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ABSTRACT This paper reports a voltage regulation method with power management to enhance the

reliability and stability of the self-powered flow rate sensor. Triboelectric energy harvesters are used both

as the sensing signals and the power supply. One channel of the raw voltage from wind flow is regulated to

a stable signal by the integral circuit, while the other channel is used for energy harvesting to provide the

power for the whole circuit. Power management chip with ultra-low power consumption has been utilized

with micro controller unit and antenna for wireless transmission. A low deviation of less than 2.5% has been

achieved for the flow sensing signal and the temperature has also been monitored simultaneously, which

shows promising application for the central air-conditioning system in smart buildings.

INDEX TERMS Flow sensor, energy harvester, voltage regulation, wireless sensor networks (WSN).

I. INTRODUCTION

Wireless sensor networks (WSN) have attracted more and

more attentions for wide applications in the fields of indus-

try, healthcare, and environmental monitoring, etc. Recently,

another concept of ‘‘Internet of Things (IoT)’’ has also been

developed, which typically consists of WSN, cameras, smart-

phones, and RFIDs, to collect data and track information for

smart city [1], smart home [2], intelligent buildings [3], and

industrial Internet of Things (IIoT) [4], [5]. However, the ser-

vice life of WSN and IoT are limited by traditional batteries

with finite capacity. Hence, they need other technology to

solve this problem and prolong the life of themselves.

Energy harvesting (EH) technology has been developed

in the past decade, as it can extract energy from ambient

The associate editor coordinating the review of this manuscript and
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environment to replace the batteries [6], [7]. Vibration based

energy harvesters can be typically achieved by four princi-

ples, piezoelectricity [8]–[13], electromagnet [14]–[16], elec-

trostatic [17]–[20] and triboelectricity methods. Piezoelectric

EH utilizes the deformation of piezoelectric film to generate

power. Faraday’s law of electromagnetic induction is the

basic principle of electromagnet EH. Electrostatic EH output

alternate voltage by changing the overlapping area or gap

distance of capacitors with electret material, which can store

the charge for a long period of time.

Recently, increasing research efforts have been made in

water flow and wind flow EH field, because wind and tidal

energy are important clean energy resources in the envi-

ronment. For instance, Shan et al. [21] presented a double

piezoelectric energy harvesters (DPEH) system to scavenge

energy underwater. Wind flow [22], [23] energy has also been

harvested using either electret materials [24] or triboelectric
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FIGURE 1. Wireless flow sensor node self-powered by energy harvester with application for air conditioning system in
smart building.

nanogenerators (TENG) [25]–[28], to provide sustainable

power supply for wireless sensors.

However, in the process of large-scale application of

energy harvesting devices, the problem of energy and task

assignment plagued the system. It is better for theWSN center

to know the environment energy intensity of each node in

order to assign more tasks to nodes with high environmental

energy intensity, vice versa. Taking TENG device as an exam-

ple, for TENG whose working environment is designed in

central air conditioning pipeline, the collection of wind speed

intensity is of great significance to the whole WSN system.

A typical flow rate for the air pollution control system is less

than 15m· s−1 while this value for the central air-conditioning

system could be up to 17.5 m· s−1 [29].

Conventional air flow sensors utilized the thermosensitive

effect [30] or thermoelectric effect [31], where the mea-

surement accuracy would be influenced by the variation of

temperature. Furthermore, most of these sensors are powered

by conventional batteries. The regularmaintenance is difficult

for the nodes in the air duct and blast pipe, which limits the

scale of WSN.

On the other hand, self-powered sensors have been devel-

oped recently based on TENG for pressure sensing [32] and

wind flow rate sensing [33], [34], where the generated voltage

or current is dependent on the air flow. As illustrated in Fig.1,

a wireless flow sensor node self-powered by energy harvester

can be mounted in the pipeline, which could monitor the

temperature and flow rate of the central air conditioning sys-

tem. The output voltage of the TENG, however, is generally

irregular in large fluctuation range. Therefore, it is necessary

to improve the measurement accuracy and reliability of the

flow sensor for practical applications.

