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Abstract.  This is an investigation for a more electric regional aircraft, considering the ATR 72 aircraft as an 
example and the electrification of its four double slotted flaps, which were estimated to require an energy of 540 Wh 
for takeoff and 1780 Wh for landing, with a maximum power requirement of 35.6 kW during landing. An analysis 
and evaluation of three energy harvesting systems has been carried out, which led to the recommendation of a 
combination of a piezoelectric and a thermoelectric harvesting system providing 65% and 17%, respectively, of the 
required energy for the actuators of the four flaps. The remaining energy may be provided by a solar energy 
harvesting photovoltaic system, which was calculated to have a maximum capacity of 12.8 kWh at maximum solar 
irradiance. It was estimated that a supercapacitor of 232 kg could provide the energy storage and power required for 
the four flaps, which proved to be 59% of the required weight of a lithium iron phosphate (LFP) battery while the 
supercapacitor also constitutes a safer option. 
 

Keywords:  ATR 72 aircraft; flaps actuator power system; solar energy; photovoltaics; thermoelectric 

energy; piezoelectric energy; supercapacitor; electrochemical double layer capacitor; EDLC; batteries 

 
 

1. Introduction 
 

Recent developments along the vision for an electric aircraft move towards a more electric 

aircraft (MEA) (Trinklein et al. 2020, Moore and Ning 2019), air microvehicles (Hudson et al. 

2020) and unmanned aerial vehicles (Matlock et al. 2019). Within the concept of an MEA, the 

present study considers the electrification of the flaps actuator system in a regional aircraft. A case 

study is developed around the ATR 72, a 70 passenger, twin-engine turboprop aircraft, which has 

been recently considered as a basis for the development of hybrid-electric propulsion systems (Jux 

et al. 2018, Voskuijl et al. 2018). After analyzing 6000 flights of four ATR 72 aircraft, Jux et al. 

(2018) determined a median flight time of 60 minutes, an average travelled distance of 407 km 

(out of 1500 km range), an average required power at 53% of the maximum power, and a 

maximum required power duration of 52 seconds during takeoff and climb phases of the flight. In 

the current ATR 72 models, the flaps are actuated hydraulically and the ailerons are actuated 

electromechanically (ATR Systems 2010). There are currently two hydraulic actuation systems, of 
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which the blue system caters for the flaps, the spoilers, the nose wheel steering and the brakes. The 

two hydraulic systems are fed by a common hydraulic tank containing 8.5 lt of fluid (4 lt for each 

system), which weighs about 7.5 kg of hydraulic fluid; they are pressurized by an ACW electric 

motor driven pump operating at a typical pressure of 3000 psi (ATR 72 Flight crew operating 

manual 1999). Replacing the hydraulic system by electromechanical actuators in aircraft, not only 

brings gains in weight, volume and energy efficiency, but also significant advantages in safety and 

maintenance, as hydraulic systems leak and hydraulic fluids are flammable and toxic, generating 

toxic fumes (Qiao et al. 2018). 

The present study is seeking to provide an electric power system for the four flaps of the ATR 

72 aircraft, consisting of an energy harvesting and an energy storage system. Three options of 

energy harvesting will be investigated: (a) photovoltaics for solar energy harvesting; (b) 

thermoelectric energy harvesting and (c) piezoelectric energy harvesting. 

Lightweight thin film photovoltaics (PVs) include amorphous silicon thin film solar cells with 

an efficiency of 5-8% (Söderström et al. 2008), cadmium telluride and copper indium gallium 

diselenide photovoltaics, with the last two categories having an efficiency around 9-10% (Kim et 

al. 2012) at module level. Compared to 20% and 25% efficiency of the polycrystalline and 

monocrystalline silicon PVs, respectively, the thin film PVs have clearly lower efficiency but their 

low weight makes them ideal for aircraft applications. 

Thermoelectric materials are characterized by the Z factor which is proportional to the 

electrical conductivity and the square power of the Seebeck coefficient and inversely proportional 

to the thermal conductivity. Bismuth telluride alloys may reach a maximum Z= 3-3.3 x10-3 K-1 at 

room temperature (Andre et al. 2009 Lim et al. 2017). Polymers have generally lower Z factor, 

although P3HT-rich P3HT:PCBM p-type and PCBM-rich P3HT:PCBM n-type devices have 

reached Z = 3.4x10-3 K-1 (Xu et al. 2013, Pope and Lekakou 2019).  

