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Abstract

The inherent capacitor characteristic of the triboelectric nanogenerator (TENG) raises 

a significant challenge in achieving high energy harvesting efficiency. Power 

management has been treated as one of the most promising way to address this problem. 

Different from management only by traditional rectifier bridge, passive power 

management is more in line with the actual scenario of energy harvesting since it can 

eliminate the dependence on an external power supply. In this work, it introduces an 

innovative passive power management circuit (PMC) that employs cycles for 

maximized energy output strategy (CMEO) and unidirectional LC oscillation. 

Simulation results show that the proposed PMC can shorten the charging time to a 47 

μF capacitor by 88.3%, and increase the effective output power of 1 MΩ by 17.35 times. 

The influence of semiconductor on the performance of the PMC and the sources of 

energy loss are revealed by numerical analysis for energy transfer. Furthermore, the 

relationship between these losses and device selection is investigated through 

simulation and experiment, which contributes to improving the power management 

performance and expanding the range of available TENGs. Through optimizing device 

selection, the fabricated PMC is successfully applied to another 6.7 μW low-output 

TENG, which exhibits its excellent adaptable potential to various TENGs.
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Introduction

With the development of Internet of Things (IoT) technology, an increasing 

number of sensors are required to facilitate the interconnection of people, machines and 

things. These widely distributed sensors are typically powered by batteries and cables. 

However, battery-powered sensors encounter challenges such as periodic replacement, 

environmental pollution, and inaccessibility of certain sensor nodes, while cable power 

supply entails a large workload and high costs. To address the problem, harvesting 

various energy from the environment to power sensors has become an attractive choice. 

The triboelectric nanogenerator (TENG) is a new mechanical energy harvesting method 

based on triboelectrification and electrostatic induction, which was first proposed by 

Zhonglin Wang [1]. As validated by numerous scholars, TENGs can harvest various 

types of mechanical energy [2-5], offering unique advantages in ocean energy 

harvesting [6-9], vibration energy harvesting [10-13], acoustic energy harvesting [14-

18] and flexible wearable devices [19-21]. Therefore, TENGs are anticipated to provide 

a new solution to the power supply challenge faced by a large number of 

microelectronic devices.

Since the equivalent model of TENG can be viewed as a voltage source and 

capacitor in series, its output inherently exhibits the characteristics of high voltage, low 

current, and high impedance [22]. Power management can effectively improve the 

energy harvesting performance of TENGs, and thus become a research focus in recent 

years [23-27]. Relevant research can be divided into capacitive load and resistive load 

according to the type of external load [3, 28]. The power management strategy mainly 

includes the buck converter strategy [29, 30] and the CMEO strategy [31-33]. 

Nevertheless, due to the sophisticated conduction control of switches, previous reports 

on power management are employed by active controllers. This contradicts the typical 

scenario where no power source is available for energy harvesting. Therefore, the 

realization of passive power management is very important for the TENG’s practical 
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application. Currently, the implementation of passive power management mainly 

includes the structural design method [34, 35] and the electronic device method [36]. 

The structural design method takes considerable effort in the structural design of 

TENGs, which lacks universality. The electronic device method controls the switch 

through circuits, which has the characteristics of simplicity and strong versatility. 

Notably, Harmon et al. [36] designed a passive PMC based on the buck converter 

strategy in 2020, which achieved an energy conversion efficiency of 84.3% at 2 M 

resistor. However, as an important method of power management strategies, research 

on CMEO-based passive power management is rarely reported. Given that the energy 

output of a TENG per cycle in CMEO mode reaches the theoretical maximum, the 

CMEO-based passive PMC has more potential for performance improvement.