In this paper, we have developed a voltage regulation

method to achieve stable sensing signal with low fluctu-

ation for a wireless flow sensor node. We have demon-

strated that the self-powered sensor nodes could regularly

send out reliable flow rate wireless signal with deviation

lower than 2.5%, which is independent on the variation of

temperature.

Compared with the previous article with the idea of using

TENG as flow rate sensor [33], [34], this method can achieve

much higher signal acquisition accuracy. To the best of our

knowledge, the voltage regulation method has never been

applied for self-powered sensing field yet. More importantly,

voltage regulation method is potential to be applied to other

types of energy harvester devices, where the output is typi-

cally related to the density and variation of the energy source.

This paper is organized as below: section II describes

the system and device description, the principle of TENG

device and voltage regulation method; section III gives the

experimental setup in details; In section IV, we have shown

the experimental results with discussion; And finally, a brief

conclusion is given in section V.

II. SYSTEM AND DEVICE DESIGN

As shown in Fig. 2, the self-powered wireless flow sensing

node consists of energy harvesters (TENG), integral cir-

cuit for voltage regulation, power management, flow rate

detection, micro controller unit (MCU), wireless signal trans-

mission components, etc. Fig. 2(a) shows the two chan-

nels for energy and sensing signal outputs from the TENG.

Fig. 2(b) includes the power management circuit, energy

storage capacitor and flow rate detection circuit. When the

capacitor has stored sufficient energy to drive the MCU,

the control unit will generate a trigger signal to transmit

the sensing information to the gateway through the antenna.

A detailed flow chart of the system is shown in Fig. 3 and

described below.

A. SELF-POWERED WIRELESS FLOW RATE SENSING NODE

As shown in Fig.2 (a), we have used a TENG device both for

energy harvesting and flow rate sensing. The TENG device

consists of a flexible PTFE film, which contacts periodically

with top and bottom metal electrodes when driven by the
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FIGURE 2. System diagram of self-powered wireless sensor node for both temperature and air flow detection.
(a) Power source from triboelectric nanogenerator (TENG); (b) Signal transmitter part including components of
power management, flow sensing with voltage regulation, and MCU with an ADC and a wireless transmitter.

FIGURE 3. Flow chart of self-powered wireless temperature and flow rate
sensor node.

air flow. Through a few rectifiers (DB107), the output power

of the TENG is accumulated in a storage capacitor of 147 µF

in a power management circuit. Meanwhile, one channel of

the TENG output can simultaneously charge another capaci-

tor of 4.7 µF for flow sensing shown in Fig.2 (b).

Flow chart of self-powered wireless temperature and flow

rate sensor node has been presented in Fig.3. When the

storage capacitor is charged to a threshold voltage, the power

management circuit will allocate certain amount of energy

to a micro controller unit (MCU). The MCU drives ADC

module to read the temperature and flow rate voltage, then

convert them to applicable digital data. Both voltage signals

of the flow rate sensing and the temperature sensing (from

an embedded sensor in MCU) are transferred through an

Analog-to-Digital Converter (ADC). Afterwards, the data is

verified, and correct data will be compressed and sent to the

receiver through the RF module. After completing this series

of operations, the WSN re-entered the charging phase and

repeat the cycle mentioned above.

In this work, a temperature sensor integrated in the MCU

chip was used to demonstrate that the circuit and TENG can

provide efficient power supply to drive two or more sensors

at the same time.

B. TENG DEVICE

Triboelectric nanogenerator is the core component of this

wireless sensor node for power supply and flow sensing.

Recently, there is an increasing research interest in TENGdue

to its simple flapping foil structure, and low manufacturing

cost [35]. More importantly, the high efficiency of the TENG

at low frequency is attractive for small-scale application,

comparing with other air-flow energy harvesting devices such

as traditional wind mills or wind turbines.