Piezoelectric materials convert vibration energy to electric energy. Their characteristic 

properties include the piezoelectric coefficients d matrix (in Coulomb/N or m/Volt), which express 

the polarization per unit force at constant electric field or the strain per unit electric field at 

constant stress, the dielectric constant which relates the areal charge to the applied electric field in 

a dielectric material, and the mechanical stiffness matrix. There are some high-power piezoelectric 

ceramics, such as PZT (d31 = 190-320 pm V-1), whereas polymers such as PVDF offer lower 

piezoelectric power (d31 = 10-20 pm V-1) (Lee et al. 2014).  

Energy storage under relatively low rate of charge is usually accomplished by batteries. 

Although modern lithium-ion batteries provide a good solution for other high power applications, 

such as automotives, they pose a serious safety risk for aircraft. At present, lithium iron phosphate 

(LFP) batteries are regarded as the safest Li-ion battery option (Barai et al. 2017) and, for this 

reason, this is the battery type considered in this study. 

Supercapacitors are generally selected for quick bursts of charge or discharge, as in the case of 

piezoelectric energy harvesting from vibrations. Supercapacitors for high voltage applications, as 

in aircraft, have organic electrolytes that reach higher maximum voltage, around 2.7 V for 

electrolyte 1 M TEABF4 in an organic solvent (Fields et al. 2016, Vermisoglou et al. 2015a) than 

aqueous electrolytes. A high conductivity and low viscosity organic solvent is acetonitrile (Fields 

et al. 2016) but, due to its volatility, propylene carbonate is the preferred solvent (Lei and Lekakou 

2013, Vermisoglou et al. 2015b) or a gel electrolyte (Lekakou et al. 2011) for aerospace 

applications. 

The investigation starts with the estimation of the required power and energy for an electrified 

flaps actuator system for the ATR 72 aircraft, and proceeds with the evaluation of different 
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alternative energy harvesting systems, including solar, thermoelectric and piezoelectric energy 

harvesting. Appropriate energy storage systems are designed for each energy harvesting option. 

The final discussion compares the presented energy harvesting options and also considers 

combination of more than one options. 
 

 

2. Power system for flap actuators 
 

Electromechanical actuators are smaller, lighter, less complex and more efficient than hydraulic 

actuators. An example of an aileron actuator for the F-18 aircraft systems reported by Jensen et al. 

(2000) was specified to have a maximum current draw of 30 A at 270 V dc, with a short pulse 

current peak of 70 A. The ATR 72 aircraft has four trailing edge, double-slotted flaps, two inner 

flaps of estimated dimensions Lf = 0.45 m, bf = 2.86 m, tf = 0.11 m and two outer flaps of 

estimated dimensions Lf = 0.45 m, bf = 5.73 m, tf = 0.11 m. Considering a climbing or landing 

angle θc = 5o, the lift and drag force act on the wing aerofoil, as is presented in Fig. 1(a), and they 

are raised upon the extension of the flaps by an extension angle θe, where θe = 15 o during takeoff 

and θe = 30 o during landing of ATR 72 aircraft. For the maximum takeoff weight of 22500 kg for 

ATR 72, a specific weight of 16 kg m-2 is estimated for double-slotted flaps (Torenbeek 1982), 

which means a weight of 202 N for each inner flap and 405 N for each outer flap. The lift and drag 

forces, FL and FD, respectively, are given by the following equations: 

𝐹𝐿 =
1

2
𝐶𝐿𝜌𝑉2𝐴 (1) 

𝐹𝐷 =
1

2
𝐶𝐷𝜌𝑉2𝐴 (2) 

where ρ is the air density taken as ρ = 1.2235 kg m-3 (interpolated between the altitudes of sea level 

and 7620 m, the service ceiling of ATR 72 aircraft), V is the aircraft speed taken as V = 87 m s-1 

for climbing and landing, A is the wing area taken as 61 m2 for ATR 72 aircraft (or the flap area for 

the calculations of the flap actuation power), and CL and CD are the lift and drag coefficients, 

which vary as a function of the flap extending angle (Nita 2008) as described in Fig. 1(b). 

