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Abstract: To effectively manage and save energy and natural resources, the measurement 

and monitoring of gas/fluid flows play extremely important roles. The objective of this study 

was to incorporate an efficient power generation and a power management system for a 

commercial water flow meter thus eliminating the usage of batteries. Three major technologies 

have made this possible: a low power consumption metering unit, a cog-resistance-free 

generator with high efficiency; and an effective methodology to extract/store energy. In this 

system, a new attempt and simple approach was developed to successfully extract a portion 

of the kinetic energy from the fluid/air, store it in a capacitor and used it efficiently. The 

resistance to the flow was negligible because of the very low power consumption as well as 

the application of the coreless generator technology. Feasibility was demonstrated through 

repeated experiments: for air flowing in an 11 mm diameter pipe, 18 s of energy harvesting 

at 10 revolution-per-second (RPS) turbine speeds generated enough power for the flowmeter 

to operate for 720 s with a flowrate of 20 RPS, without battery or any external power.  

The pipeline monitoring in remote areas such as deep sea oil drilling; geothermal power 

plants and even nuclear power plants could benefit greatly from this self-power metering  

system design. 

Keywords: flowmeter; leakage control; flow monitoring; self-powered flowmeter; 

autonomous flowmeter; smart metering system 
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1. Introduction 

To effectively manage and save energy and natural resources, the measurement and monitoring of 

gas/fluid flow play extremely important roles. For example, the U.S. domestic market for smart gas 

meters is expected to increase worldwide contradictory from 22 million in 2012 to 33 million in 2020, 

at an annual growth rate (CAGR) of 5.5% [1]. The demand for smart water meters is also continuously 

increasing. Such demand is generating a great impact on the smart metering system supply. The usage 

of turbine flow meters for industry and domestic purposes has reached 46.6% [2]. 

For gas flowmeters, pressure and temperature need to be measured to obtain an accurate reading. 

The energy used by the temperature and pressure sensor need to be taken in consideration before 

designing an appropriate generator. In the case of water flowmeters temperature and pressure do not 

affect the volumetric water measurement significantly, so a Woltman design with a few modifications 

would suit the proposed system [3]. 

Water metering is a fundamental practice offering improved public health protection, reduced 

pressure on water natural resources, and increased quality of distribution and therefore public perception  

of water suppliers [4]. Knowing how much water its being lost or distributed properly enables water 

suppliers to manage the water distribution network (WDN) efficiently and effectively. Therefore, many 

new water distribution algorithms are being developed and improved including NSGA-II [5] and the 

differential evolution [6] to optimize the WDN. However, manual meter reading is still a common 

practice to collect data in many WDN. With the increases of technological instrumentation, the use  

of energy increases as well. For water meters in an AMR network, the flow rate information is to be 

sent to a central station, in most cases wirelessly based on ZigBee communication technology [7]. 

The importance of having a smart metering system was clearly identified by Stewart: “Reducing the 

amount of water lost through leaks has further implication for both energy consumption and treatment 

costs” [8], referring to the use of smart meters to reduce water losses. Currently, very little has been 

done to create autonomous smart flow meters [9] that can provide such vital information. 

Smart metering for gas and water systems depends mainly on the real time data the system could 

provide. This represents a real challenge since usually there is little or no easy access to the underground 

pipeline network [10]. The flow meters, sensors and transceivers are not autonomous either, meaning 

they depend on external power supplies to operate. 

This paper demonstrates that a commercial digital flowmeter, capable of detecting leakages and 

backward flow can operate even at a very low flow rate without a battery or any external power. 

Moreover, design considerations for gas and water flowmeters as well as further improvements of 

wireless data transmission are also discussed. 

2. Design and Construction of a Smart Flow Meter 

For a new generation of Digital Battery Free Smart Flowmeters, there are three major technologies 

that made it possible: an ultra-low-power-metering-system; a cog-resistance-free generator with high 

efficiency; and an effective methodology to extract/store its energy.  
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2.1. Ultra Low Power Metering System 

In this study the Micro-Controller-Unit (MCU) (S1C17M01) in combination with an  

Anisotropic-Magnet-Resistance (AMR) sensor (KG1201-51) was utilized, because of its very high 

power efficiency. The S1C17M01 is a 16-bits MCU that features high-speed, low-power operations, 

compact dimensions, wide address space, main command single-clock execution, and gate-saving 

design [11]. The special measuring functions provided by the system are: integrated and instantaneous 

flow according to impeller count, overflow detection, reverse flow detection, water leak detection,  

non-use detection, low battery voltage detection and pulse output for telemetering devices. Moreover, 

the testing board also includes an Anisotropic-Magnet-Resistance (AMR) sensor to detect the 

rotational speed of the impeller. The AMR sensor is a double full-bridge type, double phase output 

with a difference of 90 degrees. The sensor is connected directly to the comparators of the 

microcontrollers so that to reduce power losses, as shown on Figures 1 and 2. The real energy 

consumption data is presented in the Results and Discussion section of this paper. 

