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Investigation goals

What is the optimal position & size of the PZTs?

Which control signal is required?

Anna Altkuckatz, Institute for Aeroelasticity, 29. Sep. 2022

https://personal.lse.ac.uk/ROBERT49/ebooks/PhilSciAdventures/lecture12.html

𝑙𝑃𝑍𝑇 + 𝑑

Bending

𝑜𝑓𝑓𝑠𝑒𝑡

𝑃ℎ𝑎𝑠𝑒 𝑠ℎ𝑖𝑓𝑡

Is it possible to damp vibrations due to flutter with PZTs?
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Foundations
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▪ Aeroelastic triangle of forces

Aeroelasitc problem

flight mechanic

problems

static aeroelastic

problems
dynamic

aeroelastic

problems

vibration mechanic

problems

AERO

INERTIAELASTO

Validation of the methodology

Application of the methodology
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Foundations
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▪ Aeroelastic triangle of forces

Piezoelectric materials

Aeroelasitc problem

𝐹

𝐹

𝑈𝑛𝑙𝑜𝑎𝑑𝑒𝑑

𝑆𝑖 +

𝑂 −
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Foundations
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▪ Aeroelastic triangle of forces

Piezoelectric materials

Aeroelasitc problem

𝑄+

𝑄−

𝐹

𝐹

𝑈 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑙𝑜𝑎𝑑

𝑆𝑖 +

𝑂 −
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Foundations
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▪ Aeroelastic triangle of forces

Piezoelectric materials

Aeroelasitc problem

𝑆𝑖 +

𝑂 −

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑙𝑜𝑎𝑑
𝑄+

𝑄−

𝐹

𝐹

𝑈
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Foundations
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▪ Aeroelastic triangle of forces

Piezoelectric materials

Aeroelasitc problem

𝑎 𝑁𝑜𝑛𝑝𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑐 𝑎𝑓𝑡𝑒𝑟 𝑃𝑜𝑙𝑖𝑛𝑔𝑏 𝑤ℎ𝑖𝑙𝑒 𝑃𝑜𝑙𝑖𝑛𝑔

+

−

𝑆𝑖 +

𝑂 −
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Foundations
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▪ Aeroelastic triangle of forces

Piezoelectric materials

Aeroelasitc problem

𝑃 = 𝑑 ∗ 𝑇 = 𝑒 ∗ 𝑆

Direct piezoelectric effect:

𝑆 = 𝑑 ∗ 𝐸

Inverse piezoelectric effect:

Sensor

Actuator

𝑃 ≔ 𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛

𝑑, 𝑒 ≔ 𝑝𝑖𝑒𝑧𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠

𝑇 ≔ 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠

𝐸 ≔ 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ

𝑆 ≔ 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛

▪ Direct piezoelectric effect

▪ Inverse piezoelectric effect
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𝑆 ≔ 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛

▪ Direct piezoelectric effect

▪ Inverse piezoelectric effect

▪ Coupled equations

𝑆 = 𝑠𝐸 ∗ 𝑇 + 𝑑𝑡 ∗ 𝐸

𝐷 = 𝑑 ∗ 𝑇 + 𝜖 ∗ 𝐸

𝑃 = 𝑑 ∗ 𝑇 = 𝑒 ∗ 𝑆

𝑆 = 𝑑 ∗ 𝐸

𝜖 ≔ 𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦

𝑠𝐸 ≔ 𝑖𝑛𝑣𝑒𝑟𝑠𝑒 𝑜𝑓 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠

D ≔ 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑓𝑖𝑒𝑙𝑑

𝑠𝑢𝑝𝑒𝑟𝑠𝑐𝑟𝑖𝑝𝑡 "𝑡" ≔ 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
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𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸

𝐷 = 𝑑𝑇 + 𝜖𝐸

Methodology

Anna Altkuckatz, Institute for Aeroelasticity, 29. Sep. 2022

Modelling of structure

𝑆1

𝑆2

𝑆3

𝑆4

𝑆5

𝑆6

=

𝑠11 𝑠12 𝑠13 0 0 0
𝑠21 𝑠22 𝑠23 0 0 0
𝑠31 𝑠32 𝑠33 0 0 0
0 0 0 𝑠44 0 0
0 0 0 0 𝑠55 0
0 0 0 0 0 𝑠66