In this work, a passive CMEO-ULC PMC is proposed to enhance energy 

harvesting efficiency. It employs the CMEO strategy to maximize the output and 

effectively transfers energy through unidirectional LC oscillation. Simulation results 

show that the PMC can shorten the charging time of a 47 μF capacitor to 3V by 88.3% 

and increase the output power of 1 M resistor by 17.35 times. Since the performance 

of the PMC is susceptible to devices, the impact study of devices on the power 

management performance is conducted thoroughly. By establishing the numerical 

equation of the energy transfer process, energy loss sources are first identified. Then, 

the relationships between these losses and devices are analyzed. Through optimizing 

device selection, the energy loss of the PMC can be reduced effectively. With the help 

of the PMC, the experiment demonstrates that a 6.7 μW output TENG’s charging time 

can be shortened by 62.8% and its output power of 1

 M

 is increased by 3.48 times. Additionally, the PMC also exhibits good versatility to 

various TENGs.
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Fig. 1. Schematic illustration of the power management strategy. (a) Schematic 

illustration of TENG-based wireless sensor operation in the IoTs. (b) Working principle, 

and (c) V-Q diagram of the CMEO strategy. (d) Comparison of the output power, and 

(e) the charging performance between different active power management strategies. 

2. Passive power management circuit

2.1 Power management strategy

TENGs can harvest various mechanical energy from the environment, such as 

vibration, wave and wind, which makes it a promising solution to power sensors. Power 

management can improve the output performance of TENGs, so TENG-based sensor 

nodes are typically equipped with a power management system, as illustrated in Fig. 

1a. The CMEO strategy defines the maximum energy output limit of TENG per cycle, 

serving as a significant basis for power management research. The fundamental 

principle of the CMEO strategy is depicted in Fig. 1b. At the end of the last energy 

transfer process (Fig. 1b (i)), electrodes A and B are disconnected. At this time, the 
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potential difference between the two electrodes and the transferred charge are both zero. 

With the movement of the dielectric layer (Fig. 1b (ii)), the electrodes remain 

disconnected, and the open-circuit potential difference between the electrodes increases. 

When the dielectric layer reaches the position shown in Fig. 1b (iii), the potential 

difference between the two electrodes reaches its maximum. At this point, the two 

electrodes become conductive, and the charge will be transferred between the two 

electrodes, achieving maximum transferred charge and potential balance, as shown in 

Fig. 1b (iv). The energy extracted from the TENG operating in the CMEO mode each 

cycle can be calculated from the area enclosed by the V-Q diagram in Fig. 1c. Although 

the CMEO strategy can maximize the output energy of TENG each cycle, significant 

energy loss can still occur if the load is charged directly. This is due to the mismatch 

between the TENG's inherent capacitor and the load capacitor. Considering the 

presence of timing on-switch in the CMEO mode, the mismatch problem can be solved 

by introducing an inductor to change the energy transfer mode from direct charging to 

LC oscillation, which is referred to as the CMEO-ULC strategy.

Selecting a superior power management strategy is a prerequisite for developing 

an efficient passive PMC. To verify the performance of CMEO-ULC power 

management, the performances of different active power management (i.e. ideal power 

management) strategies on TENG’s capacitive and resistive loads are compared by 

LTspice simulation software. A freestanding mode TENG with an assumed open circuit 

voltage of 50 V, a frequency of 10 Hz, and an intrinsic capacitor of 0.5 nF is constructed. 

As illustrated in Fig. 1d and Fig. 1e, the CMEO-ULC strategy exhibits better 

performance over other active converter strategies, achieving a 94.2% reduction in 

charging time and a 39-fold increase in effective power at a 1 M resistor. Therefore, 

it is feasible and promising to develop a passive PMC based on the CMEO-ULC 

strategy.

2.2 Topology of the passive CMEO-ULC PMC

The design architecture of the CMEO-ULC PMC is illustrated in Fig. 2a. It 

comprises a voltage peak detection module and a controlled module, which allows for 

the activation of the switch following the detection of a voltage peak. Since the 
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operation of these modules in passive power management is exclusively powered by 

the energy harvested from the TENG, the design of the circuit structure should be 

straightforward to reduce extra energy consumption. To this end, a topology of passive 

CMEO-ULC PMC is constructed in Fig. 2b, where blue and gold areas enable peak 

detection and switch control, respectively. If the TENG is used to drive electronic 

devices continuously, the resistor in the dashed line will be introduced. Most low-output 

TENGs cannot drive electronic devices to work continuously, especially in the era of 

the IoTs where wireless communications are widely used. Therefore, the subsequent 

study assumes that a capacitive load is attached to the TENG by default when a resistive 

load is not specified. The specific working process of this circuit is illustrated in Fig. 

