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Abstract

:

A novel wireless power transfer approach for the rotary parts telemetry of a gas turbine engine is proposed. The advantages of a wireless power transfer (WPT) system in the power supply for the rotary parts telemetry of a gas turbine engine are introduced. By simplifying the circuit of the inductively-coupled WPT system and developing its equivalent circuit model, the mathematical expressions of transfer efficiency and transfer power of the system are derived. A mutual inductance model between receiving and transmitting coils of the WPT system is presented and studied. According to this model, the mutual inductance between the receiving and the transmitting coils can be calculated at different axial distances. Then, the transfer efficiency and transfer power can be calculated as well. Based on the test data, the relationship of the different distances between the two coils, the transfer efficiency, and transfer power is derived. The proper positions where the receiving and transmitting coils are installed in a gas turbine engine are determined under conditions of satisfying the transfer efficiency and transfer power that the telemetry system required.
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1. Introduction


With the ever-increasing demand for power, the work states of aircraft engine components have been pushed to their physical limits. Thus, it is necessary to capture the aircraft engine work states entirely when a new engine is being developed. Because the aircraft engine is a strong nonlinear system with a severe working environment, technologies such as simulation and numerical calculation cannot explain the physical properties of its components completely, even if the basic theories of thermodynamics and kinetics are comparatively mature. Many phenomena and simulations are analyzed through concrete experiments, providing the basis for design and validation. In order to address such problems, the large number of telemetry systems for aircraft engines conducted by general research institutions have become especially important [1,2].



To evaluate the combustion effect of small gas turbine engines, the article by Long et al. [3] developed a telemetry system that can be integrated into an existing engine without affecting its performance. At the same time, in order to prevent the telemetry system from being damaged when the aircraft engine works in high-altitude environments, a cooling system was also designed to ensure the normal operation of the telemetry module. The real-time monitoring of the aircraft engine components is the key to reducing the life cycle cost of a military aircraft. The work of Keyes et al. [4] introduced a high-temperature active wireless telemetry system that could withstand the engine’s poor working environment and provide real-time diagnosis and maintenance. Yang [5] put forward a heat-resistant temperature sensor system based on silicon carbide wireless electronic technology which could be applied to equipment that needs to be monitored and maintained in harsh environments, such as turbines and generators. Extremely poor working environments are the reason why ordinary sensors for monitoring systems cannot work continuously. In order to solve this problem, Mitchell et al. [6] presented an engine component that is integrated with high-temperature sensors and a wireless telemetry system.



In the current scheme, whether it is wireless, laser, or conductive slip ring technology, supply power inevitably needs to be provided to the rotor by battery, conductive slip ring, electromagnetic coupling, etc. With the continuous development of wireless power supply technology, long-distance and high-power radio wireless power supply technology has been greatly improved, and wireless power transfer (WPT) technology is very promising [7,8,9,10,11,12].



In this article, wireless power supply technology was adopted to design a power system for gas turbine engine rotor parameters telemetry. Two key problems has been solved. One is where to install the WPT system on the engine when it is tested on the ground. The other one is that the simulation and test have verified that the WPT system can meet the requirements under the adverse effects of aircraft engine operation, where the axial distance between WPT-TX (Transmitting Unit) and WPT-RX (Receiving Unit) can be changed and the WPT system has coils lateral displacement.




2. Architecture of the WPT System and Analytical Model


2.1. Architecture of the WPT System


Recently, researches on WPT technology are mostly based on inductively-coupled, magnetically-coupled resonant, microwave radiation, and laser technology [13]. With the exception of immature approaches such as microwave radiation and laser, the others are widely used in many situations. Among these, magnetically-coupled resonant technology is suitable for mid-range WPT situations, and inductively-coupled WPT has the advantage of high efficiency over short distances. Due to the limited space for installing the wireless power transfer system in a gas turbine engine, WPT systems based on inductively-coupled technology are more appropriate. The overall scheme for inductively-coupled WPT systems is presented in Figure 1. The inverter circuit of the transmitting unit converts direct current (DC) to alternating current (AC), and the microprogrammed control unit (MCU) modulates the AC frequency by controlling the switching frequency. Then, the energy goes through the transmitting coil to the receiving unit. Finally, the rectifying circuit of the receiving unit converts AC to DC, which can be applied to the load.




