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The paper presents the vibration spectra of a twin-screw compressor driven at various functioning regimes. The tests are 
performed to assess the potential of this rotary bladed machine as energy harvesting source. It is sought to determine the optimum 
spots on the compressor skid where piezoelectric harvesters can be placed, meeting the operational conditions. Like most of the 
industrial machinery, compressors exhibit inherent vibrations and heating during operation. The pulsatory effects of the 
compressed air trapped between the compressor’s male and female rotors inside the compressor also give birth to harmonics. It 
is important to evaluate the temperatures as well since piezoelectric harvesters should preferably operate close to room 
temperature so as not to deteriorate the material and avoid thermal hysteresis, which can ultimately lead to the loss of piezoelectric 
properties. The study herein involves acquiring vibrational data and representing it graphically as vibration spectra. An analytical 
model is also presented for calculating the main frequencies of the compressor, validated by the experimental data measurements. 
We also present laboratory tests with the piezoelectric harvester tuned near the male rotor’s frequency for achieving resonance 
conditions. The male rotor frequency was the most stable, with the highest amplitudes and of convenient value (~83 Hz) for the tip 
mass required for decreasing the piezoelectric cantilever’s resonant frequency from ~210 Hz.

1. INTRODUCTION 
Microenergy harvesting is an engineering direction that 

has begun to gain an increased interest in the last two decades 
and is being thoroughly researched at the present moment 
[1]. Many research papers deal with vibration and noise 
study and analysis [2], without exploiting it. Other papers 
aim to increase the power output in laboratory conditions or 
address structural changes to the harvesters in FEM (Finite 
Element Method) simulations. However, only some 
scientific articles in the literature address the source's 
potential [3-6]. Dealing with piezoelectric harvesters (PEH), 
especially their need to operate at resonance frequency, may 
be easy to achieve in laboratory setups. Still, it is a whole 
different story in conditions resembling in-situ operation. 
Furthermore, the application sought is part of a multisource 
energy harvesting system with thermoelectric generators 
(TEG), which require a thermal gradient to produce energy. 

Harnessing energy from industrial machinery available on 
test benches [7-10] offers the challenge of a comprehensive 
view of the vibration levels and temperature ranges and, thus 
of the electric output to be expected from the harvesters. 
Harvesting from multiple energy sources on the same 
equipment is quite challenging, especially when using 
piezoelectric resonant structures and thermoelectric 
generators, which are generally incompatible [11].  

Piezoelectric devices have a high energy conversion 
efficiency. However, this happens only at resonance. Before 
placing the piezoelectric resonant structure on the compressor, 
this one’s natural frequency must be adjusted to match the 
frequency of the compressor. Outside resonance, the electric 
response of a cantilever beam with a seismic tip mass is very 
poor. Harvesting vibration energy mainly aims to eliminate 
cabling in the sites with difficult conditions or space constraints. 
A possible application would be powering sensor nodes in 
hazardous locations [12], where regulations are applied for using 
costly explosion-proof certified equipment and cabling in the 

field, subjected to the ATEX Directive in Europe. 
Resonant piezoelectric structures must achieve resonance 

conditions at a bending mode (usually fundamental 
frequency, first bending mode) [1]. Piezoelectricity is 
successfully used for actuation and sensing, and the 
technology for energy generation is recording an increasing 
interest for research, development, and optimization, as 
proven by the numerous papers in the literature. 
Nevertheless, it still has a long way to go until it reaches a 
satisfying technological maturity regarding stability over 
energy source variations and electric energy converted and 
supplied to the load. 