Using Eqs.(1) and (2), the ATR 72 flap dimensions and the coefficient values in Fig. 1(b), the 

lift and drag force on the flap are calculated for different flap extension angles and also presented  

 

 

 

θe (o) CL CD FL,f (kN) FD,f (kN) 

0 1.1 0.065 6.5, 13.1 0.4, 0.8 

15 1.6 0.15 9.5, 19.1 0.9, 1.8 

30 2 1.5 11.9, 23.9 8.9, 17.9 
 

(a) Wing airfoil of climbing aircraft with double 

slotted flap; weight, lift and drag force acting on 

the airfoil 

(b) Variation of the lift and drag coefficients as a 

function of the extending angle of double slotted flaps 

(Nita 2008) as well as the lift and drag forces on the 

inner flap and outer flap for different extension angles 

Fig. 1 Slotted flap on wing airfoil and forces affected by the extending angle of the flap 

qc
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FD
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qe
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in Fig. 1(b). Resolving the total force, force Fll acts parallel to the flap and as centrifugal force, 

creating an angular velocity, ωf, as the flap extends, which is given by the relation: 

𝜔𝑓 =
1

2𝜋
 √

𝐹𝑙𝑙

𝑚𝑓𝐿𝑓
  (3) 

where mf is the flap mass. The torque on the flap, Tf, is given as a function of the total force 

normal to the flap, F⊥, according to the equation: 

𝑇𝑓 = 𝐹⊥

𝐿𝑓

2
 (4) 

Given that the power, Pf, is the product of the torque and the angular velocity, Eqs. (3) and (4) 

yield: 

𝑃𝑓 = 𝐹⊥
𝐿𝑓

4𝜋
√

𝐹𝑙𝑙

𝑚𝑓𝐿𝑓
  (5) 

Using Eq. (5) it was estimated that an inner flap requires Pf = 1.8 kW and 5.9 kW to extend to 

15o and 30o, respectively, and an outer flap requires Pf = 3.6 kW and 11.9 kW to extend to 15o and 

30o, respectively. Hence, 10.8 kW is needed for all four flaps during takeoff and 35.6 kW is needed 

for all four flaps during landing. Assuming that the flaps are airborne for 3 minutes during their 

operation, the energy required is 540 Wh for takeoff and 1780 Wh for landing. 

Each flap actuator is designed to operate at 270 V dc and be fed by an energy storage system 

connected in parallel with each or pairs or all four flap actuators. Assuming LFP batteries of 90 

Wh kg-1 operating at 1 C (Nitta et al. 2015, Vega-Garita et al. 2019), a battery mass of 26 kg is 

needed to store the energy required for the four flaps during a journey. However, such battery 

operating at 1 C would be able to deliver only 2.3 kW; a much greater battery mass of 396 kg is 

required to deliver the maximum power of 35.6 kW required for the four flap actuators, hence, the 

power delivery requirement is the dominant factor in defining the specification for the battery 

mass. 

Considering a high energy density supercapacitor of 10 Wh kg-1 and 1 kW kg-1 (Fields et al. 

2016), a mass of 232 kg would be needed to satisfy the energy storage requirement, which is the 

dominant factor for such a supercapacitor. Such a supercapacitor would self-discharge by 2% 

within a 60 minute period (Lei et al. 2020). However, it would be safer than a Li-ion battery and 

59% of its weight, hence, a supercapacitor of 232 kg is recommended for the energy storage and 

power delivery to the four flaps. 

 

 

3. Solar energy harvesting and storage 
 

Considering the service ceiling of 7.62 km for the ATR 72 aircraft as the altitude during most of 

the flight time, a maximum light irradiance of 1050 W m-2 is assumed at such high altitude 

(Oumbe and Waldn 2009). Employing thin film solar panels of 10% efficiency and areal density of 

2.14 kg m-2 (Kim et al. 2012) covering the upper area of each wing (61 m2 for ATR 72), 122 m2 

total PV area of a mass of 261 kg operates at a maximum power of 12.8 kW which produces an 

estimated energy ES = 12.8 kWh for the median journey time of 60 minutes (Jux et al. 2018), on 

the assumption that sunlight radiates at its maximum value during the whole journey. This 

constitutes 5.5-fold the energy specified for the four flaps operation during the takeoff and landing 
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phases of the journey, hence, the solar energy harvesting system may also cover other energy 

needs of the aircraft. The alternative producing half this energy value is also considered: ES,0.5 = 

6.4 kWh for various reasons, such as not all journey is carried out at the service ceiling and is 

highly clouded at lower altitudes. 

