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Chapter 1

Introduction

The MATLAB Toolbox: for LPF IS FEE Hardware is a collection of MATALB® models for
the Inertial Sensor Front End Electronics (IS FEE) hardware in Laser Interferometer Space
Antenna (LISA) Pathfinder (LPF). The goal of the modeling is to correctly and accurately
represent the functionality and performance of the IS FEE Proto-Flight Model (PFM) hard-
ware in MATLAB. The accuracy of the models can be verified by PFM test results and other
requirements of the IS FEE design.

1.1. Overview

There are two methods to model the IS FEE PFM hardware in MATALB. The first method
is to use Simscape® and Simulink® to build detail models for the hardware, similar like the
modeling in Spice softwares. The second method is to describe the hardware in mathematics
and then build simplified models using commonly used blocks in Simulink.

Simscape is an extended toolbox in Simulink for modeling systems spanning mechanical,
electrical, hydraulic, and other physical domains as physical networks. Its ”Foundation Li-
brary” provides electrical components, such as resistor, capacitor and inductor etc., which
can be used to build user defined electrical network as Spice software. Also, Simscape can
generate user defined electrical model by ”.ssc” file, which describes the voltage and current
relation of the electrical components in the model and can also be used in building user
defined electrical network.

In the first modeling method, detail circuit models are constructed using the electrical com-
ponents provided or generated by Simscape and other components from Simulink. However,
due to the high complexity of the models by this method, the simulation is quite slow and
not efficient for the simulation of long time period.

In order to improve the simulation speed and thus make the simulation of long time period
possible, the second modeling method is considered. In this method, the mathematic models
of the hardware are developed by only considering the key electrical components which decide
the voltage output performance of the hardware. The circuit current is completely neglected
to simplify the models. Therefore, most of the hardware can be represented by their math-
ematic models which describe the input-output voltage relations, and can be easily built in
Simulink using the commonly used blocks. Further simplification can be made by convert-
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ing the high frequency operation of the circuit to the equivalent low frequency operation.
Therefore, the whole simulation can run in a much lower sampling rate and thus speed up
the simulation.

1.2. System Requirements and Structure of the Toolbox

The toolbox contains four libraries, i.e., ”SSC Library”, ”Simscape Library”, ”Simulink Li-
brary” and ”Simplified Library”. The recommended system requirements for the latest ver-
sion of the toolbox are given in Table 1.1. The toolbox may also work with lower version
"MATLAB” and ”Simulink Block Library”, since only basic functions and blocks are used.

Software Version Request
MATLAB 7.11(R2010a) All libraries
Simulink Block Library® 7.6 All libraries
Signal Processing Blockset® 7.1 ”Simulink Library”
Simscape® 3.4 ”?SSC Library” and ”Simscape Library”
SimElectronics® 1.5 ”Simscape Library”

Table 1.1 System requirements of the toolbox.

The ”SSC Library” contains the models generated by ”.ssc” files, and the structure of the
library is given below:

SSC Library
|-- 6-Port Mutual Inductance
|-- 12-Port Mutual Inductance

These models are further used to build transformer models in the ”Simscape Library”, and
the detail of the models including the description of the parameters to set up are introduced
in Chapter 2.

The models in ”Simscape Library” are classified into two categories: ”Foundation Electri-
cal” and ”Sensing Hardware”. The structure of the library is given below:

Simscape Library
| -- Foundation Electronic
|-- Resistor with Noise
| -- Three-stage OpAmp
|-- Three-stage OpAmp (Level 2)
| -- Sensing Hardware
|-- Transformer
|-- PFM Transformer (6-Ports Mutual Inductance)
|-- PFM Transformer (12-Ports Mutual Inductance)
|-- TIA, JFET Buffer /& Differential Amplifier
|-- Ideal TIA
|-- TIA (Three-stage OpAmp + Resistor with Noise)
|-- JFET Buffer
|-- Differential Amplifier
|-- Band Pass Filter
|-- PFM BP Filter
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| -— Demodulator
| -- PFM Demodulator (Ideal)
|-- PFM Demodulator (Demodulator CMD switch)
| -- @Demo
|-- @Voltage Divider
|-— @Differential Amplifier
|-— @PFM Sensing: Transformer + TIAs
|-- @PFM Sensing: BP Filter + Demodulator

