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ABSTRACT 

CLEMENTINO, M. A. D esign and experimental verification of a smart 
piezoelectric pitch link for vibration attenuation. 2019. l~Rp. Thesis 
(Doctorate) - São Carlos School of Engineering, University of São Paulo, São Carlos, 2019. 

Piezoelectric materiais have been extensively employed for vibration reduction purposes 

in different fields of engineering. In general, the vibration control systems are grouped as 

active and passive systems, using the inverse and direct piezoeiectric effect, respectiveiy. 

Recentiy, these materiais have been connected to switching circuits to perform the nonlinear 

management of the electrical output (voltagejcurrent), resulting in the semi-active and 

semi-passive controllers. Among all configurations presented in the literature, some might 

be directly compareci to mechanical systems used for vibration reduction in heiicopters, 

iikewise the Active Pitch Link (APL), which employs the combination of springs to controi 

the variation o f the structural stiffness. Although the APL ele vice provicles the attenuation o f 

relevant vibration frequencies in a helicopter, the dependence on an externai volt age source 

and possible mechanical faiiures ( due to constant friction) are pointed out as drawbacks of 

the syst em. Therefore, this work reports on the design and experimental tests of a new 

smart pitch link system using piezoeiectric materiais for vibration attenuation. Different 

synchronized switching control techniques were investigated for vibration attenuation at 

a target frequency. A series of experiments are reported, including bench top vibration 

tests and whirl tower tests. T he new configuration proposed here refers to a solid-state 

electromechanical system to address the issues of the mechanical active pitch link and 

provide a similar vibration attenuation performance. 

Keywords: vibration control, smart structures, piezoelectricity, pitch link, helicopters. 



RESUMO 

CLEMENTINO, M. A. Projeto e verificação experimental de um pitch link 
piezelétrico inteligente para redução de vibração em helicópteros. 2019. 138p. 
Tese (Doutorado) - Escola de Engenharia de São Carlos, Universidade de São Paulo, São 
Carlos, 2019. 

Os materiais piezelétricos têm sido amplamente ut ilizados em pesquisas que visam a 

atenuação de vibrações em diversos ramos da engenharia. Em geral, os sistemas de 

controle de vibrações são classificados como sistemas ativos e passivos, os quais utilizam, 

respectivamente, o efeito piezelétrico inverso e direto. Recentemente, estes materiais 

passaram a ser conectados a circuitos chaveados para o t ratamento não linear de sua 

saída elétrica (tensão/corrente), resultando nos controladores semiativos e semipassivos. 

Dentre as diversas configurações apresentadas na literatura, algumas podem ser diretamente 

comparadas com sistemas mecânicos utilizados para a redução de vibrações em helicópteros, 

como é o caso do Active Pitch Link (APL), o qual possibilita a combinação de molas para 

controlar a variação de sua rigidez. Embora este disposit ivo proporcione a atenuação de 

frequências relevantes para helicópteros, alguns pontos negativos são apontados, como 

a dependência de uma fonte externa de energia para seu funcionamento e possibilidade 

de falhas mecânicas (devido ao atrito constante) . Dest e modo, o objetivo deste projeto é 

desenvolver um pitch link inteligente, utilizando materiais piezelétricos, do qual se espera 

ter bom desempenho na redução de vibrações e evitar problemas t ípicos de sistemas 

mecânicos, como o APL. Diferentes técnicas de controle foram utilizadas com o novo pitch 

link visando reduzir vibrações de uma frequência alvo. Esta tese descreve as atividades 

realizadas durante o desenvolvimento deste projeto e apresenta os resultados obtidos 

a partir de uma série de ensaios experimentais realizados com o disposit ivo proposto, 

incluindo ensaios de vibração em bancada e ensaios rotativos. A nova configuração proposta 

refere-se a um sistema eletromecânico em estado sólido, proposto para tentar solucionar 

os problemas envolvidos com um pitch link mecânico, fornecendo um desempenho similar 

em termos de atenuação de vibração. 

Palavras-chave: controle de vibração, estruturas inteligentes, piezeletricidade, pitch link, 

helicópteros. 
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Os Subscript related to the substructure (beam) 
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1 INTRODUCTION 

Helicopters are inherently associated to noise and vibrations due to different 

phenomena mainly relaterl to fluid and structure interaction that occurs in t he main 

rotor of the aircraft. The induced blade vibrations are transmitted to the fuselage (figure 

1) through the rotor hub and control commands (pitch link, for instance - figure 2) 

affecting t he comfort of crew and passengers, increasing the maintenance costs, reducing 

the aircraft lifespan and, ultimately, limiting the helicopter maximum forward speed 

(FESZTY; NlTZSCHE, 2011 ). 

=-

Figure 1 - Vibratory load path in a helicopter (AUSTRUY, 2011 ) . 

For an ideal rotor with identical blades, the frequency spectrum of the vibratory 

load transmitted through the main rotor and t he pitch link commands is dominated by 

some specific harmonic frequencies, usually represented in the helicopter literature as 

pnjrev , which depends on the number of blades of the helicopter rotor (n) and its rotating 

speed ( rev) , wit h p being an integer number . Experimental results obtained from flight 

tests with a 4-bladed Bell-412 helicopter t hat were recently reported by Wickramasinghe 

(2012) indicated the vibration spectrum was mostly dominat ed by the 4/rev (21.5 Hz) 

frequency at the fuselage and by the 1/ rev (5.4 Hz) frequency at the pilot and co-pilot 

bodies. According to Vallejo ct a l. (1998), the 1/rev frequency, which typically ranges 

from 2 Hz to 8 Hz ( depending on the size o f the helicopter), is very close to the resonance 

frequency of a human 's upper body (around 5 Hz). This vibration may cause human 

body fatigue and possibly health issues if a long exposure occurs. Therefore, reducing the 

vibration amplitude of the njrev frequency and its harmonirs , in that rase, would benefit 

the crew as well as the aircraft structure. 

Although advances have been achieved on helicopter vibration control for the last 

fifty years, with t he vibration levei dropping from 0.5g to O. l g mostly due to passive 

solutions as linear and nonlinear mechanical vibration absorbers, it still seems to be a 

relevant contemporary theme. Moreover , the vibration levei of 0.02g recommended by 

NASA Research and Technology Advisory Council Subpanel on Helicopter Technology, in 

1976, has not been reached so far. In this sense, t here is still groundbreaking challenges 
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remaining to achieve this goal. 

Figure 2 - Helicopter main roto r hub components (DO;.. I t< E, 19í3í3). 

Regarding helicopter applications, t he vibrat ion control systems can be either of 

fuselage-based type, where the cont roller (typically an actuator) is resonated at a certain 

adjustable frequency to counteract cabin vibrations, or rotor-based type, which aims to 

mit igate the vibrations at the rotor blade itself (FESZTY; NITZSCHE, 2011 ) or reduce its 

transmission to the fuselage. Although both approaches have gained much attention in the 

last four decades, the rotor-based ones are those with more recent advances. Friedmann 

and l\ Iillott (1995), Friedmann (2014), I<es~; l er (20lla), l<essler (2011b) presented review 

papers that cover most of the techniques that have been studied, in special , the Higher 

Harmonic Control (HHC) and Individual Blade Control (IBC) systems. According to 

Friedmann (2014) these techniques consist of introducing t ime-dependent pitch inputs to 

the blades in order to modify the unsteady aerodynamic loads acting on them, therefore 

modifying the vibratory loads at the source before they propagate into the fuselage. The 

difference between them is that HHC introduces the pitch inputs through t he swash plate 

(non-rotating part of the rotor) whereas in t he IBC technique each blade is individually 

controlled on the blade or at its root , directly in the rotating frame. Hence, IBC allows 

different control inputs to each blade and overcomes the limitations of HHC, which provides 

t he same pitch input to ali blades. The IBC systems can be divided into four categories: 

the Actively Controlled Flap (ACF), Active Twist Rotor (ATR) and Active Controlled Tip 

(ACT), which consist of including actuators in the blade structure in order to change the 

blade dynamic characteristics such that the vibratory load produced are mitigated; and the 

Active Pitch Link (APL) that usually comprehend control devices placed between the swash 

plate and blades in o r der to attenuate (o r even elimina te) the vibration transmitted to the 

fixed frame of the helicopter. Several researchers have investigated the use different devices 

and techniques in wind tunnel, whirl tower and flight tests (ROTH , 200~ ; I<ONSTANZEH. 

et ai. , 2008; GIC"H.G lC"TllJ, 2000). 
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The main focus of this work is related to pitch link devices for vibration attenuation. 

One example is t he patented Smart Spring device (NITZSCHE; GREWJ\L; ZL\ICIK , 

1999), which is a mechanical device capable of achieving effective modulation of its stiffness 

through the use of semi-active control strategies. The controlled change of the Smart Spring 

mechanical impedance has been investigated both experimentally (WICKI{Af\1!\SING I!E; 

C HEN; ZL\IC !K, 2008 ; N!TZSCHP.. et a l. , 2004 ) and numerically (NITZSCIIG et ai. , 

2005) for vibration attenuation in fixed and rotary wing aircraft. Significaut í:iuppressiou 

of vibrations transferred from the rotating wing system of a helicopter to the non rotating 

system fixed to the fuselage is reported in the literature (OXLEY; NITZS('I!E: Fb:SZTY , 

2009). An independent study also showed that the controlled modulation of the stiffness 

at the root of a helicopter blade could result in significant reduction of vibration energy 

at target frequencies (ANUSONTI-!NTIIRA; GAND ifi , 2000). More recently, i\ it.zsch<·, 

D'Assuncao and De f\Tarqu i .Jr. (2015) reported the successful experimental attenuation 

of vibrations at a specific frequency (2/rev) by applying the smart spring concept into 

an Active Pitch Link (APL) , which was associated to a dynamically and geometrically 

scaled helicopter blade during whirl tower tests. The smart spring mechanism and other 

semi-active pitch link devices are briefiy discussed in chapter 2. 

Although a good control performance has been observed, drawbacks related to 

t he APL device has also been reported in the literature. As will be later discussed in 

details in this dissertation , the working mechanism of the APL is based on friction to 

engage/disengage springs, which can lead to early mechanical failure. Furthermore, the 

system requires externai power to work, a significant issue in rotary systems. Therefore, 

this work presents the concept of an innovative piezoelectric based pitch link system that 

can be understood as a solid-state electromechanical version of the mechanical active pitch 

link. 

Piezoelectric materiais have the ability to exchange energy between mechanical 

and electrical domains, and thus, have been largely exploited in several active control 

applications as actuators (inverse piezoelectric effect) as well as in passive control, as sensors 

( direct piezoelectric effect), either simultaneously o r separately. Although active control 

systems present good performance in vibration mitigation, they require externai power and 

hardware. Piezoelectric passive controllers, on the other hand, are characterized by simple 

electrical circuits, but operate with good performance in a quite narrow bandwidth around 

the target frequency. Semi-passive and semi-active controllers have been pointed out as 

alternatives to address the issues of passive and active control systems. In general, the 

classification of semi-passive and semi-active techniques is based on the fact that externai 

energy is directly applied ( or not) to control the vibratory movement. In this sense, t he 

semi-passive controllers might require externai power to supply secondary systems that 

do not perform vibration control action but are essential to the process. In semi-active 

concepts, the vibration is suppressed by modulating the stiffness, damping or inertial 
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properties of a dynamic system. Hence, in most devices designed for semi-active control, 

the work done by the actuator forces is independent from the work done by the excitation 

forces that are the objective of control. Therefore, in contrast to active approaches, the 

power requirements are relatively low because the actuator forces are not used to directly 

counteract the vibratory motion. ( ' ITZSCHE, 2012). 

In this work different semi-passive and semi-active piezoelectric control techniques 

are investigated in order to verify the vibration attenuation performance of a new piezo­

electric pitch link device. In particular , the switching techniques (GIJY0!\ 1/\H. et. ai. , 2000; 

RICHARD et ai. , 1999; I{ IC HJ\.f{)) C't ai. , 2000) that introduce the nonlinear treatment of 

the voltage output of the piezoelectric elements, inducing an increase in mechanical to 

electrical energy conversion, are of interest. Two semi-passive methods are explored, where 

t he piezoelectric material is kept in open circuit condition except for a small period of 

time in which voltage is canceled due to switch to a small resistance (SSDS- Synchronized 

Switch Damping on Short-circuit) or inverted as a result of brief switching to an inductor 

(SSDI- Synchronized Switch Damping on Inductor) . In a similar fashion , a semi-active 

approach that was developed to overcome the performance issues of the semi-passive SSDI 

technique is also investigated. The so-called Synchronized Switch Damping on adaptive 

Voltage (SSDVa) technique (G UYOI\ IAR; LALLART; 1\ION .lEI{ , 2008; .JI et a i. , 2009a; 

.JI et ai., 2009b; Jl et. ai., 2010) performs the same switching operation to an inductance but 

includes additional externai adaptive voltage sources to artificially romplete the inversion 

of the SSDI method, which is limited dueto intemallosses of the switching circuit . Further­

more, another semi-active technique designated by Synchronized Switch Stiffness Cont rol 

(SSSC) (GUYOMA R; LALLART; l\ IONNmR, 2008) changes the equivalent stiffness ofthe 

structure by performing the switch operation on zero displacement is also considered . In 

this case, two different effects can be obtained: softening (reduced stiffness) or hardening 

( increased stiffness). 

In this sense, this work combines switching piezoelectric techniques to present a 

piezoelectric-based pitch link that includes, simultaneously, vibration control and energy 

harvesting capabilities, features that had never been observed in modified pitch links 

earlier presented in the literature, characterizing an original contribution of this work. 

The proposed device is a solid-state system, with simple design, which does not require 

mechanical engagement/ disengagement to operate, reducing the risk of failures due to 

mechanical wear caused by friction. Moreover, the device is able to operate with damping 

enhaucement and/or stiffness coutrol purpose, according to the application requirement, 

being the switch circuit topology proposed also an original contribution of this work. 



1.1 Objective 31 

1.1 Objective 

The main objective of this work is to develop, design and experimentally test 

the concept o f a Smart Piezoelectric Pitch Link (SaPPL) device t hat should be able to 

mit igate the vibratory load t ransmitted from the rotating frarne ( rnain rotor ) to the fixed 

frame (fuselage) of helicopters. The device basically comprehends a flexible structure 

wit h piezoelectric elements attached and an electronic control/ energy harvesting circuit. 

The system ( electromechanical structure and control circuits) yields increasing energy 

dissipation and/ or changing the stiffness of the resulting pitch link ( and, consequently, 

blade root region), by properly managing the electrical output of the piezoelectric elements. 

In addition, since the electromechanical structure disposes of severa! piezoelements, some 

of them might be used for energy harvesting and provide electrical power in the rotating 

frame of the aircraft. In the end, the proposed system will have vibration control andj or 

energy harvesting capabilities. 

For that purpose, the following goals were established: 

• Design the structural part of the smart pitch link using commercial finite element 

software as modeling tool; 

• Design self-powered electronic circuits that refer to t he concepts of the switching 

techniques using software dedicated to simulate electric/electronic circuits (Multisim, 

Simulink); 

• Perform vibratory benchtop t ests with the smart pitch link developed (structure + 
circuit) using an electrodynamic exciter; 

• Manufacture a prototype of the proposed device that allows to carry out rotating 

experimental tests in a facility (whirl tower) that simulates, in a reduced scale, the 

behavior of a helicopter rotor; 

• Perform the rotating experimental tests with the SaPPL prototype in the whirl tower 

facility. 

1.2 layout of this dissertation 

The main body of this dissertation consists of 5 chapters focusing on describing 

the development of a smart device for vibration reduction in helicopters. Starting with the 

second chapter, the contents of this work is organized as follows: 

The second chapter of this dissertation presents the literature review about 

vibration control using piezoelectric materiais, essentially regarding the semi-passive and 

semi-active techniques as well as t he pitch link devices already developed for vibration 

control in helicopters. The third chapter describes a modeling procedure that enables the 
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development of numerical simulations considering a piezoelectric-based electromechanical 

structure connected to electric circuits, which are both part of the new pitch link proposed. 

Chapter 4 introduces the Smart Piezoelectric P itch Link device, describing its main 

characteristics and working principie for both the electromechanical structure and contrai 

circuits that composes the SaPPL. Chapter 5 describes the benchtop and rotational 

experiment al tests carried out to characterize the behavior of the SaPPL device and 

asses its performance for different condit ions tested , also presenting the corresponding 

results obtained. Chapter 6 summarizes the results of this work and describes the future 

perspectives about the development of this research topic. 
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2 liTERATURE REVIEW 

In the past decades, the scientific community has repor ted severa! investigations 

regarding the use of smart materiais and devices in order to reduce or re-use the vibration 

energy avaiiabie in different systems. Smart materiais, which are defined in t he litera­

ture as materiais that exhibit coupling qetween different physicai domains, have been 

frequently investigated in applications reiated to helicopters (SPA0:G LEI{; 11 A LL, 1986; 

8AH.HET, 1990; CIIOPH.A, 1992; FABUNl\ll , 1991 ; STHEHLOW: HA PP, 1992; FENI'\ , 

1992; STRAUB et ai. , 200·1; CESN fK; SHlN, 2001; WALL et <ti. , 2008; 0JIT/,SCI IE Pf a.l. , 

2005) with emphasis to shape memory alloys ( coupling between t hermai and mechanical 

domains) and piezoeiectric materiais (coupling between eiectricai and mechanicai domains). 

The so-called Individual Biade Control (IBC) methods, such as the Active Controlled 

Flap (ACF), Active Twist Rotor (ATR), Active Controlled T ip (ACT) and Active Pitch 

Link (APL), are a few alternatives that employ smart materiais with the purpose of 

reducing helicopter vibration. In general, it is of interest that different IBC techniques are 

used simultaneously such that its main advantages are combined to improve general rotor 

performance. 

The increased popularity of materiais exhibit ing piezoelectric properties, as t he 

PVDF polymers (PolyVinyliDene Fluoride), the Macro Fiber Composites (MFC) and the 

Lead Zirconate Titanate (PZT) ceramics, has mainly occurred due to the fact that these 

materiais require few addit ional components to be used in different control applications as 

well as they do not rely on complex geometries to properly convert vibration to electric 

energy (BEEBY; TUDOR; WIIITE, 2006). Besides, they operate efficiently within a 

wide frequency bandwidth , are ease to attach in metallic and composite structures and, 

if employed correct ly, add low mass and volume to the structures they are attached to 

(DONG; MENG; PENG, 2006). Due to those characteristics, piezoelectric materiais have 

been used in severa! vibration control systems including the passive, active, semi-passive 

and semi-act ive ones. T he remainder of this section presents a literature review mostly 

focused on piezoelectric based vibration control systems and techniques since they are 

the basis for the pitch link device proposed in this dissertation. The last section focus 

on enhanced pitch link devices presented in the literature for vibration control, aithough 

reference is also made to other piezoelectric devices for rotor-based applications. 

2.1 Active and passive techniques for piezoelectric vibration control 

In active control cases, the piezoelectric elements are applied as actuators (through 

t he inverse piezoelectric effect) and are attached along the fl.exible structure which vibration 

needs to be controlled. That is, such controllers are based on a limited number of actuators 
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that are strategically placed in a system of bigger dimensions and are responsible for 

reducing the structural vibration (QIU et a i. , 2009)0 

The first works on this subject (GRAWLF,Y: De Luis, 19~ 7 ; II ACOOD; CHI;~C: 

Von Flotow, 1990; CRAW I,EY; LA ?;ARUS , 1991 ; DOSCI-1; IN:\!A l\' : GA ftCTA , 1992) 

were mainly concerned about modelling issues and development of cont rai laws for active 

controllers with focus on vibrat ion reduction of simple structures like beams and plates, 

for exampleo The literat ure also includes papers addressing vibration control issues due 

to aeroelastic phenomena such as fl.utter (HEEG , 1993; :\ICCOWA N et a i. , 1998) and 

buffeting (l'dOSES, 1997; ~TOSES , 1999; DÜBR, 199~ ; IIOPI< Il\S ct. <do, Hl9R)o However , 

the application of active controllers in different fields of engineering (ind uding :fixed and 

rotary wing aircraft , for example) is still a challenge due t o the high power required to 

operate the actuators associated to issues regarding the additional equipment involved to 

power such actuatorso 

In passive methods, the electric energy converted through the direct piezoelect ric 

effect is dissipated in the resistive part of a shunt circuito The first applications of this effect 

( designated shunt damping effect ) found in the literature include the resist ive, inductive 

and capacitive circuits, as well as series and parallel association of those elementso The 

simplest case of such syst ems was :first presented by Uchino anel lshii ( 19~~ ) and includes 

a resistive shunt circuit (figure 3a) , therefore, inducing st ructural damping due t o t he 

dissipation of mechanical energy in the form of Joule heatingo 

·····-··· ---------· 
o o 

PZT j c::::J 
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....... .. -- · - · · · ·· · 
o o 

: : 
o o 
o o 
o o 
o o 
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o o --------- ---------
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R 

PZT j c::::J c 
L ·-- ------ - ---------· 
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Figure 3 - Schematics o f passive shunt circuits: (a) resistive shunt; (b) inductive shunt 
and (c) capacit ive shunto 

On t he other hand, an inductive shunt is the elect romechanical analogous of an 

undamped mechanical absorber, originally presented by Forwarcl (1979), likewise, adding 

a resistance in series wit h t he inductor (series resistive-inductive shunt , figure 3b) , in 

which the system behavior is equivalent to a damped mechanical absorber (I IAGOOD; 

Von Flotow, 1991 ) o In eit her case, t he inductance (L ) forms a resonant circuit with 

t he piezoelectric material, and t he oscillation frequency of this new system is given by 

wl = (L- R 2 Cp)/(L2 Cp) (WU, 1996), where wi is the resonant frequency of the ith 
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structural mode shape and CP is the capacitance of the piezoelectric material. Hence, 

selecting the appropriate values for R and L would lead to a reduction of the vibration 

associated to a specific frequency. In general, low frequencies (wi < 50Hz, such as cases 

addressing aeroelastic vibratory loads like the present project) require high inductance 

values, around several hundreds of Henries, resulting in large and bulky inductors. 

Following a similar concept , Wu (199G) presented a parallel resistive-inductive 

shunt circuit and pointed out a few issues rela ted to the optimal resistance of the series 

resistive-inductive case presented by Hagood and Von Flotow (1901 ) such as optimal 

inductor and optimal resistor calculation. Moreover, \Vu (1996) suggests that the parallel 

topology is less sensit ive to changes in the resistive element. Holl kamp (1991) , Dell' lsola, 

f.. laurini an<l Porfiri (2004) and Zhao (201 O) extended t he single frequency technique to 

a broader vibration bandwidth (i.e., mult imodal vibration control) . In such cases, t he 

circuit is formed by severa! parallel resonant branches, each one tuned to a specific target 

frequency. 

Finally, the capacitive shunt circuits (figure 3<:) modify the effective stiffness o f 

the electromechanically coupled structure. Edberg and Ricos (1991 ), Davis and LesieuLre 

(2000) investigated the use of capacitive shunt circuits, although t his approach has not 

been much explored so far. 