𝑇1

𝑇2

𝑇3

𝑇4

𝑇5

𝑇6

𝑆 = 𝑠𝐸𝑇

𝑥𝑧

𝑥𝑦

𝑥𝑥

𝑧𝑧

𝑧𝑦
𝑧𝑥 𝑦𝑧

𝑦𝑦

𝑦𝑥

𝑧

𝑥

𝑦 (2)

(1)

(3)

𝑃 ≔ 𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛

𝑑, 𝑒 ≔ 𝑝𝑖𝑒𝑧𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠

𝑇 ≔ 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠

𝐸 ≔ 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ

𝑆 ≔ 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (dimensionless)

𝜖 ≔ 𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦

𝑠𝐸 ≔ 𝑖𝑛𝑣𝑒𝑟𝑠𝑒 𝑜𝑓 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠

D ≔ 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑓𝑖𝑒𝑙𝑑

𝑠𝑢𝑝𝑒𝑟𝑠𝑐𝑟𝑖𝑝𝑡 "𝑡" ≔ 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
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𝑆1

𝑆2

𝑆3

𝑆4

𝑆5

𝑆6

𝐷1

𝐷2

𝐷3

=

𝑠11 𝑠12 𝑠13 0 0 0 0 0 𝑑31

𝑠21 𝑠22 𝑠23 0 0 0 0 0 𝑑32

𝑠31 𝑠32 𝑠33 0 0 0 0 0 𝑑33

0 0 0 𝑠44 0 0 0 𝑑24 0
0 0 0 0 𝑠55 0 𝑑15 0 0
0 0 0 0 0 𝑠66 0 0 0
0 0 0 0 𝑑15 0 𝜖11 0 0
0 0 0 𝑑24 0 0 0 𝜖22 0

𝑑31 𝑑32 𝑑33 0 0 0 0 0 𝜖33

𝑇1

𝑇2

𝑇3

𝑇4

𝑇5

𝑇6

𝐸1

𝐸2

𝐸3

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸
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Methodology
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Modelling of structure

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸

𝐷 = 𝑑𝑇 + 𝜖𝐸

Setting up and solving PDEs

𝑧

𝑥

𝑦

1

1

1

𝐴
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Methodology
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Modelling of structure

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸

𝐷 = 𝑑𝑇 + 𝜖𝐸

Setting up and solving PDEs

𝐴1

𝐴2

𝐴3

𝐴4

𝐴5
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Methodology
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Modelling of structure

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸

𝐷 = 𝑑𝑇 + 𝜖𝐸

Setting up and solving PDEs
𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸

𝐷 = 𝑑𝑇 + 𝜖𝐸

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸

𝐷 = 𝑑𝑇 + 𝜖𝐸
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Modelling of structure

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸

𝐷 = 𝑑𝑇 + 𝜖𝐸

Setting up and solving PDEs

State-space representation of FEM model

𝑀 𝑔𝑒𝑛 ሷ𝑞 + 𝐷 𝑔𝑒𝑛 ሶ𝑞 + 𝐶 𝑔𝑒𝑛 𝑞 = 𝐹 𝑔𝑒𝑛 + 𝑝 𝑄1𝑉 𝑔𝑒𝑛

𝑌 = 𝐶 𝑋 + 𝐷 𝑢

ሶ𝑋 = 𝐴 𝑋 + 𝐵 𝑢

𝑋
𝑌𝑢

ሶ𝑋
𝐶𝐵

𝐴

න

𝐷

+ +

𝑚𝑖𝑗 ≔ 𝑀 𝑔𝑒𝑛 = 𝜙 𝑡 𝑀 𝜙 𝑔𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 𝑚𝑎𝑠𝑠 𝑚𝑎𝑡𝑟𝑖𝑥
𝑐𝑖𝑗 ≔ 𝐶 𝑔𝑒𝑛 = 𝜙 𝑡 𝐶 𝜙 𝑔𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝑚𝑎𝑡𝑟𝑖𝑥

