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Abstract

:

This paper presents a passive wireless measurement system based on wireless power transfer (WPT) technology. It does not require separate information and power transmission circuits. The data receiver only needs to send a short signal to the data collector through WPT, and then the information of the measured environment can be obtained by analyzing the feedback signal from the data collector. Three concepts are included in this system, namely (1) the constant oscillation period of oscillation attenuation waveforms; (2) the characteristics of inductive coupling WPT; and (3) the relationship between sensitive resistances and environmental parameters. It is very suitable for measuring the parameters in an internal or closed space. The data collector is small in size and simple in structure, and no power is needed. It has stable performance after implantation and can be used permanently. Results obtained from simulations and experiments are included. They verify the measurement process and measurement results meet the requirements of passive wireless measurement, and the measurement error is less than 1.5%.
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1. Introduction


In the era of rapid development of the Internet of Things (IoT), data acquisition systems have been widely applied in all walks of life [1,2,3], including biomedicine, engineering construction, and industrial manufacturing [4,5,6]. In the process of data acquisition, both information and power need to be transmitted through wires. Wires are the necessary medium for connecting the data receiver and collector. When the data acquisition system is installed, the reasonable arrangement of wires must be taken into consideration. Not only the flexibility of data acquisition systems is influenced by wires, but also the environmental beauty. In some special places, power being provided by wires is not applicable, such as confined environments. The key to relieve the restriction of wires is to realize the wireless transmission of data and power between receivers and collectors [7,8,9,10,11].



In order to achieve wireless data transmission, the common methods are 4G network, Bluetooth, RFID, and so on [3,12,13]. These ways can realize wireless information transmission in different areas, but they also bring other problems with them. The complexity of the system will increase. The data collector and receiver need to add wireless information transmitting and receiving circuits. The system needs more power for data transmission, especially the data collector. Moreover, the accuracy of information transmission is lower than that of wired transmission [3].



There are also some ways of removing the constraints of data acquisition systems requiring wires to supply power. They all have some inherent defects.



	(1)

	
The power of data collectors is supplied by batteries [3,10]. Batteries can provide stable power for the system. But there are some unavoidable problems in this way, including the increase of the volume and weight of data collectors, the need to check and replace batteries regularly, and the failures of batteries.




	(2)

	
Self-powered technology used for data collectors [9,13,14,15]. The mechanical vibration of environments can be converted into power by self-power technology. However, very little power can be collected. It is difficult to meet the power consumption of the data collector and the information transmission circuit.




	(3)

	
The data collector is powered by wireless power transfer (WPT) [7,16,17]. Sufficient power can be offered by WPT, but receiving coils and adjustment circuits need to be added to the data collector. It will increase the complexity of data collectors.







No matter which way is adopted to realize the wireless transmission of data and power between data collectors and receivers, some circuits and other structures need to be added. In some special places, the added circuits will limit the use of data acquisition systems. For example, in high voltage or strong magnetic field environments, the withstand voltage and anti-interference of circuits struggle to meet the requirements.



In this paper, a passive wireless measurement system based on WPT technology is proposed. The data collector does not require separate power and information transmission circuits. It only needs the data receiver to send a short high-frequency signal to the data collector through WPT. Then the data information of the measured environment can be obtained by analyzing the feedback signal from the data collector. Several concepts are used for this system, including:




	(1)

	
the constant oscillation period of oscillation attenuation signals [18],




	(2)

	
the characteristics of inductive coupling WPT [19,20],




	(3)

	
the relationship between sensitive resistances and environmental parameters [21].









In the passive wireless measurement system based on WPT technology, the data receiver and collector can transmit the excitation and feedback signals with a non-contact way. The data collector does not need power and has stable performances. It is very suitable for measuring internal information of objects or parameters inside closed spaces. This method also provides a new way for passive wireless measurement.




2. Existing Concepts Relevant to the Proposed Method


Before introducing the system in detail, it is necessary to explain some related concepts. As shown in Figure 1, the basic principle of WPT is to achieve the non-contact transmission of power through the mutual inductance between two coils. The transmission characteristics are affected not only by the transmitter parameters but also by the receiver structures [22,23,24]. In order to simplify the analysis process, the circuit equivalent of WPT is shown in Figure 2.