Figure 1. Ultralow power metering system designed by EPSON
®

 Corporation. 

 

Figure 2. Block diagram for the metering system. 

 Key, telemeter, card, etc.
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2.2. Cog-Resistance-Free and High Efficiency Generator 

The power consumed by the whole system was provided entirely by a high efficient and  

cogging-resistance-free generator to eliminate the need for an external power source. An  

Axial-Flux-Permanent-Magnet Generator (AFPM) is characterized by a short axial length and a high 

number of poles to increase the induced power [12,13]. The AFPM had also been regarded as a  

high-efficiency machine for distributed power generation systems [14–16]. 

In this study, a single-sided, 6-slot 8-pole, coreless axial-flux permanent magnet (AFPM) generator 

with a rating of 1.0 W shaft power at 1200 RPM was developed for the proposed device. The structure 

of the AFPM generator is shown in Figure 3. The coreless AFPM generator is composed of a steel 

rotor disc and a non-magnetic non-conducting stator disc. The rotor carried eight NdFeB permanent 

magnets arranged circumferentially around the rotor in a N-S-N-S arrangement, while the stator is 

made from PEEK engineering plastic carrying coils to eliminate the cogging torque and reduce the iron 

loss. Then, the pneumatic turbine (impeller) is integrated with the rotor disc of the AFPM generator. 

The special designed generator is cost effective, reliable and simple to manufacture. 

Figure 3. Structure of the coreless AFPM generator. 

 

In a coreless AFPM generator, the permanent magnet (PM) can replace the field winding, so the 

copper losses are eliminated. Furthermore, the stator is made from a non-magnetic non-conducting 

material with lightweight structure, such as PEEK engineering plastics. Therefore the iron losses are 

eliminated and the cog-resistance is reduced to the minimum. With this design, coreless AFPM 

generators have the advantages of simpler construction, lower weight and size for the same performance, 

reduced losses, and higher efficiency [17]. 

The AFPM generator or power generation unit schematic is shown in Figure 4. From the picture, it 

is clear that the power is delivered from three phases. The prototype of the final design is shown in 

Figure 5 and major parameters of this AFPM generator design are listed in Table 1. 
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Figure 4. Axial-Flux-Permanent-Magnet (AFPM) Generator Schematic. 

 

Figure 5. Prototype of the Rotor and the stator. 

 

Table 1. Geometric parameters of axial-flux-permanent-magnet generator. 

Phase 3(Y) Air-Gap (mm) 0.5 

Pole 8 Stator diam. 50 

Slot 6 Rotor diam. 46 

Rotor Yoke S45C Coil (turns) 900 

Stator PEEK Speed (RPM) 300–1500 

Magnet NEOMAX-35   

The above mentioned turbine was used to convert the kinetic energy of the flow to electric energy. 

The kinetic energy depends on the mass of flow M (kg) and the velocity   expressed as [18]:  
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In order to convert the kinetic energy in mechanical power at a specific time interval, the following 

expression was used: 
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The mechanical power from a pneumatic turbine can be expressed as: 

3

2

1
AvCPCP pafpm    (5) 

where η presents the mechanical efficiency; Cp stands for the coefficient of performance of the turbine 

including the generator. This Cp variable is required since not all the kinetic power of the flow can be 

converted into electric power. The Cp value represents a 20% to 50% of the total mechanical power.  

2.3. Energy Harvesting Technique 

The feasibility for energy harvesting depends mainly on four factors: the typical power consumption  

of the device; the usage pattern; the device size; and the motion to which the device is subjected [18]. 

Energy harvesters produces power from the local environment, eliminating batteries in wireless 

sensors [19]. All the characteristics of a flow meter and its working environment are favorable for 

energy harvesting. In the case of this study the kinetic energy of the flow was converted in electric 

power. Once the mechanical energy was converted into electrical energy the next step was to manage 

that energy in an efficient way. Three approaches were studied: 

The first approach was using an energy harvesting IC (integrated circuit). The LTC3588 which 

integrates a low-loss full-wave bridge rectifier with a high efficiency buck converter to form a 

complete energy harvesting solution was used for this purpose [20]. 