Nevertheless, it is important to point out t hat passive controllers have good per­

formance around a target frequency (narrow bandwidth). That is, small variations in 

t he target frequency might reduce the controller performance. In addition, low target 

frequencies require high inductance values, as already mentioned. In such cases, synthetic 

inductance circuits are pointed out as a solut ion. (EDBERG et ai., 1992; FLE~llNG; 

l'viOIJEU'v!ANI, 2003; RIORDAN, 1967). However, the higher the inductance value (i.e. low 

frequency of interest ) the higher is the internai resistance inherent to the synthetic inductor 

(VIANA, 2005). This may also affect the passive controller's performance since the equiva­

lent resistance resultant from the synthetic circuit might <iiffer from the optimal resistanc·e 

value required to maximize the damping of the system. Researchers have also explored 

different types of nonlinear piezoelectric shunt circuits to enhance the vibration suppression 

bandwidth of piezoelectric absorbers. They include the tuned vibration absorber designed 

t o attenuate vibrations of a nonlinear primary system (SOLTANl; KERSCHEN, 2015) 

and the practical implementation of a piezoelectric based nonlinear energy sink (SILVA et 

ai., 2018). Piezoelectric semi-passive o r semi-active switch shunting techniques introduce 

nonlinear treatment of the electrical output of piezoelectric elements and induce enhanced 

damping or stiffness modification in systems with weak electromechanical coupling - see 

the papers by Guyomar and co-workers (GUYOl\lAR; LALLART; l\IO NN IER, 2008; 

lUCI-IARD et a l. , 1999; RICHARD et a i., 2000; LALLART et al. , 2015)- as will be 

discussed in the next section. 
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2.2 Synchronized switch techniques for vibration control 

Piezoelectric semi-passive or semi-active switch shunting techniques were introduced 

(HICHA IUJ P.t a i. , 1999; HJ CHARD et ai. , 2000; CLAH.K , 2000; C l; Yu ~ ! ,\1{; HICI IAf{f); 

;-...l() HA:\L\ IAIJ I, 2007a; COJ{(t C LAH.K , 2002) to overcome the previously mentioned 

drawbacks of passive and active control techniques. In the semi-passive approach, the 

piezoelement is intermittently switched, synchronously with the structural motion, from 

open circuit to a specific electrical boundary condition (short circuit in the SSDS case 

or resonant circuit in the SSDI case). The nonlinear treatment of the electrical output 

of an electroelastic system increases the conversion of mechanical to electrical energy 

and consequently the shunt damping effect (ZHl; ; CII Ef\: Lll; , 201 2). In the semi-active 

approach, voltage sources are added to the externai circuit in order to increase t he 

dissipated energy (LEFEUVRE, 200G). In this section, the semi-passive (SSDS and SSDI) 

and semi-active (SSDVa and SSSC) methods are briefiy presented and discussed. It is 

important to remember that different semi-passive and semi-active methods are included 

in the literature (C LAH_K , 2000; COlU{; CLA I{K , 2002; LALLAH'I'. <: t; YOl\!AH , 2010) 

although not discussed in this section. Figure 4 shows the schematics of the main 88D 

techniques reported in the literature: (a) 8tate 8witching (88), (b) 8ynchronized 8witch 

Damping on 8hort (88D8) and (c) Synchronized Switch Damping on Inductor (88DI). 

Switch Switch Switch 

R · ···-±··· ·-~~-----. . . . . . . . . . . . 
···--±---__ Tj __ __ _ . . . . . . . . . . . . 

PZT: D PZT: CJ R PZT : D 
L 

(a) {b) (c) 

Figure 4 - Schematics of semi-passive shunt circuits: (a) State Switching; (b) SSDS and 
(c) 8SDI. 

2.2.1 8emi-passive piezoelectric control techniques 

According to the classification criterion adopted in this dissertation , the semi­

passive term is designated to techniques that do not directly apply externai energy to the 

piezoelectric element. Nevertheless, externai energy might be used to power secondary 

systems such as those accounting for switching actions. 

One of the first semi-passive techniques reported in the literature is known as 

State Switching (SS) (figure -1a). This technique was first introduced by La.rson a.nd 
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H.ogers (1994) applied to communication systems and !ater by Larson, Rogers and l\Iunk 

(1998) in subaquatic SONAR applications. The SS technique consists of periodic switching 

operations, where the piezoelement is kept in open circuit state (maximum voltage and 

higher stiffness achieved) until a local maximum strain occurs. It is important to point 

out that once in open circuit, the piezoelement exhibits in-phase behaviour between 

voltage and displacement signals (ERTURK; INl\ lAN , 20 11 ). Thus, when a maximum 

displacement occurs, the circuit is switched to short circuit (o r to a low resistance, R --+ O, 

which approximates to short circuit). This new electrical boundary condition remains 

until zero displacement occurs when the switch is turned off and t he system operates in 

open circuit again. In other words, comparing to an harmonic motion, one may say the 

system is in open circuit while it moves away from the equilibrium state and in short 

circuit while it moves toward the equilibrium state. Since the switching process changes 

the structural stiffness between two discrete values every quarter of the oscillation period, 

it starts dissipating energy after the maximum displacement occurs. Consequently, less 

energy is available in every next period of oscillation and vibration attenuation is achieved. 

Clark (1999) extended this approach and numerically investigated the SS tech­

nique applied to an electromechanically coupled cantilever. In a similar fashion, Clark 

(2000) numerically compareci three different configurations: a resistive shunt, regular State 

8witching (88) and the 8tate 8witching connected to a resistive shunt (88-R8) . The 

results showed that the regular 88 and 88-R8 techniques were less sensitive to changes 

on the resistance value, exhibiting good performance for low frequency ranges in broader 

bandwidth. However , the stiffness variation caused by the nonlinear change from short to 

open circuit state is small and leads to low energy dissipation per cycle of oscillation. 

The 88D8 method is a nonlinear semi-passive technique originally proposed by 

Ilichard et. a l. (1999) (figure 4b presents its schematics). The technique consists of switching 

the voltage signal from open to short circuit condition synchronously with mechanical 

oscillations. When a local maximum (or minimum) voltage is detected (which corresponds 

to maximum or minimum strain), the piezoelement is briefly switched to short circuit 

condition, canceling the voltage across its electrodes, and re-switched to open circuit 

condition until the next local maximum (or minimum) voltage (or strain) occurs again. The 

switching process provides a phase tuning between voltage and structural velocity signals, 

hence, increasing the dissipative contribution of t he piezoelectric material in part of each 

oscillation cycle of the system. In addition, one might observe that the switching increases 

the voltage amplitude and, consequently, increases the electromechanical conversion. Figure 

5a shows the voltage and displacement signals for the open circuit condition and figure 5b 

illustrates t he voltage signal that results from the 88D8 nonlinear processing. 

The 88DI method is another nonlinear semi-passive method (RICHARD et a l. , 

1999; RICHARD et aL, 2000; GUYOMAR et ai. , 2000; PET IT et a l. , 2004). In this 
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approach, the switching circuit is composed of a switch and an externai inductance (L ). 

The switch is briefiy closed wheu a local maxirnum displacemeut (o r voltage) is detected. 

At this point, the internai capacitance of the piezoelement ( Cp) and the inductance of the 

electrical circuit constitute an electrical oscillator. During the switch ON condition, t he 

voltage of the piezoelement is inverted after half period o f the electrical oscillator (~ti), 

when the switch is opened again (LALLA ltT et ai. , 2008). The inversion time is directly 

proportional to the inductance L , 

(2.1) 

where T is the period of oscillation of the electrical circuit . In practice, the inductance (L ) 

is chosen to give an inversion time 20 - 50 times smaller than the period of mechanical 

vibration (R/\DEL et a i. , 2007) in order to provide a rapid inversion. Therefore, the SSDI 

technique does not require high inductances even when tuned to damp low mechanical 

frequencies. One should note that the inversion is not perfect since part of the energy 

stored in the piezoelement is lost in the switching device. The losses are related to the 

electrical quality factor Q and the voltage of the piezoelectric element (Vp) after the 

inversion process may be written as , 

(2.2) 

where V0 is the voltage before the inversion, 'Y is the inversion coefficient and the negative 

sign implies that the voltage is inverted. The quality factor is given as, 

(2.3) 

where !4, is the internai resistance of the switching circuit and Wne is the resonance 

frequency of the electrical circuit. The lower the internai resistance of the switching circuit 

the higher the quality factor and, consequently, the inversion factor tends to one. Since the 

inversion coefficient is related to the electrical quality factor (eq. 2.3), the SSDS method 

is a particular case of the SSDI with quality factor equal to zero and, consequently, the 

inversion coeffi.cient is zero (MOHAMMADI, 2008). Figures 5a to 5c show the voltage 

and displacement waveforms for the semi-passive techniques (compareci to open circuit 

condition) and illustrates the switching moments of both techniques. 

Several researchers have been seeking to improve the performance of the semi-passive 

controllers regarding their dissipative characteristics in order to make their applicat ion 

more practical and realistic. Oucarne, Thomas and Oeü (2010) investigated the behaviour of 

piezoelectric elements connected to SSDS and SSDI circuits in order to quantify the amount 

of energy dissipated and optimize the parameters of the system. The numerical investigation 

was performed with an electromechanical structure with 0.2 modal electromechanical 

coupling factor and 0.1% damping ratio and the results indicated t he structural damping 
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Figure 5- Volt age waveforms for (a) open circuit , (b) SSDS and (c) SSDI cases. 

was increased in, approximately, 2.5% for the SSDS case and approximately 10% for the 

SSDI. 

G uyornar, Richard and t\ loharumadi (2007b) performed a statistical analysis that 

allowed the definition of a criterion t o identify t he switching point more accurat ely 

when random input signals were applied. In practice, the switch might occur before 

or after t he maximum voltage point, which affects t he performance of t he switching 

controllers. T herefore, such analysis is fundamental for the development of semi-passive 

t echniques. Based on the investigations o f G uyomar , Richard a nd t\Ioha mmad i (2007h) , 

Khodayari, Ahrnadi and Moharnrnadi (2011 ) proposed an analogical adaptive circuit that 

compareci the piezoelement 's voltage signal to its statistical data (temporal average and 

standard deviation) to predict the next switching t ime instant. The circuit was able to 

reduce vibrations of a cantilever subjected to harmonic, impulsive and random excitat ions 

requiring low power supply, which could allow the development of a syst em powered by 

t he energy converted by the piezoelectric element. However , the t echnical limitation of 

both studies relies on the fact that such statistical approach requires previous information 

of the system behavior to estimate the next swit ching points. 

An alternative solut ion t o avoid this issue is found in the circuit present ed by 

Richard, Guyomar and Lefeuvre (2007). T he aut hors proposed a self-powered electronic 

breaker that detects maximum/minimum voltage points and performs t he swit ching 

operation. The circuit does not depend on externai power supply in order to work properly 

and is able to execute the following tasks: detect the signal's envelope, compare t he 

piezoelectric voltage and its envelope signal to determine the switching point and perform 

the switching operation. The internai resistance of the switching circuit is low and, therefore, 

the inversion factor is usually high. In practice, any switching circuit has internai resistance 

and part of t he energy of t he system is dissipated t hrough the circuit. Zhu , Chen and 

Liu (2012) provides a more detailed analysis of the behaviour of the electronic switching 

breaker circuit . 

In order to increase the electrical quality factor of SSDI circuits , Delpero et ai. 
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(2011 ) presented an autonomous circuit that improves the switching circuit originally 

proposed by f\ ieclerberger and l\ lorari (2006). Both approaches include two piezoelectric 

elements with vibration control purposes where one element is employed as sensor and 

generates a signal to detect the switching points using a low-pass filt er, while the ot her 

is connected to the switching system and is subjected to the nonlinear processing of the 

SSDI technique. T he difference, however, is that the drcuit presenteei by Delpero et a i. 

(2011 ) includes a nano operational amplifier as comparator that t ransforrns the filtered 

signal in a square waveform and is applied to MOSFET t ransistors that account for the 

activation of the switching circuit. Those low-power components require a few microwatts 

to work and , therefore, might even be supplied by the sensor piezoelement in case a full 

wave rectifier circuit is used. After comparing both invest igations one may observe that 

the circuit presented by Delpero et a i. (2011) has the advantage of increasing the electrical 

quality factor and reducing the inversion time. 

Chen et a i. (2013) also presented an autonomous switching circuit for SSDI con­

trollers. Nevertheless, instead of detecting maximum/ minimum voltages, the circuit detects 

the zero velocity instant of the mechanical system, which corresponds to maximum dis­

placement and maximum voltage of the elect romechanical system when the piezoelement 

is in open circuit . The proposed system was able to determine the switching instants more 

accurately if compareci to the conventional SSDI technique. Designated by the authors as 

Self-Powered Syncronized Switch Damping on lnductor (SP-SSDI), the proposed system 

requires three piezoelectric elements: one connected to the switching circuit whose electric 

output is processed according to the conventional SSDI technique; a second one, which is 

smaller, accounts for the energy harvesting and , therefore, supplies energy to the compara­

ter circuit; and a third one that is employed as velocity sensor. A comparison between the 

SP-SSDI and SSDI circuits was performed using all three piezoelectric elements in both 

cases and t he results indicated the SP-SSDI approach achieved an average efficiency1 of 

86%, approximately. In addit ion, the authors compareci the performance of both techniques 

when only one piezoelement was employed in the SSDI case, reporting an average efficiency 

of 95% (in this case, the piezoelement and circuitry power supply were externally driven by 

a function generator and a power source, respectively) . Nevertheless, in terms of absolute 

displacement the results of SP-SSDI did not outperformed the standard SSDI technique. 

2.2.2 Semi-active piezoelectric control techniques 

The semi-active techniques (SSDV and SSSC, for example) were developed as an 

improvement of the semi-passive ones. The SSDV method follows t he control strategy of 

the SSDI approach combining the use of externai voltage sources (figure 6) to artificially 

. 'U - 'USP-SSDI . . 
The authors define effiCiency by , companng the d1splacement of the uncontrolled case 

'U - 'USSDI 
(u) with the displacement of the SP-SSDI and SSDI cases. 
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in<Tease the inversion coefficü=mt (that is always smaller than the one rl.isrusserl. in the 

previous section) and, therefore, increase the control performance. The concept of switching 

the piezoelectric voltage to an externai voltage source was first introduced by Petit et a i. 

(200-l). The authors compareci t he performance of SSDS, SSDI and SSDV approaches and 

reported that increasing the voltage across the piezoelement using the SSDV technique 

allows to enhance the control performance of structures with low piezoelectric coupling 

factor. Following the same line, Lefeuvrc (200ô) reported theoretical and experimental 

analysis of a piezoelectric cantilever beam connected to the SSD circuits. The results 

indicated the SSDV technique (using a symmetrical ±lOV voltage source) could achieve 

similar vibration levels of SSDS and SSDI techniques with the benefit of reducing the 

volume of piezoelectric materiais in approximately 86%. 

Nevertheless, according to Badel el a i. (200G) the use of constant voltage sources to 

improve the inversion factor could lead to instal;>ility. That is, as the vibration amplitude 

becomes lower the constant voltage sources could excite the structure subjected to vibration 

control. In attempting to overcome this issue, Bad('l ct a i. (200ô) proposed the use of 

adaptive voltage sources (adaptive SSDV or SSDVa technique) where the amplitude of the 

voltage source relied on the magnitude of the piezoelectric voltage. 

R L 

PZT : D 

T 
. . . . . . . . 
c ........ ~ ..... • 

Figure 6 - Srhematics of t he SSDV circuit. 

Figure (7a) shows t he voltage waveform of the piezoelectric element when the 

SSDVa circuit is activated and the extra voltage ('Vs) supplied by the externai voltage 

sources may be written as, 

/ f - !SSDI Vs = - max (Vp) sgn (Vp) , 
1 + /SSDI 

(2.4) 

where /SSDI is the inversion factor of SSDI technique (without applying the extra voltage), 

/f is the final inversion factor that resulted from the SSDVa process and sgn(Vp) is the 

sign function of VP. Equation (2.4) provides means of defining the voltage level (Vs) based 

on the desired value for the final inversion coefficient /f · 

Many researchers have been working on semi-active piezoelectric-based techniques 

(f\.. lARNEFFE; PREUf\..lONT, 2008; GUYOl\IAR; LALLART; f\..IONNIER, 2008; J I et ai., 
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Figure 7 - Typical waveforms for (a) SSDVa, (b) SSSC-H (hardening) and (c) SSSC-S 
(softening)_ cases. 

2009a ; Hongli Ji et a i. , 2009; .J I et ai. , 2010; ~ IOK IV\N I et ai. , '2012), but the focus is 

not only restricted to vibration reduction due to damping enhancement. The so-called 

Syncronized Switching Stiffness Control technique. for instance, is employed to modify the 

st ructural equivalent stiffness of the electromechanical syst em (LALLAHT: Ct; YQl\lAB , 

2010). In this sense, even though it considers the same working principie of t he SSD 

terhniques, the stiffness rontrol method performs the switrh operation when the structural 

displacement is zero, i.e. at maximum and minimum velocities. The stiffness variation 

results, then, from the phase adjustment between the voltage output of the piezoelectric 

element (Vp) and the structural displacement of the system (u). If both signals are in phase 

(figure 7b), there is an increase in the equivalent stiffness (hardening effect). However, if 

there is 180° phase shift (figure 7c), the equivalent stiffness is reduced (softening effect ). 

In this case, the additional voltage is written as: 

(2.5) 

where fJ is a non-dimensional parameter and U (t-r) is t he structural displacement at 

the T instant of time before the structural displacement reaches zero. T is required 

to determine if the displacement is increasing or decreasing before reaching zero and 

should be as small as possible to avoid delay issues in the switching operations. The 

equivalent stiffness Keq and the new resonant frequency (weq) of the system are described 

by (LALLART ; CUYOMAR, 2010) 

- - õtõ ( 4 1 + 'Y ) Keq= K+ -C 1± ---(3 , 
p 1f1 --y 

(2.6) 

Weq = 
M 

(2.7) 

where the signal ± is positive when the controller acts to provide a hardening effect 

and negative in case the softening effect is aimed, indicating that there is indeed an 
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inrrease anel reeluC'tion, respeC'tively, in the equivalent. st iffness of the system. Thf' stiffnf'ss 

control technique achieved with SSSC controller might be compareci to mechanical systems 

developed with the same purpose such as the Smart Spring device, which is briefly described 

in the next section. 

2.3 Smart materiais and devices for vibration contrai in helicopters 

Based on the considerations discusseel in chapter 1 , one may notice that the 

development of vibration control systems for helicopter has receiveel great a ttention over 

the last decaeles. Passive controllers that are currently employed in commercial helicopters 

are typical mechanical vibration absorbers (spring-mass system), which have good control 

performance only in specific flight conditions anel, therefore, are very restrict in terms of 

applications. The active controllers, on the other hand, usually located on the fuselage or 

rotor 1mb region, might adapt to different flight conditions anel, tlms, are able to mit igate 

w1desired vibrations during most part of the helicopter's flight envelope. When they are in 

the fuselage, the control system function is specifically to reduce vibrations in the cabin, 

therefore, increasing the comfort during flight (HANAGUD; 8/\BU, 199..\ ) . Nevertheless, 

in that case, the source of t hose vibrations is the interaction of main rotor blades anel 

surrounding fluid. For this reason the literature has also reported vibration control either 

in the rotor hub or blaeles in order to be more effective, since it adelresses the problem at 

its origin. 

The vibration control systems strictly related to the rotating frame of helicopters 

can be separated in two groups within the Individual Blade Control (IBC) class: the 

On Blaele Control (OBC) elevices, which incluele the ACF, ATR anel ACT; anel the 

enhanceel pitch link elevices. The Actively Controlleel Flap (ACF) system uses trailing 

edge flaps to reduce noise anel vibration. The flaps can be activated by smart material 

baseel electromechanical systems that includes piezoelectric artivateel flaps (SPANGLER; 

HALL, 1986; BARRET, 1990; CHOPRA, 1992; FABUNi\.11 , 1991 ; STREIILOW; RAPP, 

1992), magnetostriction (FENN, 1992) or shape memory alloy systems (LIANG et ai., 

1996; STRAUB; EALEY; SCHETKY, 1997). The Active Twist Rotor (ATR) is a control 

system where smart materiais are elistributed blade-length wise in order to perform active 

vibration control by changing blade twist angle (CESNIK; SHIN , 2001; WALL et a!. , 2008), 

providing means to optimize the twist specifically for different flight condit ion such as 

hover or forward flight. In the case of Active Controlleel Tip (ACT) systems the goal is to 

modify the blade geometry at the tip region to achieve noise anel vibration reeluction. Anel 

at last , the enhanced pitch links (also called, Active Pitch Links - APL), modify the blade 

root characteristics in order to reeluce vibratory loael transmitted from the blaele to the 

fuselage. 

Despite several stuelies have shown the feasibility of vibration reeluction employing 
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each of the aforementioned techniques, it is important to mention that , individually, one 

of the four IBC systems coukl part ially control noise and vibration caused uy different 

phenomena (KLOEPPEL; ENE:'-JK L, 2005). In fact , in some caseí:> controlling a specific 

phenomenon could imply a deterioration of the other. In order to overcome this issue, 

litzsche et a i. (2005) and later Feszly et. a i. (2008) proposed a hybrid vibration control 

system that consisted of using two or more independent IBC systems in the same blade. 

Through numerical simulations, the authors investigated the feasibility of combiuiug fl.ow 

(ACT and ACF ) and structural (APL) control to modify the blade characteristics (figure 

8) . However, although a hybrid confi.guration was proposed, the researches focused on 

assessing the performance of each device individually, with a lot of effort concentrated on 

the development of an active pitch link. 

Acllvcly Pitch 
Lin~ !APLI 

Figure 8 - Combination of ACT, ACF and APL controllers composing a hybrid vibration 
control device (FESZTY; I ITZSCHE, 2011). 

Originally, APL devices were developed to counteract the loading originated in 

the blade with the purpose of canceling the higher harmonic frequencies that would be 

transferred to the fixed frame of the helicopters. APL devices activated by hydraulic and 

magnetic actuators were successfully tested to reduce noise and vibration (JACKLIN 

et a i., 1995b; JAC KLI N et ai., 1995a; LO RBER et a i., 2001; JACKLIN et ai. , 2002; 

ARNOLD; ST RECKER, 2002; ELLISON, 200-l). However, despite several successful flight 

campaigns have been carried out with hydraulic-based IBC actuators (TEVES; KLOPP EL; 

RICHT ER, 1992; SCHi l\IKE et al., 1997; MORBITZER; ARNOLD; MÜLLER, 1998; 

ROTfi , 2004) the use o f hydraulic systems has yet not shown appropriate characterist ics to 

helicopter industry since they usually require heavy and bulky mechanisms to properly work. 

Moreover, these systems require pressurized fluid to work properly and a slip ring system 

for power supply and fiuid transmission, which are also pointed out as drawbacks. The 

electrically actuated pitch links were investigated (FUERST; ARNOLD; GRAHA~l, 2011; 

ARNOLD; F UERST, 2015) as alternative to this issue but designing and manufacturing 

electric APL is still a challenge since the power density of electric systems is usually much 

lower than that hydraulic syst ems can provide (WOODS et a l. , 2011 ). 
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The literature has also reported another approach for pitch-link-based IBC systems. 

Nitzsche a nd Breitbach (1992), Nitzsche, Lammering and Breitbach (1993), Anusont i­

lnthra a nd Gandhi (2000), Anusonti-inthra a nd Ganclhi (2001 ) showed that vibration 

control of APL devices could be understood as stiffness control at the blade root region and 

demonstrated, numerically and experimentally, that a periodic variation of the stiffness 

in that region could significantly reduce t he vibration leveis. The APL device reported 

by Nitzsche et a i. (2005), Feszty et ai. (2008), Nit.lsche et a i. (2013) is based on the 

Smart Spring concept ( N fTZSCH E et a i. , 2005) and it does not directly counter-act 

the aerodynamic loads but changes t he effective spring constant o f the device (o r , more 

precisely, its impedance). It is the change of the blade's flex-torsional characteristics (i.e., 

its boundary conditions) that allows to control the aeroelastic response of the system. 

The smart spring basically comprehends a mechanism (figure 9a) that associates 

springs using a piezoelectric actuator according to a specific control law (CREDE; CA­

VANAUG II , 1958) that determines the instants the springs should be engaged or disengaged. 