𝑑𝑖𝑗 ≔ 𝐷 𝑔𝑒𝑛 = 𝜙 𝑡 𝐷 𝜙 𝑔𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 𝑑𝑎𝑚𝑝𝑖𝑛𝑔 𝑚𝑎𝑡𝑟𝑖𝑥
𝐹 𝑔𝑒𝑛 = 𝜙 𝑡 𝐹 𝑔𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 𝑓𝑜𝑟𝑐𝑒 𝑣𝑒𝑐𝑡𝑜𝑟
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Methodology

Anna Altkuckatz, Institute for Aeroelasticity, 29. Sep. 2022

Modelling of structure

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸

𝐷 = 𝑑𝑇 + 𝜖𝐸

Setting up and solving PDEs

State-space representation of FEM model

𝑙𝑃𝑍𝑇 + 𝑑

Bending

𝑜𝑓𝑓𝑠𝑒𝑡 𝑎1

Torsional

𝑎2 ⋯ 𝑎𝑁

a ≔ 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑃𝑍𝑇

𝑙𝑃𝑍𝑇 ≔ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑃𝑍𝑇

𝑑 ≔ 𝑃𝑍𝑇 𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒

𝑁 ≔ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑠

Position optimization

▪ Two different bending beams for position 

optimization analysis
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Modelling of structure

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸

𝐷 = 𝑑𝑇 + 𝜖𝐸

Setting up and solving PDEs

State-space representation of FEM model

Position optimization

▪ Two different bending beams for position 

optimization analysis

2nd Bending Mode 

3th Bending Mode 

𝑙𝑃𝑍𝑇 + 𝑑

Bending

𝑜𝑓𝑓𝑠𝑒𝑡

𝑁 = 40;

𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 Τ𝑎𝑃𝑍𝑇 𝑙𝑏𝑒𝑎𝑚

|𝑛
𝑜
𝑟𝑚

.𝑓
𝑜
𝑟𝑐

𝑒
|

𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛

|𝑛
𝑜
𝑟𝑚

.𝑓
𝑜
𝑟𝑐

𝑒
|

𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛

|𝑛
𝑜
𝑟𝑚

.𝑓
𝑜
𝑟𝑐

𝑒
|

∆𝑙𝑜𝑓𝑓𝑠𝑒𝑡

0.0

1.0

1.00.5

0.5

0.0

1.0

1.00.5

0.5

0.0

1.0

1.00.5

0.5

𝑙𝑃𝑍𝑇𝑚𝑖𝑛 = 𝑙𝑃𝑍𝑇

𝑎𝑠𝑡𝑎𝑟𝑡

𝑙𝑏𝑒𝑎𝑚

𝑎𝑒𝑛𝑑

𝑙𝑏𝑒𝑎𝑚 ∆𝑙𝑜𝑓𝑓𝑠𝑒𝑡= 𝑜𝑓𝑓𝑠𝑒𝑡 +
𝑙𝑃𝑍𝑇𝑚𝑖𝑛

2
𝑎𝑠𝑡𝑎𝑟𝑡 = ∆𝑙𝑜𝑓𝑓𝑠𝑒𝑡

𝑎𝑒𝑛𝑑 = 𝑙𝑏𝑒𝑎𝑚 − ∆𝑙𝑜𝑓𝑓𝑠𝑒𝑡

𝑜𝑝𝑡𝑖𝑚𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛

1st Bending Mode 
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Modelling of structure

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸

𝐷 = 𝑑𝑇 + 𝜖𝐸

Setting up and solving PDEs

State-space representation of FEM model

Position optimization

▪ Two different bending beams for position 

optimization analysis

𝑙𝑃𝑍𝑇 + 𝑑

Bending

𝑜𝑓𝑓𝑠𝑒𝑡

3th Bending Mode 2nd Bending Mode 1st Bending Mode 

Methodology

Curvature (analytical)

𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛

𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛|𝑛
𝑜
𝑟𝑚

.𝑓
𝑜
𝑟𝑐

𝑒
|
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Setting up and solving PDEs

State-space representation of FEM model

Position optimization

▪ Two different bending beams for position 

optimization analysis

𝑙𝑃𝑍𝑇 + 𝑑

Bending

𝑜𝑓𝑓𝑠𝑒𝑡

𝑜𝑝𝑡𝑖𝑚𝑎𝑙

𝑝𝑜𝑠. 𝑎𝑛𝑑 𝑠𝑖𝑧𝑒

0.0

1.0

1.00.5

0.5

0.0

1.0

1.00.5

0.5

𝑟𝑒
𝑙.

𝑠𝑖
𝑧𝑒

Τ
𝑙 𝑃

𝑍
𝑇

𝑙 𝑏
𝑒
𝑎
𝑚

𝑟𝑒
𝑙.

𝑠𝑖
𝑧𝑒

𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 Τ𝑎𝑃𝑍𝑇 𝑙𝑏𝑒𝑎𝑚 𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛

0.0

1.0

1.00.5

0.5

𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛

𝑟𝑒
𝑙.

𝑠𝑖
𝑧𝑒

1st Bending Mode 2nd Bending Mode

3th Bending Mode

ℎ𝑖𝑔ℎ 𝑃𝑍𝑇 𝑓𝑜𝑟𝑐𝑒

𝑙𝑜𝑤 𝑃𝑍𝑇 𝑓𝑜𝑟𝑐𝑒

23



Methodology

Anna Altkuckatz, Institute for Aeroelasticity, 29. Sep. 2022

Modelling of structure

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸

𝐷 = 𝑑𝑇 + 𝜖𝐸

Setting up and solving PDEs

State-space representation of FEM model

Position optimization

▪ Two different bending beams for position 

optimization analysis

𝑙𝑃𝑍𝑇 + 𝑑

Bending

𝑜𝑓𝑓𝑠𝑒𝑡

3th Bending Mode 2nd Bending Mode 1st Bending Mode 

Methodology

Curvature (analytical)

𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑒𝑙. 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛|𝑛
𝑜
𝑟𝑚

.𝑓
𝑜
𝑟𝑐

𝑒
|

𝑜𝑝𝑡𝑖𝑚𝑎𝑙

𝑝𝑜𝑠. 𝑎𝑛𝑑 𝑠𝑖𝑧𝑒
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Modelling of structure

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸

𝐷 = 𝑑𝑇 + 𝜖𝐸

Setting up and solving PDEs

State-space representation of FEM model

Position optimization

▪ Two different bending beams for position 

optimization analysis

Design of control system using SIMULINK

ሶ𝑥 = 𝐴𝑥 + 𝐵𝑢

𝑦 = 𝐶𝑥 + 𝐷𝑢𝑝

𝑓(𝑡) 𝑀𝑜𝑑𝑒 𝑆ℎ𝑎𝑝𝑒𝑠 (𝜙)

𝑄𝑢𝑒𝑟𝑟𝑦 𝑃𝑜𝑖𝑛𝑡

𝑀𝑢𝑥 𝐷𝑒𝑚𝑢𝑥

𝑢 𝑦

𝑆𝑦𝑠𝑡𝑒𝑚
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Modelling of structure

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸

𝐷 = 𝑑𝑇 + 𝜖𝐸

Setting up and solving PDEs

State-space representation of FEM model

Position optimization

▪ Two different bending beams for position 

optimization analysis

Design of control system using SIMULINK

𝑆𝐼𝑀𝑈𝐿𝐼𝑁𝐾

𝐴𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟

𝑓(𝑡)

