEMS thermal wind sensor with low power
consumption.

Although low power consumption design by the SMPS is a circuit technology that is already
developed and employed to supply power to the bridge,?V it is the first time to employ it in the
control circuit for the thermal wind sensor, which needs the dynamic output of a DC/DC
converter to control the dynamic supply voltage of the bridge under different balanced conditions
for a constant overtemperature. This is meaningful and useful to other low-power-consumption
research studies on the closed-loop circuit with the bridge for dynamic control under balanced
conditions.

2. Principle and Method
2.1 Traditional CTD control circuit for thermal wind sensor

The heater is controlled at a constant temperature above the temperature of wind by a
traditional control circuit of the CTD mode, which is shown in Fig. 2. Rc is a temperature sensor
of the same material as heater Rh, and the ratio between the resistances of resistors R1 and Rc

determines the overtemperature of the heater. The functionality of the circuit is described as
follows. First, after the Wheatstone bridge is supplied by a voltage drop over resistor R3, there is

o: 5

Rh\g\ Rc

Fig. 2.  Traditional control circuit with a transistor for the CTD mode operation of a MEMS thermal wind sensor.
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a measurable bridge voltage, which is amplified by the operational amplifier due to the low
resistance of heater Rh at air temperature. Then the supply voltage of the Wheatstone bridge is
adjusted by an n—p—n transistor whose base voltage is determined by the output voltage of the
operational amplifier. As a result of a rise in the supply voltage of the bridge, the temperature of
the heater begins to increase, and its resistance increases until the bridge becomes balanced with
the constant initial bridge supply voltage and the initial overtemperature when there is no wind.
When the wind flows at a constant speed, a lower-temperature heater with a lower resistance of
the bridge leads to a higher output voltage of the operational amplifier, which causes a new
balanced condition where the temperature of the heater remains constant at the initial preset
overtemperature. In this way, the overtemperature is controlled in the CTD mode and the wind
speed can be measured from the corresponding supply voltage of the Wheatstone bridge or the
output voltage of the operational amplifier.

The supply voltage of this control circuit of the CTD mode is set as 5 V, which makes it
possible to change the measurement range of the wind speed as needed by presetting different
initial supply voltages of the bridge when there is no wind. A high initial supply voltage of the
bridge brings about a wide measurement range and high sensitivity but high power consumption.
The transistor is used in the circuit as a modulator for the bridge because it can follow the change
in the output voltage from the operational amplifier and deliver a high current to the Wheatstone
bridge.

In actual experiments, sensor chips are fabricated by batch production, and therefore the
heaters of different chips are the same. In contrast, R1 is commonly changed to preset the initial
supply voltage of the bridge and the overtemperature of the heater while fixing the resistance of
R2. Because the wind speed is measured by detecting the total heat loss of the sensor in the CTD

mode, the power consumption of the heater P follows King’s law:?

P=(A+BV”)-AT, )

where 4 and B are constant values determined by the thermodynamic parameters of air and the
dimension parameters of objects, n is 0.5 when the wind is a laminar flow, V is the wind speed,
and AT is the overtemperature of the heater, which is determined by the bridge supply voltage.
As a result, P has exactly the same value for the same bridge supply voltage in different sensors
as other values in Eq. (1) are correspondingly the same in different sensors from the same batch.
Therefore, after the initial bridge supply voltages of different sensors are set to be the same
under a balanced condition by adjusting the Wheatstone bridge when there is no wind, the
overtemperature A7, the measurement range, and the measurement sensitivity also become the
same. Consequently, when the wind speed is measured, the same supply voltage of the bridge in
different sensors whose heaters are preset to the same overtemperature means that the same
wind speed is obtained.

As aresistor used for dropping voltage to supply the bridge with reduced power to turn on the
control circuit, resistor R3 has a much larger resistance than other resistors, which means that
the current passing the transistor is approximately equal to the total bridge current /5. According
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to the traditional control circuit in Fig. 2, the power dissipation of the transistor Py is determined
by the bridge supply voltage Ug and the total bridge current /g as follows:

P =(5-Ug)-Is. @)

For different supply voltages of the bridge, the total power consumption of the traditional
control circuit and the power dissipation of the transistor with the occupation percentage can be
measured as shown in Fig. 3. It is clear that a transistor acting as a modulator to supply a high
current for the Wheatstone bridge causes a large loss of power relative to the total power
consumption, especially for a low supply voltage of the bridge, which means a low wind speed as
introduced earlier. Thus, the transistor should be replaced by another type of modulator with
high conversion efficiency for a high current in a new control circuit.