Based on Kirchhoff’s voltage law, we can get Equation (1),


   {     (   R 1  + j × ω ×  L 1  +  1  j × ω ×  C 1     )  ×   I ˙  1  + j × ω × M ×   I ˙  2  =   U ˙  1      j × ω × M ×   I ˙  1  +  (   R 2  +  R L  + j × ω ×  L 2  +  1  j × ω ×  C 2     )  ×   I ˙  2  = 0      



(1)







From Equation (1), by further simplifying, we can get Equation (2),


   (   Z 1  +    ω 2  ×  M 2     Z 2     )  ×   I ˙  1  =   U ˙  1   



(2)




where,    Z 1  =  R 1  + j × ω ×  L 1  +  1  j × ω ×  C 1     ,    Z 2  =  R 2  +  R L  + j × ω ×  L 2  +  1  j × ω ×  C 2     .



From Equation (2), it can be seen that the secondary parameters of the inductive coupling circuit can be equivalently converted to the primary side. That is to say, the impedance characteristics of the whole circuit can be analyzed by only measuring the primary parameters. After the system is designed, the resistance values    R 1   ,    R 2   , inductances    L 1   ,    L 2   , and matching capacitances    C 1   ,    C 2    all have been determined. If the positions of coils are relatively fixed, the mutual inductance  M  between the coils can also be measured. The characteristics of the voltage and current in the primary side are only related to the load    R L   . Hence, the load    R L    can be solved only by measuring the primary voltage and current.



When the load    R L    is a sensitive resistance, its resistance value will change with a variable in the environment. Therefore, based on this relationship, the variations of environment parameters can be solved according to the resistance values of sensitive resistances. For example, when    R L    is a thermistor or humidity sensitive resistance, the temperature or humidity can be obtained.



Another related concept is the oscillation attenuation characteristic of power. As shown in Figure 3a, the most basic   R L C   oscillation attenuation circuit consists of an inductance  L , a capacitance  C , and a resistance  R  in series. If the inductance  L , the capacitance  C , and the resistance  R  of the circuit satisfy   R < 2    L C     , the circuit will be an oscillatory attenuation circuit. Before the oscillation attenuation occurs, the capacitance stores a certain amount of power. After switch S is closed at t = 0, some of the power stored in capacitance  C  is transferred to inductance  L , and a portion is consumed by the resistance  R . Until the capacitance voltage    U L    drops to 0, all power stored in capacitance  C  is transferred and consumed, while inductance  L  stores the maximum power. Then the inductance  L  transfers the stored power to capacitance  C  for storage and resistance  R  for consumption. Next, capacitance C performs a power transfer to inductance L and resistance  R  once again. The power stored in the circuit is transferred back and forth between inductance  L  and capacitance  C  until it is completely consumed by the resistance  R . In the process of power transfer, the waveforms of the voltages    U L    and    U C    of inductance  L  and capacitance  C  are sine functions whose amplitude is exponentially decayed, as shown in Figure 3b. However, the attenuation oscillation frequency is constant, that is, the attenuation period is a fixed value and does not change with the attenuation of power. If the inductance  L  and capacitance  C  of oscillation attenuation circuits are known, the value of resistance  R  can be calculated by measuring the attenuation period of inductance voltage    U L    or capacitance voltage    U C   .




3. The Proposed Passive Wireless Measurement System


3.1. The Structure of the Passive Wireless Measurement System


In order to achieve the function of passive wireless measurement, the circuit structure of WPT should be improved. In the passive wireless measurement system, the primary circuit is responsible for transmitting power to the secondary and measuring the oscillation attenuation period of the feedback power. The secondary circuit is a circuit embedded in an object to receive the power. It cannot affect the original characteristics of the environment. The secondary is best to have characteristics of small volume, high reliability, and low failure rate. To achieve this goal, the secondary circuit only includes the secondary coil and the sensitive resistance. The compensation capacitance that is prone to failure is removed from the secondary.



