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PSMA EHCModel Equations

Mechanical Structure Piezo Element

𝒌𝒔 ≪  𝑪𝒑𝜺𝒔𝑬VP = sAd33 τεsEms2+εsEkvs+Cp 1+s𝛕 (1 − 𝒅𝟑𝟑𝟐 𝜺𝒔𝑬൘ )  +Cp d33 2εsE sτ
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PSMA EHCModel Equations

Low Frequencies
to

Mid-Band

𝒔𝝉(𝑨𝒅𝟑𝟑 
Cp൘ ) 𝟏 + 𝒔𝝉 τ =

1−linearity
ωmin linearity(2−linearity)

Cp = 𝑨𝒅𝟑𝟑 𝒔𝒆𝒏𝒔𝒊𝒕𝒊𝒗𝒊𝒕𝒚ൗ
High Frequency

𝑨 𝒅𝟑𝟑
Cp൘  𝜺𝒔𝑬 − d33 2

Cp
𝒎𝒔𝟐 + 𝜺𝒔𝑬 − d33 2

Cp
𝒌𝒗𝒔 + 𝟏

𝒎 = Cp𝝎𝟎𝟐 𝜺𝒔𝑬 − d33 2  𝒌𝒗 = 𝟐𝜻Cp𝝎𝟎 𝜺𝒔𝑬 − d33 2

Mechanical Structure Piezo Element

𝒌𝒔 ≪  𝑪𝒑𝜺𝒔𝑬VP = sAd33 τεsEms2+εsEkvs+Cp 1+s𝛕 (1 − 𝒅𝟑𝟑𝟐 𝜺𝒔𝑬൘ )  +Cp d33 2εsE sτ
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Mechanical Structure Piezo Element

𝒌𝒔 ≪  𝑪𝒑𝜺𝒔𝑬

ζ

ζ

ζ
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Component marketing,
product selection,

Collaborative Design
Free download

Runs on your desktop

Code equations directly in 
VHDL-AMS
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• Download and install free copy of LTspice from 
https://www.filehorse.com/download-ltspice/

• Email me at normelias@outlook.com to request copies 
of the LTspice schematic.

• Register free at https://explore.partquest.com/
• Open a copy of my test bench at
• https://explore.partquest.com/groups/norms-

workspace/designs/piezo-demo
• Follow instructions to run simulations, save your own 

copy of the model.

Displacement magnified to show 
low frequency pole-zero pair.

Comparison of forces:  Fp 
dominates below Fres

Time domain responses to pulse train 
(20s at 50% duty cycle) scaled to 
1ms:10s.
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PSMA EHCHardware Emulator Based on the V/P Transfer Function ?

The extra term in 
red represents…

εsEms2+εsEkvs+Cp 1+s𝛕(1− 𝒅𝟑𝟑𝟐 𝜺𝒔𝑬൘ )  V +Cp d33 2εsE sτ V = s P Ad33 τ
εsEms2+εsEkvs+Cp 1+s𝛕(1− 𝒅𝟑𝟑𝟐 𝜺𝒔𝑬൘ )  V  =  s P Ad33 τ − Cp d33 2εsE sτ V

…negative FEEDBACK!!
V= sPAd33 τ       −      Cp d33 2εsE sτ V

εsEms2+εsEkvs+Cp 1+ s𝛕 (1 − 𝒅𝟑𝟑𝟐 𝜺𝒔𝑬൘ ) 
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PSMA EHCLTspice Equivalent Circuit Viewed as
A Generalized Butterworth - van Dyke Resonator

Butterworth - van Dyke Resonator



October 18, 2021 17Norman Elias

Summary

• Express model equations in terms of datasheet specs
o Start with Mechanical structure + IEEE std
o Solve for V/Pressure
o Match Low Freq, mid-band, High Freq to datasheet

• Three ways to implement the equations
o Direct in VHDL-AMS (PartQuest Explore online)
o Analog equivalent circuit (Download LTspice)
o Active filter stages (Potential Hardware Emulator)

• Models Voltage, Current, Displacement, Forces

• Generalizes Butterworth-van Dyke Resonator Model

Thanks   for  listening



October 18, 2021 18

PSMA EHC

Norman Elias

An Introduction to

Piezo-Electric Transducer  Models:

the

P-E Pressure Sensor 

Norman Elias

An Introduction to

Piezo-Electric Transducer  Models:

the

P-E Pressure Sensor 

Norman Elias



October 18, 2021 Norman Elias 19

Addendum

The remainder of this powerpoint presents details of the 
model derivation and outlines key observations that do not 
fit well within the body of the slide show. 
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Addendum
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Model Derivation: (Continued)
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Model Derivation: (Continued)
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