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Abstract—This paper presents a system for vibration and 

thermal energy harvesting from automobiles, and it intends to 

power wireless sensor nodes. Two main features of the proposed 

circuit are impedance matching to extract maximum power and 

wake-up to incorporate sleep mode. Two separate buck-boost 

converters in discontinuous conduction mode are used for 

impedance matching. A wake-up circuit senses the vibration 

energy generated by a piezoelectric cantilever (PZT). When a car 

is turned off, the wake-up circuit deactivates the two converters, 

and the entire circuit goes into sleep mode to save power. The 

proposed circuit charges a capacitor to power a wireless sensor 

node, and is able to cold start. The proposed circuit is prototyped 

with discrete components. Experimental results show that the 

proposed system harvests peak power of 3.4 mW and these results 

also demonstrate that a wireless sensor node can be powered by 

the proposed system. 

Keywords—Energy harvesting (EH) from automobiles. wake-up 

circuit, impedance matching, vibration energy harvesting, thermal 

energy harvesting.  

I. INTRODUCTION 

Energy harvesting from ambient energy has attracted 
immense research interests for wireless sensor nodes [1]-[9]. 
Energy harvesting intends to eliminate the need to replace or 
recharge batteries, so wireless sensor nodes can operate 
perpetually [10]-[14]. 

Bloomberg New Energy Finance expects that the sale of 
electric vehicles would reach 41 million by 2040, which 
accounts for 35% of light duty vehicle sales [15]. The report 
also predicts that electric vehicles would cost the same as 
gasoline-based ones by 2022. Electric vehicles and driverless 
cars require a large number of sensors, and hard-wired sensors 
are expensive to install and maintain and take up large spaces 
[16]. Wireless sensor nodes powered by ambient energy is a 
promising solution to the problem.  

Vibration and thermal gradient are widely available for 
automobiles. Zhu et al. investigated vibrations of a moving 
vehicle under various conditions [17]. The vibration frequency 
ranges between 12 Hz and 30 Hz, and the acceleration is as 
large as 1 g for a vehicle moving at the speed of 30 km/h. Tak 
and Setia explored harvesting energy from the waste heat of 
automobile engines, and showed feasibility to light up 
headlights through thermal energy harvesting under the 
temperature gradient of 70 °C [18].  

Privately owned cars are parked about 95% of the time [19]. 
When cars are not in operation, it is desirable to turn off an 
energy harvesting circuit for power saving. It necessitates a 
wake-up circuit. Vibration energy harvesting circuits for 
piezoelectric cantilevers (PZT) often adopt a nonlinear method 
called Synchronized Switch Harvesting on Inductor (SSHI) 
[20]-[22] and Maximum Power Point Tracking (MPPT) [23]-
[24]. However, SSHI and MPPT lead to high circuit 
complexity, and hence, may be suitable only for IC 
implementations [20]-[22], [25].  

In this paper, we present a vibration and thermal energy 
harvesting system from automobiles. It adopts resistive 
impedance matching with buck-boost converters operating in 
discontinuous conduction mode (DCM). A wake-up circuit 
senses the energy level generated by a PZT and controls the 
operation mode of the proposed circuit. The circuit is able to 
cold start, meaning it can start even if the power storage 
capacitor is completely drained. This paper is organized as 
follows. Section II reviews relevant materials. Section III 
presents the proposed energy harvesting system and describes 
implementation of a wake-up circuit. Section IV presents 
experimental results of the proposed system. It also 
demonstrates the ability of the proposed system to power a 
wireless sensor node. Section V draws a conclusion. 

II. PRELIMINARIES 

A. Multi-Source Energy Harvesting 

Multi-source energy harvesting increases the amount and 
reliability of the harvested power [26]-[28]. Design challenges 
of multi-source energy harvesting include incorporating wide 
ranges of input voltages from different sources and different 
characteristics of source impedances [27], [28]. 