𝑝

𝑣𝑜𝑙𝑡𝑎𝑔𝑒𝑆𝑒𝑛𝑣𝑜𝑙𝑡𝑎𝑔𝑒𝐴𝑐𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒𝑐𝑑

𝜙

𝑄𝑢𝑒𝑟𝑦 𝑃𝑜𝑖𝑛𝑡
𝑆𝑡𝑎𝑡𝑒 𝑆𝑝𝑎𝑐𝑒

𝑆𝑦𝑠𝑡𝑒𝑚
𝑆𝑒𝑛𝑠𝑜𝑟

𝐴𝐷𝑤𝑖𝑛

ሶ𝑥

= 𝐴𝑥

+ 𝐵𝑢

𝑦

= 𝐶𝑥

+ 𝐷𝑢

𝑝
𝑓(𝑡) 𝑀𝑜𝑑𝑒 𝑆ℎ𝑎𝑝𝑒𝑠 (𝜙

)
𝑄𝑢𝑒𝑟𝑟𝑦 𝑃𝑜𝑖𝑛𝑡

𝑀𝑢𝑥 𝐷𝑒𝑚𝑢𝑥
𝑢 𝑦

𝑆𝑦𝑠𝑡𝑒𝑚
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Validation of the methodology

Anna Altkuckatz, Institute for Aeroelasticity, 29. Sep. 2022

Validation of structure

Methodology

𝑥

𝑦
𝑧

Nastran

𝑥

𝑦
𝑧

Analytical
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Validation of the methodology
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Validation of structure

1𝑠𝑡𝐸𝑖𝑔𝑒𝑛𝑚𝑜𝑑𝑒 (𝑏𝑒𝑛𝑑𝑖𝑛𝑔) 2𝑛𝑑𝐸𝑖𝑔𝑒𝑛𝑚𝑜𝑑𝑒 (𝑏𝑒𝑛𝑑𝑖𝑛𝑔) 3𝑟𝑑𝐸𝑖𝑔𝑒𝑛𝑚𝑜𝑑𝑒 (𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑎𝑙)

Frequency Methodology Nastran Analytical

𝑓𝑒1
[𝐻𝑧] 21.50 21.73 21.00

𝑓𝑒2
[𝐻𝑧] 132.56 130.33 131.50

𝑓𝑒3
[𝐻𝑧] 290.45 − −
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Validation of structure

Validation of piezo effect

1 𝑣𝑜𝑙𝑡

0 𝑣𝑜𝑙𝑡
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Validation of structure

Validation of piezo effect

𝑥 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒𝑠

𝑦 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒𝑠

𝑧 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒𝑠

𝑃𝑍𝑇 𝑓𝑜𝑟𝑐𝑒𝑠 𝑡𝑜𝑡𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 𝑓𝑜𝑟𝑐𝑒𝑠

𝑥

𝑧

𝑦

𝒅𝒊𝒓𝒆𝒄𝒕𝒊𝒐𝒏 𝒊 𝑭𝒏

𝒊

[𝑵]

𝑥 3.62 ∗ 10−6

𝑦 1.42 ∗ 10−6

𝑧 −12.38

31

𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 [𝑚]

𝒙

∗ 10−10

𝑥

𝑦

𝑧

5 6 2

−15 −6 0

𝒚

∗ 10−10

𝒛

∗ 10−7
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Validation of structure

Validation of piezo effect
𝑎𝑖

Bending

𝑙𝑏𝑒𝑎𝑚

𝑤𝑏𝑒𝑎𝑚

014 ⋯

014 ⋯

𝑐𝑢𝑡 − 𝑜𝑓𝑓𝑠

𝑐𝑙𝑎𝑚𝑝𝑠

Validation of position optimization
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Validation of structure