It consists of two mass-spring-damper systems2 arranged in parallel. T he system denoted 

with subscript 1 is called the main load path whereas the system denoted with subscript 2 

is called the auxiliary load path. The auxiliary load path can be connected/ disconnected 

by the action of a piezoelectric stack actuator, which contracts or expands in case a voltage 

level is applied to its terminais. This action results in contact between the piezoelectric 

actuator and the fixed mechanical sleeve, generating friction force and ultimately engage­

ment to the sleeve (consequently, the main and secondary load paths are connected). In 

practice, the springs are aligned along the rotor shaft whereas the piezoelectric actuator 

(a piezo-stack, in this case) is oriented 90° relative to the shaft direction. Therefore, the 

piezoelectric actuator does not add energy to the system since it does not perform work. 

Moreover, the APL mechanism does not rely on actuators to achieve high stroke and force 

simultaneously. An issue with that approach is that it relies on both friction and externai 

power (approximately 150V) to perform the control action. Figure 9 shows the evolution 

of the APL prototypes developed by Carleton University Rotorcraft Research Group. 

In a similar fashion , Sirohi and Chopra (2003), John, Wereley and Sirohi (2009) 

employed a piezo-stack to drive a pump in order to pressurize an hydraulic fluid that was 

then utilized to transmit power to an output hydraulic cylinder. The device was designated 

by piezohydraulic pitch link and it is shown in figure 1 Oa. According to Sirohi and Chopra 

(2003), the result was a localized , self-contained actuation system that combined the 

advantages of the power transmission flexibility of hydraulics and the high energy density 

of piezoelectric stacks. Despite the simpler design of this approach compared to regular 

servo-hydraulic systems, the piezohydraulic device still relies on externai power source and 

fluid pressurization ( although no hydraulic slip ring is required). 

2 Here, these two mass-spring-damper systems are designated as load paths in reference to the path 
which the load is transmitted during the smart spring operating process. 
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(a) (b) (c) (d) 

Figure 9- (a) The schematics of the Smart Spring mechanism and the evolut ion of the 
APL prototypes: (b) first generation, 2003; (c) second generation, 2006; and 
(d) third generation, 2010 (NJTZSCHE; D'ASSUNCAO; De f\ Iarqui J r., 2015) 

T he fluiclic pitch link (figure 1 Ob) is another concept that was proposed by Han , 

Rahn and Smith (20J!l ) in orcler to reduce higher harmonic loads using fluicllastic isolators. 

Such device relies on the effect of fluid flowing through smaller pipes (fiuid track) to 

accelerate t he fluid and absorb more energy, whereas the geometry of the fiuid t rack 

dictates the frequency that should be isolated. Scarborough III et ai. (201-tb) numerically 

examined impedance tailoring fl.uidic pitch links for reduction of hub loads in high speed 

flight conctitions and the simulation results demonstrated the ability of the device to 

influence all six hub forces and moments. However, these fluidic pitch links can only target 

a single higher harmonic. Thus, Scarborough III et al. (2014a) proposed connecting fluidic 

pitch links in order to target simultaneous higher harmonic loads (figure 1 Oc ). 

/ ' 

T, 

(a) (b) (c) 

Figure 10 - (a) The prototype of a piezohydraulic pitch link proposed by John, Wereley 
and Sirohi (2009), (b) the 5chematics of a fluidic pitch link (Scarborough Ili et 
a l. , 2014b) and (c) coupled fl.uidic pitch links (Scarborough III et a i., 2014a). 
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2.4 Final remarks 

This section presented a literature review focusing on piezoelectric-based vibration 

control techniques as well as the development of enhanced pitch links for helicopter 

vibration reduction. As it could be noticed along this chapter, such techniques have been 

largely exploited with modeling and experimental approaches and the results reported 

in the literature have been demonstrating their great potential to reduce vibrations. 

Furthermore, there have been several applications that use piezoelectric materiais for 

vibration reduction in helicopters, but so far no evidence was found, in the literature, of 

piezoelectric-based pitch links that enable both vibration control and energy harvesting 

capabilities on t he same device such as the one t hat is presented in this dissertation. 
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3 NUMERICAL MODEL OF AN ELECTROMECHANICALLY COUPLED 
STRUCTURE 

This chapter introduces the modeling of electromechanical systems that are com­

posed of both an electromechanically coupled structure and a electric/electronic circuit. 

Such modeling strategy allows to represent piezoelectric devices developed for vibration 

control and/or energy harvesting purposes, likewise the new pitch link device proposed in 

this dissertation. Here , the electromechanical structure is represented using the Finite Ele­

ment Method (FEM) while the electronic circuit , as well as the connection structure-circuit, 

is implemented using the Maltab-Simulink computational environment. 

The modeling of dynamic systems, including those with electromechanical char­

acteristics, might be given from different methods. The literature presents techniques 

that ranges from lumped parameter single degree of freedom (SDOF) models (1{0\J f\()Y; 

WHJGHT; RABAEY, 2003) to distributed parameter models with analytical solut ion 

(CHEN; WANG; CHIEN , 200G; ERTUilK el al. , 2009), Rayleigh-Ritz (SODJ\NO; !Nt\IAN; 

PARK , 2004) and Finite Element approximations (De l\larqui Jr. : ERTUHX; IN:\IAN , 

2009). Among others, the FEM approach is implemented in a diversity of dedicated 

commercial software and open-source codes that allow practical and accurate modeling of 

complex systems. However, there are specific cases where this dass of software has limited 

capability to attend the issues related to the interaction between mechanical and electrical 

domains. In general, such platforms allow to represent the connection of electromechanical 

structures to linear electrical circuits like resistors, capacitors and inductors. Hence, it is 

possible to model simple paBsive and active controllers and not more complex circuits that 

include more complex electric (or electronic) elements such as transistors, MOSFETs and 

operational amplifiers , for example. 

In order to overcome such limitations, researchers have developed the models of each 

domain independently, at first, and account for t heir interaction afterwards. In this sense, 

two approaches are usually employed to model electromechanical structures connected to 

electric/ electronic circuits: 

(a) Represent the electromechanical structure using the equivalent circuit modeling 

approach and perform simulations using software dedicated to model electric circuits 

such as Spice and Multisim (YANG; TANG, 2009; ELVIN: ELVIN, 200R); 

(b) Represent the electromechanical structure using the equation of motion and perform 

simulations with the Matlab-Simulink interface, where the model of the electrome­

chanical structure would be connected to electric circuit models implemented in a 

single simulation environment (WU; GUYOl'viAft RICHARD, 2013). 
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In this project, the Finite Element Method is employed as modeling tool to develop 

and design the piezoelectric structure of the new smart device proposed. Figure 11 shows 

the schematics of a cantilevered piezoelectric plate, where Ls and t5 are the length and 

t hickness of the substructure, respectively; L p and tp are, the length and thickness of 

t he piezoelement, respectively; Lx is the distance1 between t he fixed end (i. e., encastre) 

and the piezoelectric element; and the subscript 1 and 2 refer to the upper and lower 

piezoelements, respectively. 
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Figure 11 - Schematics of a generic piezoelectric plate structure . 
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It is important to mention, however, that the Finite Element Method is used in 

this project as an effective tool to design the structure hereafter proposed . Thus, since the 

formulation of this method for piezoelectric problems is very solid and well documented in 

the literature, the remainder of this section describes, briefl.y, the premises of FEM and 

the assumptions presumed to develop the model. 

3.1 General considerations on modeling of a piezoelectric structure 

The equation of motion for electromechanical systems can be derived from the 

Generalized Hamilton's Principie (GHP ) (T IERSTE , 1969; ALLIK; ll UGIIES , 1970), 

which can be defined as 

t2 f [8 (Te- U + We) + 8W] = O, (3. 1) 
tl 

where t 1 and t2 are two arbit rary instants, Te is the total kinetic energy, U is the total 

potential energy, We is the electrical work and 8W is the variation of the virtual work due 

Generally, this valuc is zero becausc the fixed region of the cantilcvered structurc provides better energy 
conversion since it is the region with the highest strain leveis. 
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to externai Fe, surface Fs and body Fc forces. These variables are defined as follows : 

(3.2) 

U =~ .I STT dVs + ~.! STT dVp , (3.3) 
V, Vp 

1.1 T We = 2 E D dVp , (3.4) 
Vp 

b"W = .fóuTF edV + .f óuTF s dAs+ 8uTF c+ / &vT q dAP, (3.5) 

~ ~ ~ 

and Tis the stress tensor [N/m2], S is the strain tensor [m/m], q is the electric charge 

vector [C], v is the electric potential vector [V], V represents volume [m3], A represents 

area [m2], u is the displacement vector [m], ú is the velocity vector [m/ s], p is the mass 

density [kgjm3] and the subscripts p and s relates to t he piezoelectric material and the 

substructure, respectively. In equation 3.5, the last term is written with posit ive signal 

since the load extracts energy from the system. 

Since the electromechanical system includes piezoelectric elements , equations (3.3) 

and (3.4) must account for the constitutive properties of piezoelect ricity. Assuming the 

model will only experience linear behaviour, these properties may be represented for the 

direct and inverse effect , in the three-dimensional form , as follows (IEEE, 1987): 

Tu 

T22 

T33 

2T23 

2T31 

2Tl2 

D1 

D2 

D3 

E E E 
Cn c12 c 13 

E E E c12 cu c13 
E E E 

C13 C13 C33 

o o o 
o o 
o o 
o o 
o o 

o 
o 
o 
o 

o 
o 
o 
E 

C44 

o 
o 
o 
o 
o 

o 
o 
o 
o 
E 

C 55 

o 
o 

o 

o 
o 
o 
o 

o 
o 
o 
o 

o o 
E 

c66 - e 15 

s 
e 15 E u 

o o 
o o 

o 
o 
o 
o 

o 
o 
s 

En 

o 

-e31 

-e31 

-e33 

o 
o 
o 
o 
o 
s 

E33 

Su 

s22 

s33 

s23 

S31 

s12 

E1 

E2 

E3 

(3.6) 

where D is the electric displacement [C/m2
], Eis the electric field [N/C], the subscript 

oij relates to the polling direction (i) of the piezoelectric material and the direction of 

t he externai force or electric field applied (j), while the superscripts E and S represent 

constant electric field and constant strain, respectively. In addition, one should note that 

t he symmetry conditions applied to equation (3.6) affects the elastic c, dielectric E and 

piezoelectric stress e constants (cR = ~' e 31 = e 32, c'Í1 = c~2 , etc.) dueto the plane-stress 

assumption for a transversely isotropic thin piezoelectric beam (ERTURK; !N f\[1\.N, 2011 ). 
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H<"n<'E', suhstituting t h e linear ronstitutive properties o f thE' pÍE'7.oelectric effect in to the 

GHP expression (equation 3.1 ) gives 

f p5ÓÚT ú dV';,+ f ppÓÚT ú dVp- f 5STc5 SdV';,- f 5STcpESdVp+ 
V, Vp V, Vp 

f 5ST eTE dVp +I óET ê 8 E dVp + J 5ET eSdVp + I 5uTFedVs+ dt = O, 
Vp Vp V, V. 

(3.7) 

f 5uTFsdAs + ÓuTFc + f 5vT q dAp 
A, Ap 

whose solut ion results in a (partial differential) equation of motion for any merhankal 

system that incorporates piezoelectric elements. Here, the Finite Element Method (FEM) 

is employed to approximate this solut ion. 

In general, the FEM essentially approximates the region of analysis by a finite 

number of smaller regions, known as finite elements (FE) , where are defined the unknown 

variables of interest that depends on the nature of the problem to solve (a piezoelectric 

structure involves displacement and voltage, for example). The intersection point of such 

regions, designated by the term node, provides the connectivity between neighboring finite 

elements. Thus, t hrough the nodal variables it is possible to find a local solution for each 

FE, since the boundary conditions are less complex if compareci to t he global domain 

investigated. The unknown nodal variables are expressed in terms of shape functions in 

order to map their hehavior in any coordinate of the FE, such that a global solut ion may 

be approximated for the problem. 

According to Bhatt i (2005), applying the FEM to an specific problem involves the 

following steps: 

A. Derive the element's equation ; 

B. Perform the discretization of the domain into a mesh of finite elements; 

C. Assemble the element's equation for the whole domain; 

D. Introduce the boundary conditions (geometrical restrictions); 

E. Solve the equations for the unknown variables; 

F . Calculate the solution and related quantities over each element. 

Therefore, by applying the FE approach to equation (3. 7) the governing equations 

of the system are 

Mu q, + C 'ÍJ + Ku W - Kuv V = F, (3 .8) 

KvvV + KJv W = - Q, (3.9) 
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where Mu is the global mass matrix, Ku is thf' global stiffn€'ss matrix, Kuv is the global 

electromechanical coupling matrix, Kvv is t he global capacitance matrix, 'li is thc vector 

of global mechanical coordinates, v is the global electric potent ial vector, Q is the global 

electrical charge vector and F is the vector that comprehends t he externai forces applied 

to the structure. The damping2 of the electromechanical structure is assumed to be 

proportional to the mass and stiffness, 

(3.10) 

where a and f3 are the proportionality constants. 

In order to account for the connection between both the electrical and structural 

models one must consider a few assumptions. First , according to the procedure presented 

by Guo, Cawley and Hitchings (1992), it is possible to separate the electric potential vector 

(v ) in three different parts baseei on the geometry o f the piezoelectric element: 

• v (i) - represents the electric potential of the inner nodes and ali other nodes that are 

not located in the electrodes of the piezoelement ; 

• v (P) - represents the electric potential of the upper electrode (or positive electrode); 

• v (G) - represents the electric potential of the electrode in contact to the substructure 

( also known as reference electrode) ; 

Consequently, the force F and electric charge Q vector, as well as, the electromechanical 

coupling Kuv and capacitance Kvv matrices can be separated in subvectors and submatrices, 

respectively. 

In this sense, spliting the piezoelernent in different regions allows to mathernatically 

manipulate the electric potential of t he reference electrode to zero, simulating the case 

where the electrode is 'grounded'. Therefore, in the equation of rnotion, one may separate 

the electric degrees of freedom related to the grounded surface from the remainder DOFs. 

Besides, acknowledging t he electric charge is null for nodes that are not located on the 

electrodes, i.e. Q (i) = O, equations (3.8) and (3.9) may be rewritten as follows (KOCBACH; 

LU DE; VESTRHEl f\.I , 1999): 

2 

Hu = Ku + Kuv; K~i~i K~v1 , 

Huvp = Kuvp + Kuv1K~1~1Kv1vp , 

Hvpvp = Kvpvp - K~;vpK~1~1 Kv;vp · 

F 
- Q (P ) } , (3.11) 

(3.12) 

(3.13) 

(3.14) 
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It is worthwhile to mention that equation (3.1 1) employs a condensed matrix 

notation only to ease the viewing and understanding of the assumptions made, in a way 

that the previous notation used in equations (3.8) and (3.9) is again employed for the next 

sessions in the remainder of this chapter. In addition, this transformation was performed 

in order to consider the influence of the inner nodal variables over the electrodes variables, 

since the electric potential <iifference ( i.e., volt age) is measure<i anoss the electro<les. 

Another assumption made during the modeling procedure involves the discretiza­

t ion of t he domain. According to the premises of the FEM, in order to represent t he 

electromechanical structure one must divide the piezoelectric material in severa! elements 

assuming it is composed of severa! electrodes and, consequently, severa! DOFs. Nevertheless, 

in practice the piezoelectric layers have conductive cont inuous electrodes. T herefore, only 

one degree of freedom should be used in order to represent t he electric response of the 

piezoelement , being appropriate to assume that all finite elements of the electrode's surface 

generate the same voltage output v (GUO; CAWLEY; HITCH INCS, 1992; [)c f\ la.rqu i .Jr. ; 

Ef\T URK; JNt\IAN, 2009): 

v= { v l V z . . . Vne } T = { 1 1 . . . 1 } T Vp = Ip T Vp, (3 .15) 

where ne is the total number of electric DOFs in the electrodes. T his transformation is 

extended to the elect romechanical coupling matrix, H uv = Ip T H uvp (which turns into a 

vector ), and capacitance matrix, Hvv = IPT H vp v p lp (which turns into a scalar). Besides, 

regarding the interaction between the electromechanical structure and the electric circuits, 

one can express equations (3.8) and (3.9) as 

(3.16) 

. T • . 
Hvv V+ H u v \]! = - Q . (3.17) 

Thus, by differentiating equat ion (3.9), which describes the inverse piezoelectric effect of 

the electromechanical system, one can notice the term Q that appears in equation (3.17), 

represent ing the electric current t hat flows in t he circuit and, consequently, feeds back 

the piezoelement . T his simple manipulation allows to implement the equation of motion 

including the effect of connecting the electromechanical structure to the circuit3 . T his 

approach is presented in the next section. 

Finally, it is well known from t he literature of dynamic systems that distributed 

parameter models might involve an extensive number of DOFs depending on the problem 

analyzed and due to t his fact, manipulating the variables that represent those degrees 

of freedom may be hindered. Therefore, moda! domain representation and state space 

realization (both hereafter employed) are considered to be convenient techniques employed 

3 The term piezoelectric circuit might be used hereafter 
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t o assure the system is represented in a more practical fashion. Hence, from the eigenvalue 

problem ([Huu- w2 lV.fuu<l>] =O) it is possible to obtain t he eigenvalues and eigenvectors4 

of the system and, thus , rewrite the equations of motion as 

(3.18) 

(3 .19) 

- T Mu = tJ> Mu tJ> , - T 
Hu = tP Hu tP , - T 

Huv = tP Huv, F = tJ>T F , (3.20) 

where rJ is the vector of modal coordinates, ti> is the mode shape matrix, Mu is the modal 

mass matrix, C is the modal damping matrix, Hu is the morl.al stiffness matrix and F is 

the vector of externai forces in modal domain. In equations 3 . 1~ and 3. 19, ti> is a N x n 

matrix with N being the total number of DOFs (boundary conditions included) and n is 

the number of modes considered during the analysis. In other words, the modal matrices 

are truncated in a way that the analysis ( or simulation) contemplates only the more 

relevant modes. According to Bathe (1982) and Kocbach, Lunde and Vestrhe im (1999), 

in order to accurately approximate t he exact solution one must include in the analysis, 

mode shapes that correspond to frequencies that are at least 50% greater than the highest 

frequency analyzed. 

3.2 Description of the modeling procedure 

The Finite Element Method was employed using the software ABAQUSTM version 

6.10 (ABAQUS, 2010) as modeling tool to represent an electromechanical structure 

composed of piezoelectric elements attached to a metallic substructure. In this sense, in 

order to follow t he approach presented in section 3.1 one must obtain the matrices that 

describe the electromechanical structure (Mu, Ku, Kuv and Kvv ). 

In this work, the management of the matrices provided by the FE modeling tool 

was carried out using acode developed by the author using the software MATLAB. The 

code reads a file extracted from ABAQUS (which contains the FE matrices in vectorial 

form), assembles the global mat rices that represent the electromechanical system and 

separates them according t he approach previously described. In addition, a sub-routine 

was developed using Python programming language with the purpose of automatizing the 

modeling procedure carried out with the FE software. Thus, once a base configuration 

was set for the structure, a parametric assessment (involving geometric parameters and 

structural propert ies, for instance) could be easily performed in o r der to optimize the 

electromechanical structure specifically for each application. The P ython code is also 

executed using the software MATLAB. 

4 When mass normalized, such variables provide means of obtaining the natural frequencies and mode 
shapes of the system. 
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Furthermore, it is important to highlight at this point that the extraction of t he 

FE matrices from software ABAQUS must occur prior the application of the boundary 

conditions, as suggested by the software's documentation (AHJ\Q l;S, 2010), since altering 

the matrices to account for such conditions might increase their arder, make them more 

dense and, consequently, require more computational processing. Therefore, the boundary 

conditions are applied after the extraction of the matrices by truncating the rows and 

columns referred to the degrees of freedom that must be restrained. This procedure is 

employed for both the mechanical and electrical boundary conditions. 

After the electromechanical modeling procedure has been concluded, one should 

account for the connection between the structure and the piezoelectric circuit models. 

According to f{upp. Dunn and i\ laute (2010), such connection can be performed assuming 

a continuity condition between the electric current and voltage of both systems, which 

requires, therefore, incorporating, into the model, the effect of the electrical feedback 

current fl.owing from the circuit to piezoelectric element as follows: 

V circuit = V Piezo, (3.21) 

icircuit = iPiezo· (3.22) 

In addition, because of the multiphysics characteristic of the problem, it is frequently 

of concern to use software packages that allow to model the interaction between the 

electromechanical system and circuit using one computational environment only. Hence, 

assuming, for example, a case where two piezoelectric elements are attached to a metallic 

thin beam, each one connected to a different rectifier circuit (figure 12), it is possible to 

rewrite the electromechanical equations of motion using a state-space realization 

(3.23) 

(3 .24) 

where the state vector is x = {7J(t ) r, (t) v1(t) v2(t)V and the mechanical variable are 

expressed in the modal domain. The state matrix A , the input matrix B , the output 

matrix C0 are defined as: 

Ünxn I nxn Ünx l Ünxl 

- M - 1H - M-1C M~1 (Huv)l M~1 (Huv)2 
A = 

u u u 
Ü1 xn - (H-1HT) o o vv uv 1 

Ülxn -(H;;;}HEv) 2 o o 
(3.25) 

Ünx l Ünxl Ünx l Ü1xn Ü1 xn 1 o 
M-lp Ünxl Ünxl Ülx n Ü1xn o 1 

B = [B1 B2 Ba] = u o 
C o= o (H;;;} )1 o ~ Ü1xn o o 

o o (H;;;})2 Ü1 xn ~ o o 
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and the direct t ransition mat rix Do is the zero matrix (in this case) . Here, the mode 

shape vector is <I> = {<I> 1 ( x ) <I>2 ( x) · · · <I> n ( x)} , O a zero mat rix, I is the identi ty mat rix , 

and the subscripts ( )1 and ( )2 refers to piezoelements 1 and 2, respectively. Besides, the 

output mat rix C 0 gives the mechanical and electrical response of the electromechanical 

system y = { v1 ( t ) v2 ( t) ~ ( t ) ~ ( t ) P. 

Substructure 

Figure 12 - Schematics illustrating t he connection between the piezoelements and their 
respect ive circuits, a full-wave bridge rectifier and a swit ching circuit with 
voltage sources (SSDVa or SSSC, for example) . 

The input vectors are defined as u 1 = sin(wt ), u 2 = - <h (t) and u 3 = - 4.2 (t ), 

where u 1 must be mult iplied by F 0 in arder to represent the externai applied force. The 

electric current signals i 1 (t ) = <11 (t ) and i 2 (t ) = 4.2 (t) resulting from the circuits coupled 

to the electrodes of piezoelectric elements 1 and 2, respectively, are fed back t o the 

piezoelements as shown in figure (12) . In this sense, one shall observe that a case where k 

piezoelectric elements are added to the electromechanical system may result in two possible 

connections for the piezoelectric circuit: 1- perform a series or parallel connection of both 

piezoelements in o r der to increase the elect ric response ( current o r voltage, respectively); 

2- connect each piezoelement , separately, to a distinct circuit. The second approach allows 

to simulate a case where one piezoelectric element would account for sending t he cont rol 

signal while t he other could harvest vibratory energy from the system and, t hus, supply 

the converted energy to the active elements of the controller circuit , for example. Besides, 

this approach also provides the possibility of designing self-powered controllers where 

the circuit's parameters and topology could be determined from numerical simulations 

performed using the MATLAB/ Simulink interface together with the procedure described 

in this section. Therefore, in this work, the numerical simulation procedure is divided in 

four basic parts (figure 13): 

1. To model the electromechanical system using the FEM and implement the equations 

of motion in MATLAB's environment; 
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2. To implement the piezoelectric circuit model in Simulink using the SimScape library; 

3. To connect both implemented models into Simulink's environment; 

4. To simulate the unified model for the desired cases and extract the results. 
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Figure 13 - Flow chart of the basic steps required to simula te a piezoelectric device coupled 
to electric/ elect ronic circuits. 

3.3 Verification of the modeling procedure 

The presented modeling procedure proposes using t he software ABAQUS and 

MATLAB /Simulink as effective tools to simula te both the electromechanical structure 

and electric/electronic circuits that comprehend a piezoelectric vibration control system. 