The models in ”Foundation Electrical” are used to build the models in ”Sensing Hardware”.
Several demo schemes are provided in ”Demo” to demonstrate the functions of the models
in the library. Note that the demo of the PFM Sensing is divided into two parts in order to
speed up the simulation. The detail of the models in this library including the description of
the parameters to set up are introduced in Chapter 2.
Remark 1: Some electronic components in ”Three-stage OpAmp (Level 2)” and ?JFET
Buffer” require SimElectronics to be installed in MATLAB. SimElectronics is an extended
toolbox in Simscape for modeling and simulating electronic and electromechanical systems,
which may need to be purchased in addition. SimElectronics is not required while using
other models in ”Simscape Library”, and also it is not required while using ”SSC Library”
and ”Simulink Library”.

The models in the ”Simulink Library” are also classified into two categories: ”Sensing
Hardware” and ” Actuation Hardware”. The structure of the library is given below:

Simunlink Library
| -- Sensing Hardware
|-- Transformer + TIAs + Diff Amp
|-- Band Pass Filter
| -— Demodulator
|-- ADC (+Noise)
|-- Transformer + TIAs + Diff Amp for Actuation
|-- Input Generator
|-- Actuation Hardware
| -- Waveform Generator (16bit ADC)
| -— Waveform Generator (24bit ADC)
|-- AC-DC Splitter
|-- Attenuator
|-- PID Controller (16bit ADC)
|-— PID Controller (24bit ADC)
|-- Integrator
|-- ADC
|-- DAC
|-- Output Filter
|-- Output Measurement
|-- Noise Calculation
| -— @Demo
|-- @PFM Sensing
| --— @PFM Actuation (Versiomn 1.0)
|-- @PFM Actuation (Version 2.0)
|-- @PFM Actuation Measurement Investigation (Version 1.0)
|-— @GRS FEE Actuation (20-bit AC DC Parameters, 16-bit ADC)
|-- @GRS FEE Actuation (20-bit AC DC Parameters, 24-bit ADC)
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Several demo schemes are provided in "Demo” to demonstrate the functions of the models in
the library. The detail of the models in this library including the description of the parameters
to set up are introduced in Chapter 3.
Remark 2: Some blocks in ”Waveform Generator” and ”Noise Calculation” require Signal
Processing Blockset to be installed in MATLAB.

Based on the models in ”Simulink Library”, further simplified models are provided in the
”Simplified Library”. Similarly, the models in this library are classified into two categories:
”Sensing Hardware” and ” Actuation Hardware”. The structure of the library is given below:

Simplified Library
| -- Sensing Hardware
| -— Transformer + TIAs + Diff Amp M-File S-Function
|-- Transformer + TIAs + Diff Amp C S-Function
|-- Transformer + TIAs + Diff Amp with Cross Talk M-File S-Function
|-- Transformer + TIAs + Diff Amp with Cross Talk C S-Function
|-- Band Pass Filter M-File S-Function
| -- Band Pass Filter C S-Function
| -— Demodulator
|-- Actuation Hardware
|-- Actuation Input EL1 to EL4
|-- Actuation Input EL5 to ELS8
|-- Actuation Input EL9 to EL12
| -— Noise Generator (+1/f Noise)
| -- @Demo
|-- @PFM Sensing (M-File S-Function)
|-- @PFM Sensing (C S-Function)
|-- @PFM Sensing Cross Talk (M-File S-Function)
| -- @PFM Sensing Cross Talk (C S-Function)
|-— @PFM Actuation Waveform
|-- @Flicker Noise

Several demo schemes are provided in ”Demo” to demonstrate the functions of the models in
the library. The detail of the models in this library including the description of the parameters
to set up are introduced in Chapter 4.

The detail of the demos concerning the sensing and actuation of the PFM hardware are
introduced in Chapter 5.