The modus of operation of the LTC3588 is as follows (refer to Figure 6): PZ1 and PZ2 receive  

an AC signal, this signal then is rectified by a low loss internal bridge rectifier with a synchronous 

step-down DC/DC converter. The IC has an undervoltage lockout mode with a wide hysteresis window 

that draws less than a μA of quiescent current. This UVLO mode allows charges to build up in an  

input capacitor connected on Vin until charges can effectively be transferred to the output. The buck 

regulator uses a hysteresis voltage algorithm to control the output via internal feedback from the Vout 

sense pin. It charges the output capacitor through an inductor to a value slightly higher than the 

regulation point by ramping the inductor current up to 250 mA through an internal PMOS switch and 

then ramping it down to zero current through an internal NMOS switch. This effectively delivers 

energy to the output capacitor [21]. 

The circuit used for testing in this study is shown in Figure 6. The values of the different components 

from left to right are as follows: C1 is 10 mF 25V, C2 is 1 µF, C3 is 4.7 µF, C4 is 4.7 µF, PS1 is AC 

source of the generator, and L1 is 10 µH. D0 and D1 are connected to Vin2 so that the output voltage, 

on Vout pin, was regulated to 3.6 V. Figure 6 shows a single phase arrangement for simplicity. However,  

in the experiment multiple as well as single phases were tested. 

The IC was ideal for handling low speed (<15 RPS)—low power (<3.6 mW) but failed to function 

properly until it burned out with higher speed—higher power. In order to protect the IC from high 

power the datasheet recommends the installation of two resistors between A and PZ1 as well as B and 

PZ2 (Figure 7). However, the two resistors create excessive load to the generator. The drawback of the 

IC and its circuitry was the high load produced which increased the torque in the generator making the 

meter less ideal for low speed and low density applications. 
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Figure 6. Energy harvesting IC circuit schematic. 

 

The second approach tested was using an existing circuit [17]. Figure 7 shows the circuit tested. 

The circuit consists of six diodes that function as a full bridge rectifier converting the power from AC 

to DC and a 1 µF capacitor. 

Figure 7. AFPM Generator schematic. 

 

The drawback was that the force required to rotate the impellers was too high, which would make 

the system of little use, especially for low flow rates. Obviously the losses came mainly from the six 

diodes that made the conversion as well as the load. 

The final approach succeeded: in order to efficiently store enough power and minimize resistance  

to the flow, a single diode with 10 mF capacitor was used to extract the energy from a single phase, 

leaving the other two phases disconnected. 

This simple way to extract the energy and store it in a capacitor has two advantages:  

(1) Low torque, only two components and its expandability; 

(2) By using a super capacitor (1 F to 10 F), hours of continuous operation without recharging can 

be accomplished. 
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Figure 8 represents the schematic used in this last approach. 

Figure 8. Schematic of AC to DC conversion and energy storage for a single phase. 

 

The energy stored in the capacitor can be calculated with the following equation: 

  
 

 
    (6) 

where E is the energy stored in mJ; C is the capacitance of the capacitor in mF and V is the voltage of 

the power supplied. 

3. Finite Element Modeling/Simulation 

Before finalizing the design and going to the fabrication stage, 3D-Finite Element Method (FEM) 

electromagnetic simulation, was applied to predict the performance of the AFPM generator. The 3-D 

FEM model not only can validate the 3-D flux density distribution more accurately, but it can also 

analyze the analytical sizing equation and predict the machine performance. Figure 9 demonstrates a 

simulated 3-D air-gap flux density distribution of the proposed AFPM machine to predict the induced 

EMF of stator windings. Parametric study through FEM results was conducted to optimize the design. 

Figure 9. Air-gap flux density using 3-D FEM simulation. 
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From the FEM simulation, the Induced voltage profiles with load or without load are presented in 

Figures 10 and 11, for the final generator design. 

Figure 10. Induced voltage profile with no-load (600 rpm). 

 

Figure 11. Induced voltage profile with a heavy-load of 100 Ω/phase (600 rpm). 

 

4. Experimental Setup 

For a new generation of digital, battery-free and smart flow-meters, the design of a very compact, 

lightweight and reliable system has been accomplished. The exploded view of the mechanism which is 

composed of (from left to right): frame, IC circuit with sensor, casing, impeller, rotor with magnets, 

stator with coils, and the cap is shown in Figure 12. 

Figure 12. Design of the mechanism (left to right): frame, IC circuit and sensor, casing, 

blades, magnets, coils, and cap. 

 



Energies 2014, 7 3704 

 

For a liquid metering system, special design with seamless consideration could also be accomplished. 

The real prototype built to perform all the experiments is shown in Figure 13. 

Figure 13. Experimental setup. 

 

The experiment was conducted using a 11 mm internal diameter pipe at flow rates ranging from  

0.3 M
3
/h up to 1.2 M

3
/h. The flow rate was then converted to RPS. In order to simplify the experiments 

a stepper motor was used to simulate flowing air. The stepper motor allowed the speed of the impeller 

to be controller according to the RPS obtained to gather consistent data. 