A larger energy storage system may be considered for the harvested solar energy than the 

estimated supercapacitor for the four flaps in section 2. Considering LFP batteries of 90 Wh kg-1 

operating at 1 C (Nitta et al. 2015, Vega-Garita et al. 2019), a battery mass of 142 kg is needed to 

store the maximum energy harvested during a journey ES = 12.8 kWh. However, such battery 

operating at 1 C would be able to deliver only 12.8 kW; a greater battery mass of 395 kg is 

required to deliver the power of 35.6 kW required for the four flap actuators, hence, the power 

delivery requirement is the dominant factor in defining the specification for the battery mass. 

Considering a high energy density supercapacitor of 10 Wh kg-1 and 1 kW kg (Fields et al. 

2016), a mass of 1280 kg would be needed to satisfy the energy storage requirement, which is the 

dominant factor for such a supercapacitor. This is much higher than the battery mass required, 

hence, in this case an LFP battery of 395 kg is recommended to store the harvested energy when 

the solar energy system operates at its maximum capacity. Even if the solar energy system operates 

at half of its maximum capacity, ES,0.5 = 6.4 kWh, the same mass of LFP battery is required for the 

energy storage, as the mass calculation was based on the power delivery requirement to the flaps, 

which remains the same. 

 

 

4. Thermoelectric energy harvesting and storage 
 

The power, PT, of a thermoelectric generator (TEG) is given by (Pope and Lekakou 2019): 

PT = a ΔT I – R I2  (6) 

where I is the current, ΔT is the temperature difference between the hot side and cold side, α is the 

Seebeck coefficient and R is the internal resistance of the thermoelectric device. PT acquires a 

maximum value, according to Eq. (6) at an optimum current, Iopt: 

𝐼𝑜𝑝𝑡 =  
𝛼∆𝑇

2𝑅
 (7) 

Fig. 2(a) displays the altitude profile estimated for a median flight of ATR 72 (Jux et al. 2018), 

considering a rate of climb of 6.88 m s-1 to the service ceiling of 7.62 km (maximum 9.14 m s-1 for 

ATR 72), cruise time of 60 minutes (Jux et al. 2018) and a descent rate of 7.62 m s-1 (data from 

ATR-72-200ATR –ICAO 1960). Using the following equation applied in the troposphere, i.e., for 

altitudes below 11 km (Earth Atmosphere Model, NASA 2014): 

𝑇 =  
5

9
(27 − 0.01168ℎ)  (8) 

where T is the temperature (oC) and h is the altitude (m), and considering a cabin temperature of 

25oC, the hot-cold temperature difference, ΔT, profile can be calculated during the flight and the 

results are presented in Fig. 2(a). 

A HZ-9 TEG module is considered in this investigation, of 110 g mass, with dimensions 

64x64x6.6 mm, consisting of 97 [Bi,Sb)2(Te,Se)3] p-n couples with a device Seebeck coefficient 

α=378 μV K-1 and internal resistance R = 9.66 mΩ. If the lower surface of each wing is covered 

with HZ-9 TEG modules, a total surface area of 122 m2, a total of 29785 HZ-9 TEG modules of  
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(a) (b) 

 
(c) 

Fig. 2 Results of calculations for the thermoelectric energy profile during a median flight journey of ATR 

72 aircraft: (a) altitude and hot-cold temperature difference profiles, (b) total thermoelectric power profile 

for 29785 HZ-9 TEG modules and (c) results of simulations using ANSYS for a HZ-9 TEG module on 

ATR 72 at cruise altitude 
 

 

3276 kg mass will be employed. Using Eqs. (6) and (7) and the temperature profile in Fig. 2(a), the 

maximum thermoelectric power profile is estimated and presented in Fig. 2(b). Integrating this 

power profile yields a total thermoelectric energy of 392.4 Wh from just the lower total surface of 

the wings. The optimum current and power results using Eqs. (6) and (7) were confirmed by the 

results of steady-state, thermal-electric conduction simulations at different ΔT values, using 

ANSYS; Fig. 2(c) shows the predicted current density contours in a HZ-9 TEG module at cruise 

altitude.  