Hence, it is primarily essential to verify whether the approach provides consistent results 

or not . Therefore, at first, the results achieved with the proposed model were compared to 

results previously reported in the literature by De I\.Iarqui Jr ., Erturk and Jnman (2009), 

where a cantilever bimorph beam (i.e, with both faces completely covered by piezoelectric 

materiais, figure 14a) was modeled. The piezoelectric device comprehended two P ZT 

elements attached to a 50.8 mm x 31.8 mm x 0.14 mm substructure (figure 14a), with 

a tip mass mtip = 12 x 10- 3 kg added to the free end of the cantilever. De ~ larqu i Jr. , 

Erturk and In man (2009) assessed the Frequency Response Functions (FRF) for both 

open and short circuit cases when the piezoelements were connect to a shunt resistor and 

verified t heir FE model against experimental and aualytical results. 

Concerning the approach here proposed, the electromechanical structure was 

modeled using t hree-dimensional solid elements with parabolic interpolation. All finite 
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•t 

· · tr 

(a) (b) 

Figure 14- (a) Schematics of a bimorph piezoelectric structure and (b) its respective 
model developed using ABAQUS software. 

elements included 20 nodes and 3 DOFs, in each node, which represented displacement in 

three direct ions (x, y, z) for both the structure and the piezoelectric materiais. In addition, 

the finite elements used to model piezoelect ric materiais included an additional degree of 

freedom to account for the electric potential. 

Figure (15) compares the FRFs of the electromechanical system for the model 

proposed in this work and the model presented in De t\Iarqui .J r .. Erturk and Inman (2009), 

Erturk and Inman (2009), indicating the results of both procedures match accordingly. 

T herefore, the proposed model provides a good approximation of simulations regarding 

such electromechanical systems. 

De Marqui et ai. (2009) - Erturk and lnman (2009) -- -- · De Marqui et ai. (2009) - Erturk and lnman (2009) 

102 r---~---·-·~A=b~aq~us~/M~a~tl~ab~m~o=de~l--~-~ 

48.4 Hz ~ ~ R increases 

-·-·-·-· Abaqus/Matlab model 
10° r---~-~~~~~~--~-~ 

48.4 Hz 

45.6 Hz 
10-1 L_ __ .....__ __ _..L. __ -,L,--_ _ ,__ _ __j 10-1 c...,-:::__.....__ __ _..L. __ -,L_.Jj.),~'---__j 
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Frequency (Hz) Frequency [Hz] 

(a) Electríc FRF regarding base acceleration and the (b) Mechanícal FRF ragarding base acceleration 
voltage of the piezoelectríc element. and t íp velocity of the cantílever beam. 

Figure 15 - Elect romechanical FRFs comparing t he results of De Marqui J r., Erturk and 
Inman (2009), Erturk and Inman (2009) and the proposed modeling procedure. 

5 ABAQUS software designates the code C3D20 for purely structural finite elements and C3D20E for 
píezoelectríc finite elements. 
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3.4 Final Remarks 

This chapter presented a modeling approach to represent an elect romechanically 

coupled (piezoelectric) structure connected to electric circuits for vibration control and/ o r 

energy harvesting purpose. The mocl.eling approach ronsicl.erecl. a finite element model 

to represent t he structural domain and the electricjelectronic circuit was modeled using 

the Matlab/Simulink platform, which also accounted for modeling the interaction of the 

complete electromechanical system. The proposed approach was successfully verified with 

numerical results reported in the literature for a cantilevered electromechanically coupled 

beam under base excitation. Nevertheless, further simulations of the new piezoelectric pitch 

link were not performed considering the combination of the electromechanical structure 

and the electric/electronic circuit due to issues occurred during the estimat ion of the 

damping matrix. 
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4 THE NEW SMART PIEZOELECTRIC PITCH LINK (SaPPL) 

The mechanic pitch link (APL) proposed by 1\ ilzsehe a nd FeszLy (2008) has been 

shown a successful alternative to the active pitch links based on hydraulic and magnetic 

actuators. However, despite its fail safe concept (since the stiffness of a regular rigid pitch 

link is obtained in case the piezoelectric material fails), the APL is sensitive to (undesired) 

mechanical wear because its working principie depends on friction between different parts. 

In this sense, it would be interesting to avoid the drawbacks of a mechanical device 

by combining a piezoelectric-based pitch link to electricjelectronic circuits for vibration 

reduction in helicopters. 

The Smart Piezoelectric Pitch Link (SaPPL) proposed here may be understood as 

an electrical solid-state device that might be an alternative to increase energy dissipation 

( thus, increase damping) and/ o r rhange t he effertive stiffness o f the pitch link and, 

consequently, attenuate vibration at a target frequency or bandwidth. The new system 

comprehends mainly two devices: an electromechanical structure with attached piezoelectric 

patches and an electricjelectronic circuit. The structure would be capable of modifying the 

structural characteristics of the pitch link by properly managing the elect rical output of 

the piezoelectric patches with the circuits, such as those used by the switching techniques 

(CLARK , 2000; GUYOMAR; RICHARD; MOHAM f'v1ADI, 2007a ; LALLART; GUYO f'viAR, 

2010). In addition, since the structure is equipped with several piezoelectric elements, 

part of them may be employed for energy harvesting (EH) purposes, therefore, producing 

energy in the rotating frame of the aircraft. Figure 16 depicts an schematics that represents 

the functionality of the device, which should basically reduce the vibration transmitted 

through its body as result of t he proper operation of electric/ electronic circuits. Besides, 

ideally the available energy produced by t he # EH piezoelements could be used as power 

supply not only for the control circuit but also for other low power devices located at the 

rotating frame. 

Another interesting aspect of this approach relies on the fact that it is very versatile 

in terms of applicability ( considering other vehicles or mechanical systems, for instance) , 

since different vibration control and EH methods could be employed by simply replacing 

the circuit. Here, the semi-active piezoelectric switching techniques (SSDVa and SSSC) 

are used for vibration reduction and t he remainder of this chapter describes t he main 

characteristics of both the electromechanical structure and the control circuit considered. 

Furthermore, the control resulting from the circuit action does not depend on previous 

knowledge of any characteristics of the aerodynamic system neither on any externai sensors 

nor complex control algorithm. T hat is, it depends on t he capacity of the piezoelect ric 

elements in converting mechanical to electrical energy and on t he circuit topology. 
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Figure 16- Schematics of the working principie of the SaPP L device. 

4.1 Elementary structure of SaPPL device 

The basic structure of the SaPPL (figure J 7a) is based on the cymbal and moonie 

fiextensional transducers (DOGAN; UCHI NO; NEWNH/\ l\1, 1997; OCHOA et aL , 2002; 

ONITSUKA et aL, 1995). Such transducers generally consist of a piezoelectric element 

connected to a fl.exible mechanical structure that converts (transversal to axial motion) 

and amplifies the output displacement ( and also the strain) of the piezoelement, therefore, 

combining the contribution of the d33 and d31 piezoelectric properties to provide an effective 

de f f value ( K IM et a L, 2004). Figure 1 7b illustrates the cymbal device, w hich basically 

comprehends a disc-shaped piezoelement sandwiched by two metal caps and is usually 

employed regarding energy harvesting applications. 

(a) 

Metal cap 

Piezoclectric elemcnt 

(b) 

Figure 17 - Schematics illustrating (a) the elementary structure of the SaPPL device and 
(b) the cymbal fiextensional structure. 

The elementary structure of the SaPPL has an electromechanically coupled fiat plate 

bracketed by two Macro Fiber Composite (MFC) piezoelectric patches (MFC3 and MFC4, 
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in figure 17a) and two curved metal caps, each one with a MFC piezoelectric patch bonded 

on the ümer surface (MFCl anci MFC2 in figure 17a). The current design was chosen to 

accommodate as many piezoelements as possible , allowing series (or parallel) electrical 

connections between them in attempt to increase the voltage ( or current) generation i f 

required and, eventually increase the vibration reduction effect. An enlarged version of the 

elementary structure was first designed and manufactured. This version was used during 

the preliminary characterization tests performed in a bench top setup. In addition, t he 

structural components were assembled using a set of bolts and nuts (instead of using an 

adhesive material, such as, epoxy resin) so that changes of the prototype configuration could 

be easily performed (for example, modify or remove the center plate) . Table 1 summarizes 

the dimensions and properties of the enlarged elementary structure manufactured. However , 

it is important to point out that such dimensions are not suitable to perform experimental 

tests in the whirl tower facility housed in Carleton University, where the rotational tests 

were performed. The facility required a reduced scale device and the adjustments performed 

to achieve such requirements are described in section -1 .2 along with the descript ion o f the 

first complete prototype SaPPL cievice. 

Table 1 - Parameters o f t he enlarged ( version) elementary structure. 

Domain 

Structural 

Piezoelectric 

Parameters 

Material 
Length (Lb) 
Height (hb) 

Thickness ( tb) 
Width (wb) 

Mass density (Pb) 
Young's modulus (Eb) 

Model 
Length (Lp) 

Thickness (tp) 
Width (wp) 

Mass density (pp) 
Dielectric constant 

é 11 = é22 

é33 

Piezoelectric constant 
e31 = e32 

e15 

e33 

Magnitude 

Cr-Mn Steel Alloy (AISI 5160) 
145.0 mm 
10.41 mm 
0.5mm 
70.0mm 

7850.0 kg/m3 

205.0 GPa 

MFC 8557-Pl 
103.0mm 
~ 0.3mm 
64.0mm 

5440.0 kg/ m3 

0.455 nF / m 
9.08 nF/ m 

- 0.1768 C/ m2 

0.0044C/ m2 

12.3696 C/ m2 

The material specifieci to manufacture the elementary structure was a high carbon 

and chromium st eel alloy, also know as spring steel. T his alloy, designated by AISI 5160, 

exhibits outstanding toughness, a high levei of ductility, and excellent fatigue resistance, 

which are important characteristics for applications involving cyclic and periodic loading, 

such as the pitch link. In addition, its yield and ult imate strength are considerably 



64 Chapter 4 The new Smart Piezoelectric Pitch Link (SaPPL) 

high and might get to 1793MPa e 2220MPa, respectively, if a heat treating is performed 

properly (FREUDENBERGER et al. , 2009). The structure was designed through numerical 

simulation using software ABAQUS to assure the structure would not experience yielding 

no r plastic behavior during the experimental tests ( t he yield strength is approximately 

276MPa for the annealed AISI 5160 steel alloy, the same condition of the alloy employed 

to manufacture the enlarged structure). In other words, one might say the structure would 

only be exposed to linear elastic deformation in case a dynamic load was applied to the 

center point of the upper metal cap. Nevertheless, the structure would operate properly 

even i f yielding occurs ( except for stresses dose to the ultima te strength) beca use the 

selected Cr-Mn steel alloy has high tenacity. 

The numerical simulation was performed considering a concentrated harmonic 

load (160 Hz) of 32N magnitude while a simply supported boundary condition was set 

to the externai contact surface of the lower metal cap. The force amplitude matches 

the maximum load provided by the electrodynamic shaker used in the experimental 

tests, thus, assuring the material would not experience failure during the tests. Figure 

18 shows the simulation result and indicates the maximum stress is 190, 5MPa, which 

strongly suggested the structure would resist to the loading applied during the benchtop 

tests. Furthermore, since the concentrated load used in the simulation does not occur in 

the experimental test, where the load is transmitted to the structure through the force 

sensor , the simulation corresponded to a much more severe condition. That is, since the 

experimental setup transmitted the force through a larger area, the compressive stress 

experienced by the structure, which is inversely proportional to the area, is lower (compareci 

to the concentrated loading condition). 

rs. MftX. Princ:ipol (Abs 
(Avg:7S%) 

1 
+1.00541-606 

. -1.2890•08 

Figure 18 - Maximum mechanical stress on the elementary structure of the SaPPL when 
an harmonic load (frequency of 160 Hz and amplitude of 32 N) is employed. 

Figure 19 presents the first 4 mode shapes of the SaPPL's elementary structure for 

the simplified geometry (without the fixing holes and. bolt/ nut sets). Such simplifications 

were performed to avoid. meshing issues and did not cause significant changes to the overall 

behavior of the mode shapes (and their respective frequencies) that are most relevant to 

the proposed application. Information regarding the mode shapes and phase difference of 

the three metallic parts that compose the elementary structure was fundamental to design 
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the semi-active control circuit (as will be later discussed) , since the elect romechanical 

structure holds two non-collocated 1 piezoelements, which may result in undesired phase 

difference between the electric response of these elements. Therefore , t he control circuit , 

which performs switching operations on specific periods, might have its configuration 

altered according to the phase difference of the piezoelements. 

It is important to notice that the excitation force should be applied at the central 

point of the upper metal cap surface, as illustrates figure 17a (the same sit uation should 

occur in experimental tests of the complete SaPPL in a whirl tower). In this case, if the 

elementary structure is assembled accordingly ( avoiding geometrical asymmetry issues, for 

instance) the structure would not exhibit torsion mode shapes. In addition, if one considers 

a case where the excitation frequency is tuned to the structural resonance frequency, given 

the elementary structure geometry, only mode shapes corresponding t o bending would 

emerge, affect ing mostly the piezoelements attached to the metal caps. On the other hand, 

the piezoelectric layers of the central plate deform mostly in t he longitudinal direction 

(x-coordinate in figure 19) due to the working principie of fiextensional transducers. 

Furthermore, when exciting the structure in its first resonance frequency, for instance, the 

piezoelements attached to the central plate would experience voltage cancellation issues as 

reported in the literature (ERTURK et a i. , 2009). Hence, such characterization process is 

fundamental to define which operational conditions for the elementary structure result in 

a better performance of the system. 

y 
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(a) pt mode shape (160 Hz) . (b) 2 nd mode shape (251 Hz) . 
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(c) 3rd mode shape (316Hz). (d) 4th mode shape (328Hz) . 

Figure 19 - First 4 mode shapes of the elementary structure (with geometry simplification) 
simply-supported at the bottom metal cap. 

In fact , by analyzing figure 19 it is possible to note the phase difference between 

the upper metal cap and the central plate (piezoelectric elements 1, 3 and 4). Regarding 

the pt mode, for instance, the piezoelements 1 and 3 are close to in-phase condit ion 

whereas for t he 2nd mode they are almost 180° out of phase. Both phase condit ions are 

Co-localization should be understood as the condition in which two piezoelectric elements have a 
location in a three-dimensional space where two spacial coordinates coincide. A bimorph beam (or plate), 
for example, has both surfaces covered by piezoelements where the posit ion of each element (both relat ive 
to the same spatial reference) differs only t hickness-wise. 
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required for the stiffness control technique hereafter presented, as <1escrihec1 in section 4.3.2. 

Nevertheless, it is important to emphasize that both unimorph and bimorph configuration 

were experimentally tested with the enlarged version of SaPPL's elementary structure and 

the results are presented in chapter 5. The unimorph configuration was used only during 

preliminary tests. 

4.2 The electromechanical structure of the SaPPL device 

A schematic of the pt version of the complete SaPPL device is shown in figure (20a), 

where five elementary structures are combined in a stack configuration to form the device's 

core structure. The dimensions of the elementary structure were chosen accordingly to 

fit in t he whirl tower of Carleton University since t here are geometrical restrictions to 

install a pitch link in the test facility (in special, those involving the connections between 

the pitch link, pitch horn and hub parts). The combination of 5 elementary structures 

provides fiexibility to electrically connect , in series (o r parallel), piezoelements of different 

elementary structures in order to increase the voltage (o r current) supplied to the control 

circuit. Such association might be necessary since smaller MFCs used in this version 

(required dueto limited room in whirl tower) produce lower voltage output. 
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Figure 20 - Schematics of the electromechanical structure of the SaPPL prototype illus­
trating its (a) t ridimensional view and (b) working principie. 

Table 2 summarizes the dimensions of both the enlarged and reduced scale SaPPL's 

elementary structure. From there one may notice that two different MFCs were employed 

in the reduced scale version, which was also due to the dimensional and geometrical 

restrictions of the whirl tower facility. However, it is important to highlight the stacked 

configuration includes a total of 20 piezoelectric elements and, thus, allows using different 

piezoelements regarding different purposes, such as vibration cont rol and energy harvesting, 
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for example. Therefore, the reduced potent ial of smaller piezoelectric elements individually 

should not affect the overall performance of the device. 

The material specified to manufacture the elementary structure was the same high 

carbon and chromium steel alloy (AISI 5160) employed in the enlarged scale structure. 

However , the reduced scale elementary structure of SaPPL was tempered and oil quenched 

in attempt to obtain a higher ultima te strength. Figure (21 ) shows the result of a tensile 

test performed with three different specimens from where it can be inferred the mean 

ult imate strength and mean Young Modulus of 1320.5 MPa and 118.8 GPa, respectively. 

The specimens dimensions were 200.0 mm, 20.0 mm and 0.5 mm (length , width and 

thickness, respectively), according to t he Standard Test Methods for Tension Testing of 

Metallic Materiais (AAS JITO, 2013); and the tests were performed in an Universal Testing 

Machine (Instron 5985). 
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Figure 21 - Tensile testing results of SaPPL elementary structure material (AISI 5160) 
after tempering and oil quenching heat t reating. 

The first prototype of the SaPPL device was manufactured such that all interfaces 

Table 2 - Parameters of elementary structure for enlarged and reduced versions. 

Domain Parameters E lem entary Structure Type 

Enlarged scale Reduced scale 

Materia l Cr-Mn Steel a lloy (AISI 5160) 

Length 145.0 mm 80.0 mm 
Structural Width 70.0 mm 27.0 mm 

Height 10.4 mm 15.2 mm 
Thickness 0.5 mm 0.5 mm 

M4010-Pl M4312-P l 
Model M8557-P1 (metal cap) (fiat plate) 

Length 103.0 mm 50.0 mm 60.0 mm 
Piezoelectric Width 64.0 mm 16.0 mm 21.0 mm 

Height 
Thickness ~ 0.3 mm ~ o.3 mm ~ 0.3 mm 
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hetween different parts were performed through a t hreaded connection ( except sliding 

between the shaft and bearings) . In fact , each elementary structure (including the enlarged 

version) was assembled using a set of bolts and nuts to facilitate the assembly procedure 

as well as other adjustments during the experimental tests. Moreover, to form the stacked 

configuration , all elementary structures were connect ed to each other also using a set of 

bolts and nuts, where the bottom metal cap of one elementary structure was connected to 

the top metal cap of the subsequent one. This connection was implemented to avoid the 

disassemble of the core structure dueto the centrifugai force action during the whirl tower 

tests. However, it is important to point out that some of the threaded connect ions used 

in t he SaPPL could be replaced by rivets or even other non-mechanical fixing techniques 

such as adhesive or welding, which might be useful to reduce the device's overall volume 

and mass. 

In general, the working principie of the device can be described as follows: the 

electromechanical structure, excited by the loading induced from aeroelastic oscillations 

that occurs on the blades of the main rotor, converts mechanical energy (strain) to 

electrical energy (voltage/current) and the processing of the produced electrical signal 

by the controller circuits alters the energy dissipation or the equivalent st iffness of t he 

device. Consequently, the mechanical vibration t ransmitted t hrough the new pitch link 

is mitigated. From the mechanics point o f view, one might say t he structural part o f 

the SaPPL device was designed to work in a condition that causes relative transverse 

movement between its constitutive part s. Figure 20b illustrates the movement direction 

of the core structure and indicates the region of applied force as well as t he part that 

performs the transverse relative motion and t he fixed frame o f t he devi c e. Hence , apart 

the core structure, the SaPPL's structure includes the following parts: 

• The 'up per handle ' part, made of 6061-T6 aluminum alloy, is responsible for 

applying t he load originated from aeroelastic interactions to the core struct ure, 

which is fixed to the moving part by two small screws. In addition, this part contains 

two axi-symmetric boles to allow the insertion of two guiding shafts. Each hole 

houses a KS Permaglide® bearing model PAPZ 0406?10, which is designed for dry 

running (i.e., it contains dry lubricant and therefore does not require any lubricant) . 

• A base part, also made of 6061-T6 aluminum alloy, supports the core structure of 

t he SaPPL device and connects the device to the fixed frame of t he hub assembly. 

Two axi-symmetric holes allow to fix the two guiding shafts that pass through this 

part. 

• T he stop plate limits t he ' upper handle" movement, preventing the device from 

dismant ling in case an excessive t ensile load is applied to the core structure t hus, 

involving, higher displacements. 
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• Two guiding shafts, manufactured by MISUMI USA , Inc . and made of 52100 

bearing steel, guide the "upper handle" movement while the SaPPL is operating. 

With both ends threaded, the shafts are fixed to the stop plate and base parts by a 

set of nuts, allowing a relative motion between the ' upper handle" and base parts. 

Therefore, t he stop plate and base form t he device's fixed frame relative to the 

"upper handle" (moving part); 

• Finally, two #MM-3-T rod ends manufactured by Aurora Bearing are responsible 

for connecting the 'upper handle' and base parts to the pitch horn (moving part of 

t he assembly) and swash-plate (fixed part of the lmb assembly), respectively. 

Figure (22) shows another schematic of the SaPPL device and illustrates the coding 

used to identify the MFC elements according to its location in the device. The elementary 

structures are numbered in ascending order from top to bottom and inside each elementary 

structure the numbering follows the sarne pattern of figure (17n). Hence, the MFC elements 

of the SaPPL device are described by the ux-y, where u stands for unit2
, x represents the 

elementary structure (o r unit) number and y refers to the MFC element number o f the 

elernentary structure x. 

"ux-y" coding 

==E:::::-----~~§~~H }us 
- _ --;-----...J u5-2 

BélSC 

'Tmr.=rm'!ff1111m111!1!1J1. 

Figure 22 - Schematics showing the coding employed to identify each MFC element and 
elementary structure of the SaPPL device. 

4.3 Piezoelectric control circuits 

The control circuits presented in this section refer to the concept of the semi-active 

switching circuits , SSDVa and SSSC, mentioned in chapter 2. The employed switching 

system was based on the semi-passive circuit (SSDS and SSDI techniques) that was 

recently applied for fiutter suppression by the research group of which the author is 

a member (D'ASSUNC AO ; De Marqui Jr., 2015) . The following sections describes t he 

2 This term is used instead of ' elementary structure' to simplify the notation in figures and plots. 
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working principie of each technique employed and the correspondent circuits developed to 

implement them. Here, the topology presented for the SSDVa circuit demands a single 

piezoelectric element to operate properly whereas the SSSC circuit requires at least two 

piezoelements. However, an important characteristic of the SSSC circuit is that it can be 

employed for both stiffness and damping control techniques considering minar modifications 

in the topology, as will later described. 

4.3.1 Damping control circuit - SSDVa technique 

The control strategy of the SSDVa circuits (figure 23) consists on activat ing the 

switch Sw1 when a local maximum (positive) piezoelectric voltage is detected. Sw1 doses 

during a brief period of time (~t) and connects the piezoelectric element to an inductor L 

(which has a parasitic resistance ~n) - The result ing RLC circuit causes a voltage inversion 

that is complemented by a negative voltage source "Vs1 in order to compensate for internai 

losses of the circuit. The switch Sw2 operates in a similar fashion for negative voltages. 

When a local minimum is detected, during t he negative half cycle, Sw2 doses and the 

piezoelectric material is connected to the inductor. Thus, the piezoelectric voltage inverts 

but a positive voltage source Vs2 is employed to improve the voltage inversion. Here, it is 

relevant to point out that considering the piezoelements are subject to harmonic excitation 

(without DC component) both V81 and Vs2 should be symmetric, i.e. must have the same 

voltage amplitude with opposite polarity. 

vp 
·---- -----· . . . . . . . . 

PZT~ D ~ 

8 v ss -=-

Figure 23- Schematics of the SSDVa circuit (1st version) t hat operates with a single 
piezoelectric element and adaptive volt age sources (Vs1 and Vs2) . 