Figure 4c shows a typical second-order circuit. If it satisfies   R < 2    L C     , the voltages of inductance L and capacitance C will attenuate periodically as shown in Figure 3. In the attenuation process, the angular frequency is


  ω =    1  L × C   −    (   R  2 × L    )   2     



(3)







The oscillation attenuation angle frequency in Equation (3) can be obtained by measuring the oscillation attenuation voltage waveform of the primary inductance or capacitance. The coil inductances    L 1   ,    L 2    and resistances    R 1   ,    R 2    have been determined after the coils are manufactured, but the mutual inductance between the coils will change in each measurement due to many factors such as the angles and distances. In the measurement process, the sensitive resistance    R L    and the mutual inductance  M  all are unknown. If the sensitive resistance can be calculated by Equations (3) and (4), at least two sets of values are required. The circuit shown in Figure 4a can only provide a set of values in one measurement. Hence, the system architecture should be further improved, and the structure of the passive wireless measurement system is proposed, as shown in Figure 5.



According to Equation (4), the oscillation attenuation angle frequency is related to inductance  L , capacitance  C , and resistance  R . As long as one of them is changed, a set of different values can be obtained, and the sensitive resistance can be solved. From Equation (3), their composition can be known. Primary inductance    L 1    is inductance  L . Capacitance C is composed of primary compensation capacitance    C 1    and the equivalent secondary part. Resistance  R  includes primary resistance    R 1    and the equivalent secondary part. For these compositions, only the primary compensation capacitance    C 1    is an added compensation element. The rest has been determined after the coils are manufactured. The compensation capacitance    C 1    is the most suitable as a variable to provide a set of different values for the calculation.



According to Equations (1) and (2), it is easy to convert the inductive coupling circuit from Figure 4a to Figure 4b and finally to the circuit shown in Figure 4c. This gives Equation (4),


   {    R =  R 1  +    (   R 2  +  R L   )     (  ω × M  )   2       (   R 2  +  R L   )   2  +    (  ω ×  L 2   )   2        L =  L 1      C =    [     (   R 2  +  R L   )   2  +    (  ω ×  L 2   )   2   ]   C 1       (   R 2  +  R L   )   2  +    (  ω ×  L 2   )   2  +  ω 4  ×  M 2  ×  L 2  ×  C 1         



(4)




where    R 1  ,    R 2   , and    R L    are the primary AC resistance, the secondary AC resistance, and the sensitive resistance, respectively.    L 1  ,    L 2   , and  M  are the primary inductance, the secondary inductance, and the mutual inductance, respectively.    C 1    is the primary compensation capacitor.




3.2. The Measuring Process of the Passive Wireless Measurement System


The whole process of the passive wireless measurement system can be divided into three parts, including the first measurement, the second measurement, and the calculation and comparison, as shown in Figure 6. Figure 6a shows the first measuring process. The switch    S 2    is closed, and the compensation capacitance of the primary is adjusted to    C 1  +  C 0   . After the switch    S 1    is turned off, the compensation capacitance    C 1  +  C 0    is charged by power    U 1   . When the power storage in compensation capacitance    C 1  +  C 0    is full, the switch    S 1    is switched from non-connection to connection. The power    U 1    is removed from the inductive coupling circuit. The compensation capacitance    C 1  +  C 0    releases power, and the waveform    V 1    of primary compensation capacitance    C 1  +  C 0    or the inductance    L 1    of the transmitting coil is measured. The state of switches    S 1    and    S 2    is kept for about 2 min until the stored power of compensation capacitance    C 1  +  C 0    is completely consumed by the sensitive resistance    R L    and the primary and secondary coil resistances    R 1    and    R 2   .



The second measurement, as shown in Figure 6b, is the same as the first measurement. Just before the measurement, the switch    S 2    is turned from on to off, and the compensation capacitance is changed from    C 1  +  C 0    to    C 1   . The oscillation attenuation voltage waveform is    V 2   . Figure 6c shows the third part of the measuring procedure. The oscillation attenuation voltage waveforms    V 1    and    V 2    are compared and analyzed to calculate the oscillation attenuation period    T 1    and    T 2    (or the oscillation attenuation angle frequency    ω 1    and    ω 2   ). Then the oscillation attenuation period    T 1    and    T 2    are taken into the Equations (3) and (4) to calculate the resistance value of sensitive resistance    R L   . After the resistance value is solved, the parameter of the measured environment can be known by the relationship curve between the sensitive resistance and the variable in environment. For example, when    R L    is a thermistor, the temperature T at the point where the thermistor is located can be measured by the resistance of the thermistor    R L   .