2.2. Analytical Model of the WPT System


Figure 2 shows a diagram of the WPT system used in the gas turbine engine test, and the WPT system is used in the power supply for the rotary parts telemetry of gas turbine engines. The aircraft engine runs as a heat machine system which is divided into two parts by a burner. The part in front of the burner is called the cold part, and the part after the burner is called the hot part. The WPT-RX is mounted on an axis before the cold part of an aircraft engine and the WPT-TX is located before the engine. The WPT system is designed for ground tests (which means H=0 and Ma=0, where H is altitude and Ma is flight Mach number). In ground tests, the temperature of inlets is near to the environment temperature, so the thermal and mechanical situations of the WPT system are not hard.



The coil planes of WPT-RX and WPT-TX are perpendicular to y-axis, namely the engine shaft. The WPT-RX part provides power supply for sensors in the rotor. There are two important issues that should be considered. One is that primary and secondary coils should be thin and light enough for installation, the other is whether the distance and lateral displacement between the two coils can still meet the requirements of the power transmission. When the engine is running, the rotor shaft will have small deviations, such that the deviations of x-axis and y-axis are typically about 2∼3 mm and 5 mm, respectively. Then, the relative position of TX and RX will be changed, and transmission efficiency and transmission power may also be changed and even could not meet the requirements. In this paper, through theoretical analysis, simulations, and experiments, the appropriate installation position is found to ensure that the WPT system can always meet the requirements, even after axis deviations occur during engine operation.



In gas turbine operation, it is necessary to ensure that the WPT system can always meet the requirements, even after axis deviations occur during the engine’s operation. Good performance is demanded with limited weight and size. In order to obtain an optimal design, it is necessary to analyze the overall circuit in detail. Figure 3a shows a circuit model of the WPT system. In order to analyze the transfer efficiency and power further, Figure 3b shows the equivalent circuit model, where C1 , L1, and R1 respectively are the resonant capacitor, the coil self-inductance, and the coil parasitic resistance at the primary side; U0 is the alternating voltage which is output by a full-bridge inverter circuit; R0 is the sum of the internal resistance of the switch tube and the power source in the full-bridge topology circuit. M is the mutual inductance between two coils; C2 , L2, and R2, respectively, are the resonant capacitor, the coil self-inductance, and the coil parasitic resistance at the secondary side; RL is the load; I1 and I2 are respectively the current of the primary side and secondary side.



By using the bidirectional reflectance impedance analysis (BRIA) method [14], a simplified circuit model is shown in Figure 4. Zref is the reflected impedance from the secondary coil to the primary coil; Z21 is the total impedance of the secondary side; X11 and R11 are, respectively, the reactance and resistance of the primary side. They can be expressed as follows:


Z21=R2+RL+j(ωL2-1ωC2),



(1)






R11=R0+R1,



(2)






X11=j(ωL1-1ωC1),



(3)






Zref=ω2M2Z21=(ωM)2(R2+RL)-j(ωM)2(ωL2-1ωC2)(R2+RL)2+(ωL2-1ωC2)2,



(4)






R11′=(ωM)2(R2+RL)(R2+RL)2+(ωL2-1ωC2)2,



(5)




where R11′ is the resistance of Zref.


X11′=-j(ωM)2(ωL2-1ωC2)(R2+RL)2+(ωL2-1ωC2)2,



(6)




where X11′ is the reactance of Zref.



Hence, the active power PL (i.e., output power of this WPT system) consumed by the load of the secondary side and the transfer efficiency η can be derived as:


PL=I2R11′RLRL+R2=U0(R11′+R11)2+(X11+X11′)22×R11′RL(RL+R2),



(7)






η=R11′R11′+R11×RL(RL+R2).



(8)







PL will be increased by reducing the reactive power. When the WPT system is in the resonant state, X11 and X11′ are equal to 0. Thus, the reactive power of the system is relatively small. According to Equation (7), the electric current I of this system and R11′ reach the maximum in the resonant state (i.e., ωL2-1ωC2=0), and PL is also reaching the maximum. Therefore, the operating frequency of this WPT system should be in the vicinity of its resonant frequency. This WPT system must first ensure the power requirement of the telemetry system, and then improve its transfer efficiency gradually. In the resonant state, the expressions of PL and η are as follows:


PL=ω2M2U02RL[ω2M2+(R1+R0)(R2+RL)]2=U02RL[ωM+(R1+R0)(R2+RL)ωM]2,



(9)






η=ω2M2RLR2+RL[ω2M2+(R1+R0)(R2+RL)].



(10)







According to Equations (9) and (10), when the values of R0, R1, R2, RL, L1, C1 and the resonant frequency f are fixed, the distance of the two coils affects PL and η by changing the mutual inductance M. So, it is important to study the mutual inductance to properly draw experimental conclusions.