Few research papers address a real source to harvest 
vibration from [3-5], the vast majority only focusing on 
obtaining maximum output by exciting the structures at their 
natural frequencies within simulations or laboratory tests. In 
this competitive urge to get even a slightly improved electric 
response, using more or less “orthodox” methods or 
simulating complicated designs that could not be feasible in 
real, many researchers have forgotten what this micro energy 
harvesting technique was promising when it emerged. The 
ultimate aim was powering wireless sensor nodes and 
recharging a battery for structural health monitoring of 
machinery. In industrial in-situ operation [13,14], it is not 
possible to drive the machinery to match harvesters’ natural 
frequencies, as the purpose of those machines with inherent 
vibrations is not to work as shaker tables. Still, on the 
contrary, the desire is to minimize the vibration. 

This work moves toward the goal and proposes a realistic 
approach to harvesting vibration energy from an industrial 
twin-screw compressor [15-19] on a test bench. 

2. OVERVIEW OF COMPRESSOR UNIT AND SKID  
A twin-screw compressor, whose cutaway 3D model is 

presented in Fig. 1, is a positive displacement compressor 
(volumetric), classified as a rotary-bladed machine. The 
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purpose of the use is to elevate gas or air pressure in 
applications requiring it, such as gas extraction and 
transportation, testing pneumatic equipment, etc. 

 
Fig. 1 – Twin-screw compressor cutaway and rotor profile (from [20]). 

A rotary screw compressor [21] achieves gas compression 
by employing a set of male and female helically grooved 
rotors [22], designed in such a way as to gradually reduce the 
space between them from the inlet towards the outlet. Hence, 
the gas volume inside the compressor unit is trapped between 
the intermeshing rotors and the housing, reducing the gas 
volume progressively (Fig. 2). The volume reduction results 
in gas compression. 

Natural gas compressors are tested before commissioning 
with air as working fluid regarding vibration levels, pressure, 
power, and temperature. Testing with gas would require 
infrastructure and anti-explosion certifications for gas supply 
pipelines, also adding to these the high additional costs for 
gas. The tests aim to detect inchoate faults such as shaft 
misalignments, poor screws tightening, and potential 
gripping of the rotors and to test the lubrication installation 
to avoid friction between the rotors.  

The vibration measurements were carried out on the 
compressor skid presented in Fig. 2, outlining its main 
components. The compressor normally works in a quasi-
stationary regime without speed variation during operation. 

 
Fig. 2 – Compressor skid on the test bench (from [3]). 

3. ANALYTICAL MODEL FOR COMPRESSOR 
VIBRATION FREQUENCIES  

Vibrations are usually caused by unbalances, shaft 
misalignments, loosened screws, bearing issues, or resonances 
at critical speeds. The discharge pulsation levels downstream 
of the compressor are directly controlled by the difference 
between the compressor’s internal pressure and the pressure in 
the discharge pipe.  

The discharge pulsations are minimized when the internal 
pressure equals the discharge line pressure. Pulsations ought 
to be avoided, and they are attenuated using a separator vessel, 
which plays a damper (attenuator) role in the case of our 
installation. Generally, the harvested vibrations are the non-
dangerous ones from the rotational speeds discussed. 

Screw compressors produce pulsations during operation 
[23], leading to vibration and noise in the upstream and 
downstream piping systems. The frequencies are strongly 
related to the mechanism that produces the pulsations. The 
compressor frequency depends on compressor speed and on 
the number of rotor lobes. The CU90G compressor is designed 
with zmale = 5 lobes for the male rotor and female rotor with 
zfemale = 6 lobes. The frequency of the working process, also 
known as pocket passing frequency, is calculated by male 
rotor frequency multiplied by the number of male rotor lobes: 

 𝑓! = 𝑓"#$% ∙ 𝑀$&'%( , (1) 

where: ff [Hz] – fundamental frequency; fmale [rpm] – male 
rotor frequency; Mlobes [ND] – male rotor lobes. 

The speed of the male rotor is determined by multiplying 
the electric motor's speed with the gearbox's multiplication 
factor i. In our case, i = 2.032. 

 𝑛"#$% = 𝑛) ∙ 𝑖	, (2) 

where: nmale [rpm] – male rotor speed; nD [rpm] – driver 
(motor) speed; i [ND] – gearbox multiplication factor. 