Considering LFP batteries of 90 Wh kg-1 operating at 1 C (Nitta et al. 2015, Vega-Garita et al. 

2019), a battery mass of 4.4 kg is needed to store the energy harvested during a journey at 389 W 

charge power. However, such battery would not be able to discharge at 35.6 kW (90 C rate of 

discharge) to power the four flaps during landing. Using the supercapacitor of 232 kg 

recommended in section 2, could power the four flaps at 35.6 kW and also store 392.4 Wh of the 

thermoelectric energy harvested during a journey. 
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5. Piezoelectric energy harvesting and storage 
 

5.1 Theoretical analysis of the vibrations of a cantilever beam and the piezoelectric power 
and energy 

 

Islam et al. (2015) related the high vibration areas of an aircraft to the surfaces on which the air 

pressure is high, which in their simulations were identified as the lower surfaces of the wings and 

the fuselage. In the present study, each aircraft wing is considered as a cantilever beam under the 

engine weight force, as illustrated in Fig. 3(a). The beam vibrates at its natural frequencies, fni = 

ωni /2π, given by the relation:  

𝜔𝑛𝑖 = 𝛽𝑖
2√

𝐸𝐼

𝜌𝐴
  (9) 

where A is the beam cross-sectional area, I is the area moment of inertia of the beam, E is the 

Young’s modulus, ρ is the density and βi’s are obtained from the characteristic equation (Mineto et 

al. 2010): 

cos(𝛽𝑖𝐿) cos ℎ(𝛽𝑖𝐿) = −1 (10) 

The Euler-Bernoulli equation for the undamped motion of a cantilever beam under a force F 

expresses the beam transverse displacement (in the z axis) as a function of the position x and time 

t, w(x,t), as follows:  

𝜌𝐴
𝜕2𝑤(𝑥,𝑡)

𝜕𝑡2 + 𝐸𝐼
𝜕4𝑤(𝑥,𝑡)

𝜕𝑥4 = 𝐹(𝑡)𝛿(𝑥 − 𝐿𝐹)  (11) 

where δ(x-Lf) is the Dirac delta function at x-LF and the harmonic force F, applied at distance LF, 

can be expressed as a sinusoidal function: 

𝐹(𝑡) = 𝐹𝑜sin (𝜔𝑡) (12) 

Eq. (11) has a general solution: 

𝑤(𝑥, 𝑡) = ∑ 𝑋𝑖(𝑥)

𝑛

𝑖=1

𝑞𝑖(𝑡) (13) 

with decoupled x-position and time dependent terms: Xi(x) is the i-th mode shape and qi(t) is the i-

th modal coordinate function, the i-th mode corresponding to the i-th frequency ωi. The mode 

shape equation, taking into account the boundary conditions, is given by: 

𝑋𝑖(𝑥) = cosh(𝛽𝑖𝑥) − cos(𝛽𝑖𝑥) −
sinh(𝛽𝑖𝐿) − sin (𝛽𝑖𝐿)

cosh(𝛽𝑖𝐿) + cos(𝛽𝑖𝐿)
(sinh(𝛽𝑖𝑥) − sin(𝛽𝑖𝑥)) (14) 

The i-th modal coordinate equation is as follows, also taking into account damping of 

vibrations: 

𝑞𝑖(𝑡) =
1

𝜔𝑑𝑖
𝑒−𝜁𝜔𝑛𝑖𝑡

𝐹𝑜

𝜌𝐴
𝛿(𝑥 − 𝐿𝐹) ∫ 𝑠𝑖𝑛

𝑡

0

(𝜔𝜏)𝑒𝜁𝜔𝑛𝑖𝜏 sin(𝜔𝑑𝑖(𝑡 − 𝜏)) 𝑑𝜏 (15) 

where ω is the first natural frequency and the damped frequencies, ωdi (in rad s-1) or fdi (in Hz), are 

given by the relation: 
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(a) Cantilever model of aircraft 

wing with a local load F and a 

piezoelectric device 

(b) The first five mode shapes, 

Xi(x) 

(c) The first five modal 

coordinate functions 

Fig. 3 Cantilever model and results of the vibrations of ATR 72 aircraft wing for the first five frequencies 

of vibration 

 
Table 1 Dimensions and properties of the cantilever beam (representing a wing of ATR 72) and a 

piezoelectric device 

Carbon fiber 

composite beam 

(Wing) 