3. Calculation of Mutual Inductance, the Transfer Efficiency, and Transfer Power


3.1. Calculation of Mutual Inductance


Figure 5 shows the energy transmission process of this WPT system. The mutual inductance value depends on the shape, size, number of turns, relative position of the two coils, and the permeability of surrounding media. It often has coils lateral displacement when using the WPT system for supplying the power for the rotary parts telemetry of gas turbine engines, as shown in Figure 6a. In order to derive the expression of mutual inductance easily, we focus on the shape of a single turn coil, where d1 and d2 are the radius of transmitting and receiving coils (i.e., the primary and secondary coils), respectively; h is the axial distance; x represents the lateral displacement.



Neumann’s equation is employed to calculate M between two coils [15]. Thus, M can be computed by the following equation [16]:


M=μ04π∮∮1Rdl1→dl2→.



(11)







The distance between two arbitrary points respectively on the two coils is presented as:


R=(d12+d22+h2+x2-2d1d2cos(θ1-θ2)+2xd2cosθ2-2xd1cosθ1)1/2.



(12)







To calculated M easily, let us introduce parameters α=2d1d2/(d12+d22+h2+x2), β=2d1x/(d12+d22+h2+x2), and δ=2d2x/(d12+d22+h2+x2). M can be expressed as:


M=μ0d1d24πRd12+d22+h2+x2∫θ2=02π∫θ1=02πcos(θ1-θ2)× [1-(αcos(θ1-θ2)+βcosθ1-δcosθ2)]-1/2dθ1dθ2.



(13)







Figure 6b shows the configuration of two coils with non-lateral displacement. It could be a special case of the two coils with lateral displacement (i.e., x=0). Thus, M can be expressed as follows:


M=μ0d1d24πRd12+d22+h2∫θ2=02π∫θ1=02πcos(θ1-θ2)[1-(αcos(θ1-θ2)]-1/2dθ1dθ2.



(14)







The electromagnetic field generated by a current system of any complexity and shape can be evaluated by superposing the field contributions generated by elementary structures. Mutual inductance is generated by two interacting coils, thus it can be calculated by the superposition principle. RTX and RRX are respectively the inner diameters of the primary and secondary coil; WTX and WRX are primary and secondary copper track widths, respectively; STX and SRX are primary and secondary track separations, respectively; and nTX and nRX are respectively the number of turns in the primary and secondary sides. Therefore, M can be expressed as follows:


M=∑i=1i=nTX∑j=1j=nRXMij,



(15)






M=μ0d1,id2,j4πRd1,i2+d2,j2+h2+x2∫θ2=02π∫θ1=02πcos(θ1-θ2)× [1-(αcos(θ1-θ2)+βcosθ1-δcosθ2)]-1/2dθ1dθ2,



(16)




where d1,i=RTX+(ni-1)(WTX+STX)+WTX/2, d2,j=RRX+(nj-1)(WRX+SRX)+WRX/2. The parameters of the two coils are shown in Table 1.




3.2. The Computational Analysis of the Transfer Efficiency and Transfer Power


Table 2 shows the parameters of the WPT system components in the test. In the simulation, the switching frequency was equal to the resonant frequency, and the WPT system supply voltage was 10 V. The effective value of AC voltage U0 that the full-bridge inverter circuit outputs was 9 V, and the reason will be explained in the next section. According to Equations (5)–(7), it will draw two pictures. One represents the relationship of the distance between the two coils and transfer efficiency, the other represents the relationship of the distance between the two coils and the load power in the resonant state, as shown in Figure 7a,b, respectively.



As shown in Figure 7a, transfer efficiency of the WPT system decreases as the axial distance or lateral displacement between two coils increases. The simulation results show that the lateral displacement has a greater influence on transfer efficiency than the axial distance. There are some points where both of their axial distances and lateral displacement are different, but their mutual inductances and transfer efficiencies are the same. Figure 7b shows that the load power of this system increases at first and decreases subsequently as the axial distance or lateral displacement between two coils increases. In Equations (9) and (10), there is only one variable M. As the axial distance or lateral displacement increase, M decreases and the value of (R1+R0)(R2+RL)/(ω2M2) increases, and then transfer efficiency η decreases. In the expression of PL, [ωM+(R1+R0)(R2+RL)/(ωM]) is a hook function. As M decreases, PL may decrease, increase, or first increase and then decrease. Therefore, as shown in Figure 7b, the variation is normal. Under the condition that it meets the power requirement of the telemetry system, the highest-efficiency points could save energy. Combined with the two pictures, it is better to maintain the vertical distance between RX and TX in 20∼30 mm when the WPT system is applied to a gas turbine engine. Although efficiency is not the highest, when the deviations of two axes are less than 10 mm, the WPT system can still provide enough power, in excess of 9 W.