The voltages Vs1 and Vs2 are obtained from the half-wave rect ifier circuit composed 

of the diodes D3 and D4, capacitors Cr1 and Cr2, resistors Rr1 and Rr2 and transistors 

Ql and Q2. In t his circuit , t he diode D3 allows the current flow during the positive 

half-cycle but remains in open circuit condition during the negative half-cycle. In other 
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words, D3 forces a positive polarity on the output signal of the capacitar Cr1 , resistor R,.1 

and transistor Q1 regardless the polarity produced by the piezoelectric material. Using 

only D3, however, does not rectify the input signal as shows figure 24, where the dashed 

line (characterizing only the positive half-cycle) represents the case when t here is no 

Crt · Although the result ing voltage signal is always posit ive in t hat case, its amplitude 

varies between O and (max(VP) - VD), with the same oscillation frequency of the input 

signal. Hence, in order to reduce such oscillations (or ripple) and, therefore, obtain a 

higher voltage levei, one should add the capacitar Cr1 to the circuit. T he capacitar charges 

when the input voltage signal increases toward the maximum value and discharges when 

the signal decreases. In this sense, if Cr1 and Rr1 are adjusted accordingly such that the 

discharging period is longer than one cycle of the input signal, a low ripple occurs and the 

voltage output should approximate a continuous signal (DC - direct current) , as shows the 

voltage waveform of figure 24 ( dash-dotted line). 

Time 

Waveform 
'-,/ without c1 

Figure 24 - Voltage waveform ( output) of a half-wave rectifier circuit. 

The voltage amplitude of the ripple is given by 

2n 
Vripple = R C max(Vp) 

W r l r l 

where w is the frequency of the input signal (Vp ). 

(4.1) 

In the proposed SSDVa circuit, the intention was not to obtain a low ripple 

level. According to the literature, high values of ripple may be achieved when Vrippte > 
0.1 max(Vp). Thus, the capacitance Cr1 is obt ained using the following expression 

20n 
C r 1 < ----o-­

w~ t-rl 
(4.2) 

and one should note that Cr1 depends on the value of Rr1 , which has not been 

determined yet. Hence, assuming the rectifier circuit must not consume a significant power 
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(Pr1) level from the piezoelectric material and that the amount of power dissipated in Rr-1 

can be approximated by 

(4.3) 

it is possible to conclude that Pr1 is low when high values of resistance are employed, such 

as Rrl = 10 MD. 

The rectified voltage (with high ripple levei) is transferred, then, to the base of 

transistor Q1, which is set to operate in the Emitter-Follower (or Common Collector) 

configuration (figure 2:1 ). This means the voltage across the transistor's emitter follows the 

same behavior of its base, regardless a minor reduction of the amplitude depending on the 

voltage drop of the emitter-base junction of the component used (the voltage drop usually 

varies between O, 3 V and O, 7 V). Given such condition, the transistor Q1 allows that 

most part of the current flowing t hrough its terminais is transferred from the emitter to 

the collector (more than 99% in most cases) and , as consequence, a low current level flows 

through the base. Hence, the positive ( control) voltage Vs2 is transferred by the transistor's 

(Ql) base while the current related to Vs2 is supplied by t he voltage source Vdd· 

It is important to highlight that the equations 4.1 and 4.2 are valid while the input 

voltage signal is constant or increases. As the input signal decreases, the voltage across 

Cr1 drops exponentially and, so occurs with the voltage across the base of QI. Hence, 

t he control action performed by V82 is reduced and decreases until Vs2 reaches the new 

input voltage level. In case the input voltage ceases, the control action decreases until it is 

null. The components D4, Cr2, Rr2 and Q2 operate within the negative half-cycle of the 

harmonic signal in a similar fashion as occurs with R3 , Cr1 , Rr1 and Ql , since the rectifier 

circuit is symmetric (figure 23). The control voltage Vs1 is then transferred through the 

base of Q2, and the current corresponding to V81 is obtained from the voltage source Vss· 

In this sense, it is possible to notice the adaptive characteristics of the proposed 

circuit as it is able to adjust the voltage level required to complement the voltage inversion 

( typical o f standard SSDV technique) according to the excitation levei of the electrome­

chanical structure . Figure 25 shows the voltage waveform across the electrodes of the 

piezoelectric element after the action of t he proposed SSDVa circuit, where Vneg is the 

negative voltage at the end of a switching operation that has occurred at the time instant 

related to the maximum amplitude of the piezoelectric voltage (Vp max) and Vpos is the 

positive voltage after switching at a minimum value (Vpmin). 

As previously discussed, the control voltage (Vs) is applied during the processing 

performed by the control circuit in o r der to increase ( artificially) the inversion facto r ( 'Y) . 
Hence, the result ing voltage at the end of each switching action (related to Sw1 and Sw2 ) 
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might be written as 

( 4.4 ) 

(4.5) 

Here li is the initial inversion factor (equivalent to 1 related to the SSDI circuit , i.e. , 

without the application o f any control voltage) and 1 f is the final inversion fad o r resulting 

from the non-linear management occurred in the SSDVa case. After rearranging equations 

4. 1 and 4.5, it is possible to calculate the amplitude of the control voltage as 

/f- li 
"V.1 = - v;:,min l +/i 

where sgn(v;:,) is the sign function of Vp . 
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Figure 25 - Typical waveform of resulting voltage signal after the processing of SSDVa 
circuit. 

Nevertheless, after performing different tests with this version of t he SSDVa circuit 

it was clear that the application point of t he control voltage was not suitable (before the 

inductor, as shows figure 23) because the voltage inversion was exclusively caused by the 

externai voltage sources instead of being a consequence of the switching actions. To avoid 

such problem but still keep the adaptive characteristic of the circuit a few changes were 

performed in that topology and a second version was developed. Figure 26 shows the 

2nd version of the SSDVa circuit, which basically can be divided into four sub-circuits: a 

standard SSDI circuit developed by Richard, Guyomar and Lefeuvre (2007), a differentiator 

circuit, a symmetric voltage rect ifier3 and a symmetric switching circuit . 
3 The term symmet ric is employed to express that t he same type of rectification occurs for the posit ive 
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SSDI Differentiator 
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Figure 26 - Schematics representing the 2nd version of the SSDVa circuit . 

In t his circuit, to obtain the voltage V5 , t he process starts from the amplitude 

reduction of Vp, using a voltage divider composed of R d1 and R dz · The reduced voltage 

is transmitted to t he (symmetric) half-wave rect ifier that consists of transistors Q5, Q6, 

Q7 and Q8, capacitors Cr1 and Cr2 , resistors Rr1 and Rr2 · The elements Q6, Cr1 and R r2 

operate as the conventional half-wave rectifier, where t he NPN transistor Q6 performs, 

here, the same function of a diode since it allows current flow only during the positive 

half-cycle. In an analogous way, the components Q5 (PNP transistor), Cr2 and Rr2 opera te 

during the negative half-cycle. In terms of ripple level, the rectification process has the 

same characteristics and requisites of the 1st version of the SSDVa circuit. 

Moreover, since the current supplied by the piezoelectric element is not enough to 

properly power the circuit, this version still requires t he use of externai voltage sources 

(Vss and Vdd) that share with the piezoelements the function of supplying current to the 

circuit (i .e., part of the electric current t hat flows into t his version of SSDVa circuit - in 

special, the switching sub-circuit - is provided by the externai sources) . In a self-sufficient 

case, on t he other hand, the voltage sources would be replaced by piezoelectric elements 

exclusively set as power supply to activate t he switches and generate the control voltage. 

Besides, it is important to not ice that both rectified voltages (Vr-1 and Vr-2 ) are proportional 

to the maximum and minimum values of Vp, since the operation of transistors Q6 and Q5 

(Emitter-Follower configuration) occurs during the positive and negative half-cycle of Vp, 

respectively. Therefore, if the (externai) mechanical excitation of t he electromechanical 

system increases, Vp increases and, consequent ly, Vr-1 and Vr2 as welL In contrast , if the 

excitation decreases, Vp is reduced and the amplitudes of Vr-1 and Vr-2 decrease exponentially 

according to the t ime constant T = RC of the rectifier circuit, due to t he presence of the 

capacitors Cr1 and Cr2 ( the same way it would occur in the previous version of the SSDVa 

circuit). 

After t he rectification process, t he voltages Vr-1 and Vr2 must be transferred syn­

chronously with the switching actions and for this purpose, the derivative and switching 

and negative half-cycle, resulting in two distinct signals. Hence, one must not confuse such circuit with a 
full-wave bridge rectifier. 
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circuits are used. The capacitar Cd and the resistor Rd are responsihle for <iifferentiating 

the voltage signal Vp and the resulting differentiated signal (Vd) , which is used as reference 

for the switching operation, may be represented by the following equation 

(4.9) 

where j is the imaginary unit . Since wCdRd « 1 (since Cd is a very low value, reaching 

the order of 10- 9 F) , the equation (4.9) may be simplified to 

(4.10) 

and the voltage signal vd is transferred to the positive input port of the operational 

amplifier (OpAmp1), which in turn, generates a squared voltage signal V0 (with the same 

polarity of Vd) that commands the ON /OFF switch either activating the transistors Q9 

and Q10 (positive half-cycle) or the transistors Q12 e Qll (negative half-cycle). Hence, the 

voltage across the collector of Qll (i.e. , Vs1) has , approximately, the same amplitude of Vr1 

as well as Q12 delivers the control voltage Vs2 , with the amplitude of Vr-2 , approximately. 

Regarding the circuit shown in figure 26, the control voltage Vs ( combination of 

"Vs1 and Vs2) can be written as 

(4.11) 

where t he expression sgn (Vd) = -sgn (Vp) is valid during the whole switching action. So, 

rearranging Vs accordingly 

( 4.12) 

and setting equation (4.8) equal to equation (4. 12) it is possible to express Vs in terms of 

the initial and final inversion factor 

R~ ~-~ Vs = -R R max (Vp) sgn (Vp) = - max (Vp) sgn (Vp) -=---
d l + d2 1 +"ti 

(4.13) 

and 
Rd2 I J - l i 

Rd1 + Rd2 1 + ri 
(4.14) 

Several values of Rd1 and Rd2 satisfy equation (4 .14). However, in order to keep 

low power consumption in these resistors, as well as in Rr1 and Rr2 , one should select 

higher resistances that range from 106ft to 107ft , for example. T he components Cd and Rd, 

of the derivative sub-circuit, also admit several values that make the following expression, 
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wCdRd « 1, valid. In this case, it is appropriate that the capacitar impedance (Zcd = jw~J 

be as higher as possible since the circuit should consume low power from the piezoelectric 

material. Thus, Cd should have values around the order of magnitude of 10-8F to 10-9F , 

approximately (besides , the RC derivat ive circuit work properly if the t ime const ant of 

the circuit is lower than the period of the input voltage). The resistors R7 to R9 must 

have high values (same order of magnitude as R..-1 and R..-2 ) such that are st ill capable of 

transferring the control current Is from the collector to the emitter of both transistors 

Q10 e Q11. As these transistors are in saturation mode, the current flowing through their 

bases must satisfy the following expression 

(4.15) 

where fJ2 is a non-dimensional parameter given by the manufacturer of the component 

(usually is greater than 100) and h2 is t he current fiowing through the base of Q10 and 

Qll. The transistors Q9 e Q12 have, approximately, the same amount of current fiowing 

through their collectors, respectively, (fel = Ib2) . Therefore, the following relation is valid 

( 4.16) 

( 4.17) 

(4.18) 

where Ib1 is the current that fiows through the base of Q9 and Q12. Taking as reference, 

for example, an common voltage levei at the output of OpAmp1 , Vo = 5V, /31 = (32 = 100 

e max ! 8 = 43mA, the resistors R7 to R9 admit the following values 

4.3 X 104 
6 

R7 < 2 = 10 D 
4.3 X 10-

(4.19) 

R8 = R9 < 105 D. ( 4.20) 

Once the values of each component have been defined, one should have by the end 

of this process a SSDVa circuit capable of complementing, in adaptive way, the voltage 

inversion of the standard SSDI circuit. 

4.3.2 St iffness control circuit - SSSC technique 

T he circuit developed for the SSSC technique operate in a similar fashion as the 

SSDVa circuit. The difference in each case is basically the instant at which the switching 

action occurs. In the SSSC case, the switching occurs when t he structural displacement 

is zero (instead of occurring at points of maximum and minimum displacements, in 



4. 9 Piezoelectric contrai circuits 77 

ronsonanre with the SSD terhniques), whirh alt.ers the stiffness of the system. The stiffness 

variation results from an adjustment between the phase of the voltage generated by the 

piezoelectric material (Vp) and t he structural displacement (u ) of the electromechanical 

structure. lf there is a phase matching condition, the result ing effect is an increase of 

stiffness, denominated hardening effect. On the other hand, if the phase difference is 180°, 

the resulting equivalent stiffness is reduced , phenomenon that is r alled softening effec.t. 

Figure 27 shows the waveform of each phenomenon . 
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Figure 27- Voltage and displacement waveforms of the piezoelectric element resulting 
from the SSSC technique: (a) SSSC-H (hardening) and (b) SSSC-S (softening) 
cases. 

In terms of circuit , it is possible to obtain the hardening or softening effect according 

to the activation of the switches Sw1 and Sw2· If the switch Sw1 activates while the slope of 

the displacement is posit ive after zero-crossing occurs (and Sw2 activates while the slope 

of the displacement is negative after zero-crossing) the hardening effect occurs. Conversely, 

in case the switch Sw1 activates while t he displacement decreases after zero-crossing ( and 

Sw2 activates while the displacement increases after zero-crossing) , the softening effect is 

obtained. 

Likewise in the SSDVa case, one must consider a control voltage Vs to increase the 

inversion factor of the circuit and, as consequence, increase the stiffness variation effect. 

A different aspect of this circuit is that it requires at least two piezoelectric elements to 

operate properly and each one should exclusively account for either t he switching action 

or generating the control voltage. Hence, due to the use of different piezoelements for both 

tasks it is essential to evaluate the phase of bot h voltage signals and adjust the circuit, if 

required, in order to guarantee the switching actions occur at instants of zero structural 

displacement. The resulting equivalent stiffness (Keq) and the new resonance frequency 

(weq) of the system obtained during the operation of the control circuit were presented in 

chapter 2 (equations 2.6 and 2.7). 

The semi-active circuit employed in this work for vibration control purpose is 

presented in figure 28. The contrai circuit, which is capable of producing damping (SSDVa) 
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or stiffnPss (SSSC) contrai, can he cliviclecl into t.he following suh-C'ircuit.s: 

• Zero/extrema detector: composed of the resistor Rz, Zener diodes Dz1 and Dz2 

and t he operational amplifier OpAmpl; 

• Symmetric voltage regulator: composed of transistors Ql, Q2, Q5 and Q6; 

capacitors Cd1 · · · Cd2n, Cs1 · · · Cs2n and Crl, Cr2; diodes D dl · · · Dd2n and Dsl · · · Ds2n; 

and resistors Rp1, Rp2, Rp3 and Rp4; 

• Filter: its composition depends on the type of filter employed and also the topology 

implemented; 

• Symmetric switch: composed of Q7, R2 , Q8 and Dl, for the posit.ive half-cycle 

(Sw1), and Qlü, R3, Q9, D2, for the negative half-cycle( Sw2); 

• OpAmp symmetric supply: composed of Dz3, Dz4, Rrl, Rr2, Q3 and Q4. 

Secondary 
t;iet:vderrter•l 

,. 

U -\ ... , 
.. ..... .. .. . ... -;-- . . .. C>l . .. .. . •. . . 

Sallen-key high pass filter 

lnductor 

Internai res1stance 

: ' 1,-

Symmetr c sw1tch 

o,, 

Switchmg points 
detector 

Figure 28 - Schematics of the proposed circuit for damping or stiffness control. 

In this circuit, the primary piezoelectric set (referenced using the sub-index 1) 
and secondary piezoelectric set (referenced using the sub-index 2) produce the voltage 

signals Vp1 and Vp2 , respectively. The primary set is connected (intermittently) to the 

inductance L and accounts for the contrai operation while the secondary set provides (as 

R1 
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long as the switrh is artive) t h e arlrlitional voltage requirwl to improve ( artificially) the 

inversion coefficient. Since the secondary set is part of the controlled structure, the extra 

voltage supplied has adaptive characteristics, as long as this set remains in open circuit 

condition. Therefore, variations in the amplitude of the structural motion ( displacement) 

are proportionally refl.ected in variations of the voltage signal 

e~u 
vp2=--

0 
, 

p2 

where e~ is the electromechanical coupling of the secondary set. 

(4.21) 

The Secondary set is simultaneously connected to two branches of the circuit , one 

including a voltage regulator and the other a filter connected in series to a zero/extrema 

detector. The voltage regulator sub-circuit is a symmetric (positive/ negative) multi-stage 

voltage multiplier that includes n blocks (each containing two diodes and two capacitors) 

connected in series. Each block corresponds to one phase of amplification and rectification 

of the AC voltage signal Vp2 , whkh results in a higher rectified voltage levei rompared to a 

single-stage rectifier. Hence, during the positive half-cycle the process occurs through the 

components Cd1 · · · Cd2n and Dd1 · · · Dd2n , as for the negative half-cycle through Csl · · · Cs2n 

and Ds1 · · · D82n. T he resultant voltage, described as 

( 4.22) 

is transferred to a voltage divider (resistors Rp1 , Rp2 and diode D3) in order to better 

adjust the amplitude level before transmitting the voltage to the transistors Q5 and Q6, 

which are in the emitter-follower configuration. In that mode, the voltage across the emitter 

(Vs) is a copy of the base voltage ( with its amplitude decreased by the voltage drop across 

the base-emitter junction, VBE) and may be, approximately, written as 

e~ ( Umax) Rp2 etumax ( ) 
V8 = ±(n +1) C Rp R = ±(3 C sgn u (t- r) 

p2 1 + p2 p 
( 4.23) 

Rp2 
f3 = (n + 1) Rp Rp , 

1 + 2 
(4.24) 

where f3 is defined as the gain of the controller circuit and ll(t-r) is the structural displace­

ment at the T instant right before the displacement reaches zero. The instant T should be 

as small as possible ( close to zero) and, in practical applications, it is required to determine 

if the displacement is increasing or decreasing after it reaches zero. 

At the same t ime, the voltage produced by the secondary set is transferred to the 

filter in order to activate the switches only at the target frequency or bandwidth selected 

(i.e. , vibration spectrum that should be attenuated) . The type of filter employed depends 

on the desired application and for the pitch link case it could be a band-pass filter if a 
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single frequency is targeted or a high-pass filter if a hroadt>r handwidth is targeted. Here , a 

two stage analog filter implementecl using the Sallen-Key topolog:v was selected to execute 

this task and the selection of each component depends on the filter characteristics. The 

voltage signal processed by the filter is transferred to the zero/extrema detector that is the 

sub-circuit responsible for defining the proper moments of the switching operations, either 

using the damping or stiffness control technique. In this sense, the function of OpAmpl is 

to generate a square wave (Vo) in arder to activate the switching sub-circuit. 

Regarding the input port of OpAmpl, the only restriction for SSDVa case is that 

both the primary and secondary piezoelectric sets must be in phase. On the other hand, for 

the SSSC case, the input port used in OpAmpl, positive or uegat ive, will define whether 

softening or hardening effects occur, as presents table ( ~~ ). In addition, it is important to 

mention that since the SSSC technique is the default configuration of t he control circuit , 

the component OpAmpl is set as zero crossing detector. Hence, changing its configuration 

to the SSDVa approach requires a 90° phase shifting ( delay or forward) of the square wave 

produced. In the current configuration of the control circuit this modification is performed 

by including an RC derivative circuit in parallel to the input port of OpAmpl. The results 

of this operation are further discussed in section 5.1.3. 

Table 3- Configuration relative to the input port of OpAmpl to obtain hardening or 
softening effects . 

Effect Operational conditions 

Phase between Vp1 and Vp2 OpAmp1 lnput 

Positive Negative 

Softening o v1 o 
180° o v1 

Har-dening o o V1 
180° v 1 o 

After activating the operational amplifier , the square voltage output (Vo) is trans­

mitted to the transistors Q7 and Q8 during the positive half-cycle to briefly activate the 

switch and provide Vs to the resonant circuit formed between the piezoelecric primary set 

and the inductor L. In a similar fashion, during the negative half-cycle the transistors Q10 

and Q9 are activated to transfer the - Vs voltage to the resonant circuit. The switching 

sub-circuit does not require high current (Io) leveis to operate and, therefore, R1 might be 

set to values around the arder of magnitude of 106 MO (as consequence, ! 0 will have 10-6 

A arder of magnitude) . In addition, the resistor Rz should take values that guarantee an 

open circuit condition for the secondary set while the reverse voltage of t he Zener diodes 

D z l and D z2 depend on the operational amplifier requirements ( usually, it ranges from 5 

V to 10 V in arder to avoid overload or saturation issues). 

Finally, it is worthwhile noting that the voltage supplied to the component OpAmpl 
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(Vz1 and Vz2 ) was exclusively provided by the secondary piezoelectric set but the required 

electrical current was complemented by an externai power supply. Therefore, the circuit 

was not self-sufficient yet and further investigations that should be carried out in thir:; 

sense are discussed in chapter 6. Furthermore, it is important to mention that differently 

from the circuit discussed in the previous sections (that use the switch circuit proposed 

by l{ ichâ.rd, Guyomar a nd Lefeuvre (2007)), the switch circuit topology presented in this 

section is an original contribution of the author in a collaboration with the research group 

which he is part of. 

4.4 Final Remarks 

This chapter presented the concept of a new pitch link proposed for vibration 

control and energy harvesting purposes. The new device, designated by Smart Piezoelectric 

Pitch Link (SaPPL), would be capable of mitigating the vibratory load t ransferred from the 

rotating frame of a helicopter to the fuselage (fixed frarne) as well as provide a low power 

energy source in the rotating frame. A prototype of the device was developed to perform 

vibratory benchtop test as well as whirl tower rotating experiments in arder to investigate 

its behavior in such conditions. The structure was designed such that its dimensions were 

feasible for installing it in the whirl tower test facility of Carleton University. The control 

circuit developed accounts for bot h damping and stiffness switching control techniques. 

However, an important aspect of the proposed device is that it does not rely exclusively on 

such circuit to work properly. In fact, the SaPPL device versatility regarding the circuitry 

is one of its main advantages since different contrai techniques could be employed by 

simply replacing the control circuit . 
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5 EXPERIMENTAL RESULTS 

This chapter reports the experimental bench top tests performed to investigate the 

behavior of the SaPPL device when connected to the developed semi-active circuits (SSDVa 

and SSSC) as well as describes and discusses the performance of the system in whirl tower 

tests. The corresponding results are shown to illustrate the ability of the proposed system 

to reduce the vibration amplitude at a specific frequency or bandwidth and are separated 

in two basic parts: the first contains the preliminary tests of a bimorph electromechanical 

beam and an enlarged version of the SaPPL's elementary structure, which were both 

employed to develop the control circuits as well as to characterize the working principie of 

the elementary structure; whereas the second part shows the experiments carried out with 

the prototype of the SaPPL device, which includes vibratory benchtop tests and whirl 

tower rotating tests. Part of these tests were performed at Carleton University, Carrada, 

where different configurations of t he SaPPL's core structure were tested in setups that 

should mimic the loading experienced by pitch links, as will be discussed in this chapter. 

The whirl tower facility comprehends a reduced scale one-bladed rotor hub that was 

manufactured to facilitate the installation of pitch link prototypes and, therefore, enables 

t o investigate the performance of different pitch links in terms of vibration reduction in 

con<iitions that simulate the hover flight of helicopters. 

5.1 Preliminary tests performed during the development of the control circuits 

The tests reported in this section refer to the development of the nonlinear shunt 

circuits to attenuate the load transferred through the SaPPL device. First, the experiments 

were performed with an electromechanically coupled beam-like st ructure. Later, the 

experimental investigation performed with an enlarged prototype of SaPPL's elementary 

structure is discussed, whereas both cases account for the connection of the control circuits. 