Besides the main fundamental frequency, the compressor 
also exhibits vibrational frequencies caused by the two 
rotors’ rotational speeds, given by relations (3) and (4) [15]: 

 𝑓"#$% = 𝑛"#$%/60 , (3) 

 𝑓!%"#$% = 𝑓"#$% ∙ 𝑧"#$% 𝑧!%"#$%⁄  , (4) 

where: fmale [Hz] – male rotor frequency; nmale [rpm] – male 
rotor rotational speed; ffemale [Hz] – female rotor frequency; 
zmale [ND] – number of lobes of the male rotor; zfemale [ND] – 
number of lobes of the female rotor. 

The maximum vibration amplitudes occur due to the 
relative rotational resonance between male and female 
rotors. The vibration magnitude increases proportionally 
with the operating speed for the discharge pressure 
pulsations, given by the internal volume ratio of the 
compressor, which is related to the internal pressure ratio 
according to: 

 𝑃* = 𝑉*+ , (5) 

where: Pi [ND] – internal pressure ratio; Vi [ND] – internal 
volume ratio; k – specific heat ratio of the compressed gas   
(k = cp/cv for ideal gases, typically k ≅	1.3). 

Table 1 
Frequencies given by the number of lobes and rotors’ rotational speeds 

No. nD 
[rpm] 

nmale  
[rpm] 

fmale  
[Hz] 

ffemale  
[Hz] 

ff  
[Hz] 

1 1000 2032 33.86 24.14 169.3 
2 1500 3048 50.8 36.3 254 
3 2000 4064 67.7 48.35 338 
4 2500 5080 84.7 60.5 423 
5 3000 6096 101.6 72.57 508 

Pressure bursts and pressure differences of trapped gas 
volumes also give birth to shocks along the longitudinal shaft 
axis. This transient pulsatory behavior due to the air 
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compression process is the cause of the higher-order 
harmonics. The harvested vibrations are preferred to be the 
non-dangerous ones, and the piezoelectric resonant structures 
can be easily adjusted to the compressor’s operating 
frequencies, preferably with good enough amplitudes and 
accelerations.  

Table 1 presents the calculated values of the compressor 
fundamental frequency, ff, given by the pocket passing 
frequency, and of the frequencies given by the rotational 
speeds of male and female shafts for different driver speeds. 

4. VIBRATION MEASUREMENTS AND ACQUIRED 
DATA ANALYSIS 

The measurements were carried out on the compressor 
unit using an industrial vibration analyzer with a triaxial 
piezoelectric accelerometer as the sensing element. For 
vibration measurement, the compressor's speed was varied 
via the frequency converter controlling the dc driving 
motor’s speed. The section of the discharge motor-operated 
valve (MOV) is controlled and reduced gradually to create a 
pressure of 6 bar and 9 bar, respectively, for the conducted 
measurements. Five points on the compressor housing, 
where the vibrations are known to be higher (Fig. 3), and 
four-speed stages were considered, namely: 1) 1000 rpm; 2) 
1500 rpm; 3) 2000 rpm; 4) 2500 rpm.  

 
Fig. 3 – Measuring points considered. 

The longitudinal axis of the accelerometer, Y, is oriented 
along the compressor shaft’s axis, Z is the vertical axis, and 
X is the transverse axis concerning the shaft (see Fig. 4). 

 
Fig. 4 – Triaxial accelerometer in point 1 and axes orientation. 