Alhawari et al. investigated a wearable system to harvest 
vibration and thermal energy from a human body and to power 
a biomedical processor [26]. The system adopts a passive 
rectifier for a PZT and a boost converter for a thermoelectric 
generator (TEG). It is able to cold-start out of vibration energy, 
but does not adopt impedance matching. Multi-source energy 
harvesting systems for solar, vibration, and thermal energy are 
proposed in [27] and [28]. Bandyopadhyay and Chandrakasan 
adopted impedance matching for individual transducers. Energy 
is harvested from one source at a time, which enables sharing of 
the inductor to reduce the size [27]. In contrast, Ding et al. 
harvested energy from three different sources simultaneously 
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using three separate converters [28]. Neither of the designs 
considers wake-up and cold-start.  

B. Negative Voltage Converter 

A PZT requires rectification, and a full bridge rectifier. A 
rectifier made of passive diodes including Schottky diodes 
dissipates relatively large power for a small scale energy 
harvesting system. The negative voltage converter (NVC) 
shown in Fig. 1 performs rectification while reducing the power 
dissipation [29]-[33]. During the positive half cycle of the input 
voltage, PMOS transistor M1 and NMOS transistor M4 are 
turned on, and the current flows from node A through M1 to the 
load and flows back to node B through M4. It is opposite for the 
negative half cycle. The diode D1 prevents reverse flow of the 
current from the load if the load voltage (such as the load battery 
voltage) is higher than the 
source voltage. The drain-to-
source voltage drop of a 
turned-on transistor is small 
to result in low power 
dissipation of an NVC. Note 
that the direction of the body 
diodes of the transistors 
coincides with the direction 
of the current. 
 

C. Impedance Matching 

 An inverting buck-boost converter is shown in Fig. 2, where 
the polarity of the output voltage is opposite to the input voltage. 
The emulated input resistance of a buck-boost converter in DCM 
is given in (1)  


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TD

L
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2
  

where L is the inductance, D is the duty cycle, and TS is the 
switching period of the converter. The input impedance of an 
ideal buck-boost converter in DCM is independent of the 
operating conditions, such as input and output voltages and load 
resistance. An inverting buck-boost converter is adopted for 
impedance matching for the proposed circuit and others such as 
[23] and [34]. 

III. PROPOSED ENERGY HARVESTING SYSTEM 

This section presents the proposed system for vibration and 
thermal energy harvesting from automobiles and explains wake-
up and impedance matching circuit design. 

A. Overview 

A PZT and TEG are used for the proposed system, and the 
proposed system intends to power a wireless sensor node. A 

block diagram of the proposed system is shown in Fig. 3. The 
major building blocks are an NVC rectifier, a wake-up circuit, 
two buck-boost converters with associated oscillators, and a 
buck converter to regulate the output voltage.  

When a car is in operation, the PZT generates AC voltage, 
which is rectified by the NVC rectifier. Upon sensing the NVC 
output voltage, the wake-up circuit activates the PZT and TEG 
oscillators by providing power to the two oscillators. Each 
oscillator generates a sequence of pulses with a constant duty 
cycle and a fixed frequency, which activates the associated 
buck-boost converter. The input impedance of a buck-boost 
converter matches the source impedance based on the formula 
(1). The two converters share the same load and a capacitor CB, 
and the energy harvested by a PZT and/or TEG charges the 
capacitor independent of the energy harvesting status of the 
other transducer. The buck converter regulates the output 
voltage to 1.8 V to power a wireless sensor node. 

B. Wake-up Circuit 

The wake-up circuit shown in Fig. 4 consists of an RC filter 
with R1 and C1, a difference amplifier (OPA), and a Zener diode 
D2. The NVC rectifies AC voltage, and the RC low pass filter 
reduces the ripple. When the voltage VC1 across the capacitor 
C1 reaches 0.9 V, the PZT oscillator (denoted as “PZT OSC” in 
the figure) powered by the capacitor C1 becomes active, which 
in turn activates the PZT buck-boost converter. The vibration 
energy captured by the PZT starts to charge the capacitor CB 
shown in Fig. 3. When the capacitor voltage VB reaches to 1.6 
V, the difference amplifier, powered by the capacitor voltage 
VB, is active. The difference amplifier in turn activates the TEG 
oscillator and hence the TEG buck-boost converter. The 
thermal energy captured by the TEG also starts to charge the 
capacitor CB. The Zener diodes D1 and D2 limit the maximum 
corresponding voltages for protection. 