1.3. User Guide

The whole toolbox is given in the folder "LISA_IS_FEE_Library”, which has the following
structure:

LISA_IS_FEE_Library
|-- +ssc

|-- +sscprj

| -- Six_Port_Mutual_Inductance.ssc

| -— Twelve_Port_Mutual_Inductance.ssc
|-- +sfun

|-- +c_sfun

|-- BP_Filter_CS.c
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|-— BP_Filter_CS.mexw32
| -- Transformer_TIAs_DiffAmp_CS.c
|-- Transformer_TIAs_DiffAmp_CS.mexw32
|-- Transformer_TIAs_DiffAmp_ CT_CS.c
| -— Transformer_TIAs_DiffAmp_CT_CS.mexw32
|-- +m_sfun
|-- ADC_Ref_Noise.m
|-- BP_Filter_MS.m
|-- Transformer_TIAs_DiffAmp CT_MS.m
| -— Transformer_TIAs_DiffAmp_MS.m
|-— LISA_IS_FEE_Library.mdl
|-- SimplifiedDemo_FlickerNoise.mdl
|-- SimplifiedDemo_IS_FEE_Actuation_Waveform.mdl
|-- SimplifiedDemo_IS_FEE_CrossTalk_CS.mdl
|-- SimplifiedDemo_IS_FEE_CrossTalk_MS.mdl
|-- SimplifiedDemo_IS_FEE_Sensing_CS.mdl
|-— SimplifiedDemo_IS_FEE_Sensing_MS.mdl
| -- SimscapeDemo_DiffAmp.mdl
|-- SimscapeDemo_IS_FEE_Sensingl.mdl
|-- SimscapeDemo_IS_FEE_Sensing2.mdl
| -— SimscapeDemo_VoltageDiv.mdl
| -- SimulinkDemo_GRS_FEE_Actuation_20bit_CMD_16bit_ADC.mdl
| -- SimulinkDemo_GRS_FEE_Actuation_20bit_CMD_24bit_ADC.mdl
|-- SimulInkDemo_IS_FEE_Actuation_MI_v1.mdl
|-- SimulinkDemo_IS_FEE_Actuation_v1.mdl
|-- SimulinkDemo_IS_FEE_Actuation_v2.mdl
|-- SimulinkDemo_IS_FEE_Sensing.mdl
|-- ssc_lib.mdl

In order to use this toolbox, the path of the folder must be included in MATLAB. The
procedure to include the path of the toolbox in MATLAB is as follows:

1 Copy the toolbox folder to the computer, e.g., in the location of ”D:\”. Hence, the path
of the folder here is ”D:\LISA_IS_FEE_Library”.

2 Include the path of the toolbox folder in MATALB by clicking ”File” — ”Set Path
.7 — 7Add with Subfolders ...” and entering the path of the toolbox folder, i.e.,
"D:\LISA_IS_FEE_Library” in this example.

Then, by entering "LISA_IS_FEE_Library” in MATLAB command window, the toolbox li-
brary will be opened and the models in the library can be used similarly as other Simulink
models.

The ”.ssc” file of the model in the ”SSC Library” can be read by double clicking the block
to open the block dialog panel, and then clicking the link ”View the source for ...” at the
bottom of the model description. The detail of other models can be seen by right clicking
the block and selecting ”Look Under Mask”.

The demos can be run directly by clicking the Start simulation button ”t>”. Note that
proper solver should be chosen for the simulation, i.e., odel5s(stiff/NDR)” . The solver can
be defined in the simulation configuration panel by clicking ”Simulation” — ” Configuration
Parameters ...” on the simulation scheme window. Other simulation parameters, e.g., the
end time, can also be set up in this panel.
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Simscape Models for the Hardware

In this chapter, the models for the ”electrical components” are first introduced. The ”electri-
cal components” include mutual inductance, resistor with noise and three-stage operational
amplifier (OpAmp). The mutual inductance models are generated from ”.ssc” file and the
other ”electrical components” are built using the existing models in Simscape. Then, the
models for the PFM sensing hardware are presented, such as transformer, transimpedance
amplifier (TTA) and bandpass (BP) filter etc. These models are constructed by the ”electrical
components” and other models from Simscape and Simulink.

2.1. Simscape Models for Electrical Components

2.1.1. Mutual inductance

Mutual inductance with two primary coils and one secondary coil is required for modeling
the transformer in the sensing hardware, but this type of mutual inductance model is not
provided in Simscape library. Thus, the ”6-Port Mutual Inductance” with two primary coils
and one secondary coil is provided in the ”SSC Library”. In addition, the ”12-Ports Mutual
Inductance” is also given in the ”SSC Library” in order to provide more precise mutual
inductance model for the transformer. In this model, each coil is divided into two so that the
inter and intra winding capacitances can be modeled easily.