Length, L (m) 11.45 

Width, b (m) 2.25 

Thickness, t (m) 0.57 

Density, ρ (kg m-3) 1760 

Young’s modulus, E (GPa) 74 

LF (m) 4.05 

Fo (N) (engine weight) 480.8 g* 

Damping ratio, ζ 0.03 

Piezoelectric 

device 

PZT 

(PIC 255) 

Length, LP (m) 1 

Width, b (m) 2.25 

Thickness, tP (m) 0.01 

Piezoelectric coupling coefficient, e31 (C m-2) 11.2** 

Permittivity, ɛr ɛo (F m-1) 
1.55x10-8 

(PI Ceramic) 

Density (kg m-3) 7800 

* g=9.81 m s-2 
**e31 = Ep d31, Young’s modulus of PZT PIC 255 material Ep = 62.1 GPa (Trindade and Benjeddou 2009), 

piezoelectric charge constant d31 = -180x10-12 C N-1 (PI Ceramic) 

  

 

𝜔𝑑𝑖 = 𝜔𝑛𝑖√1 − 휁2  𝑓𝑑𝑖 = 𝑓𝑛𝑖√1 − 휁2           (16) 

where ζ is the damping ratio. 

The gradient of the beam’s deflection with respect to x, ϕ(x,t), as a function of position x and 

time t is given by the relation: 

𝜙(𝑥, 𝑡) =
𝜕 ∑ 𝑋𝑖(𝑥)𝑞𝑖(𝑡)𝑛

𝑖=1

𝜕𝑥
         (17) 
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Table 2 Natural frequencies and frequency parameters for the vibrating cantilever beam-modeled wing of the 

ATR 72 aircraft 

βiL βi (m-1) fni (Hz) ωni (rad s-1) 

1.875 0.1637 4.57 28.7 

4.694 0.4099 28.63 180 

7.855 0.6860 80.17 503 

10.996 0.960 157.10 987 

14.14 1.2349 259.78 1630 

 

   

(a) The first five modal 

coordinate functions during the 

first  10 seconds 

(b) Resistance optimization by 

maximizing power factor 

(c) The piezoelectric power 

profile of a cantilever beam-

modeled wing of the ATR 72 

aircraft 

Fig. 4 Simulation results for the prediction of the piezoelectric power from the vibrations of a cantilever 

beam-modeled wing of the ATR 72 aircraft 

 

 

Eq. (17) determines the current, I, passing through the piezoelectric device of dimensions LP, b 

and tP according to the equation (Fu et al 2018, Khalatkar et al. 2014): 

𝐼(𝑡) =
𝜔𝑏(𝑡+𝑡𝑝)𝑒31[𝜙(0,𝑡)−𝜙(𝐿,𝑡)]

2(1+𝑏𝐿𝑃𝜀𝑟𝜀𝑜
𝜔𝑅

𝑡𝑃
)

        (18) 

The piezoelectric power generated by the piezoelectric device on each wing, PP1, is then given 

by the relation: 

𝑃𝑃1 = 𝐼2𝑅     (19) 

where R is the external resistance load that can be optimized to maximize the power delivered by 

the piezoelectric devices. 

 

5.2 Simulations of the vibrating wing and results of the piezoelectric power and energy 
 

Table 1 contains the dimensions and properties of the cantilever beam and the piezoelectric 

device used in the piezoelectric power and energy simulations of this study. The cantilever beam 

represents each wing of the ATR 72 aircraft with general properties of a carbon fiber composite 

material. The piezoelectric device material is PZT PIC 255 (from PI Ceramic) with property values 

obtained from their product catalogue. 

The first five solutions βiL of Eq. (10) and the associated natural frequencies, fni given by Eq. 

