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Abstract—This document is a Zener diode-limited high 

voltage (HV) buck converter energy harvesting system for 

triboelectric nanogenerator (TENG). The TENG commonly 

generates HV around 100 V. It is impossible to connect directly 

to switches. However, the proposed system can harvest energy 

from a wide voltage range of TENG. A long charging time 

induces wasting energy if it uses a fractional open-circuit voltage 

(FOCV) to obtain power higher than the breakdown voltage. 

We propose impedance tracking maximum power point 

tracking (MPPT), which adjusts the effective impedance of the 

converter using the pulse-width modulation (PWM) method. 

We present low-power zero-current sensing (ZCS) based on a 

common-gate comparator to prevent flowing reverse current 

from the output stage. The proposed system is designed on a 

180-nm bipolar-cmos-dmos (BCD) process. The 40 V Zener-

diode array and the highest breakdown voltage of MOSFET in 

this process are used for utilizing a high voltage input around 

100 V. The measured peak conversion efficiency of 89.7 % is 

achieved for delivering an output power of 1.25 mW. 

Keywords—High voltage buck converter, TENG, MPPT, zero-

current sensing 

 

I. INTRODUCTION 

With the miniaturization of various electronic devices, 
portability with convenience has been emphasized [1]. The 
portability is closely related to the charging and sustaining of 
power to ensure correct functional operation. Therefore, 
interest in energy harvesting from ambient has increased. The 
triboelectric nanogenerator (TENG) [2] is useful for 
miniaturizing and is suitable for application to the low-
frequency motion of the human body. Furthermore, it has a 
higher energy density than a piezoelectric generator (PEG) 
[3]. However, the main challenge of TENG as an energy 
harvesting source is that the TENG usually generates a high 
voltage (> 100 V) with a high internal impedance (~ MΩ). 
When the high voltage is applied directly, the inside of the 
chip can be destroyed. Also, implementing an efficient energy 
extraction technique is difficult for matching high impedance. 

Therefore, this paper proposes a Zener diode-limited high-
voltage buck converter to maximize the input power rather 
than stop the converter operation. The proposed converter 
uses Zener diodes to extract power and protect the chip. In this 
180-nm BCD process, the MOSFETs with a 40 V breakdown 
voltage cover the high voltage. For 40 V of source input, the 
converter uses the same power as when it samples 40V for 80 
V input voltage without wasting energy with sampling time.  

 

II. PROPOSED ARCHITECTURE 

Fig. 1(a) shows the architecture of the proposed diode-

limited high-voltage buck converter. It comprises an input 

source including TENG with a full bridge rectifier (FBR), a 

40 V Zener-diode array (VZ), two power switches for buck 

operation (MP and MN), and an inductor. A load resistor (RL), 

an input capacitor (CIN), and an inductor (L) are off-chip 

components. The CIN and on-chip FBR offer smooth source 

voltage of AC voltage from TENG. The 40 V Zener array 

limits VIN to prevent the breakdown of MP.  

Fig. 1(b) shows the block diagram of the system 

controller, which generates ФP,HV and ФN,M for MP and MN, 

respectively. It consists of a voltage sensing block, an MPPT 

block, a zero-current sensing (ZCS) block, and two-level 

shifters (LS). The voltage sensing block tracks VIN and 

produces low voltage (Vsen). Using Vmpp and Vsen, the MPPT 

block generates ФP,LV. The ZCS block generates ФN based on 

c for controlling MN. Two level shifters use different supply 

voltages: Low-LS makes ФP,LV increases from VDD to Vm, and 

High-LS increases the output of Low-LS from Vm to VIN. VDD 

(=1.8 V) is for logic gates in MPPT and ZCS, Vm (=5 V) is 

for middle voltage, and VIN is for keeping off-state of MP. 
 