Understanding the behavior of the electromechanical system (composed of the elementary 

structure an<i control circuit) was useful to define strategies for t he experimental tests 

with the complete version of the SaPPL device (benchtop and whirl t ower) . 

5.1.1 Case A- Bimorph beam connected to the pt version of the SSDVa circuit 

The first tests were carried out with an electromechanically coupled structure 

composed of two QP10N piezoelectric elements (manufactured by Midé Technology) 

bonded to the lower and upper face of an aluminum beam-like substrate having the 

following dimensions: 120.3 mm x 27.75 mm x 1.0 mm. The cantilever was subjected to 

harmonic base excitation and only the upper piezoelement was connect ed to the nonlinear 

shunt circuit (the other remained in open circuit condition). 
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The excitation dueto an electromagnetic mini-shaker (model4810, manufactured by 

Brüel & Kjaer) was driven by a SIEMENS SCADAS sigual geuerator and a power amplifier 

(model 2706, manufactured by Brüel & Kjaer). The base acceleration was monitored using 

a low mass ICP accelerometer (manufactured by PCB Piezotronics Inc.), the tip velocity 

of the beam was measured using a laser Doppler vibrometer (model P olytec PD V -100) 

and the control circuit was monitorPd hy measuring the voltage at specific points of the 

circuit such as the voltage produced by the piezoelement (Vp) and the cont rol voltage 

(Vs). The data acquisition was performed using the SCADAS system, depicted in figure 

29a along with the equipment setup employed in the tests , anda two-channel DC power 

source supplied the currentj voltage required by the SSDVa circuit that is implemented in 

a breadhoard (the circuit schematics is depicted in figure 2:3). 

(a) (b) 

Figure 29 - Equipment setup used during the experimental tests: (a) general víew and (b) 
detailed view of the elect romechanical beam and control circuit . 

T he experimental tests were carried out to est imate the Frequency Response 

Function (FRF) of the electromechanical structure (t ip velocity over base acceleration), 

first in open-circuit condition in order to determine the structural natural frequency and 

consequently define the inductance that should be used in the nonlinear shunt circuits, 

and later considering the effect of the SSDVa círcuit to asses it s performance regarding 

the vibration reduction . The open-circuit condition FRF ( electrodes of the piezoelectric 

element connected to a load resistance of 1M D) was the reference case. 

The F RFs were calculated using the H 1 estimator , with t he base accelerat ion 

(input) and beam tip velocity (output) signals, considering a sample rate of 1600 samples/s , 

8193 samples and 30 averages. The result (figure 30a) indicates the natural frequency 

is, approximately, 35.9 Hz for the open circuit condition and confirms that the SSDVa 

circuit outperforms the SSDS and SSDI, as reported in the literature. Figure 30b compares 

the voltage waveform of the piezoelectric elements for the SSDI and SSDVa cases when 
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the excitation frequency was tuned to the open-circuit natural frequency. Here , one may 

observe that the voltage obtained from the SSDVa circuit exceeds the voltage achieved 

with the SSDI technique, which, therefore, results in higher energy dissipatíon for the 

first case, as observed in figure 30a. In addition, it is important to note the presence of 

the peaks in the amplitude of Vs, which proves the switching action indeed occurred and 

also indicates the control voltages (Vs1 and Vs2 ) are delivered at the proper time instant. 

However, as described in section 4.3.1, there were some issues related to this version of 

the SSDVa circuit (figure 23) and it was eventually replaceà by a new enhanced version 

(figure 26) . The results of the new configuration are discussed next for the experimental 

tests performed with the enlarged elementary structure of the SaPPL device. 
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Figure 30- (a) Effect of the control circuits on the first resonance frequency of the 
electromechanical beam subjected to clamped-free boundary condition and 
(b) comparison between the typical waveform signal (time series) for the SSD I 
and SSDVa cases. 

5.1.2 Case B- SaPPL's elementary structure connected to the znd version of the SSDVa 
circuit 

In this case, besides investigating the performance of the znd version of the SSDVa 

circuit (shown in figure 26), a few tests were also carried out in order to characterize the 

behavior of the elementary structure. As shown in figure 31, during these tests the excitation 

force was produced by an electrodynamic shaker (model K2007E01, manufactured by The 

Modal Shop, Inc .) that included an integrated power amplifier. The force was applied 

to the externai surface of the lower metal cap while the upper metal cap was simply 

supported against a rigid plate (non-moving frame of the setup). The same SIEMENS 

SCADAS system used in Case A was responsible for generating the excitation signal and 

performing the data acquisition. Tho ICP force sensors model 208C02 and 208C01 (both 

manufactured by PCB Piezotronics) monitored, each, the excitation force (input) delivered 
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by the shaker and the reaction force at the rigid plate while the voltages of the semi-active 

circuit were directly monitored using the SCADAS data acquisition system. 

Figure 31 ~ Experimental setup employed in the tests of SaPPL 's elementary structure 
considering the 2nd version of the SSDVa circuit. 

For this configuration (structure-circuit) the elementary structure included three 

piezoelements (MFCl , MFC2 and MFC3) and , therefore, it was composed of an unimorph 

central plate. Hence, only the piezoelement MFC3 (attached to the central plate) was 

connected to the SSDVa circuit since the low voltage amplit udes produced by MFCl and 

MFC2 would result in a lower performance of the cont rol system. T his amplitude difference 

can be observed in figure 32a, which was obtained after exciting tbe electromechanical 

structure with a sínusoídal sweep (known as chirp in the technical literature), considering 

a frequency bandwidth of O to 300 Hz. In addition, the chirp excitation test allowed t o 

estima t e the mechanical FRF ( excitation force over reaction force) of the system and to 

verify the performance of the circuit in terms of vibration attenuation. Figure 32 shows the 

mechanical and electrical response signals that resulted from the chirp test, comparing the 

cases where the elementary structure was in open circuit condition as well as connected to 

the SSDI and SSDVa circuits, with t he inductance adjusted to the 1st resonance frequency. 

As described previously, it is important to characterize the phase difference between 

the voltage signal of each MFC element, specially if the employed control circuit requires 

two piezoelectric elements to work properly (as it would be in a self-powered case, for 

example) . Figure 32b shows the phase difference between the voltage signals of MFCl and 

MFC3 (assuming the latter as reference signal) , where it is possible to observe that both 

signals were, approximately, 180° out of phase for the whole spectrum analyzed, except 
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Figure 32 - Response of SaPPL's elementary structure (enlarged version) under chirp 
excitation considering the open circuit condition and also the SSDVa and 
SSDI circuits . 

for the bandwidth between 110 Hz and 140 Hz, where the phase difference is closer t o 

zero (approximately 6° at 116Hz). That is , for the first mode shape (which corresponds 

to 119.5 Hz) both MFC1 and MFC3 are dose to the in-phase condition whereas for the 

second mode shape (which corresponds to 190.5 Hz) they approximate to the case where 

phase opposition occurs. 

Figure 32c depicts the mechanical FRF estimated for the frequency bandwidth 

(from O to 300 Hz) that includes two resonance frequencies of the structure. As discussed in 

chapter 4, the mode shapes corresponding to these frequencies refer to the bending motion 

(Pt and 4th mode shapes of figure 19) since the elementary structure is excited in a region 

where only such type of movement occurs. Besides, by comparing the results one shall 

note that the circuits SSDS, SSDI and SSDVa did not influence the first resonance peak 

of the mechanical FRF since the resulting curves are almost overlapped with the curved 
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obtained for the open circuit condition (probably because of the low voltage amplitudes 

achieved arouud that frequeucy, as shown in figure 32a). On the other hand, attenuation 

is observed at the second resonance peak (as reported in the li ter ature) for every case, 

except for the SSDVa circuit. The bad performance of this circuit could be explained by 

the fact that the switching did not occurred accordingly. By analyzing figure 33a, it is 

possible to observe the presence o f high frequency oscillations 1 , which indicates the switch 

was closed for a longer period than it should. Such behavior of SSDI and SSDV circuits 

(also reported in the literature) might occur when the inversion factor is high (sometímes, 

greater than 1), causing instability issues in the control circuit, maínly when the switch is 

activated. 
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Figure 33- (a) Voltage time series for SSDVa and SSDI circuits illustrating the switching 
problem and (b) mechanical FRF obtained from the tests carried out for a 
lower inversion factor. 

A new t est was performed, then, by including a lkO resistor in series with the 

inductor of SSDVa and SSDI circuit in order to verify if the bad switching actions were, 

indeed, degrading the SSDVa performance. This intentional change caused a reduction 

of the inversion factor in both circuits and allowed comparing them in , approximately, 

the same condition. Figure 33b shows the mechanical FRF for this test and confirms that 

the SSDVa circuit outperforms the SSDI. At the resonance peak, the amplitude reduced, 

approximately, 60% for the SSDVa case and 46% for the SSDI, when compareci to the 

open circuit condition. Therefore, if properly adjusted, the proposed SSDVa circuit should 

provide better vibration reduction. 

Such characterístíc arises due to the RLC resonant circuit resulting from the connectíon o f the ínductor 
wíth the piezoelement since the electrical oscílla tion frequency is much higher than the mechanical one. 
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5.1.3 Case C - SaPPUs elementary structure connected to the SSSC circuit 

The experimental tests of this case were carried out following the same procedure 

of Case B (figure 31 ) and the only difference was related to the control circuit connected 

to the piezoelements. During the tests, the electromechanical structure was subjected to a 

chirp excitation force for a frequency bandwidth ranging from O to 300 Hz, while the SSSC 

circuit processed the electrical signal produced by the piezoelectric elements in order to 

modify the equivalent structural stiffness. Here, the open circuit condition was also the 

reference case. 

In this version of the SSSC circuit (figure 28), changing between the hardening and 

softening effects results from the proper management of the operational amplifier included 

in the circuit, as previously discussed in section 4.3.2. Hence, for the circuit to operate 

properly and the zeros detector to be correctly set, the phase between the voltage produced 

by the sensor piezoelement (secondary) and the voltage produced by the piezoelement 

related to the control action (primary) should be dose to 0° or 180°. Ideally, both elements, 

primary and secondary, should be co-localized. However, the working mechanism of the 

SaPPL is not restrict to this relative location of piezoelectric materiais such that it is 

also possible for the device to work properly if other location setup is employed, as long 

as the phase difference remains closer to the values mentioned (var iations up to ±10°, 

approximately, are still acceptable). 

During the first tests with this experimental setup the elementary ( electrome­

chanical) structure of the SaPPL included three MFC elements, likewise described in 

section 5.1.2. In that case, neither combination of piezoelements would provide a pair of 

co-localized elements. Hence, the MFC elements did not have a suitable phase for a proper 

operation of the circuit at the frequency bandwidth analyzed and, therefore , the voltage 

signal produced by the secondary MFC element required a phase adjustment (forwarding 

or delaying it). For this version of the SSSC circuit, such adjustment was achieved by 

connecting a capacitar (in series or parallel) to the input port of the operational amplifier. 

A few tests were carried out and two values of capacitance were selected in order to 

investigate the infiuence of the phase between both the primary and secondary elements 

on the performance of the control circuit. Both hardening and softening effects were 

considered in the analyzes and the rnain results obtained are showu in figures 34 and 35 . 

Figure 34a shows the mechanical FRF of the system, which was estimated using 

the excitation force (input signal) and the reaction force (output) at the rigid support. The 

FRF exhibits two resonance peaks and indicates that both stiffness phenomena occurred for 

most cases analyzed since the resonance frequency shifted from the open circuit condition. 

Two distinct stiffness phenomena occurred for different resonance frequencies (given the 

same configuration of the control circuít) due to the fact that the hardening/ soft ening 

configuration, in this context, depends on the phase between the voltage produced by the 
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Figure 34 - (a) Mechanical FRF after connecting the capacitors (in series "-- ~ and 
parallel "/ /") to adjust the phase, with a detailed view for (b) the softening 
effect at the 1st resonance frequency and (c) for the hardening effect at the 
2nd resonance frequency. 

primary and secondary MFC elements, and since the phase eventually varies according 

to the structural mode shape (and its respective resonance frequency). In fact , one may 

recall from figure 32b that the phase between the primary and secondary elements is close 

to Ü0 at the the first resonance (relative to 119 Hz, in open circuit condition), whereas for 

the second one (relative to 190Hz, in open circuit condition) the phase difference ís 180°, 

approximately. In other words, by keeping the same switching configuration for the control 

circuit, if the softening effect occurs at the first resonance frequency, the structure would 

experience the hardening effect at the second resonance frequency, and vice-versa. This 

situation proves that identifying the phase difference between the primary and secondary 

piezoelements is essential to have a proper operation of the SaPPL device. 

Furthermore, the mechanical FRF also shows that the control circuit had a greater 

effect on the first resonance peak than the effect observed on the second one. Figure 34b 

evidences that a similar reduction occurred for every case (1.3%, approxímately) except 

for the case where the 2.8 nF capacitar was connected in parallel. Besides, when compareci 

to the open circuit condition, the SSSC circuit adjusted for softening at the first resonance 

frequency caused an amplitude reduction of approximately 32.6%. Figure 3-lc, on the other 

hand, evidences the hardening effect occurring at the second resonance peak since the peak 
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shifts to the right (compareci to the open circuit resonance at 190.3 Hz) , which indicates 

the circuit induced an increase ou the structural stiffness. In thü-; case , the SSSC circuit 

exhibited the best performance when the selected 0.6 nF capacitar was connected in series, 

which increased about 2.1% the resonance frequency and reduced approximately 58.2% 

the amplitude at the second ( open circuit) resonance. 

N evertheless, it is important to mention that the control action of these techniques 

might affect the amplitude of other frequencies in a negative fashion. When the 0.6 nF 

capacitar was connected in parallel, for example, there was a significant reduction of the 

amplitude at 119.0 Hz but no changes occurred at 190.3 Hz. In fact, it is possible to observe 

that although the SSSC controller was active during this test ( the frequency shift of the 

resonance peak indicates that), there was a significant increase on the FRF amplitude at 

the resonance frequency of the case 'SSSC-H (0, 6 nF / /)'- such effect was also evident in 

the result obtained from the test with the 2.8 nF capacitar connected in parallel, as shows 

figure 34c). lt is possible that the phase change induced by the 2.8 nF capacitar may have 

degraded the circuit's performance. 

In a similar fashion, when configuring the control circuit for the hardening effect at 

the first resonance frequenc:v (as consequence, the softening effect occurred at the second 

one) it is also possible to notice from figure 35 that the performance of the SSSC circuit at 

the first resonance is lower than the second one. In this setup, the SSSC circuit produced 

an increase of approximately 1.4% at the first resonance frequency (compareci to open 

circuit frequency, 119.0 Hz) for the cases where the 0.6 nF and 2.8 nF capacitors where 

connected in series. Furthermore, the best performance occurred when the 0.6 nF capacitar 

(series connection) was employed, reducing the vibration am plit ude in about 36.5% (at 

119.0 Hz). For the frequency of 190.3 Hz, it is clear that the best performance, in terms of 

vibration reduction, occurred when the 0.6 nF capacitar was connected in parallel (figure 

35c) when the reduction was about 84%. 

It is relevant to highlight, however, that among the analyzed cases for the SSSC 

circuit, a significant attenuation of the vibration amplitude was observed simultaneously to 

the stiffness variation effect (increase or decrease). Such behavior was not reported in the 

literature for this class of control technique. At that time, it was assumed this behavior had 

occurred due to the combination of damping and stiffness effects (probably due to switch 

delays), since the fundamental difference between the circuits responsible for such effects, 

SSDVa and SSSC, is the instant at which the switching action occurs (either maximum, 

minimum or null displacements). Therefore, by interfering on the phase of the voltage 

signal produced by the secondary piezoelement (sensor), it is possible that the SSSC 

circuit actuated combining both effects of energy dissipation and stiffness variat ion. This 

assumption was investigated during the research internship p erformed at the Rotorcraft 

Research Laboratory of Carleton University, Carrada, as will be discussed next. 
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Figure 35 - (a) Mechanical FRF after connecting the capacitors (in series "--" and 
parallel "/ /") to adjust the phase, with a detailed view for (b) the hardening 
effect at the pt resonance frequency and (c) for the softening effect at the 
2nd resonance frequency. 

Figure 36 shows the benchtop setup used in Carrada, which was also used by the 

Rotorcraft Research Group during the development of the APL device. This experimental 

setup was selected in arder to represent (in benchtop tests) the motion that a pitch link 

is subjected when connected to a helicopter blade or even during the whirl tower tests. 

In the benchtop tests, an electromagnetic shaker (model BK-4808) was used to excite 

the elementary structure with the forcing signal generated by a LMS SOADAS III data 

acquisition system. A closed-loop2 test was implemented to guarantee a similar excitat ion 

levei acting on the structure for all circuits tested and the excitation signal was monitored 

by an ICP low mass accelerometer placed on the shaker table. 

The shaker table motion was transmitted to the elementary structure by a rigid 

bar (figure 3Ga) that is pinned to a fixture base. The motion transmitted to the structure 

was, approximately, half of the motion observed at the shaker coupling point. A force 

transducer placed between the elementary structure and the fixed base (figure 36b) was 

employed to measure the structural response ( output) and, therefore, was used to assess 

the performance of each controller circuit. In addition, two 1-channel DC power supplies 

2 Designation used to describe a controlled excitat ion system, where the excitation signal is compareci to 
a r eference value and corrected if any deviation (from the reference value) occurs. 
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Contrai circuit 

.~ 

(a) (b) 

Figure 36- Experimental setup used in the benchtop tests performed at Carleton Univer­
sity. 

were connected in series to provide the electrical current required by the switching circuits 

(implemented in a breadboard, as shows figure 36a). The connection between both DC 

power supplies was required because the controller circuits worked with AC signals and, 

therefore, require a positive and negative DC current to work properly. Moreover, that 

version of the control circuit depended on externai power supplies to operate properly. 

Finally, the electrodes of each MFC were connected to the breadboard circuit using screw 

terminal blocks. The negative electrodes were connected to the circuit's reference (ground) 

connection and the positive electrodes were each connected to specific points of the circuits, 

as already described for other tests. Table 4 shows the components used in the control 

circuit (its schematk is presented in figure 28). It is important to mention here t hat a 

forth MFC element (MFC4) was attached to the central plate of the enlarged elementary 

structure at the opposite face where the MFC3 was attached. Hence, for t hese tests, the 

eletromechanical structure comprised a bimorph central plate that included a pair of 

co-localized MFC elements. 

During the benchtop tests a closed-loop stepped-sine excitation was considered for 

a frequency bandwidth ranging from 25 Hz to 220Hz and t he amplitude (input) wa~ set 

to an acceleration level of 0.7g, approximately, for the whole bandwidth tested (which 

was selected to include the fundamental resonant frequency of t he SaPPL's elementary 

structure) . In addition , the input signal (stepped-sine) was incremented of 0.5 Hz every 

10 seconds in order to ensure steady state condition. The softening (SSSC-8), hardening 

(SSSC-H) variations of SSSC circuit and the SSDI approach were tested, as well as the open­

and short-circuit conditions. Table 5 summarizes the piezoelectric elements connected to 
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Table 4- Components of the SSSC eontrol drcuit. 

Components Symbol (Schematics) Model Characteristics V alue 

Q2, Q4, Q6, Q8, QIO MPSA92 BJT- PNP 
Transistors Ql, Q3, Q5, Q7, Q9 KPS42 BJT- NPN 

DI - 04, Dd1 - Dd4, Dst - Ds4 1N4004 Standard R.ecovery Rectifiers 

Di odes D.t- D.2 1N5231 Small Signal Zener Diodes 5.1 v 
D,3 - D.4 NTE 5068A Small Signal Zener Diodes 4.3 v 

Operationa.l Amplifier OpAmpl LM358P 
Rl-R2 1 krl 

R3 - R4 1 MO 
R5- R6 10 MO 

Resistors R7 Standard 1 MO 
R8 - R9 10 kO 

RlO 1 Ml1 
Inductor L Choke 120 mH 

Capa.citor Cdn, Csn, Crl. C.2 Polyester 224 nF 

the circuits along the tests. MFC elements not connected to the control circuits were kept 

in open circuit condition. 

Table 5 - Piezoelectric elements of the enlarged elementary structure used in each circuit 
tested during the benchtop tests conducted at Carleton University. 

Boundary condition / Control circuit 

Open Circuit ( OC) 
Short Circuit (SC) 

SSDI 
sssc 

MFCl 
X 
X 

Piezoelectric clernent 

MFC2 
X 
X 

MFC3 
X 
X 
X 
X 

MFC4 
X 
X 

X 

An important aspect that should be noticed is the possibility to employ the circuit 

depicted in figure 28 as an enhanced piezoelectric shunt damping device (Synchronized 

Switch Damping, SSD, technique), since the fundamental difference between the stiffness 

and damping control techniques is a ±90° phase shift in the switching operation (as 

previously discussed in this chapter) . Regarding the presented SSSC circuit, this phase 

shift can be achieved by adding a capacitar ( Cph) in parallel to the positive input port of 

the zero detector (figure 28), where the chosen capacitance depends on the phase shift to 

be introduced, Cph = tg(c/Jadd)/(wn1R). The phase between MFC3 and MFC4 signals in 

open circuit condition (figure 37a) is cp34 "'177°. Hence, increasing (jJ34 to 270° (or -90°) 

would require an extra phase of 93o. A capacitance Cph = 6.8nF was tested, providing an 

addit ional phase shift of 81 o and a resulting phase of 4J34 = 258° between the voltage signals 

of MFC3 and MFC4. Figure 37b shows the voltage signals of both MFC elements and 

confirms that SSSC circuit actually behaves as SSDVa controller {i.e., switching operations 

occurring at maximum/minimum displacementJ). 

3 It is important to remember that voltage and displacement are in phase for open circuit condition. 
Therefore, maxirnum/minimum voltage also implies maximum/minimum displacement . 
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Figure 37 - (a) Phase angle between the MFC piezoelements for open círcuit condition 
and (b) voltage waveform of MFC3 and MFC4 when the SSDVa control circuit 
is connected. 

Figure 38a shows the frequency response of the output force measured during 

the benchtop tests (figure 3ô) when different electrical circuits were considered. In all 

semi-active circuits the inductor was tuned to the open-circuit resonance (target frequency) 

of t he elementary structure. The result s show that the SSSC-S case presents enhanced 

vibration attenuat ion around the first resonance if compareci to the SSSC-H and SSDI 

control circuits . In addition, the combination of the SSSC-H and SSSC-S branches would 

result in larger vibration attenuation than the SSDI case. It can a lso be observed that 

changes in the resonant frequency is not so evident for the hardening approach as it is for 

the softening case. This could be addressed to the st.ructural st iffness being relatively high 

in open circuit condition such that the controlling action of the SSSC-H circuit has no 

greater influence when attempting to make the structure stiffer. In addition, one should 

also notice by analyzing the results in figure 38a that the SSDVa case leads to the largest 

attenuation among the cases verified in t he experiments . In fact , since t he controllers 

are acting around the structure's resonance frequency, the damping controlled techniques 

(SSDI and SSDVa) indeed should be more effective than stiffness controlled ones (SSSC-S 

and SSSC-H). 

In arder to verify whether the SSSC techniques would result in a better performance 

for a lower target frequency, an 2H inductance was selected (assuming a target frequency 

around 30Hz), according to the capacitance of MFC3 (Cp3 ~ 15nF ). However, no further 

infl.uence was observed on the output force (figure 38b), although the SSSC controller was 

able to increase the MFC3 voltage level (figure 38c), indicating the circuit was active in 

t hat bandwidth. 

Another important aspect that was investigated concerns the circuitry power supply. 