(9) are presented in Table 2. Substituting the βi values from Table 2 in Eq. (14), the first five mode 

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

0 2 4 6 8 10

q
i(t

)/
d

(x
-L

f) 
(m

2 )

Time t (s)

z=0.03
q1(t)

q2(t)

q3(t)

q4(t)

q5(t)

0.E+00

2.E+07

4.E+07

6.E+07

8.E+07

1.E+08

1.E+08

0.E+00 1.E+05 2.E+05 3.E+05 4.E+05 5.E+05

P
o

w
er

 fa
ct

o
r 

p
f
(W

)

Resistance R (ohm)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 2 4 6 8 10

Po
w

er
 (W

)

Time t (s)

25



 

 

 

 

 

 

Ahmed Saleh, Constantina Lekakou and John Doherty 

shapes, Xi(x), are predicted and presented in Fig. 3(b). It can be seen that X1(x) yields maximum 

displacement at the tip of the beam-modeled wing, x=L, X2(x)-X5(x) have a significant effect on 

the beam-modeled wing at the position of the engine weight, x=Lf, X4(x) and X5(x) have a 

significant effect in the region of the piezoelectric device. Employing Eq.(15), the first five modal 

coordinate functions are predicted and presented in Fig. 3(c) where the presented qi(t)/δ(x-Lf) 

functions include the harmonic effect but not the localized effect of the external force. Fig. 3(c) 

shows clearly that the first modal coordinate function, q1(t)/δ(x-Lf), is dominant and the rest of the 

qi(t)/δ(x-Lf) functions, at higher frequencies, have negligible effect: for example, peak ratio 

q1(t)/q2(t) = 54 in the first period and peak ratio q1(t)/q2(t) = 173 in the second period, with the 

modal coordinate function peaks becoming lower as the frequency increases. 

Fig. 4(a) presents the modal coordinate functions for longer duration, i.e., during the first 10 

seconds, where it can be seen that the damping takes effect by stabilizing the oscillation amplitude 

after about 3.15 s. The next step is to optimize the resistance, R, by maximizing the power factor, 

pf: 

𝑝𝑓 = 𝑅 ⌈
𝜔𝑏(𝑡 + 𝑡𝑝)𝑒31

2 (1 + 𝑏𝐿𝑃휀𝑟휀𝑜
𝜔𝑅
𝑡𝑃

)
⌉

2

 (20) 

Fig. 4(b) presents the power factor as a function of resistance, with the maximum pf value at R 

= 10x103 ohm. Employing Eqs. (18) and (19), the power profile can be predicted for a vibrating 

ATR 72 wing and is depicted in Fig. 4(c): power peaks at 1600-1770 W are observed. Considering 

a median flight time of 60 minutes (Jux et al. 2018), the integration of the power profile during 

this duration yields 1500 Wh piezoelectric energy from both wings. The energy could be stored in 

the 232 kg supercapacitor, which can operate at 3.5 kW, the maximum piezoelectric power from 

both wings during its charge, and at 35.6 kW during its discharge to power the four flaps at the 

peak required power. 

 

 

6. Conclusions 
 

The present investigation has considered to make the ATR 72 aircraft more electric by 

employing electromechanically actuated flaps to replace the four existing flaps currently 

hydraulically actuated. Fig. 1(b) demonstrates that double-slotted flaps have a significant effect on 

the drag and lift force of ATR 72 aircraft, especially for the larger extending angle θe = 30o during 

landing. This leads to considerable energy requirements for the operation of the four flap actuators, 

540 Wh for takeoff and 1780 Wh for landing, with a maximum power requirement of 35.6 kW for 

all four flaps during landing. It was estimated that a supercapacitor of 232 kg could provide the 

energy storage and power required for the four flaps, which proved to be 59% of the required 

weight of an LFP battery while the supercapacitor also constitutes a safer solution. Table 3 

summarizes both the requirements of the power system for the electromechanical actuators of the 

four flaps and also the characteristics of each investigated energy harvesting solution and its 

associated energy storage and power delivery system which complies with the power requirements 

of the flaps actuators. 

From the three researched energy harvesting options, solar energy harvesting using thin film 

photovoltaics covering the upper surface of the two wings could provide a maximum power of  
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Table 3 Summary of characteristics of requirements and solutions investigated to power a system of 

electromechanical flap actuators in ATR 72 aircraft 

Requirements 
Solar energy harvesting 

and storage system 

Thermoelectric harvesting 

and storage system 

Piezoelectric harvesting 

and storage system 

Power for flaps 

during takeoff 

(kW) 

10.8 Power 

delivery by 

battery 

(kW) 

35.6 

Power delivery 

by 

supercapacitor 

(kW) 

35.6 

Power delivery 

by 

supercapacitor 

(kW) 

35.6 
Power for flaps 

during landing 

(kW) 

35.6 

Energy for 

flaps during 

takeoff (Wh) 

540 Max harvested 

energy in 

median journey 

(Wh) 