4. Design Objective of the WPT System and Analysis of Experimental Data


The test device of the WPT system is shown in Figure 8. Because equivalent resistance of the rectifying circuit of the receiving unit could not be calculated, it will be removed in the test to ensure the veracity of the model. The load resistance 2.55 Ω/20 W, was used to test the capacity of this WPT system. The supply voltage of the WPT system was Vs, and the magnitude of voltage U0 of capacitor and transmitting coils in the primary side was equal to Ud. By Fourier series expansion of U0, the expression can be derived as follows:




u0=4Udπ(sinωt+13sin3ωt+15sin5ωt+...).



(17)





According to Equation (17), the fundamental wave effective value Uol is expressed as:


Uol=22Udπ=0.9Ud.



(18)







Thus, the effective value of AC voltage U0 was 9 V. The total power of the WPT system can be calculated by the voltage and current of the stabilized voltage supply. At the same time, the power expended in the load can be calculated by the effective value of sinusoidal voltage on the load resistance. The transfer efficiency of this system is defined as the ratio of the power expended in the load and total power of the WPT system. In the test, parameters including simulation frequency f, axial distance h, and lateral displacement x were changed.



Figure 9 shows the changing curve of the load power with the simulation frequency and the distance of two coils. The pictures ((a), (d), and (g)) show two changing curves of the load power by changing axial distance when x equals 0, which respectively represent the test and theoretical data. It is obvious that their variation trends are compatible, and it proves that the models of mutual inductance and the circuit were effective. Pictures (b), (e), and (h) and the other pictures (c), (f), and (i) respectively show the changing curve of the load power by changing lateral distance when h was about 5∼10 mm. Overall, all nine pictures show that the variation trend of the load power first increased and then decreased as the distance between the coils increased. However, there were some test data points which were quite different from theoretical values. There are two reasons for this, one is the limit of measuring tools such as the digital oscilloscope (DS1102E), and the other may be ignoring the skin effect.



Figure 10 is similar to Figure 9, but Figure 10 shows the variation of the transfer efficiency. It also shows that transfer efficiency decreases as axial distance h or lateral displacement x increases. Its variation tendency agrees well with the theoretical analysis, once again proving that the models of mutual inductance and the circuit are effective. Comparing the transfer efficiencies in different frequencies, it can be concluded that the maximum transfer efficiency can be achieved only in the resonant state. Thus, the resonant frequency was made for the WPT system in practice.



In summary, combined with Figure 9 and Figure 10, the changing trends of load power and transfer efficiency in the test were consistent with the theoretical trends that are shown in Figure 7a,b. Compared to the transmission efficiency, the power needs to be satisfied first. The appropriate range of vertical distance is 14∼28 mm, because load power is higher than 9 W in this scope, and when the lateral distance is from 0 to 20 mm, load power is still higher than 9 W. Meanwhile, considering that transfer efficiency and load power decrease with the increase of distance, smaller vertical distance is better.



To meet the operating conditions of the electronic device of the rotary parts, the use of DC voltage is required. Though the use of synchronous rectification makes rectifier efficiency high, a suitable electric power supply must be provided for the metal–oxide–semiconductor field-effect transistor (MOSFET) or insulated gate bipolar transistor (IGBT) driver chip, and then the additional power will be increased. Although using a rectifier chip such as KBU1000 could switch AC to DC directly, its efficiency is low. However, using a bridge rectifier circuit composed of Schottky diodes has not only high efficiency but also a simple circuit. Table 3 shows the load power when the bridge rectifier circuit was used or not. When the frequency was 133.6 KHz (i.e., a resonant frequency), x equaled 5 mm and h equaled about 20∼25 mm. If there was no capacitor-filter and inductance filter in the rectifier circuit, the reactivity of the system was not increased. Thus, the power load can also be calculated by the magnitude of sinusoidal voltage on the load.



As shown in Table 3, the rectifier efficiency values of bridge rectifier circuit were over 85%, and when the voltage drop of the bridge of diodes rectifier circuit reduced and the resistance value increased, the rectifier efficiency of the bridge rectifier circuit increased. With the advent of an ideal diode such as LTC4415, the rectifier efficiency necessarily increases. Because of the high rectifier efficiency, the calculation that ignores the rectifier has practical application in the receiving unit of the WPT system. The working requirement of the electronic device of the rotary parts is low. Therefore, when it has coils lateral displacement, the WPT system could also be suitable.