A thermographic image with markers in points where 
vibrations were measured is presented in Fig. 5. The 
temperature needs to be known before placing any 

piezoelectric devices, as these exhibit a significant thermal 
hysteresis and high temperatures are prone to cause thermal 
aging [24] and loss of piezoelectric properties. The lead 
zirconate titanate (PZT-5H) piezoelectric material of our 
harvesters should preferably be installed and kept around 
room temperature, 20 ÷ 25 °C ±10 °C [25]. As one can 
observe in the thermographic image, points 4 and 5 exhibit 
higher temperatures closer to the exhaust port, more 
precisely at the end section between the rotors, where high 
pressures and, consequently, high temperatures are met. 
Even though point 2 seems to be thermally optimal, points 2 
and 3 have a spatial constraint that does not allow fitting in 
the PEH with its support for preliminary testing. A hot point 
marker is also displayed near the exhaust, at 64.5 °C. 

 
Fig. 5 – Thermographic image of the compressor unit. 

The measured vibration data was recorded and saved for 
subsequent post-processing and analysis. After applying the 
FFT-embedded function, the frequency spectra are presented 
in the plots. The data acquisition was conducted with a 
0.5 Hz frequency resolution. 

Figure 6 shows the vibration speed magnitude function of 
frequency in point 1 at a running speed of 2500 rpm and 
developing a pressure of 6 bar at compressor discharge. The 
frequency components are caused by the multiple parts in 
motion, such as the male rotor (83.5 Hz) and the female rotor 
(41.5 Hz). The compressor's fundamental frequency (first 
harmonic) is 423.5 Hz. From the spectrum below, a second-
order harmonic can also be noticed (847 Hz). 

 

 
Fig. 6 – Frequency spectra in point 1 at 2500 rpm and 6 bar. 

The data from all the measuring points has been plotted as 
3D ribbon graphs in LabView to have a more comprehensive 
overview of the vibrations measured and which point would 
be optimal. In Fig. 7, we plotted the vibration spectra in the 
vertical Z direction in all five points. Point 1 is the most 
convenient regarding amplitudes. 
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In Fig. 8, we plotted the vibration spectra, compiling the 
measured data in the Y direction (along the compressor 
shaft) in all five points. As one can notice, in point 1, the 
vibration amplitudes are almost double that in the vertical 
direction. 

 
Fig. 7 – 3D plot showing the vibration spectra on Z axis for all points. 

 
Fig. 8 – 3D plot showing the vibration spectra on Y axis for all points. 

4. LABORATORY TESTS WITH PIEZOELECTRIC 
HARVESTER WITH TUNED FREQUENCY 

The laboratory setup, with its main components, is 
presented in Fig. 9. The equipment used is specific to 
laboratory setups used for piezoelectric devices [26,27], 
consisting of an electrodynamic shaker table, accelerometer, 
dynamic spectrum analyzer with embedded functions 
generator, power amplifier, and piezoelectric harvesting 
system to be tested, placed on the shaker. 

 

 
Fig. 9 – Experimental setup. 

The experimental setup employs the following main 
equipment:  
• SR785 spectrum analyzer with functions generator and 

automatic FFT (Fast Fourier Transform); 

• TIRA S 513 shaker table, driven by the analyzer with a 
swept-sine signal amplified via the power amplifier; 

• TIRA BAA 120 power amplifier, with sinusoidal output 
power (120 VA RMS); 

• Piezoelectric energy harvesting system (Midé PPA-4011 
+ Midé PPA-9001 clamp kit [28]), attached on the shaker 
with double-sided adhesive tape; 

• A Brüel&Kjær 4508-001 accelerometer, used as 
reference input signal for vibration amplitude. The 
sensitivity of this accelerometer is 1 mV/m/s-2. 

A stepping swept-sine signal is employed, generated by the 
signal analyzer to drive the shaker, which ensures a time-
harmonic motion of the mechanical vibrations. This is verified 
by the accelerometer placed on the shaker’s mobile platform or 
the harvester’s support. The accelerometer connects to input 
channel 1, and the piezoelectric harvester connects to input 
channel 2. The output of the spectrum analyzer is connected to 
drive the shaker table. 