4. Simulations and Experiments


The invention was verified with field-circuit combined simulations and practical experiments. The passive wireless measurement system with two identical coils is shown in Figure 7, and the structure of the simulation coils is shown in Figure 8. For Equation (4), when the resistance  R  is much smaller than   2    L R     , the inductance  L  is opposite the square of the oscillation attenuation angle frequency; that is, the greater the inductance of coils, the longer the periodic time of voltage oscillation attenuation waves. When the periodic time becomes longer, the difficulty of the measurement will be reduced, and the relative accuracy of the measurement also will be improved. But when the inductance of coils rises, the resistance of the coil wills also increases. It will enhance the error of measurement results. Based on the experience of previous experiments and simulations, the best range of the inductance is 1–10 mH. Hence, the number of turns of the coil was designed to be 200 turns, divided into 10 layers with 20 turns per layer.



Due to the fact that the devices used in the experiment platform had some errors, the parameters of the simulation circuit were adjusted to ensure the same environment as far as possible. A 12 V DC power was used to provide power for the compensation capacitance. The compensation capacitances    C 0    and    C 1    were   1.49   μ F   and   0.51   μ F  , respectively. The current limiting resistance    R S    was   20.26    Ω   . The coils used in the simulation were equivalent models, which were different from the actual coils; hence, the simulation results of the coils resistance were different from the measured results. The simulated values of the inner resistance of coils    R 1    and    R 2    were   9.82    Ω   , and the actual measured values were   6.41    Ω    and   6.37    Ω   . There were five groups of load resistances    R L   , which were used to verify the passive wireless measurement system. The resistance values were   10.00    Ω   ,   100.00    Ω   ,   200.00    Ω   ,   300.00    Ω   , and   400.00    Ω   . The detailed parameters are shown in Table 1.



Simulations and experiments were carried out according to the process shown in Figure 6. For the first set of simulations and experiments, the load    R L    was   10.00    Ω   . The simulation and experiment waveforms are shown in Figure 9 when the compensation capacitances are    C 0  +  C 1    and    C 1   . The oscillation attenuation periods of simulations were    T 1 ′  = 755.36   μ s   and    T 1 ″  = 380.03   μ s  , and that of experiments were    T 2 ′  = 759.15   μ s  , and    T 2 ″  = 382.68   μ s  .



Then the value of load resistance    R L    was changed, and the same measuring procedure was performed. The cycle times of oscillation attenuation waveforms measured in simulations and experiments are shown in Figure 10. From the figure, it can be seen that with the increase of load resistance    R L   , the time variation of oscillation attenuation period became smaller and smaller. When the load resistance    R L    changed from   300    Ω    to   400    Ω   , and the compensation capacitance was   2   μ F  , the changes of oscillation periods in simulations and experiments were about   0.1   μ s  , and they were about   0.15   μ s   when the compensation capacitance was   0.51   μ F  . This reduction in the change of cycle times meant that a higher measurement accuracy was required.



Based on Equations (3) and (4), the load resistances in simulations and experiments were calculated by the cycle times of oscillation attenuation waveforms, as shown in Figure 11. It can be seen that although the periods of oscillation attenuation waveforms in simulations and experiments were different, the resistances obtained by the calculations were almost the same. This is because the simulation parameters were as close to the experiment parameters as possible, but there were still some differences, especially in the mutual inductance between the two coils. In the process of solving the load resistance    R L  ′  , the mutual inductances were also calculated together. The mutual inductance measured in simulations was about   1.19    mH   , but it was about   1.11    mH    in experiments. This also verifies that the system was not affected by the mutual inductance.



The relationship between thermistor resistance and temperature (as shown in Figure 6c) can be expressed as Equation (5):


  R =  R 0  ×  e   B 0  ×  (   1 T  −  1   T 0     )     



(5)




where,    R 0    is the nominal resistance of thermistors at the temperature    T 0   ,    B 0    is an important parameter of thermistors, defined as the ratio of the difference between the natural logarithm of zero power resistance at two temperatures to the difference between the reciprocal of the two temperatures. For    R 0   ,    T 0   , and    B 0   , different types of thermistors have different values, but all of them are constant. In this paper, the thermistor NTC-MF52-10K was selected as an example. When    T 0  = 298.15   K  ,    R 0  = 1000   Ω  , and    B 0  = 3950  .