Validation of piezo effect

Validation of position optimization

𝑛
𝑜
𝑟𝑚

𝑎
𝑙𝑖
𝑧𝑒

𝑑
𝑃
𝑍
𝑇

𝑓
𝑜
𝑟𝑐

𝑒
𝑛
𝑜
𝑟𝑚

𝑎
𝑙𝑖
𝑧𝑒

𝑑
𝑃
𝑍
𝑇

𝑓
𝑜
𝑟𝑐

𝑒

𝑛
𝑜
𝑟𝑚

𝑎
𝑙𝑖
𝑧𝑒

𝑑
𝑡𝑖

𝑝
𝑑
𝑒𝑓

𝑙𝑒
𝑐𝑡

𝑖𝑜
𝑛

𝑛
𝑜
𝑟𝑚

𝑎
𝑙𝑖
𝑧𝑒

𝑑
𝑡𝑖

𝑝
𝑑
𝑒𝑓

𝑙𝑒
𝑐𝑡

𝑖𝑜
𝑛

Τ𝑎 𝑙𝑏𝑒𝑎𝑚

Τ𝑎 𝑙𝑏𝑒𝑎𝑚

Τ𝑎 𝑙𝑏𝑒𝑎𝑚

Τ𝑎 𝑙𝑏𝑒𝑎𝑚

1st bending mode

2nd bending mode

Simulation Experiment
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𝑛
𝑜
𝑟𝑚

𝑎
𝑙𝑖
𝑧𝑒

𝑑
𝑃
𝑍
𝑇

𝑓
𝑜
𝑟𝑐

𝑒
𝑛
𝑜
𝑟𝑚

𝑎
𝑙𝑖
𝑧𝑒

𝑑
𝑃
𝑍
𝑇

𝑓
𝑜
𝑟𝑐

𝑒

𝑛
𝑜
𝑟𝑚

𝑎
𝑙𝑖
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𝑑
𝑡𝑖

𝑝
𝑑
𝑒𝑓

𝑙𝑒
𝑐𝑡

𝑖𝑜
𝑛

𝑛
𝑜
𝑟𝑚

𝑎
𝑙𝑖
𝑧𝑒

𝑑
𝑡𝑖

𝑝
𝑑
𝑒𝑓

𝑙𝑒
𝑐𝑡

𝑖𝑜
𝑛

Τ𝑎 𝑙𝑏𝑒𝑎𝑚

Τ𝑎 𝑙𝑏𝑒𝑎𝑚

Τ𝑎 𝑙𝑏𝑒𝑎𝑚

Τ𝑎 𝑙𝑏𝑒𝑎𝑚

3rd bending mode

4th bending mode

Simulation Experiment
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Application of the methodology

Anna Altkuckatz, Institute for Aeroelasticity, 29. Sep. 2022

Limiter Controller Amplifier

PZT sensor

PZT actuator

Magnet

Structure

Coil Displacement sensor

Test Setup
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Coil

Displacement sensor

Magnets

Beam

PZT sensor

PZT actuator

Test Setup
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Application of the methodology

Anna Altkuckatz, Institute for Aeroelasticity, 29. Sep. 2022

Test Setup 1st Mode (bending)

f2 = 29.29 Hz

2nd Mode (bending) 3rd Mode (torsional)

4th Mode (bending) 5th Mode (bending) 6th Mode (torsional)

f1 = 4.22 Hz f3 = 30.01 Hz

f6 = 188.20 Hzf5 = 181.42 Hzf4 = 91.37 Hz

Pre- Windtunnel tests
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Test Setup

0 5 10 15 20 25
 2

 1

0

1

2

𝑡𝑖
𝑝

𝑑
𝑒𝑓

𝑙𝑒
𝑐𝑡

𝑖𝑜
𝑛

[𝑚
𝑚

]

𝑡𝑖𝑚𝑒 [𝑠𝑒𝑐]

on off

Pre- Windtunnel tests
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Test Setup

Pre- Windtunnel tests

0 5 10 15 20 25
 2

 1

0

1

2

𝑡𝑖
𝑝

𝑑
𝑒𝑓

𝑙𝑒
𝑐𝑡

𝑖𝑜
𝑛

[𝑚
𝑚

]

𝑡𝑖𝑚𝑒 [𝑠𝑒𝑐]

𝑡𝑖𝑚𝑒 [𝑠𝑒𝑐]

𝑡𝑖
𝑝

𝑑
𝑒
𝑓
𝑙𝑒

𝑐𝑡
𝑖𝑜

𝑛
[𝑚

𝑚
]