Triboelectricity could be generated when two different

materials are forced to contact with each other. Based on this

principle, triboelectric nanogenerator have been developed to

transform mechanical energy into electric power for energy

harvesting [22]–[25]. As shown in Figs. S1 and S2, a soft

film of PTFE driven by wind periodically contacts a metal

layer and changes the surface potential of both materials.

The overall size of the TENG we used in this experiment is

67 mm × 22 mm × 10 mm. Detailed information about the

TENG can be found in our previous work [25].

Fig. S1 presents the image of a TENG device with double

contact-pairs of electret and electrode. Therefore, there are

two output channels in Fig.2. Output 1 with higher output
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FIGURE 4. The core circuit model at (a) stable stage, and (b) signal
reading stage.

power was used as energy harvesting; meanwhile, the other

output 2 works as the signal for flow sensing. The TENG

device is mounted on a slider rail with an air blower at one

end. Prior to the test, we have characterized the system at

various wind speeds by changing the position of the device

on the rail.

C. VOLTAGE REGULATION METHOD

Unlike the traditional TENG sensors where the raw voltage

signal was directly used [32], we have developed a new

flow rate sensing circuit with a voltage regulation method.

As shown in Fig.2(b), dynamic balance could be achieved

between the energy harvested from the TENG and the energy

dissipation from the sensing circuit. After a short warm-up

process, a saturation voltage Vsat with low deviation could be

detected, which exhibits a reliable relationship with the air

flow rate.

The voltage regulation circuit is shown in Fig.4(a), which

could be described by a system function:

H (s) =
1

1 +
R1
R2

+ sCR1
(1)

where C is the capacitance of the flow sensing capacitor,

R1 and R2 are the effective resistance of TENG device and

flow sensor circuit, respectively. The system function in time

domain can be derived from equation (1) as:

f (t) =
1

R1C
e−t(R1+R2)/(CR1R2) (2)

After the Vi signal was input to this system, the output

voltage value Vfs would eventually saturate to a certain level.

When the ADC starts sampling, the equivalent resistance R2

changed to R3, and the circuit at this time can be represented

by Fig.4 (b).

Based on the simplified model shown in Fig.4 (a), the raw

open voltage data in Fig.5 (a) is applied to the simulation

circuit model and theoretical model, then the flow sensing

voltage could either be simulated from an LT-Spice soft-

ware or be calculated from the theoretical analysis based on

FIGURE 5. (a) raw input voltage and (b)simulation result.

Equation (3), which is the convolution of input raw open

voltage and system function in time domain.

Vfs(t) = Vi(t) ⊗
1

R1C
e−t(R1+R2)/(CR1R2) (3)

The simulation results based on equation 3 are shown

in Fig.5(b). After several seconds, it reaches a stable state,

Vfs can be read at this state, which is about 0.45 V.

Equation 3 derived from S-domain is suitable for simulation.

In addition, time domain model could also be made with

Equation (4), which properly represents the nature of the

integration circuit:

Vfs(t) = e
−

t
R2C ×

1

C
×

[∫ t

0

Vi(t)

R1
e

t
R2C dt + const

]

(4)

where C , R1 and R2 have been defined in the Equation (1).

Vi(t) is the raw voltage generated from TENG, and const

defines the initial condition.

It should be noted that the time for stabilization process is

dependent on the time constant, which can be tuned by theC1

and R2 for rapid response.

III. EXPERIMENTAL SETUP

Fig.6 illustrates the sensor node with components for the

wireless transmitter part and the receiver part. All the

transmitter components including the power management,

the flow sensing, and the MCU are powered by TENG. The

receiver MCU is connected with a raspberry Pi to decode and

upload the sensing signals.