2c. When the output voltage of TENG rises, the capacitor 

𝐶 1 will be charged through the diode 

𝐷 5 until the output reaches its maximum, 

as illustrated in Fig. 2c (i). As the output voltage of TENG begins to decrease, the 

voltage of the PNP base also decreases accordingly. Due to the single conduction of the 

diode 𝐷 5, the potential of the control 

capacitor 𝐶 1 (i.e. the emitter of PNP) 

remains unchanged. When the potential difference between the emitter and base of PNP 

reaches the turn-on voltage, the charge stored in 

𝐶 1 is released, as illustrated in Fig. 2c (ii) 

and Fig. S1. When the voltage across the resistor 𝑅2 (i.e. 𝑉𝑔 𝑠) 

reaches the threshold voltage 𝑉𝑡 ℎ, the NMOS will be 

switched on. At this time, the energy stored by the TENG is transferred to the inductor 

𝐿 1, as illustrated in Fig. 2c (iii). Lastly, 

the energy stored in 𝐿 1 is transferred to 

𝐶 2 by unidirectional LC oscillation 

through the diode 𝐷 6, as illustrated in Fig. 

2c (iv). So far, a complete energy transfer process has been completed. 
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Fig. 2. Working principle of the passive CMEO-ULC PMC. (a) Design architecture, 

(b) topology, and (c) working process of the passive CMEO-ULC PMC. (d) Waveforms 

of 𝑉𝑝, 𝐼𝐿, 𝑉𝑔 𝑠 and 𝑉𝑠 in the process of energy transfer. (e) 

Comparison of output power, (f) charging performance, and (g) 𝑉𝑝 and 𝐼𝐿 

waveforms between active and passive power management.

To better understand the working process of the passive CMEO-ULC PMC, the 

TENG constructed in section 2.1 with devices listed in Table S1 is employed to analyze 

the power management process. Simulated waveforms of 

𝑉𝑅 1, 𝐼𝐿 1, 

𝑉𝑔 𝑠 and 𝑉𝑠 are illustrated in Fig. 2d, providing a clear 

understanding of the energy transfer process. The PMC can enhance the TENG’s 
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energy harvesting performance effectively. Compared to the rectifier bridge, the 

effective output of TENG equipped with the PMC increases significantly (Fig. 2e). For 

a typical resistance of 1 M, the effective output power can be increased by 17.35 times. 

Moreover, the matching resistance range can be reduced significantly to the actual 

range of electronic devices. Fig. 2f presents the comparison of charging performance 

between the PMC and rectifier bridge. For 1 μF, 33 μF and 100 μF capacitors, the 

charging time decreases by 86.4%, 88.2% and 88.3%, respectively. However, it is worth 

noting that there exists a certain degree of performance decline in passive power 

management compared to the standard CMEO-ULC power management (Fig. 1d and 

e), which is caused by the extra energy consumption of peak detection and controlled 

switches operation. This is also supported by the decline in port voltage and inductor 

current (Fig. 2g). To understand the sources and mechanism of energy loss, in-depth 

research is necessary to be conducted on the process of power management.

 

2.3 Theoretical Analysis of Energy Transfer Process

Numerical analysis is employed to analyze the energy transfer process. When the 

NMOS is conducted, the energy stored by the TENG will be transferred to the inductor 

𝐿1 by LC oscillation. Compared to the ideal power management, the overall voltage 

of TENG in passive power management decreases, which is due to the charge loss of 

the intrinsic capacitor. In addition, the conduction of the controlled switch (i.e. NMOS) 

also takes time, which causes the overall voltage of TENG to drop further. Therefore, 

the power supply voltage is (1 ― 𝜃) × (1 ― 𝛼) × 𝑉𝑀 when LC oscillation occurs，

𝑉𝑀 represents the maximum output voltage of TENG，α represents the charge loss 

coefficient of 𝐶𝑇 𝐸 𝑁 𝐺 caused by the passive power 

management, and 𝜃 represents the delay conduction attenuation coefficient caused by 

delay conduction of the switch. Besides, given the small value of 

𝐶𝑇 𝐸 𝑁 𝐺, the energy transfer process is notably brief. 

Consequently, the voltage of TENG during this process can be regarded as 

approximately unchanged. The differential equation of electrical charge transfer in this 
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process is expressed as equation (1).