40V Zener 

Array

FBR

CIN

CO RL

VO
L

VIN

ΦP,HV

ΦN,M

MP

MN

TENG

Vind

 
(a) 

Voltage 

Sensing

MPPT Low-LS

High-LS

ZCS

ΦP,HV

ΦN,M

VIN

Vind

VIN

Vsen

Vmpp

Vm

ΦP,LV

ΦN

Vm

 
(b) 

Fig. 1. (a) Architecture of the proposed system, (b) block diagram of the 
system controller. 
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Fig. 2 illustrates the operation of the proposed converter 

(VS/2 > VZ). In this case, the average input power (PIN,avg) of 
the converter can be derived as, 

( )Z Z O 2
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P f t
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−
=   .                (1) 

Where L is the inductance, fS is the switching frequency of 
the converter, and tON is the on-time of MP. It keeps tracking 
the maximum power point even though it is impossible to get 
the exact maximum point (Vmpp). The effective input 
impedance (RIN) can be derived as follows [4], 
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where β = VO/VIN. Eq. (2) means that the MPPT controller 
increases the tON to decrease the effective input impedance of 
the converter. Fig. 3 shows the calculated result of PIN,avg as a 
function of tON when PIN,max = 500 μW with 100V source 
voltage. Therefore, the proposed system extends the available 
power range of TENG. 
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Fig. 2. Operational waveform of the proposed converter. (VS/2 = Vmpp > VZ) 
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Fig. 3. The calculated result of PIN,avg as a function of tON. 
 
Fig. 4 shows the block diagram of the ZCS controller. It 

consists of a common-gate comparator to compare between 
Vind and ground, MN2 for inducing Vind into the comparator, 
and several logic gates. The ZCS controller is operated when 
ФP,LV is rising edge. Once ФP,LV becomes high, ФN is high to 
connect Vind and comparator through MN2. Even though the 
comparator always operates, it consumes power when MN2 is 
turned on. Therefore, the ZCS controller consumes only 160 
nW. Fig. 5 shows the simulated waveform of the ZCS 
controller. The delay prevents the shoot-through current, 
generating a short circuit when MP and MN are turned on 
simultaneously. 
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Fig. 4. The block diagram of the ZCS controller. 
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Fig. 5. Simulated waveform of ZCS controller in steady state. 
 

III. EXPERIMENT RESULT 

The converter IC has been fabricated on a 180-nm BCD 
process. Fig. 6 shows the chip micrograph with an area of 
3.055 mm2. Table Ⅰ shows a performance comparison with the 
state of the arts. All designs are fabricated using the BCD 
process supporting high voltage. Each process has its limit 
voltage: works [5],[6], and [8] have 70 V, work [7] has 60 V, 
and our work has 40 V. However, the maximum input voltage 
of works [5],[6], and [7] are saturated up to their limit voltage. 
On the other hand, work [8] and our work achieve harvest 
above the limit voltage. Even though work [8] makes the 
power possible to extract almost two times the limit voltage, 
it uses a multi-chip stacking technique, which increases the 
system's volume. Lastly, our work obtains 89.7 % conversion 
efficiency at output power (POUT) = 1.25 mW, comparable to 
the result of [8], which shows 70.7 % conversion efficiency 
when the POUT delivers 1.2 mW.  

 
Fig. 6. Micrograph of the fabricated IC 
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TABLE I.  PERFORMANCE COMPARISON 