𝑅1 𝑅2

0 10 20 30 40 50 60 70
0

0.5

1

1.5

𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 [𝐻𝑧]

𝑡𝑖
𝑝

𝑑
𝑒𝑓

𝑙𝑒
𝑐𝑡

𝑖𝑜
𝑛

[𝑚
𝑚

]

1.288 𝑚𝑚 (𝑅1)

0.154 𝑚𝑚 (𝑅2)0.105 [𝑚𝑚](𝑅2)

0.049 [𝑚𝑚](𝑅1)

𝑅1

𝑅2
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Test Setup

Pre- Windtunnel tests

0 5 10 15 20 25
 6

 4

 2

0

2

4

6

             

              

𝑣
𝑜
𝑙𝑡

𝑎
𝑔
𝑒

[𝑣
𝑜
𝑙𝑡

]

𝑡𝑖𝑚𝑒 [𝑠𝑒𝑐]

𝑡𝑖𝑚𝑒 [𝑠𝑒𝑐]

𝑣
𝑜
𝑙𝑡

𝑎
𝑔
𝑒

[𝑣
𝑜
𝑙𝑡

]

𝐷𝑒𝑡𝑎𝑖𝑙𝑣𝑖𝑒𝑤 𝐴
+ 2𝑘𝑉/𝑚𝑚

− 0.5𝑘𝑉/𝑚𝑚
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Test Setup

Pre- Windtunnel tests

𝑡𝑖𝑚𝑒 [𝑠𝑒𝑐]

𝑣
𝑜
𝑙𝑡

𝑎
𝑔
𝑒

[𝑣
𝑜
𝑙𝑡

]

𝐷𝑒𝑡𝑎𝑖𝑙𝑣𝑖𝑒𝑤 𝐴

𝐴

𝐵

𝐶

𝐷

𝑏𝑖𝑝𝑜𝑙𝑎𝑟

𝑢𝑛𝑖𝑝𝑜𝑙𝑎𝑟

𝑠𝑒𝑚𝑖 𝑏𝑖𝑝𝑜𝑙𝑎𝑟
𝑆𝑟𝑒𝑚

𝑆𝑃𝐸

𝐸
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Test Setup

Pre- Windtunnel tests
Limiter Controller Amplifyer

PZT sensor

PZT actuator

Magnet

Structure

Coil Displacement sensor

Windtunnel test
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Test Setup

Pre- Windtunnel tests
Limiter

Controller

PZT sensor
PZT actuator

Structure Amplifier

𝑐𝑟
𝑜
𝑠𝑠

𝑠𝑒
𝑐𝑡

𝑖𝑜
𝑛

𝐹
𝑙𝑜

𝑤
𝑓
𝑖𝑒

𝑙𝑑
:
0
.3

∗
0
.3

[𝑚
∗

𝑚
]

gravityWindtunnel test
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Application of the methodology
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Test Setup

Pre- Windtunnel tests

DLR.de  

•  Slide 

45

Active vibration suppression of wind tunnel models using piezoelectric materials •  January 2021

Application of the methodology

𝑣
𝑜
𝑙𝑡

𝑎
𝑔
𝑒

𝑃
𝑍
𝑇

𝑠𝑒
𝑛
𝑠𝑜

𝑟
[𝑣

𝑜
𝑙𝑡

]

𝑓 [𝐻𝑧]

𝑣∞ = 22.48 [𝑚/𝑠]

𝑡 [𝑠]

𝑣
𝑜
𝑙𝑡

𝑎
𝑔
𝑒

[𝑣
𝑜
𝑙𝑡

] 0
s
 t
o
 1

s

5
s
 t
o
 6

s

𝑡𝑖𝑚𝑒 ∗ 0.06

17.73; 0.5

18.4; 0.07
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Thank you for your attention!
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M. Sc. Anna Altkuckatz

German Aerospace Center (DLR)
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Telephone: +49 (0)551-709-2752 |E-Mail: Anna.Altkuckatz@dlr.de
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