𝐿1𝑞 + 𝑅𝐹𝑞 +
𝑞

𝐶𝑇 𝐸 𝑁 𝐺 = (1 ― 𝜃) × (1 ― 𝛼) × 𝑉𝑀                             

(1) 

where 𝑅𝐹 represents the equivalent resistance. The initial state of the charge 

transfer process is expressed as equation (2).

𝑞(0) = ― 𝐶𝑇 𝐸 𝑁 𝐺(1 ― 𝜃) × (1 ― 𝛼) × 𝑉𝑀 and 

 𝑞 ( 0 ) = 0,                   

(2)

Therefore, the current of inductor 𝐼𝐿 can be derived as equation (3), where ωI 

represents the natural angular frequency (equation 4), and 𝑄𝐼 represents the quality 

factor of the oscillating circuit (equation 5). 

𝐼𝐿 1 = 𝑞 = 𝐶𝑇 𝐸 𝑁 𝐺𝑉𝑀

(2 ― 𝛼)(1 ― 𝜃)
𝜔𝐼

1 ― (1 2𝑄𝐼)2 ×

𝑠 𝑖 𝑛 ( 1 ― ( 1
2𝑄𝐼

)2
𝜔𝐼𝑡)𝑒

―
𝜔𝐼𝑡

2𝑄𝐼   (3) 

𝜔𝐼 =
1

𝐿1𝐶𝑇 𝐸 𝑁 𝐺
                                                       

(4)

𝑄𝐼 =
1

𝑅𝐹

𝐿1

𝐶𝑇 𝐸 𝑁 𝐺
                                                     

(5)

The oscillation period of the RLC oscillation circuit is 

2 𝜋 𝐿 𝐶. 

Since the energy can be transferred from the intrinsic capacitor to the inductor after a 

1/4 period, 𝐼𝐿 1 , 𝑚 𝑎 𝑥 can be derived with time equal to 

𝜋
2 𝐿 𝐶, as shown in equation (6). Correspondingly, the 

maximum energy obtained by the inductor is expressed as equation (7).

𝐼𝐿 1 , 𝑚 𝑎 𝑥 = 𝐶𝑇 𝐸 𝑁 𝐺𝑉𝑀
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(2 ― 𝛼)(1 ― 𝜃)
𝜔𝐼

1 ― (1 2𝑄𝐼)2 ×

𝑠 𝑖 𝑛 ( 1 ― ( 1
2𝑄𝐼

)2
× 𝜋

2)𝑒
― 𝜋

4𝑄𝐼   (6)

𝐸𝐿 = 1
2𝐿1𝐼𝐿 , 𝑚 𝑎 𝑥

2                                                     

(7)     

Given that 𝐶𝑇 𝐸 𝑁 𝐺 is generally in several nFs, the 

quality factor 𝑄 will be large, while 
1

2𝑄𝐼
 is nearly zero. Therefore, the energy 𝐸𝐿 

acquired by the inductor can be approximated as 1
2(1 ― 𝜃)2(2 ― 𝛼)2

𝐶𝑇 𝐸 𝑁 𝐺𝑉𝑀
2𝑒

― 𝜋
2𝑄𝐼, from which it can be found that 𝐸𝐿 is 

mainly related to the accumulated charge loss coefficient and delay conduction 

coefficient.

Subsequently, the energy acquired by 𝐿1 is transferred to the energy storage 

capacitor 𝐶𝑠 via LC oscillation. Given the large value of 𝐶𝑠, 

𝑉𝑐 𝑠 can be assumed to remain unchanged during a single charge 

transfer process. Then, the differential equation of the electrical charge transfer is 

expressed as equation (8).

𝐿1𝑞 + 𝑅𝑆𝑞 + 𝑉𝑐 𝑠

= 0                                                  

(8)

where 𝑅𝑆 represents the equivalent resistance of the secondary energy transfer 

loop. With the initial condition 

𝑞 ( 0 ) =

𝐼𝐿 1 , 𝑚 𝑎 𝑥 and 𝑞(0) = 0, the current 

𝐼𝐿 2 can be derived as equation (9).