Let’s consider the cold start capability of the proposed 
system. Suppose that the capacitor CB is drained completely, 
and all the blocks are deactivated. As the PZT generates voltage 
out of vibrations, the NVC becomes active to charge the 
capacitor C1. When the capacitor voltage VC1 reaches to 0.9 V, 
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Fig. 1. NVC circuit. 
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Fig. 2. Inverting buck-boost converter topology. 
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Fig. 3. Block diagram of the proposed system. 
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Fig. 4. Wake-up circuit. 
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it activates the PZT oscillator. The oscillator in turn activates 
the PZT converter to harvest the vibration energy, which starts 
to charge the capacitor CB. As the capacitor voltage reaches 1.6 
V, it activates subsequently the difference amplifier OPA, the 
TEG oscillator, and the TEG converter. 

Finally, it is feasible to share the oscillator for both PZT and 
TEG. However, sharing the oscillator does not reduce the 
overall circuit complexity due to the opposite polarity of the 
output voltage of an inverting buck-boost converter.  

C. Impedance Matching 

Two separate inverting buck-boost converters operating in 
DCM are used for impedance matching for the PZT and TEG. 
In order to obtain the target impedance of the PZT or TEG, a 
variable resistor is connected directly to the transducer, and the 
optimal resistor value ROPT is obtained through the 
measurement of the power of the variable resistor. The duty 
cycle D of the switch in Fig. 2 is obtained from (1) and given 
below. 

 𝐷𝑂𝑃𝑇 = √
2𝐿𝑓𝑠

𝑅𝑂𝑃𝑇
 

where fs is the switching frequency. The switching frequency 
and the inductor L are determined considering several design 
issues, such as loss and size.  

The overall circuit diagram of the proposed system is shown 
in Fig. 5. An oscillator generates the switching signal with the 
desired duty cycle for the associated buck-boost converter. 
Refer to [23] for details of the oscillator design. The two buck-
boost converters charge the same capacitor CB, and the output 
voltage VOUT is regulated to 1.8 V with an off-the-shelf buck 
converter LTC3405A-1.8. As the diode D1 blocks reverse flow 
of the current from CB to the NVC, a diode at the output of the 
NVC is unnecessary, and hence, eliminated. 

IV. EXPERIMENTAL RESULTS 

A. Prototype and Experiment Setup 

The proposed energy harvesting circuit is prototyped with 
commercial off-the-shelf components and is shown in Fig. 6 (a). 
The experiment setup is shown in Fig. 6 (b), in which the 

prototyped system powers a wireless sensor node from 
harvested energy. The PZT and TEG used for the experiments 
are Mide PPA-1001 and Thermal Electronics TEG2-126LDT, 
respectively. The PZT with a tip mass of 23 grams is vibrated 
with the RMS acceleration of 0.6 g at the resonant frequency of 
15 Hz in the experiment. The temperature gradient of the TEG 
is set to 5 °C.  

B. Power and Efficiency of Vibration Energy Harvesting 

A resistor is connected directly to the PZT alone without 
any other circuits, and the power delivered to the resistor is 
measured and shown in Fig. 7(a). The measurement result 
shows that the peak power of 4.52 mW is achieved for the 
resistance of 80 kΩ, and the maximum power is used as the 
reference power to calculate the efficiency of the proposed 
system for vibration energy harvesting. The power is sensitive 
to the resistor value, which indicates that impedance matching 
is necessary for vibration energy harvesting with a PZT. 