Midé PPA-4011 [28] multilayer piezoelectric harvester is 
a quadmorph cantilever beam with four piezoceramic wafers 
of lead zirconate titanate, PZT-5H. The beam has 17 very 
thin layers, including, besides the four piezoelectric layers, 
the eight copper electrodes (two for each piezo wafer), and 
five FR4 glass-reinforced epoxy for the electrical isolation of 
the copper electrodes. The structure’s dimensions are 71.0 x 
25.4 x 1.32 mm. 

An inertial mass of 7.8 g was mounted on the cantilever tip 
(Fig. 10), for tuning the resonant frequency [29] of the PEH as 
close as possible to the male frequency of the compressor. Due 
to changing the mounting method employed on the 
compressor, we deemed it necessary to decrease the frequency 
slightly more than in our previous research [26]. Double-sided 
adhesive tape was used during laboratory tests, while on the 
compressor, we will employ a stronger magnetic mounting. 
This will require increasing the tip mass. 

 
Fig. 10 – Piezoelectric harvester with tip mass on shaker table 

Hence, due to increased rigidity, we are expecting a slight 
increase in the natural frequency of the piezoelectric harvester, 
which will need to be decreased by further increasing the tip 
mass, according to (6): 

 𝑓, 	=
-
./
0+
"
= -

./
1

!"#
$!

"
 , (6) 

where: fn [Hz] – natural frequency; k [N/m] – bending 
stiffness constant; m [kg] – beam total mass; E [N/m2] – 
Young’s modulus; I [kg∙m2] – the moment of inertia of beam 
cross-section; L [m] – beam length. 

Nonlinearities have been observed for the first time, 
manifesting as a double peak response around the resonant 
frequency. This can only be explained by material fatigue.  

The data from the spectrum analyzer has been saved for 
subsequent processing and was plotted in Fig. 11. One can 
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notice that the resonant frequency is at 82 Hz, with peak 
voltage output of 2.81 V/g.  

 
Fig. 11 – Piezoelectric voltage response vs. frequency 

4. RESULTS AND DISCUSSION 
The measured frequencies agree with the analytical 

computations (male rotor frequency measured at 83.5 Hz vs. 
84.7 Hz calculated at a driver speed of 2500 rpm). The highest 
vibration amplitudes have been recorded along the shaft's Y 
direction.  

It is worth mentioning that this piezoelectric cantilever, 
purchased in 2018, has started to lose its piezoelectric 
properties. The experimental tests conducted in 2018 rendered 
~4.2 V/g with no tip mass [30]. The tests in early 2020 outlined 
3.280 V/g in the same conditions with no mass [31]. We 
obtained a drastically decreased voltage response of 1.333 V/g 
with no tip mass and 5.345 V/g with a 7.4 g tip mass in our 
latest publication at the end of 2022 [26], which confirmed our 
apprehension that this piezoelectric device is getting near the 
end of its lifespan. 

Furthermore, the results presented in the paper herein also 
show that we are not only dealing with the depolarization of 
the piezoelectric material but also with material aging and 
possibly micro-cracks [32]. This specific device was the most 
used since 2018, but we also tested the other two less-used 
transducers preserved in the box, exhibiting the double peak 
response. However, the second peak of the less used devices 
is lower amplitude and not pronounced. The piezoelectric 
harvester employed herein has also been previously installed 
on a gas turbine engine in 2018, which we believe to have been 
the starting point of material degradation due to high 
temperatures (60 ÷ 80 °C) [5,25]. 

No experimental measurements with a piezoelectric 
harvester can maintain the same conditions. Introducing an 
intermediate elastic layer on the shaker table renders an 
unknown and variable elasticity, further increasing due to the 
reuse of the double-sided adhesive tape. This alone can 
introduce frequency variations [34]. 