𝐼𝐿 2 = 𝑞 = 𝑒
―

𝑅𝑆
𝐿1

𝑡

(𝐼𝑚 𝑎 𝑥 + 𝑉𝑐 𝑠

𝐿1
𝑒

―
𝑅𝑆
𝐿1

𝑡) ―
𝑉𝑐 𝑠

𝑅𝑆
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(9)

When 𝐼𝐿 2 drops to zero, the process of 𝐶𝑠 being 

charged ends. Therefore, the duration 𝑡2 can be derived as equation (10). 

Correspondingly, the energy acquired by 𝐶𝑠 can be expressed as equation (11).

𝑡2 =
𝐿

𝑅𝑆
𝑙 𝑛 (1 + 𝑅𝑆𝐼𝑚 𝑎 𝑥

𝑉𝑐 𝑠
)                                               

(10)

𝐸 = ∫𝑡2

0 𝑉𝑐 𝑠𝑞𝑑 𝑡 =

𝐿𝑉𝑐 𝑠

𝑅𝑆
(𝐼𝑚 𝑎 𝑥 ― 𝑉𝑐 𝑠

𝐿
𝑡2)                                   

(11)

Through the above numerical analysis, the energy loss of the PMC can be 

identified as delay conduction loss, the accumulated charge loss and the secondary 

oscillating loop impedance loss.

3. Performance analysis of the device selection

Power management performance can be improved by reducing energy losses, 

which originate from topology and electronic devices. Since the topology of the circuit 

is predetermined and simplified, device selection becomes a crucial factor for reducing 

energy loss. Fig. S2 shows the charging performance comparison of PMCs faced with 

different combinations of device selection and output amplitudes by simulation. The 

specific device selections are detailed in Table S1, and the simulated voltage output of 

TENG varies from 10 V to 60 V. It is evident that different device combinations lead 

to significant differences in the energy harvesting performance, especially when the 

TENG’s output is low. Therefore, to ensure the normal operation of the PMC, it is 

crucial to study the impact of devices on the power management performance. Since 

the types of energy losses are specified in section 2.3, this makes the subsequent impact 

study on electronic devices explicit. Fig. 3a illustrates the Schematic illustration of 

𝑉𝑅 1 caused by different types of energy losses, which 

can assist in identifying the energy loss source. The devices are divided into basic 

components and switching components according to their characteristics. The impact 
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of devices on the power management performance is explored by the control variable 

method. Optional devices are listed in Table S2. For the convenience of subsequent 

comparative research, the PMC with 𝑅 1-

500M, 𝐶 1-0.2

n F

, L1-22μH, 𝑅 2-20M, PNP-mmbt3906, 

and NMOS-2N7002 is set as the reference circuit. Since transient changes of circuit 

nodes are difficult to capture experimentally, LTspice simulation software is employed 

for research. To ensure the reliability of the analysis, the simulation inferences need to 

be further validated experimentally. In this study, the TENG-embedded cylindrical 

roller bearing (TCRB) proposed in [37] is introduced as an experimental object, and its 

equivalent power supply is constructed, as shown in Fig. 3b. The electronic devices 

listed in Table S2 are also purchased for experimental verification. Last, the fabricated 

selectable-device PMC and experiment setup are presented in Fig. S3 and S4. 
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Fig. 3. Impact analysis of basic devices. (a) Schematic illustration of 

𝑉𝑅 1 caused by different energy losses. (b) Equivalent 

power supply model of the TCRB [37]. (c) Simulation waveforms of charging 

performance, and (d) 𝑉𝑅 1 with different resistor 

𝑅 1. (e) Experimental charging 

performance with different resistor 𝑅 1. (f) 

Simulation waveforms of charging performance, and (g) 

𝑉𝑅 1 with different capacitor 

𝐶 1. (h) Experimental charging 

performance with different capacitor 𝐶 1. 

(i) Charging performance with different inductor 
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𝐿 1. (j) Charging performance with 

different resistor 𝑅 2. (k) Simulation 

waveform of 𝑉𝑔 𝑠 with different resistor 

𝑅 2.