The TENG device was mounted on a slider that is posi-

tioned a certain distance from the blower, it supplies power to

the energy management circuit driven by the wind. the power

management module waits for charging until the voltage

across the storage capacitor reaches the threshold voltage

of 4.03 V.When the threshold voltage is achieved, the storage
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FIGURE 6. Wireless sensor node with power management circuit, storage
capacitor, flow rate sensing circuit and transmitter MCU are shown on the
right, server (raspberry pi) plus a receiver are shown on the left.

capacitor will release energy to the MCU and the temperature

sensor (flow rate sensor was charged by one channel of TENG

device). Within 35ms of the MCU’s operation, MCU drives

theADCmodule to read the temperature and flow rate voltage

and send them to server.

To reduce the power consumption of the system, we have

used a power management chip with ultra-low power

consumption LTC-3588 (Extremely low quiescent cur-

rent, 450nA typical). Fig. S3 shows the circuits of the

power management component and the MCU. We have

also used an integrated temperature sensor (embedded in

CC430F5137), whose detailed information on can be found

in the datasheet [36]. An antenna with the lowest transmission

power of −30 dBm has also been used in the system.

IV. WIRELESS SENSING PERFORMANCE

Fig.7 presents the voltage of the flow sensing capacitor (Vfs)

and the energy storage capacitor during the measurement

(Ves). When the wild voltage from TENG is applied to the

voltage regulation circuit, Vfs will saturate at a stable voltage

with fluctuation of less than 1%. During that, a warm-up

process of 10 s is necessary, which provides a reliable signal

for flow rate sensing. From Fig.7 (a), the measured voltage of

flow sensing agrees well with the simulation and the theoreti-

cal calculation. It should be noted that the effective resistance

of the circuit could change due to ADC process and wireless

signal transmission. Therefore, a transient turbulence of Vfs

can be observed during the test, as shown in Fig.7 (b). At a

flow rate of 6.2 m· s−1, it takes about 135 s to charge the

storage capacitor from 3.12 V to 4.03 V, which is set as the

threshold voltage for wireless signal transmission. Therefore,

the overall storage energy is calculated as 472.5 µJ for each

cycle of 135 s, and the average storage power is about 3.5µW

at the flow rate of 6.2 m· s−1. It should be noted that, this

charging time can be easily tuned by the storage capacitance

and the threshold voltage, which means the duty cycles can

be improved as well.

The relationship between the flow rate of wind and the

flow sensing voltage is shown in Fig.8. As described in [10],

FIGURE 7. (a) Voltage of flow rate sensing capacitor from experiment,
comparing with the LT-Spice simulation and theoretical calculation;
(b) Voltages of the energy storage capacitor (top curve) and flow sensing
capacitor (bottom curve) during the test.

FIGURE 8. The saturated voltage of flow sensing Vsat (top curve) and the
standard deviation of Vsat (bottom curve).

an air blower is used to generate the wind with flow rate

ranging from 6.2 m· s−1 to 19.9 m· s−1, and a commercial

anemometer is used to monitor the flow rate during the mea-

surement.When the flow rate increases from 6.2m· s−1 to 9.8

m· s−1, Vsat increases remarkably from 0.49 V to 0.83 V, and

an approximately linear relationship has been obtained with

slope 0.099V· s· m−1. For flow rate higher than 9.8 m· s−1,

Vsat keeps increasing according to the increased air flow up

to 19.9 m· s−1 with a gentler slope 0.012 V· s· m−1, which is

mainly due to the output saturation of TENG.
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FIGURE 9. The stable sensing voltage of 6 measurements performed at
each flow rate. The time span between two adjacent points is about 150s.