Table 2 
Experimental results 

Year Resonant frequency 
fr [Hz] 

Voltage peak 
Vpk [V/g] 

2018 205.25 4.205 
2020 214.03 3.280 
2022 208.62 1.333 

 
During laboratory tests, the frequency of the piezoelectric 

transducer depends on the electrical impedance of the 

spectrum analyser, 1 MΩ + 50 pF. When the PEH will be 
installed on the compressor, the impedance of the measuring 
device shall be considered. An AC-DC rectifying circuit with 
Schottky diodes bridges and a DC-DC converter will be 
required when connecting two or more piezoelectric 
harvesters electrically [33,34]. This complicates the problem 
regarding voltage drops on the electric components, as well as 
the accompanying frequency shifts. 

It is very difficult to predict the response of the piezoelectric 
harvester, due to many contributing factors. Firstly, the 
elasticity of the double-adhesive tape is unknown and 
uncontrollable. Secondly, on the compressor, we will use a 
magnetic mount, which is a much stronger and rigid clamping. 
According to relation (6), the stiffness constant k is given by 
the clamping method, and for tuning the frequency, a tip mass 
will be added. The necessary mass will be established 
manually on the compressor by successive tries until we 
record an increase in the piezoelectric response, indicating that 
we are approaching resonance. The tests would pose quite a 
challenge compared to laboratory conditions, where we can 
sweep the frequency and find the resonance of the 
piezoelectric cantilever. In real applications, the machinery 
cannot vibrate from 60 Hz to 360 Hz and act like a shaker 
table.  

Another issue of great concern and complexity is the 
thermal hysteresis, thermal aging, and the behavior of the 
piezoelectric device when exposed to higher working 
temperatures. The presented thermographic image and the 
decrease in the voltage output since purchase, as well as the 
nonlinearities in the response, hint that it has to be investigated 
how long piezoelectric devices can perform at best parameters 
on the compressor, given that the recommended room 
temperature (20 ÷ 25 °C) is exceeded with about 20 °C in the 
chosen mounting spot on the compressor, however much less 
than on gas turbine, with ~40 °C more.  

The usefulness of the laboratory experiments can never be 
doubted for getting to know the piezoelectric device’s 
operating parameters and behaviour, as well as observing the 
change in its response when introducing tip masses, electric 
components, modifying its working length, etc. the paper 
herein aims to make the first steps towards testing in relevant 
industrial conditions. 

5. CONCLUSIONS 
The paper outlines that the main spectral components of the 

compressor are convenient for the cantilever piezoelectric 
harvester. The fundamental frequency of the harvester is around 
210 Hz, while the targeted frequency component to be harnessed 
is that of the male rotor, ~83 Hz. The reasons behind pursuing 
this specific frequency are its stability and higher amplitudes.  

There are a series of limitations of the laboratory testing. 
First, the shaker generates vibration only in vertical direction, 
while the compressor exhibits vibration on all three axes. 
Secondly, in laboratory, the vibration frequency is swept to 
find the resonant frequency of the cantilever, so vibration is 
adjusted to match transducer’s natural frequency.  

In the real practical application, the harvester’s frequency 
must be adjusted to match the compressor’s. The higher 
temperatures on the compressor are prone to the faster material 
ageing and discard the use of adhesive tape and wax-mounted 
accelerometers, which leads to changing the mounting method 
to magnetic. This further implies increasing the tip mass for 
tuning the piezo, due to an increased stiffness than in 
laboratory. Hence, the real-time tuning of the piezoelectric 
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transducer is necessary. The thermal influences will be 
investigated experimentally by closely noting decreases in 
piezoelectric output. 

Future works will study the optimal positioning and assess 
whether the vibration amplitude on Y (axial along the shaft) 
renders a better piezoelectric response than on vertical 
direction Z. Even though the piezoelectric devices render higher 
electric responses at higher vibration accelerations, it is better to 
excite them at lower amplitudes to prolong their lifetime.  

The piezoelectric materials used in energy harvesting have yet 
to be studied much in the literature regarding fatigue, aging, 
thermal influences, and nonlinear behaviour, which are also 
potential future research directions. 
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