6-ports mutual inductance

The block diagram of the ”6-Ports Mutual Inductance” is shown in Fig. 2.1. The voltages
over the primary and secondary coils are given by

1,40 dl, dls
= + M M
Vie= Lo+ Muage + Mis—g-
dl, dr, dls
=1L M M- 2.1
Va 2dt+ 12dt+ 283, (2.1)
dls dr dl,
V3—L3d +M13d + Moz — T
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™ "6Ports T |
|  Mutual Inductance |
1+ j’ I + I
7 I
V1 | L1 | 13
v
1- ! * =% *
15 L3 | |vs
2+ A J * | \ 4 i}
va| | L2 |
2. \ 4 : |

Figure 2.1 6-Ports Mutual Inductance.

where My, Mi3 and Mss are the mutual inductances defined as

My = k1a\/ L1 L2
M3 = ki3\/L1L3 (2.2)
Ma3 = koz/ Lo Ls.

Here, k12, k13 and kos are the coupling coefficients. Note that the value of the coupling
coefficients must be greater than 0 and less than 1. If the coupling coefficient is equal to 1,
there will be simulation problems due to the solver.

The parameters to setup in the model block dialog box are described in Table 2.1.

Parameters (Unit) Descriptions
Ly, Ly, L (mH) Inductances of the coils
k12, ki3, ko3 Coupling coefficients between the coils
To, I20, Iso (A) Initial currents of the coils L1, Lo, L3

Table 2.1 Parameters to setup in ”6-Ports Mutual Inductance”.

12-ports mutual inductance

The block diagram of ”12-Ports Mutual Inductance” is shown in Fig. 2.2. The voltage over
the coil 7 is

dr; drl; .,
VZ-:Lid—tZ+ZMijd—tJ, 1<i#j<6 (2.3)
JF#
where M;; is the mutual inductance between coils ¢ and j, defined as
Mij = kij\/LiLj’ 1< 7& j <6. (24)

Here, k;; is the coupling coefficient between the coil ¢ and j. Note that the value of the
coupling coefficients must be greater than 0 and less than 1. If the coupling coefficient is
equal to 1, there will be simulation problems due to the solver.
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| 12-Ports I
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A | l
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Figure 2.2 12-Ports Mutual Inductance.

Parameters (Unit) Descriptions
L; to Le (mH) Inductances of the coils
k12 to kse Coupling coefficients between the coils

Table 2.2 Parameters to setup in ”12-Ports Mutual Inductance”.

The parameters to setup in the model block dialog box are described in Table 2.2.
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2.1.2. Resistor with noise

+

3\ A
S ™

Voltage Noise Source Ideal Resistor

Figure 2.3 ”Resistor with Noise” simplified circuit model.

Since there is only ideal resistor model in Simscape, the ”"Resistor with Noise” model is
built in order to provide practical resistor model with thermal noise. The ”Resistor with
Noise” model can be constructed as an ideal resistor connected in series with a voltage noise
source or in parallel with a current noise source [1]. Here, we model it as an ideal resistor
connected in series with a voltage noise source, as shown in Fig. 2.3.

| Voltage Noise Source
I
I
I _IJ][‘II' | sps |
I —> I
| Band-Limited Simulink-PS I
| White Noise Converter @ Laan__l -
I
I

|
Controlled Voltage| |
Source I I

Figure 2.4 Simscape model: ”Resistor with Noise”.

The ”Resistor with Noise” model in Simscape is given in Fig. 2.4. The ideal resistor
comes from the "Foundation Library\Electrical\Electrical Elements” in Simscape, and the
voltage noise source is constructed as follows: A band-limited additive white Gaussian noise
(AWGN) is generated by the Simulink block ”Band-Limited White Noise”. In order to
communicate with other Simscape models, the output of the ”Band-Limited White Noise”
block is converted to physical signal by the ”Simulin-PS Converter”. Then, this physical
signal is used to control the ”Controlled Voltage Source” in order to generate the voltage
output of the noise source. The noise sources in the later sections are also built using this
method. The ”Simulin-PS Converter” and ” Controlled Voltage Source” can be found in the
" Utilities” and ”Foundation Library\Electrical\Electrical Sources” in Simscape, respectively.

In general, the noise power of the resistor is defined as [1]

f
P, = / AK,TRAf = 4K, TR(f, — f;) (2.5)

where Kj, is the Boltzmann’s constant equal to 1.38 x 10723J/K, T is the temperature in
Kelvin, R is the resistance value in Ohm, f, and f; are the highest and lowest operation
frequency, respectively. Here, the power of the "Band-Limited White Noise” block is defined
as

pr:PrXTs (26)

10
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in order to produce correct noise power level for the block, where T} is the sampling time.
The parameters to setup in the model block dialog box are described in Table 2.3. Note
that the voltage noise source can be switched on or off, which is not shown in Fig. 2.4.