3.1 Impact analysis of basic devices

The function of the resistor 𝑅 1 is to 

provide a current loop when NMOS is switched off, ensuring that the voltage of the 

PNP base can track the TENG’s output. This mechanism allows 

𝑉𝑏 𝑒 to reach the turn-on voltage of the PNP when the TENG’s 

output drops. Notably, the resistance of 

𝑅 1 should be relatively large to ensure 

that the poles of TENG are approximately disconnected. Fig. 3c presents the charging 

performance of TENG using PMCs with different 

𝑅 1 by simulation. It can be observed that 

𝑅 1 with either excessively large or small 

value will result in a longer charging time. The reason for this can be further explored 

by examining the waveform of 𝑉𝑅 1 (Fig. 3d). When 

the resistance of 𝑅 1 is small, the 

accumulated charge on 𝐶𝑇 𝐸 𝑁 𝐺 will be lost through 

𝑅 1. Conversely, 

𝑅 1 with excessively large resistance will 

prevent the base of PNP from tracking the output, making it difficult to detect the peak 

output accurately. Correspondingly, resistors with identical values in the simulation are 

employed to test the charging performances by experiment, as illustrated in Fig. 3e. 

Unlike the simulation results, there is no significant difference in the time taken for the 

energy storage capacitor to be charged when 

𝑅 1 is greater than 500 M.This 

discrepancy is possibly due to the large leakage current of PNP and NMOS in practice, 

which allows the base of PNP to change with the TENG’s output even if there is no 
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branch of 𝑅 1.

The function of the capacitor 𝐶 1 is 

to provide energy for conducting NMOS and realize the detection of the peak output in 

conjunction with the diode 𝐷 5. Fig. 3f 

presents the charging performance of TENGs using PMCs with different 

𝐶 1 by simulation. Obviously, a 

capacitance value that is either excessively large or small will adversely affect the 

charging performance. The reason for this can be further explored by examining the 

waveform of 𝑉𝑅 1 (Fig. 3g). A larger capacitance will 

lead to a decrease in the peak of 𝑉𝑅 1, indicating a 

reduction in the accumulated charge in 𝐶𝑇 𝐸 𝑁 𝐺. While a 

small capacitance does not reduce the accumulated charge in 

𝐶𝑇 𝐸 𝑁 𝐺, limited stored energy in 

𝐶 1 will delay the conduction of NMOS, 

which will also deteriorate the power management performance. Correspondingly, the 

charging performances of TENGs using PMCs with identical capacitors used in the 

simulation are tested experimentally, as illustrated in Fig. 3h. Consistent with the 

simulation results, excessive or insufficient capacitance values will lead to a decline in 

the power management performance.

The function of inductor 𝐿1 is to extract the energy stored in TENG and transfer 

energy to capacitor 𝐶𝑠 via LC oscillation. Fig. 3i illustrates the charging performance 

of TENGs using PMCs with different inductor 𝐿1 by simulation. Evidently, with the 

increase of inductance, the charging time decreases correspondingly. However, the 

experimental result (the insert of Fig. 3i) indicates that the optimal charging 

performance is achieved using a PMC with 220 

μ H 

inductor. This discrepancy may be attributed to that the idealized inductor model used 

in the simulation does not account for the existence of magnetic loss and inherent 

resistance. Each power management cycle encompasses two LC oscillation processes. 
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The quality factor of a damped LC oscillator circuit, denoted as 𝑄 = 1
𝑟

𝐿
𝐶
, quantifies 

the energy loss in the energy transfer process. Since 𝐶𝑇 𝐸 𝑁 𝐺 

is very small, the resistance of inductor 𝐿1 exerts negligible impact on 𝑄 in the initial 

LC oscillation process. However, given the close order of magnitude of 𝐶𝑠 and 𝐿1, 

the resistance of the inductor will significantly impact 𝑄 of the second LC oscillation 

process, which is consistent with the energy loss analyzed in section 2.3. By setting an 

appropriate equivalent resistance of inductor 𝐿1, the simulation results of charging 

performance can align with the experimental results, as illustrated in Fig. S5. Therefore, 

the above analysis shows that the inductor with small impedance should be selected.

The resistor 𝑅 2 serves to establish 

𝑉𝑔 𝑠, thereby enabling the NMOS to conduct. Fig. 3j presents the 

charging performance of TENGs using PMCs with different resistor 

𝑅 2 by simulation, and the experimental 

result (see the insert of Fig. 3j) aligns with the simulation results. The charging 

performance of TENGs remains relatively stable when the resistance ranges from 10 M

 and 30 M. However, the charging performance declines when the resistance 

reaches 50 M. Conducting NMOS requires the equivalent gate capacitor to be charged 

up to 𝑉𝑡 ℎ, while switching off NMOS necessitates the 

discharge of the charge. Excessive resistance prevents the discharge of charges, making 

it difficult for the NMOS to shut down completely, as illustrated in Fig. 3k. This will 

cause a large leakage current through the NMOS (Fig. S6), increasing accumulated 

charge loss.