5. Conclusions


By taking the inductively coupled WPT system as a model and the distance between receiving and transmitting coils as a variable, this paper studies the relation between the coil distance, transfer efficiency, and transfer power of the WPT system, and the mutual inductance model and the system circuit model are validated. The test data and the theoretical analysis prove that the WPT system could ensure the working requirements of the rotary parts telemetry of gas turbine engines, and also provide a reference to find a suitable position to install the primary and secondary coils on the gas turbine engine. Although there was a gap (less than 10 mm) between the vertical distances that correspond to theoretical and test peak of load power, the changing trends of load power and transfer efficiency in the test were consistent with theoretical trends, and the values of theoretical and test peaks were almost the same. The results of test show that the appropriate range of vertical distance of two coils is from 14 mm to 28 mm. In this scope, the load power was higher than 9 W, and when the lateral distance was in 0∼20 mm, the load power was still higher than 9 W.



This paper provides a practicable scheme for a WPT system for the rotary parts telemetry of gas turbine engines. Even though the load circuit is more complex and the load resistance value is more than 2.5 Ω, it can calculate the changing curves of transfer efficiency and transfer power at some distance between two coils through building a mutual inductance model and a system circuit model, and then the proper installation locations of the receiving and transmitting coils can be determined.
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Figure 1. Wireless power transfer (WPT) system composition. AC: alternating current; DC: direct current; MCU: microprogrammed control unit; WPT-TX: transmitting unit of WPT; WPT-RX: receiving unit of WPT. 
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Figure 2. Diagram of the WPT system used in the gas turbine engine test. 
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Figure 3. (a) Circuit model of the WPT system; (b) Equivalent circuit model of the WPT system. 
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Figure 4. Simplified circuit model of the WPT system. 
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Figure 5. Energy transmission process of the WPT system. 
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Figure 6. (a) Configuration of the filamentary coils with lateral displacement; (b) Configuration of filamentary coils with non-lateral displacement. 
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Figure 7. (a) Relationship of the distance between the two coils and transfer efficiency in the resonant state; (b) Relationship between the two coils and the load power in the resonant state. 
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Figure 8. The test device of the WPT system. 
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Figure 9. Changing curve of the load power with the simulation frequency and the distance of two coils. (a) f=123.4kHz, x=0mm; (b) f=123.4kHz, h=5mm; (c) f=123.4kHz, h=15mm; (d) f=133.6kHz,  x=0mm; (e) f=133.6kHz, h=5mm; (f) f=133.6kHz, h=15mm; (g) f=143.2kHz, x=0mm; (h) f=143.2kHz, h=5mm; (i) f=143.2kHz, h=15mm. 
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Figure 10. Changing curve of the transfer efficiency with the simulation frequency and the distance of two coils. (a) f=123.4kHz, x=0mm; (b) f=123.4kHz, h=5mm; (c) f=123.4kHz, h=15mm; (d) f=133.6kHz, x=0mm; (e) f=133.6kHz, h=5mm; (f) f=133.6kHz, h=15mm; (g) f=143.2kHz, x=0mm; (h) f=143.2kHz, h=5mm; (i) f=143.2kHz, h=15mm. 
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Table 1. Parameters of TX and RX.






Table 1. Parameters of TX and RX.





	
Coil

	
Radius

	
Track Separation Width

	
Copper Track

	
Number of Turns

	
Self-Inductance

	
Internal Resistance




	
(mm)

	
(mm)

	
(mm)

	
(n)

	
(μH)

	
(Ω)






	
TX1

	
12.5

	
0

	
0.6

	
25

	
29.26

	
0.30




	
RX1

	
12.5

	
0

	
0.6

	
25

	
29.22

	
0.31
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Table 2. Parameters of the components of this WPT system.






Table 2. Parameters of the components of this WPT system.





	Parameters
	Value





	RL/Ω
	2.55



	R0/Ω
	0.9



	C1/nF
	50.93



	C2/nF
	52.51



	The effective value of U0 /V
	9



	The resonant frequency f/KHz
	133.6
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Table 3. Load power of the system when using bridge rectifier circuit or not using it.






Table 3. Load power of the system when using bridge rectifier circuit or not using it.





	
h

	
Rectifier Load Power PR

	
Non-Rectifier Load Power PNR

	
The Ratio between PR and PNR




	
(mm)

	
(W)

	
(W)

	
(%)






	
20

	
7.052

	
8.085

	
87.2




	
21

	
8.590

	
9.718

	
88.3




	
22

	
9.386

	
10.522

	
89.2




	
23

	
9.366

	
10.524

	
88.9




	
24

	
9.324

	
10.520

	
88.6




	
25

	
8.664

	
9.982

	
86.7
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