Parameters (Unit) Descriptions
R (Ohm) Resistance
T (Kelvin) Temperature
fn, fi (Hz) Highest and lowest operation frequency
Ts (s) Sampling time

Resistor Noise Switch (1:On, 0:OFF)  Switch on or off the voltage noise source

Table 2.3 Parameters to setup in ”Resistor with Noise”.

11
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2.1.3. Three-stage operational amplifier

Current Noise

C) Source Differential
Gain LP F_|Iter Buffer Out_put
Resistor Resistor

Differential——
Capacitor
CDCurrent Noise LP Filter
= Capacitor
= Source
) ? A

| Voltage Noise
Common-Mode :[ —— Common-Mode Source ——

Capacitor Capacitor

Figure 2.5 "Three-stage OpAmp” simplified circuit model.

Since there is only ideal OpAmp model in Simscape, the ”Three-stage OpAmp” model
is built in order to provide more realistic OpAmp model with input capacitance, voltage
and current noise sources etc. The three stages are the input stage — differential amplifier
stage, the middle stage — gain\frequency response stage, and the output stage — output
buffer stage, as shown in Fig. 2.5. The differential amplifier stage includes the input resistor,
common-mode capacitor, differential capacitor, voltage noise source, current noise source
and differential voltage gain. The noise source models in OpAmp are introduced in [1]. The
gain\frequency response stage is modeled as a passive RC low pass (LP) filter, in order to
limit the operating bandwidth. The output buffer stage contains the voltage buffer and
output resistor.

The ”Three-stage OpAmp” model in Simscape is given in Fig. 2.6. The ”capacitor” comes
from the ”Foundation Library\Electrical\Electrical Elements” in Simscape. The current and
voltage noise sources are constructed similarly as the voltage noise source in Section 2.1.2. The
differential voltage gain is modeled using ” Voltage-Controlled Voltage Source” with the value
equal to the open loop gain of the OpAmp. The buffer in the output stage is also modeled
using ” Voltage-Controlled Voltage Source” with unity gain. The ” Voltage-Controlled Voltage
Source” can be found in ”Foundation Library\Electrical\Electrical Sources” in Simscape.

In general, the powers of the voltage and current noise sources are defined as

Py = S(fn—11)
P =S} (fn—11)
where S, and S; are the voltage noise density and current noise density, respectively, fp

and f; are the highest and lowest operation frequency, respectively. Here, the powers of the
”Band-Limited White Noise” blocks for the voltage and current noise sources are defined as

(2.7)

P, =P, xT,

. (2.8)
Py =P xT;

in order to produce correct noise power level for the block, where T is the sampling time.

12
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Figure 2.6 Simscape model: ”Three-stage OpAmp”.

The parameters to setup in the model block dialog box are described in Table 2.4. Normally,
these parameters can be found in the data sheet of the OpAmp. Note that the noise sources
can be switched on or off, which is not shown in Fig. 2.6.

Panels Parameters (Unit) Descriptions
Input Stage Ccom (PF) Common mode capacitance
Cpiss (pF) Differential capacitance

Input Noise Switch (1:On, 0:OFF)

Sy (V/sqrt(Hz))
Si (A/sqrt(Hz))
Open Loop Gain (dB)

Voltage noise density
Current noise density
Open loop gain of the OpAmp

Switch on or off the noise sources

Middle and
Output Stages

Raria (Ohm)
Cumia (F)

LP filter resistance
LP filter capacitance

Output resistance

Others

ROutput (Ohm)
(

frn, fi (Hz)
Ts (s)

Highest and lowest operation frequency

Sampling time

Table 2.4 Parameters to setup in " Three-stage OpAmp”.
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Chapter 2. Simscape Models for the Hardware

2.1.4. Three-stage operational amplifier (Level 2)
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Figure 2.7 ”Three-stage OpAmp (Level 2)” simplified circuit model.

The level 2 three-stage operational amplifier is also provided in the library. In this model,
the differential amplifier is modeled by bipolar transistors, and the internal voltage reference
is also included, as shown in Fig. 2.7. Here, the common mode capacitors in the input stage
are neglected to simplify the model.