Process 

Type

Limit Voltage

MPPT 

technique 

Inductor

Area

Energy 

source

[6] [7] [8][5] This work

180 nm HV BCD

Adaptive PWM

VOUT 2 - 5 V

3.055 mm
2

Rectifier,Buck

TENG

180 nm HV BCD

p-SSHI

2 V

6.25 mm
2

Rectifier,

Buck,
1
SC

TENG

FOCV

2 - 5 V

2.482 mm
2

Rectifier, Buck

TENG

2-D MPPT

0 - 5 V

3 mm
2

Rectifier, Buck

TENG

3.1 - 4.3 V

2
MCS-BF

TENG

70.7% @

POUT = 1.2 mW

20 mH1 mH 1 mH 10 mH

ηCONV
 89.7% @

POUT = 1.25 mW 

85% @

POUT = N/A

54.48% @

POUT = 20.7 μW

32.71% @

POUT = 722 μW

40 V70 V

180 nm HV BCD

70 V 60 V

250 nm HV BCD

1
SC : Switched Capacitor

180 nm HV BCD

-

70 V

10 mH

N/A

2
MCS-BF : Multi-Chip-Stacked Bias-Flip

Maximum 

Input Voltage > 135 V > 40 V70 V 70 V 60 V

 

IV. CONCLUSION 

A rectifier (FBR) is required to shape AC voltage from the 
input source (TENG) to realize the proposed model. The 
converter IC is implemented using a 180-nm HV BCD process 
in an area of 3.055 mm2. The process has a limit voltage of 40 
V, which is the breakdown voltage of high-voltage transistors. 
To avoid power loss from sampling, the converter uses 
adaptive pulse width modulation (PWM), increasing 
harvested input power. In addition, we use a Zener-diode array 
to clip the voltage to protect devices and to harvest more 
power above 40 V of input voltage. In measurement, a peak 
conversion efficiency of 89.7 % is achieved for delivering an 
output power of 1.25 mW. 

ACKNOWLEDGMENT  

This chip fabrication was supported by the IC Design 
Education Center (IDEC), Korea. 

REFERENCES 

[1] I. Haydaroglu, M. T. Ozgun and S. Mutlu, "Optically powered optical 
transmitter using a single light-emitting diode," IEEE Trans. Circuits 
Sys. I: Regular Papers, vol. 64, no. 8, pp. 2003-2012, Aug. 2017. 

[2] W. Gang, C. How, and H. Wang, “Flexible and wearable electronics 
for smart clothing.”, 2020. 

[3] A. Ahmed, I. Hassan, A. S. Helal, V. Sencadas, A. Radhi, C. K. Jeong, 
M. F. El-Kady, "Triboelectric nanogenerator versus piezoelectric 
generator at low frequency(<4Hz): a quantitative comparison," 
iScience, vol. 23, 2020. 

[4] S. C. Chandrarathna, S. -Y Moon, and J. -W. Lee, “A power 
management system for hybrid energy harvesting from multiple 
multitype sources and ultrawide range source tracking,” IEEE Trans. 
Power Electron., vol. 38, no. 4, pp. 4859-4875, April 2023. 

[5] I. Kara, M. Becermis, M. A. -A. Kamar, M. Aktan, H. Dogan and S. 
Mutlu, "A 70-to-2 V triboelectric energy harvesting system utilizing 
parallel-SSHI rectifier and dc-dc converters," IEEE Trans. Circuits 
Sys. I: Regular Papers, vol. 68, no. 1, pp. 210-223, Jan. 2021. 

[6] J. Maeng, I. Park, M. Shim, J. Jeong and C. Kim, "A high-voltage dual-
input buck converter with bidirectional inductor current for 
triboelectric energy-harvesting applications," IEEE J. Solid-State 
Circuits, vol. 56, no. 2, pp. 541-553, Feb. 2021. 

[7] S. Stanzione, C. van Liempd, M. Nabeto, F. R. Yazicioglu and C. Van 
Hoof, "A 500nW batteryless integrated electrostatic energy harvester 
interface based on a dc-dc converter with 60V maximum input voltage 
and operating from 1μW available power, including MPPT and cold 
start," 2015 IEEE ISSCC of Technical Papers, 2015, pp. 1-3. 

[8] J. Lee, S. -H. Lee, G. -G. Kang, J. -H. Kim, G. -H. Cho and H. -S. Kim, 
"A triboelectric energy-harvesting interface with scalable multi-chip-
stacked bias-flip and daisy-chained synchronous signaling techniques," 
IEEE J. Solid-State Circuits, 2022. 

 

 

6