3.2 Impact analysis of switching devices

Switching devices are essential for power management control. The PNP transistor 

implements the peak checking function together with the control capacitor and 

determines the energy release of the control capacitor. The NMOS transistor acts as the 

main switch for the TENG's CMEO strategy. Different from basic devices, switching 

devices involve many physical parameters, so the impact mechanism of the devices on 
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the power management performance is not straightforward. A deep understanding of 

the physical characteristics of switching devices can contribute to the impact analysis 

of switching devices.

With the help of the equivalent model of PNP (Fig. 4a), the changes occurring 

inside the PNP during the process of power management can be revealed. 𝐶𝑗 and 𝐶𝑑 

denote barrier capacitance and diffusion capacitance respectively, and are collectively 

referred to as junction capacitance. Upon the completion of the previous energy transfer 

cycle, both the control capacitor and junction capacitor will be charged as the output 

voltage of TENG rises, causing an increased accumulated charge loss. Consequently, 

the PNP with a small emitter junction capacitance should be selected. To corroborate 

the above inference, five distinct types of PNP are selected, and their capacitance values 

are presented in Table S3. Fig. 4b shows the charging performance of TENGs using 

PMCs with different PNPs by experiment. Evidently, the energy harvesting 

performances of the PMC with mmbt5401 and mmbt3906 are superior, while the 

energy harvesting performance significantly deteriorates when 2SA2056 is selected. 

This trend generally aligns with the changes in junction capacitance of PNP. This 

inference can be further validated by the waveform of 

𝑉𝑅 1, as illustrated in Fig. 4c. It can be observed that the 

𝑉𝑅 1 peak value of 2SA2056 decays, which is due to 

larger energy loss in 𝐶𝑇 𝐸 𝑁 𝐺 caused by the junction 

capacitor.
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Fig. 4. Impact analysis of switching devices. (a) Schematic illustration of the equivalent 

model of PNP. (b) Charging performance, and (c) 𝑉𝑅 1 

waveform with different PNPs by experiment. (d) Schematic illustration of the 

equivalent model of NMOS. (e) Charging performance, and (f) 

𝑉𝑅 1 waveform with different NMOSs by experiment.

To study the influence of NMOS on the power management performance, an 

equivalent model of NMOS that considers capacitor effects is introduced, as illustrated 

in Fig. 4d. There are equivalent capacitors between each terminal of NMOS, named 

𝐶𝑔 𝑑, 𝐶𝑔 𝑠 and 𝐶𝑑 𝑠. 

As the output voltage of TENG rises, both 𝐶𝑑 𝑠 and 

𝐶𝑔 𝑑 will be charged, causing an increased charge loss. Besides, 

to ensure the conduction of NMOS, 𝐶𝑔 𝑠 must be charged to 

𝑉𝑡 ℎ. Therefore, reducing parasitic capacitance can 

contribute to the efficient operation of the PMC. To verify the impact of parasitic 

capacitors on power management performance, four different NMOSs are employed. 

Their specific capacitance parameters are listed in Table S4. As illustrated in Fig. 4e, 

the charging performance of TENG using the PMC with 2N7002 exhibits the best, 

obviously superior to those with CJ2306 and RTR025N05. This trend aligns with the 

change in parasitic capacitance of the NMOS. Moreover, the 
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𝑉𝑅 1 waveform in Fig. 4f illustrates from another 

perspective that the NMOS with a larger parasitic capacitance will increase 

accumulated charge loss. Compared with PNP, NMOS has a more significant impact 

on the power management performance. This is primarily because the variation in 

parasitic capacitance of NMOS with identical package is usually greater than that in 

junction capacitance of PNP. Last, it is worth noting that other physical parameters of 

NMOS, such as gate threshold voltage (𝑉𝑡 ℎ) and zero 

gate voltage drain current (𝐼𝐷 𝑆 𝑆) theoretically affect the power 

management performance. A low 𝑉𝑡 ℎ can conduct 

NMOS faster, thereby reducing the delayed conduction loss, while a low leakage 

current can reduce the accumulated charge loss. However, since differences in 

𝐼𝐷 𝑆 𝑆 and 𝑉𝑡 ℎ of identical 

package are usually small, the parasitic capacitance becomes the dominant factor 

affecting the performance of the PMC.