2.2 Low-power-consumption CTD control circuit for thermal wind sensor

We present the possibility of a low-power-consumption CTD control circuit for a MEMS
thermal wind sensor to reduce power dissipation in the transistor and the total power
consumption of the control circuit. In this new control circuit, the traditional transistor is
replaced with an SMPS with an MP2359 switch-mode DC/DC converter, which has high
conversion efficiency.

The output voltage of the DC/DC converter is determined by the relationship between its
output voltage and the feedback voltage in a stable loop system. This relationship can be adjusted
via the output of the operational amplifier from the traditional control circuit. In this way, the
traditional transistor can be replaced by a DC/DC converter with high conversion efficiency for
modulation with the capability of delivering a high current, which can reduce the power
consumption of the whole control circuit.
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Fig. 3. (Color online) Power consumption versus bridge supply voltage in traditional control circuit.
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The novel low-power-consumption control circuit of the CTD mode with a DC/DC converter
is shown in Fig. 4. The input voltage of the converter is the same as the supply voltage of the
whole control circuit, and the output voltage of the converter is used as the supply voltage of the
Wheatstone bridge. The output of the operational amplifier, which represents the wind speed, is
connected to a diode to prevent a reverse current. A compensation capacitor is connected
between the input and output of the operational amplifier for phase compensation of the whole
feedback loop to eliminate oscillation. Then the external resistance divider circuit of the
converter, which is most frequently used in the feedback loop of a DC/DC converter, is joined by
a feedback resistor connected to the diode. As a result, the original fixed relationship between
the output voltage and the feedback voltage is changed to a new relationship.

As shown in the new control circuit in Fig. 4, the node between three resistors is connected to
the FB pin, and therefore, this node can be analyzed using Kirchhoff’s law as follows:

Uu,-U
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Fig. 4. New low-power-consumption CTD control circuit with a DC/DC converter.
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where Upgr is fixed at 0.81 V and Ucrp is the output voltage of the amplifier with the diode.
Therefore, a new feedback close loop is constructed, and the wind speed can be measured from
the bridge supply voltage.

Because the power consumption of other components is very low in comparison with the DC/
DC converter and the bridge, the calculation formula for the power consumption of DC/DC
converter Ppc/pc can be given by

Pocipe =5 Lot =Up 1y ®)

where /,,,,, 1s the total current of the control circuit and 7, is the supply current of the bridge.

It is noteworthy that there is a negative correlation between the supply voltage of the
Wheatstone bridge and the output voltage of the operational amplifier in this circuit rather than
the positive correlation in the traditional control circuit. Therefore, another important difference
in this new circuit is the exchange of the connection between the bridge and the inputs of the
operational amplifier. In addition, the approach to set the initial supply voltage of the bridge and
the overtemperature of the heater in the new circuit follows the same principle in the traditional
circuit by adjusting the Wheatstone bridge.

3. Results and Discussion
3.1 Simulations

To examine the circuit operation, the loop stability, and the performance in reducing the
power consumption of low-power-consumption control circuit, we performed simulations of the
new control circuit using the simulation of piecewise linear systems (SIMPLIS) software.

A model of the heater was developed in SIMPLIS, and a simplified model of the DC/DC
converter was supported by its R&D company. All other parameters of the electronic components
in the Wheatstone bridge and operational amplifier were set to be the same as in the traditional
control circuit.

To evaluate the stability of the whole feedback loop, the loop should be evaluated by small-
signal analysis with a frequency response analyzer in the simulation. In the evaluation of loop
response for the SMPS, a small signal resistor was set at the output of the DC/DC converter and
a small AC signal was injected into this resistor. Then, the frequency response analyzer was set
in the circuit to acquire the response to the input signal, in order to obtain the relationship
between the gain and phase of the SMPS loop versus the frequency. There are two feedback
loops in the control circuit: the loop of the converter with the external resistance divider and the
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loop of CTD control with the Wheatstone bridge and operational amplifier. These two loops
compose one whole loop for the new SMPS with the capability of measuring the wind speed;
thus, the stability of the whole loop can be analyzed using the stability criterion of the SMPS.(?3)

In the actual simulation performed to evaluate the loop stability, an external small
perturbation signal was injected into the SMPS loop connected to an inserted resistor, and the
Bode plot shown in Fig. 5 was obtained by the frequency response analyzer.