5. Result and Discussion 

Experiments were conducted and the corresponding results are expressed as follows: 

5.1. The Power Consumption 

The total power consumption of the system was obtained by attaching a voltmeter and a current 

meter to it, as for the sensor, CPU, RTC, and the LCD the power consumption was obtained by 

disabling them. A stepper motor was used to maintain a constant rotational speed in the impellers. 

The power consumption of the entire system was 4.75 μA at 25 RPS and 2.0 μA when idle.  

During the experiment, it was noticed that the meter continued working normally until the voltage dropped 

below 1.6 V. Table 2 presents the power consumption of the main components in the system. 

Table 2. Power consumption per component. 

RPS Sensor CPU RTC LCD Total (µA) Volts (V) Total (μW) 

5 0.70 0.15 1.2 0.5 2.55 3.3 8.42 

10 1.10 0.30 1.2 0.5 3.10 3.3 10.23 

15 1.50 0.45 1.2 0.5 3.65 3.3 12.05 

20 1.90 0.60 1.2 0.5 4.20 3.3 13.86 

25 2.30 0.75 1.2 0.5 4.75 3.3 15.68 
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5.2. Power Generation for Single Phase 

Table 3 presents the voltage generated during the test with the load of 100 Ω for a single phase.  

The impeller was driven with air through the pipe at room temperature. 

Table 3. Power generation tests with a load of 100 Ω. 

RPS Voltage (V) RPM I (A) Total (mW) 

5 0.3 300 0.003 0.9 

10 0.5 600 0.005 2.5 

15 0.6 900 0.006 3.6 

20 1.2 1200 0.012 14.4 

25 1.4 1500 0.014 19.6 

The 100 Ω capacitor was used to simplify the power generation calculation. 

5.3. Power Consumption vs. Power Storage 

A coreless AFPM generator was used to power a flowmeter. As shown on Figure 6, at a turbine 

rotational speed of 5 RPS the system was able to store the energy required by the meter measuring at 

the same speed. As the speed of the flow increases the energy consumption slightly increases but the 

energy stored increases exponentially enabling the system to store the excess energy in the capacitor. 

Values for Figure 6 were calculated using Formula (6) and converted to μW along with the values 

obtained in the experiment from Table 4. 

Table 4. Calculated power stored in one capacitor of 10 mF. 

RPS Voltage (V) RPM C (mF) E (mJ) Total (µW) 

5 0.3 300 10 0.45 450 

10 0.5 600 10 1.25 1250 

15 0.6 900 10 1.80 1800 

20 1.2 1200 10 7.20 7200 

25 1.4 1500 10 9.80 9800 

The capacitor used in this experiment is made of dielectric material to enhance the capacitance but 

suffers from the so-called dielectric loss which can account for up to half of the power input. The diode 

used also suffers from reverse voltage and forward current losses but this was small in comparison to 

the energy input, so it can be neglected. A 50% power loss was assumed. For example, at 25 RPS it 

was calculated a power stored in the capacitor of 9800 µW but only 4900 µW were assumed as 

available, the data was summarized on Figure 14. 
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Figure 14. Power consumption and storage. 

 

5.4. Comparison of Electrical Charging and Power Consumption 

To verify the concept, an experiment were conducted and repeated several times, with same results: 

it took 18 s to charge the capacitor of 10 mF to 3.3 VDC at an average of 10 RPS turbine rotational 

speed. Once the capacitor reached 3.3 VDC the generator was stopped and the flowmeter worked 

properly for 720 s measuring at about 20 RPS turbine rotational speeds. 

6. Conclusions and Outlook 

A digital and battery-free smart pipe-flow-meter was developed in this study. Three major 

technologies made this possible: a cog-resistance-free generator with high efficiency; an effective 

methodology to extract its energy and a low power consumption metering system for a new generation 

of flowmeters. In the system, a tiny portion of the kinetic energy from the fluid/air flow was extracted, 

stored in a capacitor and used. The resistance to the flow was negligible because of the very low power 

consumption as well as the coreless generator technology. Feasibility was demonstrated through 

repeated experiments: for air flowing in an 11 mm diameter pipe, 18 s of energy harvesting at  

10 revolution-per-second (RPS) turbine speed, generated enough power for the flowmeter to operate 

for 720 s at 20 RPS, without battery or any other external power.  

Smart flowmeters are equipped with wireless transceivers to transmit their data to a centralized unit 

especially in cases like leakage or backflow. Current transceivers are being developed with low power 

consumption in mind. The new Bluetooth low energy ones can work for up to four years off a single 

coil cell battery [19]. Considering the excess of energy being produced even at low flow speed a 

Bluetooth low energy device can be powered for as long as there is gas or water flowing through  

the flowmeter. 
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