As mentioned previously, the presented semi-active circuits required an externai power 

supply to work properly since the electrical current provided by the piezoelect ric elements 
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Figure 38 - (a ) Effect of all controller circuits on the eiementary structure when the 
inductor was set to attenuate vibrations of the first structural resonance 
frequency; (b) the effect of SSSC t echnique for hardening (SSSC-H) and 
softening (SSSC-S) cases tuned to attenuate a lower bandwidth ( around 30 
Hz); (c) Voltage frequency response of MFC3 (primary piezoeiement) for open 
circuit condition and (d) frequency response of the output force when the 
voltage level of the externai power supply was limited to 9V. 

was not enough to activate the circuit . Therefore, it wouid be interesting if the circuit 

could work with a port able power supply like a 9V a lkaline battery, for exampie. T he 

electrical current supplied by those batteries would be enough to power the circuit as well 

as their size suitable for applications involving rotary-wing aircrafts. 

An experimental test was performed by setting the voltage level of the DC power 

suppiy adjusted to 9V. The results (figure 38d) indicated that limiting the voltage to such 

levei would not significantly degrade the performance of the circuits. Nevertheless, it is 

important to highlight that if the piezoelectric elements of the SaPPL device were able to 

power the controller circuit there would be no need of using externai power supply and, 

therefore, the voltage limitation wouid depend only on the capacity of the piezoelectric 

elements. Reducing the power requirements of the controi circuit and/ or increasing the 

availabie eiectrical current produced by the piezoeiectric elements would contríbute to 
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Figure 39 - Mechanical frequency response ( output force) o f the enlarged elementary 
structure for different exdtation amplitudes. 

mitigate (or even eliminate) the dependence on externai power. In the latter situation, the 

available voltage would rely on the capacity of the MFC elements in convert mechanical 

to electrical energy and, therefore, would not be limited by an externai power supply. 

Finally, it is also important to note the nonlinear behavior of the system in open- or 

short-circuit conditions (figure 38a and figure 38d). The softening aspect observed for both 

electrical boundary conditions is due to the nonlinear behavior of piezoelectric materiais 

that has been reported in the literature (LEADEN HAM; 8 RTURK, 2015). The same 

softening behavior can be observed when the SSSC circuit is employed (in the hardening 

and softf'ning cases). Another tE'st was performed to verify the effects of the structure 's 

nonlinear behavior and if additional investigations should be performed. A stepped­

sine procedure was implemented for up and down sweeps and three different excitation 

amplitudes were also considered. The results (figure 39) show evidence of nonlinear behavior 

but no drastic difference has been pronounced for the up and down sweeps, as it would 

expect from structures with strong nonlinear characteristics. Nevertheless, no further tests 

were conducted on this matter. 

5.2 Benchtop tests of the SaPPL device 

The experimental tests reported in this section were performed with the prototype 

o f the Smart Piezoelectric Pitch Link (SaPPL) device using the same benchtop setup 

presented in figure 36 in arder to characterize its electroelastic behavior. The closed-loop 

procedure previously employed in the tests of the elementary structure (section 5.1.3) was 

also used to test the SaPPL and, although the same frequency bandwidth was considered, a 

continuous sinusoidal sweep ( chirp signal) was applied in this case ( considering a 0.25Hz/ s 

frequency r ate). 

Figure 40 shows the SaPPL ínstalled on the experimental setup. In such case, the 

bottom rod-end of the device was attached to a "L-shaped" bracket. The bracket (also 
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used during t he APL testing procedure) mimics the connection to the swash piate of a 

helicopter. Strain gauges mounted on the bracket 's internai surface are responsibie for 

monitoring the ioad and aiso vibration levei. However, a probiem in the strain gauge 

circuitry (Wheatstone's bridge and other circuits required to process and amplify the 

strain gauges' signal during the benchtop tests) did not allow to measure the load a t the 

bottom bracket ( t he strain gauge processing circuitry couid not be repaired while the 

bench top tests were carried on in Canada). Therefore, this monitoring process occurred 

only for the rotational vibratory tests performed the whirl tower testing facility, which 

is described in the next section. Vibration attenuation measured in t he bracket should 

be understood as reduced vibration transmission from the rotary to the fixed frame of a 

helicopter. 

(a) (b) (c) 

Figure 40 - SaPPL device installed on the benchtop test setup: (a) Front view, (b) general 
view and (c) side view. 

The reduced scale 1-biaded rotor avaiiable in the whirl tower facility affected the 

designing process of a new pitch link in different manners. Maybe, the most significant 

one was dueto the dimension restrictions involved. T herefore, the prototype of the SaPPL 

device was designed considering smaller piezoelectric elements (MFC) than those used in 

the enlarged elementary structure and , for that reason, each MFC element of the prototype 

produced a lower voitage output. However , a few of them couid be connected in series 

to increase the overall avaiiabie voltage, since the core structure comprehends 20 MFC 

eiements. T hese connections reduce t he number of wiring terminais of the piezoelectric 

elements, being helpful to properly install the device in the whirl tower facility, in special, 

dueto the limited roam available for the wiring and also the limited number of channels 

for data acquisition (the slip ring of Carleton's whirl tower has 8 channels) . In this sense, 

it was necessary to select which MFC should be electrically associated to compose t he 

piezoelectric sets in order to avoid voltage canceling issues and also guarantee an adequate 

voltage levei was produced to power the controi circuit properly. 
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During the dynamic benchtop tests the electromechanical structure was harmon­

ically excited within a predefined frequency bandwidth in order to select which MFC 

element should be connected in series and also to choose the primary, secondary and 

Energy Harvesting (EH) sets. Elements with higher voltage level were grouped to compose 

the primary and secondary sets, which are the main piezoelectríc sets o f the device ( the 

EH sets are responsible for auxilíary functions), and each combination was performed such 

that voltage cancellation issues were mitigated. Figure -11 shows the test results where the 

term "Unit ' specify the elementary structure in the core structure assembly (numbered 

in ascending order from top to bottom in figure 22) and the MFC elements numbering 

system follows the same pattern of figure 17a for each elementary structure. 
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Figure 41 - Voltage frequency response of SaPPL device with (a) aluminum and (b) steel 
upper handle, considering all piezoelectric sets are in open circuit condition. 

As described in section 4.2, the first prototype was initially designed with an upper 

handle part manufactured using an aluminum alloy of designation 6061-T6. However, with 

that configuration the structural fundamental resonance frequency (225 Hz, as depicted 

in figure 4la) was much higher than the target frequency the SaPPL device should aim 

during the whirl tower experimental t ests. Hence, a low voltage level would be produced 

by the electromechanical device and, consequently, the circuits would not be act ivated. In 

attempt to reduce the natural frequency and, therefore, increase the electrical out put of 

the device for a bandwidth near the target ftequency, a heavier upper handle was designed 

and manufactured. In this sense, it was expect ed the additional mass on the top of the 

core structure would bring the resonance to a lower frequency. The new material selected 

was the AISI 1018 carbon steel and the dimensions of both parts were similar, with the 

steel and aluminum parts weighting 100 g and 25 g, respectively. 
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The rf'.sults ( figur<" 41 b), however, were not as presumed, since there was no 

substantial change in the frequency response besides an increase in the voltage amplitude 

for most MFC elements, especia.lly for MFC3 and MFC4 of all units ( one shall notice the 

resonance peak is more evident for the new configuration). The amplitude variations could 

be addressed to the fact that an additional mass at the top of the device ( the heavier 

upper handle, in this case) would cont ribute to increase the force act ing on the structure 

but not to considerably modify the resonance frequency of the core structure. Yet, it was 

reasonable to keep the heavier configuration, considering that higher voltage amplitudes 

usually improve the performance of the control techniques employed. 

Table (G) indicates the MFC elements that were chosen to form the primary (Set 1 

and Set 3) , secondary (Set 2 and Set 4) and Energy Harvesting (Set EH1 to Set EH3) 

piezoelectric sets, according to the results presented in figure (·11 b). The •ux-y' codification 

was used to identify each MFC element of the SaPPL device (figure 22) and the term ref. 

specifies the piezoelement used as reference to calculate the phase difference. 

Table 6 - Phase shift between the MFC ele-

8 . - Set1 
ments of the SaPPL device. 

7 
~ -- - set2 ,, 

· - ·- · Set EH1 Set # MFCID Phase angle ,. 
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,, Set EH2 30 Hz 100Hz Wn l 

~5 
•• - SetEH3 I 

Set 3 ul-3 75° 14° 20 
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The results show the phase shift between the associated piezoelectric elements for 

three different frequencies (including the first resonance frequency, wn1 ) and indicate that 

most sets would experience a significant volt age cancellation effect ( except Set 1 and Set 

2) if the structure operates with 100 Hz excitation frequency, for example. In this case, the 

device would operate with low performance since a low voltage level would be produced. It 

is important to point out though, that a phase shift in the vicinity of ±180° is a lso suitable 

for a proper operation since the piezoelement terminais can be connected to each ot her 

using a reverse polarity. In t his case, the ±180° phase shift between two MFC elements 

would become approximately 0° and the voltage cancellation problem would be avoided 
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whether the device operates at 30 Hz or at wn1 . On the othf'r hand, a phase differen<:f' 

presenting a larger deviation from the ideal values could also result in adequate operation 

with the penalty of deteriorating the overall performance because the combined voltage 

levei would not be maximized'1. 

Figure iJ 2 presents the volt age frequency response o f the SaPPL device after 

connecting the MFC elements in series. lt is possible to observe that , for this confignration, 

Set 1 and Set 2 provide the highest voltage leveis (in open circuit condition) at the resonance 

frequency Wnt· At those amplitudes , the circuit would certainly be activated. However, 

for the whirl tower tests, the target frequency is located in a much lower bandwidth and 

the voltage amplitudes of Set 1 and Set 2 might be slightly lower in this bandwidth ( the 

lowest frequency shown in figure tJ2 is 30 Hz due to restrictíons of the electrodynamic 

shaker used in the tests) . Besides, even if higher harmonics were aimed in attempt to 

target frequencies closer to the structural resonance frequency, the voltage leveis would 

not increase significantly since higher harmonics usually involve lower energy t ransfer 

compareci to lower harmonics. In this sense, a reasonable solution to obtain hígher voltage 

amplitudes at lower frequencies wíthout changing significantly the strnctural design would 

be reducing the device's stiffness (consequent ly, the natural frequency would a lso be 

reduced) . The modifications performed in attempt to achieve this goal were investigated 

during the rotational experiments and are described in the following section. 

A static loading test was also performed to asses the structural stiffness of the 

core structure and, therefore, characterize the effect of the input load on the structural 

displacement. Since the device did not disposed of a displacement sensor when t his test 

was carried out, such information could provide an indirect estimate of the SaPPL's overall 

displacement during the whirl tower tests, thus preventing overload and/ or excessive 

displacement that could lead to rotor instabilities. A load cell and static press were 

employed to perform the static test with the SaPPL device and the vertical displacement 

of the press was monitored by a digital micrometer with ±0.0001 m precision. The load 

cell had a ±0. 1 lb precision and a maximum capacity of 350 lb. Figure 43 presents the 

results for a load range of 4.5 N to ll1 N (1 lb to 25 lb) and indicates that the maximum 

displacement for the tested range is approximately 3.5 X w-3 m. Since the pitch link is 

the mechanical part that connects t he rotating blade to the fixed frame of the rotor, it 

is believed that a displacement outside this range could cause an unstable aeroelastic 

b ehavior of the blade, which could result in a mechanical failure ( disassemble) of t he 

SaPPL, therefore, causing a cat astrophic incident depending on the rotational speed 

involved. Besides, according t o conversations with researchers of Carleton University's 

rotorcraft research group , these load values are within the test ed range used in the APL 

4 By adding two waves of the same frequency, the maximum amplitude condition occurs when the 
phase difference between both waves is 0°. Such phenomenon is known in the literature as constructive 
interference. 
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experiments. Hence, there was no need to exceed those values throughout the whirl tower 

tests. 
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Figure 43 - Result of the static loading test performed with the core structure of the 
SaPPL device. 

5.3 Whirl tower tests of the SaPPL device 

The rotational tests were performed in a whirl tower facility with the purpose of 

investigating the performance of the SaPPL device under vibratory loads that simulate , in 

a laboratory environment. the vibrations experienced by a helicopter in haver flight. The 

facility (figure --lt1), located a t Carleton University, houses a 60 HP, 575 V, 3 phase, 1800 

RPM motor, which is controlled via a variable frequency drive/transformer (VFD). The 

motor, which is supported by a rigid frame, drives the rotor shaft directly with the use of 

an elastomeric coupling and the motor's supporting frame was designed to ensure that 

nane of its natural frequencies are included in the operating range of the facility. 

The tower was built within a 4.5 m diameter protective enclosure. T he protective 

walls were constructed out of Armorcore level 3 panels, a bullet resistant glass-fiber based 

protective panel. The facility includes operator safety features such as automatic motor 

shut-down in case the test chamber door is opened and emergency shut-down button 

available at the monitoring/control room (figure 44a). T he whirl tower and surrounding 

area are monitored by live vídeo surveillance to ensure safety of people and the facility 

integrity during operation. The motor VFD and all required power supplies are located on 

the exterior of the protective walls. 

The facility comprises a custam 1-blade articulated hub manufactured to facilitate 

the installation of a pitch link prototype (figure 44b) and was designed to house a 1.1 m 

radius aeroelastically scaled carbon-fiber blade. This blade was designed and manufactmed 

by the Carleton Rotorcraft Research group (FESZTY et a i. , 2008). An air blower supplies 

a vertical air stream that excites the blade around its t ip and, therefore, excites the 
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(a) (b) 

Figure 44- The whirl tower facility of Carleton University: (a) control room and (b) test 
chamber. 

pitch link, which is connected to the blade root through the pitch horn. The rotor hub 

houses both a wireless telemetry system as well as an 8 channel slip ring assembly from 

Shleifring GmbH. The wireless system consists of 2 Microstrain V-link nades, each capable 

of wirelessly transmitting data from 8 differential and 8 single-ended channels. 

During the whirl tower tests, the performance of the SaPPL was assessed by the 

load measured from the strain gauge sensors located at the 'L-shaped' bracket (depicted in 

figure 45a). The signals obtained from the strain gauges were recorded using the available 

wireless Microstrain V-link nodes. Therefore, in order to start the rotational experiments 

it was required to estimate the calibration curve of the strain gauge sensors. For that, six 

different weights , which had their mass previously measured, were hung on the bracket 

and the signal produced by the strain gauges was recorded using a Microstrain V-link 

node. The result (figure 45b) shows a linear curve, y = 103.0x + 2026.7, that represents 

the strain gauge behavior for that load range. The linear equation was used to calculate 

the load acting on the pitch link during the whirl tower tests. It is also worth noting the 

positive sign of the recorded data, which confirms the strain gauges (located at the upper 

surface of the bracket) were subjected to tension stresses since the applied load was pulling 

the bracket downward. In other words, a compressive load applied through the pitch link 

produces a positive signal in the strain gauge. 

In order to have a general overview of the dynamic behavior of the pitch link in 

terms of the load transmitted to the hraàet, a rigid pitch link (figure 45a) was first t.ested 

in the facilit:v for seven dífferent rotatíonal speeds that ranged frorn 100 RPM to 700 RPM. 

The data recording of each test started with the rotor in stationary condition and ended 

around 50s later with the rotor spinning at the nominal speed previously selected. The air 

blower was activated only after the rotor reached the nominal speed and was kept on until 
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Figure 45- Perspective view of (a) the rigid pitch link installed in the Whirl Tower facility 
and (b) the experimental calibration curve o f the strain gauge attached on 
the 1-shaped bracket. 

the test was completed. For convenience, the pitch angle of the blade (measured at t he 

blade root region at ORPM) was set to 1 o ( an arbitrary value that was chosen based on 

information gathered from the engineers that managed the facility) . Since the pitch link 

loads are a function of both the blade pitch angle and the rotational speed of the system, 

these parameters should be selected to avoid issues, such as excessive displacement and 

loading, when testing the SaPPL device in the whirl tower. The load results are presented 

in figure 46. 

The results depicted in figures 4ôa and 46b indicate the load acting through the 

pitch link is the combination of a dynamic load and a mean 'static' load ( of compressive 

nature) that increases with increasing the rotational speed. According to the literature, 

most of the vibration transmitted through a conventional pitch link comes from the njrev 

frequency and its harmonics pnfrev . In this work, n = 1 considering the hub system used 

in the experimental tests has only one blade. Therefore, the I jrev frequency for the range 

of rotational speed employed is: 1.67 Hz (100 RPM), 3.33 Hz (200 RPM), 5.00 Hz (300 

RPM), 6.67 Hz (400 RPM), 8.33 Hz (500 RPM), 10.00 Hz (600 RPM) and 11.67 Hz (700 

RPM). 

In this sense, figure 46c shows the I jrev frequency has the highest PSD amplitude 

for 600 and 700 RPM rotational speeds, whereas the 2jrev frequency presented the highest 

amplitude for tests at 300, 400 and 500 RPM and, ultimately, for the 100 and 200 RPM 

speeds highest amplitudes occurred for the 6/rev harmoníc frequency. The normalized load 

was calculated considering the maximum amplitude for each rotational speed. Although 

no further investigation was carried out on that subject, it is believed that such behavior 

for the 100, 200, 400 and 500 RPM tests occurred due to specific dynamíc characteristics 

of the aerolastic system composed of the rotor hub, blade and pitch link, which arises only 

when t he system is excited at these rotational speeds. In addition , it is appropriate to 
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Figure 46 - Load results for the rigid pitch link spinning test showing (a) the whole 
time history, (b) a zoom view o f the t ime history at nominal speed, (c) the 
normalized PSD signal and ( d) the time and frequency result s of 300 RPM. 

mention that results similar to those depicted in figure ·16, for the 600 RPM test, were 

also reported in the literature for t he APL test at the same rotational speed ( N ITZSC H E; 

O' ASSUNCAO; De Marqui Jr. , 2015) . 

Another aspect that should be notice in figure -IGa and .:!.6d is the beat phenomenon 

occurring for the 300 RPM test. Such behavior was not expected and occasionally appeared 

in some tests carried out for this rotat ional speed, probably, due to issues related to the 

re-assembling of the whirl tower in its current location ( the facility was first housed in the 

Canadian National Research Council - NRC- and lat er moved t o Carleton University). 

T hus, the results for 300 RPM were included in the analysis only when the effect s of the 

beat phenomenon were less evident . Besides, one shall notice that 1/ rev and 2/ rev are 

t he frequencies mostly mentioned along the discussions presented in this section because 

the first shoulci not be affedeci by the control circuits anel the latter , other than thP l j rev 

(in a few cases), is the harmonic frequency with t he highest amplitude. Thus , the effort 

was concent rated on at tenuating the 2/rev frequency even if this act ion increased the 

amplitudes on other higher harmonics (which are relat ively less energet ic than the 2/ rev , 

as indicates figure 46c) . T he remainder of this chapter presents the experimental tests 
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pPrforrnPcl wit h thP SaPPL clPvirP for clifff'rent. rotational speecls anel cont rol d rcuits with 

aucl without filtering capabilitie::;. 

5.3.1 1st series o f tests: no target frequency /bandwidth defined 

The whirl tower tests performed with the Smart Piezoelectric Pitch Link (figure -17) 

followed the same procedure of the experiments executed for the rigid pitch link, except 

that for this time both the load and voltage signals were monitored. The voltage signals 

generated by the piezoelectric sets/elements were transmitted to the controller circuits 

through the 8 channel slip ring since there were restrictions from the V-link input channels 

regarding the maximum voltage levei accepted (3 V was the maximum input levei accepted 

and the MFC elements produce higher voltage amplitudes, specially when connected to 

the control circuits that implement the switching techniques). The voltage signals were 

then monitored with an oscilloscope and recorded with a Siemens-LMS SCADAS data 

acquisition system, both located on the exterior of the protective walls. 

(a) (b) 

Figure 47 - Prototype of the SaPPL device installed in the whirl tower facility: (a ) per­
spective view and (b) side view. 

The initial test s occurred with all MFC sets/elements in open circuit condition 

and at the following rotational speeds: 300, 400, 500, 600, 700 RPM; with the blade 

pitch angle also set to 1 degree at the root of the blade. The load results for these cases 

are presented in figure 48 and indicate, as expected, the same static + dynamic loading 

behavior trend obtained with the rigid pitch link. However, here the increment of the static 

loading between each spinning ratio is more evident beca use t he lower st iffness of the 

smart pitch link (compareci to the rigid pitch link). Anyhow, the whirl tower experiments 

were proposed to investigate the performance of the SaPPL device regarding the operation 

of the control circuit in terms of vibration reduction. The reference condition, in this case, 
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was the SaPPL the piezoelectric elementsjsets in the open-circuit condit ion. Figure 48c 

shows the auto Power Spectral Density (PSD) of the load signals in order to verify which 

frequencies have higher contribution to the overall vibratory load transmitted through the 

SaPPL. Here, the same behavior occurred for 300, 600 and 700 RPM test, where the l j rev 

frequency presented higher PSD amplitudes than the other higher harmonic frequencies, 

suggesting this dynamic behavior is indeed related to an intrinsic characteristic of the 

aeroelastic system. 
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Figure 48- Vibratory Joaci acting on the SaPPL rleviC'e for rlifferent rotational speerls: a) 
whole time history, (b) zoom o f time history at nominal speed and (c) the 
auto PSD of the load signal. 

Figure 49 depicts the steady state voltage time history and the auto PSD of all 

MFC sets in open-circuit condition, which were used to verify whether the piezoelectr ic 

sets provided enough voltage to overcome the circuit's threshold voltage. The results show 

that higher amplitudes were measured at different frequency bandwidths depending on 

the MFC set and rotational speed t ested. It can also be noticed from the time history 

plots that Set 4 and Set EH2 presented the highest voltage leveis, with t he highest 

contribution of those sets occurring within a bandwidth around the structure's natural 

frequency (wn1 = 237Hz) . This confirms that tuning the structural resonance frequency to 
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the target fn~quency would be the ideal configuration to achieve high voltage amplitudes 

and improve the system performance. 

On the other hand, despite the lower voltage amplitudes obtained, Set 1, Set 3 and 

MFC element u1-4 responded better in a lower frequency bandwidth: from 100 to 200 

Hz for all of them and around 30 Hz for elernent ul-4 only. For this configuration, which 

might be also referenced as stiff configuration, all .VIFC t:~ets/elernents that were analyzed 

did not produce a voitage levei high enough to activate the controller circuit. However, the 

SaPPL-stiff configuration could work properly in case the controller circuit was designed " 

to activate with a lower threshold voitage. Considering that the MFC elernents produce low 

current leveis (the order of magnitude is 10-3 Ampere), such modification coukl. involve 

removing the current limiting resistors that are used to protect other com ponents like 

transistors and operational amplifiers, for example. Such components cause a voltage 

drop and, therefore, reduce the voitage transferred to those components. In addition, 

there is the possibility of repiacing the operational amplifier by another modei with lower 

current/voltage requirernents. These alternatives are detailed in section G.l . 

In attempt to reduce the structural stiffness and, consequently, the device's natural 

frequency, the midplate of the first (top) elementary structure was removed (i.e. , ul-3 and 

ul-4 were removed and, consequently, Set 1 was disabled) . Concerning the integrity of the 

whirl tower facility, the tests with this uew coufiguration, denomiuated "semi-fiexible" 5 

(SaPPL-SF1) dueto its lower stiffness, were performed only for 300 and 400 RPM since 

an increase in the rotational speed over this limit could cause higher displacernents than 

those previously experienced by the stiffer configuration when tested at 700 RPM. It is 

important to point out that neither the hub systern nor the SaPPL device disposed of a 

displacement sensor to check the pitch displacernent at the blade root region. Therefore, for 

safety reasons, the SaPPL-SF1 configuration was only tested for the lower spinning ratios. 

Besides, from ali rotational speed tested, t he device in its stiffer configuration generated 

higher voltage leveis for 300 and 400 RPM, being reasonable to execute the tests at these 

lower rotations. Figure 50 shows the steady state voltage time history for the remainder 

piezoelectric sets that presented the highest voltage amplitudes and also indicates the 

voltage level generated was insufficient to activate the circuit (the threshold voltage to 

activate the circuit is 3 V, approxirnately). Yet, all voltage auto PSDs of the sets/ elements 

tested show a peak at approximately 180 Hz, suggesting the structure 's natural frequency 

rnight have been reduced to a bandwidth around this value. 