As shown in Fig. 5, the phase margin is around 53.3°, which is over 45°, the gain margin is
around 22.2 dB, which is over 12 dB, and the crossover frequency is 124.3 kHz, which is
between 1/20 and 1/6 of the switching frequency of 1.4 MHz.>3 Therefore, the whole SMPS
loop is sufficiently stable according to the stability criterion of the SMPS.

To evaluate the performance of the low-power-consumption control circuit in reducing power
consumption, we performed a simulation to monitor the power consumption of the control
circuit and DC/DC converter, the results of which are shown in Fig. 6. The bridge supply voltage
of the control circuit was set as correspondingly the same value as in Fig. 3.

3.2 Experiments

Figure 7(a) shows a microphotograph of the MEMS wind sensor chip, and it was packaged as
shown in Fig. 7(b). The packaged wind sensor chip and the whole processing circuit implemented
on a printed circuit board were installed in a protective shell as shown in Fig. 7(c). Then the shell
was installed in a laminar flow wind tunnel to perform measurement as shown in Fig. 7(d). The
wind tunnel can provide wind speeds of up to 33 m/s. During the experiments, two types of
processing circuit, the traditional control circuit and the low-power-consumption control circuit,
operated sensors for measurements. Then the same initial bridge supply voltage was set for these
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Fig. 5. (Color online) Bode plot obtained from small-signal analysis with frequency response analyzer.
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Fig. 6. (Color online) Simulated power consumption versus bridge supply voltage in low-power-consumption
control circuit.

Fig. 7. (Color online) (a) Microphotograph of MEMS thermal wind sensor chip. (b) Packaged wind sensor chip. (c)
MEMS thermal wind sensor with control circuit. (d) Wind tunnel in experiment.

two types of control circuit by adjusting the Wheatstone bridge as introduced in the traditional
control circuit when there was no wind, then measurements were performed in the wind tunnel
with the same wind speed. During the experiments performed in the wind tunnel, the bridge
supply voltages were processed and calculated using the processing circuit to obtain wind speed
information. In addition, the power consumption of these two types of control circuit was
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detected and calculated from the measuring current and voltage in different parts of the control
circuit.

The total power consumption of the control circuit and the power dissipation of the transistor
with the occupation percentage are shown for the wind sensor operated by the traditional control
circuit in Fig. 8(a). The transistor in the traditional control circuit has much power loss relative to
the total power consumption, especially at a low wind speed.

The total power consumption of the control circuit and the power consumption of the DC/DC
converter with the occupation percentage for the wind sensor operated by the new control circuit
are shown in Fig. 8(b). The distinct contrast between the two results and the percentage reduction
of the total power consumption for the new control circuit are shown in Fig. 8(c). The result
shows the capability of the new control circuit to reduce the total power consumption of the
control circuit by 20 to 40% at wind speeds from 0 to 30 m/s. The percentage reduction of the
power consumption is high at low wind speeds and gradually decreases with increasing wind
speed.
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Fig. 8.  (Color online) Experimental results for power consumption of control circuit for thermal wind sensor in
wind tunnel. (a) Power consumption versus wind speed in traditional control circuit. (b) Power consumption versus
wind speed in low-power-consumption control circuit. (¢) Comparison of power consumption of low-power-
consumption control circuit and traditional control circuit.
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4. Conclusions

In this paper, we presented a novel low-power-consumption control circuit of the CTD
mode for MEMS thermal wind sensors in which the transistor with low conversion
efficiency is replaced by a DC/DC converter with high conversion efficiency. Simulation
results showed the stability of the new feedback closed-loop circuit and the performance
of the new control circuit in reducing power consumption. Experimental results showed
the capability of the new control circuit in markedly reducing the power consumption by
replacing the traditional transistor. This proposed research could be helpful for studies on
low-power-consumption MEMS thermal wind sensors.
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