4. Demonstration  

Fig. 5a presents a prototype of the fabricated PMC with optimized device selection, 

whose devices used are 𝐶 1-0.33

n F

, L1-220μH, 𝑅 2-20M, PNP-mmbt3906, 

and NMOS-2N7002. The size of PMC is comparable to that of a RMB 1 coin, making 

it easy to integrate with various TENGs. Qualified PMCs should be adapted to different 

output frequencies, so the performances of the PMC at different speeds are tested. As 

illustrated in Fig. 5b, the charging performance of the TENG improves at different 

speeds, but decreases as the frequency decreases. This is because the output amplitude 

of the TENG is small at low rotational speed, increasing the proportion of energy loss 

to available energy. Fig. 5c shows the TENG’s output power connected to different 

resistors with the PMC. Similar to the simulation results, the PMC can reduce the 

matching load resistance of TENG, and the output power of a 1 M can be increased 

by 3.48 times. The reason why the experimental results are inferior to the simulation 

results may be that the energy consumed by conducting NMOS is more than expected 
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and the intrinsic capacitor of TENG is smaller than the value constructed in the model. 

The performance of the PMC on a capacitive load is demonstrated with a TENG-based 

wireless temperature sensing system. As shown in Fig. 5d, the PMC and wireless sensor 

are mounted above the bearing seat. When the 1000 μF capacitor is charged to 4V, the 

energy will be released to drive the sensor. Previously, the TENG with the rectifier 

bridge takes 45 minutes to charge the capacitor, while it only takes 17 minutes with the 

PMC. With the help of the circuit, 62% of the charging time is saved. Furthermore, the 

effectiveness of the PMC applied to a contact separation mode TENG is demonstrated. 

As illustrated in Fig. 5e, a 47 μF capacitor can be charged to 0.98 V by manually tapping 

200 times with the PMC, while only 0.16V is charged by the rectifier bridge. Last, the 

performance of PMC is also verified by a TENG for vibration energy harvesting, whose 

structure can be found in [38]. As illustrated in Fig. 5f, 61.7% of charging time is saved 

compared to the rectifier bridge. 

Fig. 5. Demonstration of the passive CMEO-ULC PMC. (a) Prototype of the PMC. (b) 
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Charging performance of the PMC at different speeds. (c) Experimental output power 

of the TCRB with the PMC. (d) Wireless communication demonstration of TENG-

based sensor node through the PMC. (e) Charging performance comparison of a 

contact-separation mode TENG, and (f) a TENG for vibration energy harvesting with 

the PMC and the rectifier bridge [38].

5. Conclusion

In conclusion, this study introduces a self-driven PMC that integrates the CMEO 

strategy and unidirectional LC oscillation. The topology and operating principle of the 

PMC are depicted in detail. For a typical freestanding TENG, the simulation results 

show that PMC can help the TENG shorten the charging time to a 47 μF capacitor by 

88.3%, and increase its output power of a 1

 M

 load by 17.35 times. Due to the weak output and small intrinsic capacitance of 

TENGs, the performance of the PMC is susceptible to device selection in practice. 

Therefore, the impact of semiconductor devices on power management performance is 

investigated systematically. By establishing the numerical equation of energy transfer, 

energy loss sources are first qualitatively identified as accumulated charge loss, 

conduction delay loss and oscillating loop impedance loss. Then, the correlation of 

these energy losses with device selection is analyzed by simulation and experiment. 

With optimized device selection, the fabricated PMC can successfully reduce a 6.7 μW-

output TENG’s charging time to a 47 μF capacitor by 62.8%, and increase the output 

power at a 1 M by 3.48 times. Moreover, the PMC also exhibits good universality to 

various TENGs. Overall, the proposed PMC can improve the performance of TNEG-

based sensor nodes greatly, which is of great significance for promoting the application 

of TENGs.
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