The ”Three-stage OpAmp (Level 2)” model in Simscape is given in Fig. 2.8. The "ca-
pacitor” comes from the ”Foundation Library\Electrical\Electrical Elements” in Simscape.
The current and voltage noise sources are constructed similarly as the voltage noise source in
Section 2.1.2. The NPN bipolar transistor comes from the ”SimElectronics\Semiconductor
Devices”. The differential voltage gain is modeled using ” Voltage-Controlled Voltage Source”,
and the buffer in the output stage is also modeled using ” Voltage-Controlled Voltage Source”
with unity gain. The ”Voltage-Controlled Voltage Source” can be found in ”Foundation
Library\Electrical\Electrical Sources” in Simscape. The powers of the voltage and current
noise sources are defined similarly as in Section 2.1.3 with

pv:PvXTs:SS(fh_fl)Ts

P, =P, x Ty = S (fn — f1)Ts. (29)

The parameters to setup in the model block dialog box are described in Table 2.5. Normally,
these parameters can be found in the data sheet of the OpAmp. Note that the voltage noise
source can be switched on or off, which is not shown in Fig. 2.8.
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2.1. Simscape Models for Electrical Components

___________________ Three.stage OpAmp (Level2) ~  ~ ~ ~— ~ 7771
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' |
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| WmeNose _ _ WmeMNose  _ MmMeNes o __________ I
Figure 2.8 Simscape model: ” Three-stage OpAmp (Level 2)”.
Panels Parameters (Unit) Descriptions
Input Stage Cpiss (PF) Differential capacitance
Sy (V/sqrt(Hz)) Voltage noise density
Si (A/sqrt(Hz)) Current noise density
Voltage Gain (S) Voltage gain
I1 (A) Differential amplifier bias current
BJT Forward Current Transfer Ratio BJT Parameters
Rc1, Rez (Ohm) Collector resistance
Rg1, Rg2 (Ohm) Emitter resistance
Input Noise Switch (1:On, 0:OFF) Switch on or off the noise sources
Middle and Raria (Ohm) LP filter resistance
Output Stages Chria (F) LP filter capacitance
Routput (Ohm) Output resistance
Others Vee, Vee (V) Supply Voltage VCC, VEE
fn, fi (Hz) Highest and lowest operation frequency
T (Kelvin) Temperature
Ts (s) Sampling time

Table 2.5 Parameters to setup in ” Three-stage OpAmp (Level 2)”.
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Chapter 2. Simscape Models for the Hardware

2.2. Simscape Models for IS FEE PFM Sensing Hardware

The schematics and layouts of the IS FEE sensing hardware are given in [2], where the circuits
of the TIA, JFET buffer, differential amplifier, BP filter and demodulator are defined.

2.2.1. Transformer

Two transformer models, which are "PFM Transformer (6-Ports Mutual Inductance)” and
"PFM Transformer (12-Ports Mutual Inductance)”, are provided in the ”Simscape Library”.

PFM transformer (6-ports mutual inductance)

| PFM Transformer (6-Ports Mutual Inductance)

I
I
I
N |
R1
I
I
I

al R4 R5 R3

IR
1 ;

Mutual Inductance

a2
D—'—’_W\':Ii—’\/v\':li— —
R6 R7 | -

=—c2 I

I

52 R2 |

I

I

I

Figure 2.9 Simscape model: ”PFM Transformer (6-Ports Mutual Inductance)”.

The "PFM Transformer (6-Ports Mutual Inductance)” is constructed by the ”6-Ports Mu-
tual Inductance” in the ”SSC Library”, the ”Resistor with Noise” in Section 2.1.2 and the
”capacitor” from the ”Foundation Library\Electrical\Electrical Elements” in Simscape. The
circuit model is investigated using MicroCap® in [3] and the Simscape model is given in
Fig. 2.9, where ”s1” and ”s2” are the sensing input ports, and "al” and ”a2” are the actua-
tion input ports.