Next, the power and efficiency of the proposed system for 
vibration energy harvesting is measured. To emulate the 
optimal resistance of 80 kΩ, the duty cycle of the PZT buck-
boost converter with a 22 mH inductor is set to 2.9% under the 
switching frequency of 1.52 kHz. The TEG buck-boost 
converter, the associated oscillator, and the buck converter at 
the output are deactivated. A variable load resistor is attached 
in parallel with the capacitor CB. The power delivered to the 
load resistor is measured and shown in Fig. 7(b) along with its 
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Fig. 5. Proposed energy harvesting system diagram. 
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Fig. 6. Prototype and experiment setup. 

 

 
(a) Output power of the PZT 

 
(b) Efficiency and output power of the proposed PZT system 

Fig. 7. Vibration energy harvesting system alone. 
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efficiency. The efficiency is obtained as the reference power of 
4.52 mW to the power delivered to the load resistor under the 
vibration energy harvesting system alone. The peak efficiency 
and output power of the PZT converter are 57.7% and 2.61 mW, 
respectively, under the load resistance of 3 kΩ. 

C. Power and Efficiency of Thermal Energy Harvesting 

We performed the same measurement for thermal energy 
harvesting. A resistor is connected directly to the TEG alone, 
and the power delivered to the resistor is shown in Fig. 8(a). 
The peak power of 5.22 mW is achieved for the resistance of 
5.5 Ω. Similar to the PZT case, the output power is sensitive to 
the resistor value, and so it needs impedance matching. To 
emulate the optimal load resistance of 5.5 Ω, the duty cycle of 

the TEG buck-boost converter with a 390 H inductor is set to 
45.2% under the switching frequency of 1.44 kHz. The 
efficiency and power delivered to the load resistor for the 
proposed thermal energy harvesting system alone is shown in 
Fig. 8(b). The peak efficiency and output power of the TEG 
converter are 55.6% and 2.9 mW, respectively, under the load 
resistance of 3 kΩ. 

D. Power and Efficiency of the Proposed System 

We prototyped a circuit with the same function using 
commercial off-the-shelf energy harvesting ICs, LTC3588-1 for 
vibration energy harvesting and LTC3108 for thermal energy 
harvesting. The two outputs of the ICs are connected together 
through Schottky diodes and their output voltage is regulated to 
1.8 V using a buck converter IC, LTC3405A-1.8, which is, in 
fact, also used for the proposed circuit. Fig. 9 compares the 
measured power of the two systems. The proposed system 
harvests 3.4 mW in peak for the load resistance of 1 kΩ, while 
the prototype harvests 1.7 mW under the resistance of 2 kΩ. The 
efficiency of the proposed system is higher than the prototype 
by two times. The output voltage for the proposed system is 
maintained at 1.8 V for the load resistance greater than 1 kΩ, 
while it is 2 kΩ for the prototype. 

E. Wireless Sensor Node 

A wireless sensor node is developed with a TI CC1310 
microcontroller (MCU) LaunchPads with an embedded Zigbee 
radio. The wireless sensor node is powered by the proposed 
energy harvesting system. The sensor node samples the signals 
of eight channels with a sampling rate of 100 Hz, and its primary 
application is to monitor battery cell voltages. Fig. 10 shows the 
waveforms of the source voltage, the received and reconstructed 
voltage, and the MCU current of the transmitter. The signals of 
eight channels are sampled during ∆t1 (=1 ms) and transmitted 
during ∆t3 (=2 ms). The standby time ∆t2 (=9 ms) is the interval 
between two adjacent actions, and the MCU is in the standby 
mode for 16% of the operation period. The average current of 
the MCU is 1.9 mA to result in average power dissipation of 3.4 
mW under the supply voltage of 1.8 V. The proposed system 
harvests sufficient energy to power the wireless sensor node. 

V. CONCLUSION 

 An energy harvesting system for vibration and thermal 
energy harvesting from automobiles is presented in this paper. 
Two main features of the proposed system are impedance 
matching and wake-up. The efficiency of the proposed system 
is higher than a prototype with commercial energy harvesting 
ICs by two times. Experimental results show that the proposed 
system can power a wireless sensor node under automobile 
environments. 
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