The error in measuring the temperature can be derived from the resistance value, as in Equation (6).


  Δ T =    |   T ′  − T  |   T  =    |  ln  R ′  − ln R  |    ln  R ′  − ln  R 0  +    B 0     T 0       



(6)




where,   T ′   and   R ′   are the measured values, and  T  and  R  are the exact values.



Figure 12 shows the error for measured temperature according to Equation (6). Although the error of resistance values in simulations and experiments was large, as shown in Figure 10, the error was less than 1.5%.



From the calculation process and results of simulations and experiments, the method proposed in this paper can realize passive wireless measurement. It is a new measurement method, which is especially suitable for measuring internal parameters of objects. The measurement process is simple. Data collectors do not need power, and its structure is simple. Its performance is stable, and the measurement accuracy is very high.




5. Conclusions


A passive wireless measurement system based on WPT technology is proposed in this paper. The characteristics of WPT technology are that the primary and secondary circuits can perform bidirectional power transmission and that the circuit characteristics will be reflected in the power variations that are used. Combined with the invariability of the oscillation attenuation waveform’s cycle times of the second-order circuit and the relationship between sensitive resistances and environmental parameters, the secondary information can be obtained only by measuring the variation of the primary power. A complete set of the measurement process is also designed, and the proposed scheme and measuring steps are verified by simulations and experiments. The experimental and simulation results show that the error of measurement is less than 1.5%. The secondary side of the system has a simple structure and a small volume. It is pre-implanted into the object to be tested or the environment, which has little influence on the measured object and environment. The primary side is used as the data receiver and designed as a general structure, which is economical and portable. This parameter measurement scheme provides a new way for the passive wireless measurement system.
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Figure 1. The inductive coupling wireless power transfer (WPT) 
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Figure 2. The equivalent circuit of WPT. 
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Figure 3. The attenuation characteristics of power. (a) The zero-input second-order circuit, (b) the second-order oscillation attenuation waveform. 
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Figure 4. Equivalent conversion of the circuit of WPT. (a) The basic circuit of WPT, (b) The equivalent Circuit, (c) The simplified circuit. 
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Figure 5. A passive wireless measurement system. 
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Figure 6. The measuring process of the passive wireless measurement system. (a) The first measurement, (b) the second measurement, (c) the calculation and comparison. 
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Figure 7. The passive wireless measurement system. 
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Figure 8. The structure of the simulation coils. 
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Figure 9. The simulation and experiment waveforms. (a) the simulation waveform with    C 0  +  C 1  = 2    μ F   , (b) the simulation waveform with    C 1  = 0.51    μ F   , (c) the experiment waveform with    C 0  +  C 1  = 2    μ F   , (d) the experiment waveform with    C 1  = 0.51    μ F   . 
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Figure 10. The cycle times of oscillation attenuation waveforms measured in simulations and experiments. (a)    C 0  +  C 1  = 2   μ F  , (b)    C 1  = 0.51   μ F  . 
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Figure 11. The resistances in the simulations and experiments. 
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Figure 12. The temperature error in the simulations and experiments. 
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Table 1. The parameters of the passive wireless temperature measurement system.
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	Parameter
	Experiment
	Simulation





	Inner diameter
	100 mm
	100 mm



	Wire radius
	0.25 mm
	0.25 mm



	Number of layers
	10
	10



	Number of turns per layer
	20
	20



	    L 1    
	7.43 mH
	7.35 mH



	    L 2    
	7.41 mH
	7.35 mH



	    C 0    
	1.49 µF
	1.49 µF



	    C 1    
	0.51 µF
	0.51 µF



	    R 1    
	6.41 Ω
	9.82 Ω



	    R 2    
	6.37 Ω
	9.82 Ω



	    R S    
	20.26 Ω
	20.26 Ω



	    R L    
	9.96 Ω/100.07 Ω/199.88 Ω/

299.93 Ω/401.05 Ω
	10.00 Ω/100.00 Ω/200.00 Ω/

300.00 Ω/400.00 Ω
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