The parameters to setup in the model block dialog box are described in Table 2.6. The
approximated values of each parameter for the PFM hardware are also given in the table.
Here, "K15”, "K13” and ” Ko3” represent the ”"Primary - Primary Coupling Coefficient”,
”Upper Primary - Secondary Coupling Coefficient” and ” Lower Primary - Secondary Coupling
Coefficient”, respectively.
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2.2. Simscape Models for IS FEE PFM Sensing Hardware

Panels Parameters (Unit) Descriptions (Values)
Primary arms Ly, Ly (mH) Coil inductances (4.2)
(upper and lower) R1, R (Ohm) Coil resistance (4)
Cy, Cy (pF) Input capacitance (300)
Secondary Arm L3 (mH) Coil inductances (4.2)
R3 (Ohm) Coil resistance (4)
Actuation Circuit R4 to R7 (Ohm) LP filter resistance (3.3 x 10%)
Cs to Cg (nF) LP filter capacitance (10)
Others K2, K13, Koa3 Coupling coefficients (0.99)
fn, fi (Hz) Highest and lowest operation frequency (10°,1)
T (Kelvin) Temperature (300)
Ts (s) Sampling time (1/(2 x 10%))
Noise Switch (1:On, 0:OFF) Switch on or off the resistor noise

Table 2.6 Parameters to setup in ”PFM Transformer (6-Ports Mutual Inductance)”.

PFM transformer (12-ports mutual inductance)

The "PFM Transformer (12-Ports Mutual Inductance)” is constructed by the ”12-Ports Mu-
tual Inductance” in the ”SSC Library”, the ”"Resistor with Noise” in Section 2.1.2 and the
”capacitor” from the "Foundation Library\Electrical\Electrical Elements” in Simscape. The
circuit model is investigated using MicroCap in [4] and the Simscape model is given in
Fig. 2.10, where ”s1” and ”s2” are the sensing input ports, and "al” and ”a2” are the
actuation input ports.

The parameters to setup in the model block dialog box are described in Table 2.7. The
approximated values of each parameter for the PFM hardware are also given in the table.
Here, "Kpp”, " Kp15”, "Kpog” and ” Kgg” represent the ”Primary - Primary Coupling Co-
efficient”, ”Upper Primary - Secondary Coupling Coefficient”, ” Lower Primary - Secondary
Coupling Coefficient” and ”Secondary - Secondary Coupling Coefficient”, respectively.
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Chapter 2. Simscape Models for the Hardware
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Figure 2.10 Simscape model: ”PFM Transformer (12-Ports Mutual Inductance)”.

Panels Parameters (Unit) Descriptions (Values)
Primary Arms Ly to Ly (mH) Coil inductances (0.975)
(upper and lower) R; to R4 (Ohm) Coil resistance (8)

Cpp1 to Cpp3 (pF)
Cpis, Cpas (pF)

Intra winding capacitance (10)

(
Inter winding capacitance (10)
)

C1, Cs (pF) Input capacitance (300
Secondary Arm Ls, Ls (mH) Coil inductances (0.975)
Rg, Rip (Ohm) Coil resistance (10)
Css (pF) Intra winding capacitance (10)
Actuation Circuit R5 to Rg (Ohm) LP filter resistance (3.3 x 10%)
C7 to C1o (nF) LP filter capacitance (10)
Others Kpp, Kp1s, Kpas, Kss Coupling coefficients (0.99)
In, fi (Hz) Highest and lowest operation frequency (10°, 1)
T (Kelvin) Temperature (300)
Ts (s) Sampling time (1/(2 x 10°))
Noise Switch (1:On, 0:OFF) Switch on or off the resistor noise

Table 2.7 Parameters to setup in ”PFM Transformer (12-Ports Mutual Inductance)”.
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2.2. Simscape Models for IS FEE PFM Sensing Hardware

2.2.2. TIA

Two TIA models, which are the "Ideal TIA” and ”TIA (Three-stage OpAmp + Resistor with
Noise)”, are provided in the ”Simscape Library”.

Ideal TIA
r_____ﬁeﬁﬁA ______ |
| |
I 1 '
| Il |
| c '
! AMY |
I R
| |
- I- I |
s - e
. | -
> T + |
| |
L |

Figure 2.11 Simscape model: ”Ideal TTA”.

The "Ideal TIA” is constructed by the "ideal OpAmp”, "resistor” and ”capacitor” models
from the "Foundation Library\Electrical\Electrical Elements” in Simscape. The Simscape
model is given in Fig. 2.11, where "+” and ”-” denote the input ports connected to the
positive and negative inputs of the OpAmp, respectively.

The parameters to setup in the model block dialog box are described in Table 2.8. The
values of the feedback resistor and capacitor for the PFM hardware are also given in the
table.