12800 

Max harvested 

energy in 

median 

journey 

(Wh) 

392 

Max harvested 

energy in 

median 

journey 

(Wh) 

1500 
Energy for 

flaps during 

landing (Wh) 

1780 

  

LFP battery 

mass (kg) 

for energy 

storage and 

power delivery 

395 

Supercapacitor 

mass (kg) 

for energy 

storage and 

power delivery 

232 

Supercapacitor 

mass (kg) 

for energy 

storage and 

power delivery 

232 

  
Mass of PVs 

(kg) 
261 

Mass of TEGs 

(kg) 
3276 

Mass of 

piezoelectric 

devices (kg) 

351 

  

Total mass of 

energy 

harvesting & 

storage/power 

system (kg) 

656 

Total mass of 

energy 

harvesting & 

storage/power 

system (kg) 

3508 

Total mass of 

energy 

harvesting & 

storage/power 

system (kg) 

583 

 

 

12.8 kW and a maximum energy of 12.8 kWh for the median journey time of 60 minutes (Jux et 

al. 2018), if it is considered that the maximum sunlight irradiance takes place during the whole 

journey for the particular geographical region at the most suitable time of the day and the year. 

This constitutes 5.5-fold the energy specified for the four flaps operation during the takeoff and 

landing phases of the journey, hence, the solar energy harvesting system at its maximum power 

and capacity may also cover other energy needs of the aircraft. However, if the journey takes place 

during the night or during times of lower solar irradiance for the particular geographical region and 

the temporal position of the sun, no or much less solar energy would be harvested. The energy 

storage system to be selected may depend on the journey schedule and geographical region of the 

journeys of a particular aircraft. If the solar energy harvesting system operates at its maximum 

capacity for most of the journey, an LFP battery of 395 kg has been recommended. Otherwise, the 

232 kg supercapacitor proposed for powering the four flaps would be also appropriate for storing 

the harvested solar energy. Given the low weight of the thin film PVs, this solution has relatively 

low total mass for both the energy harvesting and storage system, compared to the piezoelectric 

energy harvesting system, and offers the potential of the highest energy density system (Wh per 

kilogram) if the journey is such that the solar energy harvesting system operates at its maximum 

capacity. 
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Thermoelectric modules covering the lower surface of the two wings were estimated to be able 

to produce 392 Wh at a power of 389 W during a median journey of ATR 72 aircraft. This is 17% 

of the energy required for the four flaps of ATR 72 aircraft during a median journey, which could 

be stored in the 232 kg supercapacitor recommended to power the four flaps at 35.6 kW maximum 

power. As seen in Table 3, due to the high weight of TEG modules, this is the highest mass and the 

lowest energy density solution and could only be recommended if novel thermoelectric materials 

had dual role, structural and thermoelectric, in dual functionality wings of the future, in which the 

structural mass is reduced and replaced by thermoelectric mass. 

Piezoelectric energy harvesting derived from wing vibrations generates power peaks of 1600-

1770 W from each wing and a total energy of 1500 Wh from both wings during a median flight 

time of 60 minutes (Jux et al. 2018). This constitutes 65% of the energy required for the four flaps 

of ATR 72 aircraft during a median journey, which could be stored in the 232 kg supercapacitor 

recommended to power the four flaps at 35.6 kW maximum power. As seen in Table 3, this 

constitutes the lowest total mass solution, including the mass of both the energy harvesting and 

storage devices. 

Overall, a combination of piezoelectric and thermoelectric energy harvesting can supply 82% 

of the energy required for the operation of the electromechanically actuated flaps. The remaining 

18% energy can be harvested by photovoltaics. All harvested energy can be stored in a 232 kg 

supercapacitor which can deliver this energy to the flap actuators during takeoff and landing at the 

maximum power of 35.6 kW. Any excess of solar energy harvested may be used immediately by 

systems operating in flight, without any need for storage. 

In conclusion, a 232 kg supercapacitor is recommended for the energy storage and power 

system in this study, which has many advantages compared to an LFP battery: better weight-

related performance, superior safety, no need for high demand/high cost lithium material, and 

better recyclability than a battery by disassembly and materials separation via washing, 

dissolution, filtering and dielectrophoresis (Vermisoglou et al 2016, Kampouris et al 1987, 

Kampouris et al 1988). 
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