5 

Another 'semi-fl.exible' configuration (SaPPL-SF2 ) was tested to investigate the 

effect of reducing even more the overall stiffness. In this case, the midplates from elementary 

structures 1, 3 and 5 were rernoved (i.e., ul-3, ul-4, u3-3, u3-4, u5-3 and u5-4). T he tests 

The tenn ' semi-fiexible ' was used b eca use the fiexible configu ration, in this occasion , would consider 
the remova) of midplates from ali elementary structures. 
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Figure 49- Voltage time history and the respective auto PSD of SaPPL-stiff for all MFC 
sets in open circuit. 
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Figure 50 - Voltage time history and the respective auto PSD of SaPPL-SFl for all IviFC 
sets in open circuit. 

were performed only for 100, 200 and 300 RPM dueto the same safety issues described 

before. F igure 51 shows the voltage measurements in open circuit condition and their 

respective auto PSD. 

It is possible to observe that the voltage level obtained with Set 3 was relatively 

higher when compareci to the voltage generated by any other set of confi.guration SF2 

and, therefore, would provide enough voltage to the controller circuit operate properly. 

BesidE>s, all PSDs presented in figurt> ,51 show better contribut ion at a bandwidth bellow 

100 Hz (region of the spectrum t hat includes the n/rev frequency and its harmonics). In 

this sense, it was reasonable t o select Set 3, Set EH3 and Set EH1, respectively, as the 

primary, secondary and energy harvesting sets of the control system. A simple full-wave 

bridge rectifier with a 10{LF capacitar was used as EH circuit just to illustrate the working 

principie of the whole system. Figure 52 presents the auto Power Spectral Density of the 

load acting on the SaPPL-SF2 device, comparing the performance of the controller circuits 

(SSDVa and SSSC) with the open-circuit case (baseline condition) for 100, 200 and 300 

RPM. The auto PSDs presented in figure 52 show the effect o f the SaPPL ( connected to 

different switching circuits) on the dynamic load measured at the '1-shaped' bracket. 

The results allow to conclude that the SaPPL combined to a proper switch control 

technique can reduce the vibration transmitted from the rotor to the fixed frame of the 

system . For 100 RPM, the SSDVa case resulted in significant attenuation at the first 5 
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Figure 52- (a) Effect of controller circuits on the SaPPL load spectrum (auto P SD) for 
the spinning rates tested and (b) the APL results for 600 RPM reported by 
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peaks, for example. Likewise, it is also worthwhile noting the performance of the SSSC-S 

case, which provided even larger attenuation for the second peak. However, it is important 
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to ohsP.rve that., at this stagP., no targP.t frP.quP.ncy /ha.nrlwirlth was cldinP.ci. ThP.rP.forP., thP. 

effeds ( atteuuation or excitatiou) of the fiwitchiug tedmiques ou the njrev frequency, as 

well as on its higher harmonics, were expected. 

Furthermore, one might conclude t hat the overall performance of SSSC-S circuit 

for 1/rev and 2/ rev frequencies was better than the SSDVa since the softening technique 

could attenuate both frequencies to approximately the same level whereas the damping 

technique was not so effective at the higher harmonic. However, changing t he behavior 

of the system at the 1/rev frequency is not recommended for helicopter applications 

because the vibration control system must not interfere with the rotor cyclic control. This 

problem might be overcomerl by tuniug the cont roller r irruit to target a specifir frequenry 

or bandwidth (in this case, frequencies above the 2/ rev harmonic should be attenuated) 

instead of letting the circuit active for the whole spectrum. One of the possible alternatives 

to attenuate only a specific target frequency or bandwidth involves filtering the reference 

voltage signal such that the switching circuit activates only at for the desired frequencies. 

This approach was investigated in this project and the achieved results are described in 

the next section. 

Another interesting aspect to be observed is the excitation of some higher harmonics 

for all control cases. A similar behavior was experienced by the APL device according to 

the results (figure 52b) recently reported in the literature (NITZSCII8; D'ASSUNCAO; 

De ~1arqui Jr., 2015). In such case, the second harmonic (2njrev) was setas the t arget 

frequency. One should also notice that the v.rorst performance of the SSSC-H case when 

compared to the SSDVa and SSSC-S. 

Figure 53 shows the voltage time history of the primary set (Set 3) for 100 RPM 

and emphasizes the switching moments performed by the control circuits. It is possible 

to observe from figure 53 that a high frequency oscillation occurred for the SSSC-S case 

(and for SSSC-H case, in a mild fa.shion) , which indicates that a switching operation was 

indeed performed6 but the control circuit remained active longer than it should (a proper 

switch operation lasts half period of the mechanical oscillations). Besides, the SSSC-H 

curve shows traces o f the hardening ( first peak o f figure 53 e) and soft ening (last peak o f 

figure 53e) techniques that might have affected the circuit's performance. Both behaviors 

could have been originated because the control techniques were not adjusted to operate 

with multi-harmonic excitation. Therefore, the switch operation probably occurred within 

a bandwidth where the phase shift between the primary and secondary sets change from 

0° to ± 180°. Once again, this problem could be solved if the control circuit was set to 

perform the switch operation only at specific frequencies. Figure 54 shows the voltage time 

history for the secondary and EH sets, where the latter indicates a voltage levei of 2 V 

6 T he resonant RLC circuit that results from the switching operation oscillates from 10 to 50 times faster 
than the mechanical system 
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Figure 53- Voltage time history of the primary set (Set 3), with emphasis at the switching 
moments, comparing the control circuits and open círcuit condition for 100 
RPM rotation speed. 

across the capacitar of the regular full-wave bridge rectifier and a high levei of ripple after 

the rectification that was probably caused due to the multi-harmonic characteristics of the 

AC input signal (regular rectifiers are ciesigned to work with sinusoidal input signals only 

and multi-harmonic signals may degrade the rectifier performance) . 
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Figure 54 - Voltage time history of the (a) Secondary Set (Set EH3) and (b) EH Set 
(Set EHI) , comparing the effects of the control circuits with the open circuit 
condition for 100 RPM spinning test. 
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5.3.2 2nd series of tests: control circuit with filtPring capa.hilitiPs 

The tests discussed in this sectíon were carried out to verify the performance of 

the SaPPL-SF2 after adjusting some characteristics of the device's structure and circuit 

(described in the previous section). First, new piezoelements were chosen to compose 

the piezoelectric sets since the former selection criterion did not account for amplit ude 

and phase analysis in a frequency bandwidth below 30 Hz. where the most significant 

control effects are expected. The new sets were grouped considering the elements that 

presenteo a similar phase difference along the analy7,eo hanowioth (4-45 Hz), with the 

ones that achieved the highest amplitudes being prioritized to form, in the following order, 

the primary (#1), secondary (#2) and energy harvesting (EH# l and EH# 2) sets, as 

depicted in figure 55. The MFC ul-2, for example, comprises the primary set because it 

produced the híghest voltage amplitude and for that reason it was considered as reference 

to calculate the phase curve shown in figure 55a. 
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Figure 55 - (a) Magnitude and phase response of the MFC elements that compose (b) 
the new configuration of piezoelectric sets (ul-2 is the reference element to 
calculate the phase signal). 

1 

In addition, a non-contact Hall Effect sensor (model AD22151, manufactured by 

Analog Devices), here employed as displacement sensor, was attached to the devíce (figure 

56) with the purpose of monitoring the overall displacement experienced by the upper 

handle part. This type of sensors provides a voltage signal proportional t o the magnetíc 

field to which is exposed, usually generated by a magnet. Thus, the closer the sensor gets 

to a magnet, the higher is the sensed magnetic fie ld and, consequent ly, is the voltage 

generated. A relationship between voltage and displacement can then be established to 
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measure the position or displacement of a certain component. Here, an Alnico VIII magnet 

(modell01MG8, manufactured by Honey \Vell) was responsible to generate the magnetic 

field. However, due to noise issues that occurred during the transmission of the sensor 

output signal the displacement could not be monitored. 

Figure 56 - (a) General view of SaPPL installed in the whirl tower with (b) emphasis in 
the hall effect senso r. 

Another modification performed i::; related to the control cin:uit of the SaPPL 

device. As previously described, the nonlinear control technique employed in the first 

series of tests was not developed to operate under broadband vibration spectra, such as 

the load spectra experienced by the device in the whirl tower testing facility. In addition 

to a performance reduction, the pitch link device could substantially interfere with the 

helicopter control done at the 1/rev frequency. Therefore, modifying the system to include 

the ability to select target frequencies could enhance the general performance (in terms of 

víbration attenuation and helicopter operatíon). In this sense, the circuit was modified to 

filter the voltage signal produced by the secondary piezoelectric set before transferring 

it to the switching sub-circuit . This way, the switching actions would only occur at the 

specific frequency or bandwidth previously selected and , therefore, should address the 

issues aforementioned. 

A high pass analog filter was designed and implemented usíng t he Sallen-key 

topology such that only the fundamental frequency (1/rev, for this rotor lmb configuratíon) 

was íncluded in the stop-band regíon. That is, the filter was specífically designed for each 

spinning ratio, in a way that the switching actions occurred only for the higher harmonics. 

Figure 57b shows the magnitude and phase responses of the analog filters, where the 

vertical lines indicate the pass-band frequency of each case analyzed (3, 6 and 10 Hz 

relatíve to 100, 200 and 300/350 RPM, respectively). As a common practice in the technical 

literature, here, the pass-band region comprehends the frequency bandwidth for which 

the magnitude of the filter response is greater than -3 dB. In addition, it is im portant to 

point out that the filter implemented for the whirl tower tests were constructed using the 
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available passive electrical components that provides an approximation to the exact values 

obtained from the designing equations discussed in chapter 1. Therefore, the parameters 

of the filter implemented for the experimental tests presented a small deviation from the 

design parameters due to the intrinsic tolerance of each component that usually ranges 

from 5% to 20%, depending on the employed component. 
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Figure 57 - (a) Block diagram of the new control circuit and (b) magnitude and phase 
response of the high pass analog filters designed. 

The experimental tests were carried out following a procedure similar to t hat 

described in section 5.3.1, in particular with regard to the setup employed ( equipment, 

load and voltage measurement, etc.) and the range of angular speed tested , which comprised 

100 RPM, 200 RPM, 300 RPM and additionally, for this series of tests, 350 RPM . The 

performance of the SaPPL device was, likewise, assessed through the load estimated from 

the strain gauges located at the 'L-shaped ' bracket. 

In this series of experiments the reference case (piezoelectric material in open­

circuit condition) was always measured on the beginning of each t est with each control 

circuit ronfiguration. Here, three tests were carried out for the same condition (i.e. , a 

combination o f rotation speed and type o f circuit) and every test was executed according 

to the following procedure: the test recording started (t = Os) with the rotor system in 

stationary condition and the piezoelectric sets of the SaPPL device connect ed to the data 

acquisition system 7 , i. e., the control circuit was not active; the rotor hub started spinning 

right after the recording command was executed and the air blower was activated 15 

seconds after the recording started, being the circuit in the O FF condition ( open circuit o r 

reference condition) for 60s,approximately; afterwards the control circuit was connected to 

the piezoelectric sets and kept on until the test was concluded. For the analysis purposes, 

it was assumed the open circuit condition started at t = 24s and ended at t = 59s. The 

time frame of 35 seconds was considered for both electrical conditions ( with the switching 

circuit on and off) avoiding the transition periods during the connection of the circuit, 

The impedance of the input channel ranges approximately from 10 Mn to 20 Mn. 
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Figure 58- Load time history of all tests performed with the SSSC-H circuit (without the 
analog filter) for the 350 RPM spinning test. 

since it was manually connected to the piezoelectric sets using jumper wires. Figure 58 

shows three time series of the load data recorded for the SSSC-S test at 100 RPM and 

illustrates the time window used to estimate the PSD signals during the analysis. 

Because all time series depicted in figure 58 were obtained for the same angular 

speed and circuit ( although in different tests), it was expected that the recorded dat a 

behaved in a similar fashion. However, t he difference between the results of 'Test 03 ' 

and the two other tests is very evident, being clear that distinct amplitude fiuctuations 

occurred. There may be different reasons for the insufficient rep eatability during the 

experiments such as the uncertainty involved in setting the same init ial condition to all 

tests since the blade was manually positioned by the operator. Anyhow, t hose conditions 

could not be controlled during the tests and for this reason the present dissertat ion does 

not include any discussion on this matter. Other investigations should be carried out in 

order to better understand this behavior and other variables should also be monitored , as 

it is suggested in the following chapter. 

In attempt to perform an adequate comparison for every test setup, the reference 

case of the analysis presented in this section is related to the l jrev frequency, for each 

rotation speed and with the piezoelectric sets in open circuit condition. Thus, a normalized 

load, 
p ON 

F nfrev 
norm = F OFF' 

1/rev 
(5.1) 

was calculated to compare the performance of the SaPPL in all cases discussed, where 

Ff!;%v is the amplitude of the aut o PSD of the force signal (measured at the bracket) 
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relative to the nth harmonic frequency analyzed when the control circuit was active and 

F6~:V is the amplitude of the auto PSD of the force at the fundamental harmonic frequency 

with no control action. Hence, the comparison between the results obtained from both 

ON and OFF conditions of the control circuit occurred considering the data recorded in 

the same test, unlike the tests discussed in section 5.3. 1, which compared results obtained 

from clifferent spinning tests. 

Due to the new piezoelectric sets selected to form the SF2 configurat ion in this 

series of tests, first, it was necessary to asses the performance of the SaPPL device without 

the filtering ability of the control circuits. Figure 59 shows the normalized load for all 

three tests performed in each condition (speed + circuit) except for the 300 RPM case, 

which exhibited the beat phenomenon that was already reported. For that spinning ratio, 

only the curves with minar evidence of such phenomenon were presented. 

SSSC·H SSDVa SSSC-S 

2 3 4 5 6 7 2 3 4 5 6 7 2 3 4 5 6 7 
Frequency [n/rev] 

Figure 59 ~ Normalized load comparing the performance of the SaPPL device without the 
filtering ability (the wider bars represent the OFF circuit condit ion aud the 
narrower bars represent the ON condition). 

The results (figure 59) indicate that, for most cases analyzed, there were at least 

two t ests present ing consist ent amplitude levels and most of them showed amplitude 

variations in the l j rev frequency comparing the ON and OFF circuit conditions. Besides , 

one should notice that ewn for the tests where there was an effect (increase or decrease) 

on the amplitude of the first harmonic, the control circuits were able to provide lower 

amplitudes at the 2/rev (as well as at other higher harmonics, in some cases) frequency 

compared to the condition where the circuit was off, which indicates the control circuit 

had a positive influence on the load transferred through the pitch link. Figure ()l) displays 
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the auto PSD of voltage output with circuit OFF and circuit ON condit ions (for each 

eontrol órcuit) and different speeds. Volta.ge output is always larger for the switching 

cases than the open-circuit condition. 
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Figure 60 - Voltage PSD of the signal generated by the primary and secondary sets without 
the filtering ability. 

F igure 61 shows the normalized load of all control circuits, considering the tests 

that exhibited an adequate performance with respect of the circuit 's ability in filtering the 

l j rev frequency. One should note in figure 61 that the first harmonic remained unchanged 

for most control cases and speeds ( except for 350 RPM) _ Even in cases where the first 

harmonic was excited, it is possible to observe t ha t the effect ( excit ation) on this first 

harmonic is in generallower than that observed in figure 59 (without filter). Moreover, 

vibration attenuation of the second harmonic is also observed for different techniques and 

speeds, although excitation is also observed in some cases (lower than the case wit hout 

filter) _ 

Figure 62 shows the voltage PSD of the primary and secondary sets and indicates 

the analog filter did work properly in every case b ecause there was no evidence of any 
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Figure 61 - Normalized load comparing the performance of the SaPP L device infiuenced 
by tlw filtering process (the wider bars represent th~ OFF circuit m udition 
and the narrower bars represent the ON condition. 

significant peak at the 1/rev frequency, for both sets in all cases. In fact, this might also 

suggest that the changes observed in the fundamental harmonic were not directly caused 

by the control circuit but perhaps were consequence of the switching actions on other 

harmonics that modified the behavior of the whole aeroelastic system. It is interesting to 

note, however, that the voltage amplitudes of t he 1/rev frequency for the non-filtering 

cases is already low, compared to the 2/rev (or even the 6/rev with the circuit OFF). 

5.4 Final Remarks 

This chapter presented the experimental t ests carried out during the development 

of the SaPPL device. Benchtop vibratory tests were performed to invest igate the static and 

dynamic behavior of the electromechanical st ructure of the SaPPL device. Whirl tower 

experiments were carried out for different rotational speeds and the ability of the device in 

reduce the vibration t ransmitted through its body was assessed for the SSDVa and SSSC 

c.ont rol techniques. An analog high-pass filter was induded in the topology of the control 

circuit in attempt to avoid affecting the fundamental harmonic (1/ rev), when the control 

was activated, for every spinning ratio tested and, therefore , attenuate vibrations only of 

higher harmonics. The tests demonstrated the ability of the Smart P iezoelectric P it ch 

Link device in attenuate, for an specific rotational speed, t he vibration t ransmitted from 

the rotating frame to the fixed frame of the system. 
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6 FINAl REMARKS 

This dissertation described the development of activit ies carried out during the 

PhD research, which the main objective was to develop the concept of a Smart Piezo­

electric Pitch Link (SaPPL) that coul<i attenuate the vil>rations transmitterl to the fixed 

frame of helicopters. The topics discussed include a literature review, which focused on 

piezoelectric-based vibration control systems, and a procedure to model an electromechani­

cal piezoelectric structure connected to a control circuit in arder to represent and simulate 

a system that is capable of performing vibration reduction andjor energy harvesting. Such 

procedure was verified against a l>imorph electromechanical beam and the achieverl rt'sults 

were satisfactory. However, the simulations with the SaPPL device were not carried out as 

planned and the research project remained essentially experimental. 

A prototype o f the elementary structure ( enlarged versíon) o f the SaPPL was 

designed using the software ABAQUS and experimentally tested in benchtop setups for 

different control circuits. This investigation was very important to characterize the behavior 

of the device's elementary structure when it was connected to the control circuits. The 

results indicated how to proceed with the selection of the primary and secondary sets of 

the device and also C'OH.firrned the better performance of the SSDVa controller circuit when 

operating around the structural resonance frequency. 

The first complete prototype of the SaPPL device was designed, manufactured and 

experimentally tested in benchtop setup and whirl tower facility to explore the device's 

capability of reducing vibrations considering different non-linear switching circuits (SSDVa 

and SSSC). The current design of the SaPPL was developed, mainly, with concern for 

its dimensions and structural integrity, since the installat ion of a pitch link in the whirl 

tower hub system was very restricted in terms of space and mass. The first, limits the 

device's overall size and, consequently, its capacity of housing piezoelectric elements able 

to convert a greater amount of (mechanical to electrical) euergy. The latter, in.fluences the 

hub balancing and also changes the effect of the centrifugalload acting on the device, which 

is higher as the mass increases . From the vibration perspective, these restrictions come 

with a trade-off regarding t he resonance frequencies because the smaller the elementary 

structure the higher is the natural frequency. Therefore, it is more difficult to t une t he 

SaPPL resonance frequency with the frequency targeted for the vibration reduction (which 

is usually less than 50 Hz). In spite of that fact, the device exhibited good performance in 

the frequency bandwidth below 50 Hz, in special, due to the combination of piezoelectric 

elements in the complete version of the SaPPL. 

The stacked confignration of the core structure allowed to connect several MFC 

elements to form the controlling sets (primary and secondary), which were selected as result 
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of the benchtop tests performed with the SaPPL device. Furthermore, these tests were 

also useful to define the load range for testing; the device in the whirl tower facility since 

the flexible core structure could experience displacement leveis that could compromise the 

facility integrity. The SaPPL device was experimentally tested in the whirl tower facility 

regarding different spinning ratios and control circuits. Three structural configurations 

were tested (stiff, SFl and SF2) in attempt to achieve voltage leveis required to activate 

the control circuits, which were adjusted to stiffness aud dampiug; switchiug; teclmiques. 

1\vo series of whirl tower tests were carried out, one with no limitations regarding 

the control action of the switching techniques and another including an analog high-pass 

filter in the circuit's topology iu attempt to avoid affecting the fundamental harmonic 

(1/rev) for every spinning ratio tested and, therefore, attenuate vibrations only of higher 

harmonics. The results indicated that when the circuit was active, the vibration amplitudes 

at higher harmonic frequencies (specially at 2/rev) were lower than the amplitudes without 

control action for most part of the cases analyzed. However, since the conventional SSSC 

and SSDVa contrai circuits were not designed to operate with multi-harmonic signals, 

there were a few issues related to the switching operations that could have compromised 

the overall performance of the system. Despite the issues occurred during the experirnents, 

the results demonstrated the ability of the smart pitch link device in attenuate, for a n 

specific rotational speed, the vibration transmitted from the rotating frame to the fixed 

frarne of the system. 

It is also important to mention that the current version of the control circuit is 

not self-sufficíent and, thus, can not be exclusively powered by the piezoelectric sets. The 

possibility of reducing the power requirement of the electronic components and use a 

rechargeable battery as power supply should be better investigated in attempt to overcome 

that problem. Likewise, a series of modifications of both the structure and circuit must 

occur so that a newer version of the SaPPL device can be developed. The following section 

discuss the future perspectives for the Smart Piezoelectric Pitch Link device, suggesting 

several aspects that could be further investigated. 

6.1 Future work 

Based on the matter discussed in this dissertation, this section describes the 

main aspects and recommendations for further investigations on the line of research here 

presented. 

• Investigate how the number of elementary structures and piezoelectríc elements 

affects the overall performance of the device. lt is important to determine whether 

the SaPPL device could work with a reduced number of elementary structures and 

piezoelectric elements without considerably reducing its performance. Such tests could 
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help to Sf>lect alternatives for acljusting t he strud ural stiffness anel, consequently, 

produce higher electrical response for low target frequencies or bandwidth; 

• Investigate the effect of pre-<.:ompre::;r:;íng the <.:ore structure and how thí::; modificatíon 

affects the performance of the device. As ít could be not iced frorn the preliminary 

results, the load acting through the SaPPL device is st rongly influenced by the rota­

tional speed. Hence, understanding the effect of pre-compressing the core st ructure is 

essential to select which operational condition would result in a bet ter performance 

of the SaPPL device for vibration attenuation; 

• Modify the control circuit to reduce its power requirements and test the possibílity of 

using a portable battery as power supply. Such task would approxímate the SaPPL 

device of a self-suffi.cient condition, since a portable power supply might be placed 

in the vicinity of the core structure , inside the SaPPL structural housing; 

• Verif:Y the use of digital filter iustead of the aualog ímplemf>utatiou. Such improvemeut 

could increase the versatility of the device in terms of filtering ability. In this sense, 

different types of filter could be implemented in a single micro-controller chip and 

activated accordingly, whereas the filter parameters could be adjusted wit h t ighter 

tolerances, giving more control during the designing process; 

• Verify the performance of the SaPPL devicf' regarding di.ffereut ront rol terhniquE's. 

Linear resonant circuits, for example, could be tuned t o target different freqnencies 

since the device disposes of several piezoelectric elements. In addition, the recent 

development of digital shunt circuits introduces the possibility of employing compact 

elect ronic circuits with self-tuning characteristics that could be robust to variat ions 

of the rotational speed, for example; 

• Develop a new design for the device considering aspects such as compactness, fail-safe 

characteristics, aerodynamics, etc. and also include sensors to monitor the integrity 

and elect romechanical behavior of the core structure. 

• Explore the energy harvesting capacity of t he SaPPL by testing different EH cirC'uits; 

• Investigate the possibility of employing the SaPPL device as a vibration isolator. 
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