More importantly, we have testedmore than 6 times at each

flow rate to interrogate the reliability of flow rate sensing

measurement. Fig.9 shows the detailed measurements when

the air flow rate increases from 6.2 m· s−1 to 15.8 m· s−1

step by step. The sensor can clearly tell the difference of the

flow rate and provides stable and repeatable sensing voltage

for the 6 measured points at each step. Compared with the

large deviation from the raw voltage signals, the reliability

of our flow rate sensor has been greatly enhanced by the

voltage regulation method. For instance, the variation of the

flow sensing signal in [33] demonstrates a deviation higher

than 10% for the sensing current. In another report [34],

the deviations of the measured output voltage and current

were higher than 50% for the flow rate ranging from 6 m· s−1

to 14 m· s−1. In this work, the maximum standard deviation

of Vsat is only 2.5% at the full measurement range.

Together with a temperature sensor embedded in theMCU,

the flow rate sensor has been used for a self-powered wireless

sensor node to monitor environment temperature and air flow

simultaneously. The measurement setup is shown in Fig. S4,

and a supplementary video is also recorded during the test.

A 2.6-hours experiment was used to demonstrate the reliabil-

ity and practicability. The detailed results of temperature and

air flow sensing are shown in Fig.10. During the 2.6 hours

test, the self-powered sensor node can send wireless signals

every 140 s with the information of both temperature and air

flow rate in Fig. 10(a). The sensor node has also detected the

temperature change when it is moved from a warm spot to a

cool place while the measured flow rate is kept consistent,

which proves that the flow sensing is independent on the

temperature variation. We developed a website to display the

temperature and flow rate data, users can get the data by using

a mobile phone conveniently in Fig.10 (b).

In order to illustrate that the energy of theWSN is sufficient

to drive two or more different types of sensors, we calculate

the power consumption of the device. The voltage regula-

tion approach only requires a few milliseconds for setup,

including data sampling and transmitting. As demonstrated

in Fig.7 (b), once the energy stored in the capacitor reaches

FIGURE 10. (a) A wireless sensing test for both the temperature and air
flow rate in environment monitoring for 2.6 hours. The self-powered
sensor node can acquire the sensing signals once per 140 seconds at an
air flow of 14.7 m· s−1; (b) application in mobile phone.

the threshold then start to discharge, it only takes about 35 ms

to read and send one set of temperature and flow rate data.

In this method, the energy management chip will supply

power to theMCUwhen the voltage across the storage capac-

itor reaches 4.03 V. The MSP430 reads the data of the chip’s

internal temperature sensor and the voltage across flow rate

detect capacitor by ADC channel 2. After the modulation,

the signal is transmitted through the antenna.

The power consumption of MCU in V-max method can be

calculated by Equation 4 with the experimental data:

P =
E

t
=

1
2

× C × V 2
init −

1
2

× C × V 2
final

t
= 13.66mW

(5)

The operating power of this wireless sensor node is

13.66 mW, and the power consumption is mainly allocated to

the ADC sampling and wireless transmission parts. It should
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be noted that the power consumption of antenna is 10 dBm

to transmit the signal to a remote gateway (>0.7 km) in a

complex work environment. Temperature and flow rate data

are compressed into 2 bytes, which causes the fluctuations

in the data we saw on the web page to be more pronounced

in Fig. 10(a). In fact, by increasing the capacitance of the

energy storage capacitor, the node will be able to transfer

more data or carry more different types of sensors, although

it will increase the charging time.

V. CONCLUSION

In this paper, we have proposed a voltage regulation method

with integral circuit and power management for self-powered

wireless flow rate sensing. A regulated voltage signal has

been used for the flow sensing instead of the raw voltage

fromTENG. Themeasured regulated voltage shows excellent

agreement with the simulation model and the theoretical cal-

culation.With the voltage regulationmethod, the reliability of

the flow sensor node has been greatly enhanced. Compared to

the previous work using the energy harvester to drive wireless

sensor nodes, the design of the energy harvesting device as

a sensor sensitive to the energy source will greatly improve

the robustness and efficiency of the entire wireless sensor

network. The voltage regulation method might be applied to

other devices or self-powered systems with unstable signals.

We will try to explore the application and study the compati-

bility and scalability in the future.
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