Parameters (Unit) Descriptions (Values)
R (Ohm) Feedback resistance (5.6 x 10°)
C (F) Feedback capacitance (3.3 x 107'2)

Table 2.8 Parameters to setup in ”Ideal TTA”.

TIA (Three-stage OpAmp + Resistor with Noise)

The "TIA (Three-stage OpAmp + Resistor with Noise)” is constructed by the ” Three-stage
OpAmp” in Section 2.1.3, the ”Resistor with Noise” in Section 2.1.2 and the ”capacitor” from
the ”Foundation Library\Electrical\Electrical Elements” in Simscape. The Simscape model
is given in Fig. 2.12, where ”+4” and ”-” denote the input ports connected to the positive and
negative inputs of the OpAmp, respectively.

The parameters to setup in the model block dialog box are described in Table 2.9. The
values of each parameter for the PFM hardware are also given in the table. Note that the
OpAmp used in the sensing hardware is ”OP467” from Analog Devices®, and the parameters
of the OpAmp are defined in [5].
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I TIA (Three-stage OpAmp + Resistor with Noise),|
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Figure 2.12 Simscape model: ”TTA (Three-stage OpAmp + Resistor with Noise)”.

Panels Parameters (Unit) Descriptions (Values)
Input Stage Ccom (PF) Common mode capacitance (2)
(OpAmp) Cpiss (pF) Differential capacitance (1)
Sy (V/sqrt(Hz)) Voltage noise density (6 x 107°)
Si (A/sqrt(Hz)) Current noise density (0.8 x 107'2)
Open Loop Gain (dB) Open loop gain of the OpAmp (80)
Input Noise Switch (1:On, 0:OFF) Switch on or off the OpAmp noise sources
Middle and Rarig (Ohm) LP filter resistance (10°)

Output Stages Cuia (F) LP filter capacitance (3.98 x 1071%)
(OpAmp) Routput (Ohm) Output resistance (55)
Feedback Ry (Ohm) Feedback resistance (5.6 x 10°)

Cy (pF) Feedback capacitance (3.3)
Resistor Noise Switch (1:On, 0:OFF) Switch on or off the resistor noise
Others Jn, fi (Hz) Highest and lowest operation frequency (10°)
T (Kelvin) Temperature (300)
Ts (s) Sampling time (1/(2 x 10°))

Table 2.9 Parameters to setup in ”TTA (Three-stage OpAmp + Resistor with Noise)”.

Theory

Assuming the positive input of the OpAmp is connected to the ground, the voltage output
of the ”Ideal TIA” V, becomes

R
Vo=——-1_ 2.10
° 14 sRC ( )
where s = jw, R is the feedback resistance, C' is the feedback capacitance and I_ is the
current into the input port ”-”. Thus, the TIA converts the current input to voltage output

via the negative feedback of the OpAmp. Since the OpAmp model in "TTA (Three-stage
OpAmp + Resistor with Noise)” is not ideal, the voltage output of the TIA will be affected
by the parameters of the OpAmp, e.g., the input capacitance and the open loop gain.
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2.2.3. JFET buffer

The ”JFET Buffer’

2.2. Simscape Models for IS FEE PFM Sensing Hardware

C T T UFETBuffer

FET1_G FET2_G

JFET1 JFET2

FET1_S FET2_S

MN MN

|
| |
: |
| vee :
| |
' |
' |

Figure 2.13 Simscape model: ”JFET Buffer”.

" is constructed by the "N-Channel JFET” from the ”SimElectron-

ics\Semiconductor Devices” and the "resistor” from the ”Foundation Library\Electrical\Electrical

Elements” in Simscap

e. The Simscape model is given in Fig. 2.13. The JFET buffer is used

to reduce the input capacitance of the OpAmp [6] and the performance is investigated in [4].

The parameters to setup in the model block dialog box are described in Table 2.10. The
resistor values of the buffer circuit for the PFM hardware are also given in the table. Note
that the JFET used in the sensing hardware is ”2N4393” [7] from Linear System®.

Panels Parameters (Unit) Descriptions (Values)

Ohmic Resistance R, (Ohm) Source Ohmic Resistance
(JFET) R4 (Ohm) Drain Ohmic Resistance
Junction Capacitance Cys (pF) Gate-source capacitance
(JFET) Cqa (F) Gate-drain capacitance

Buffer Circuit BR; (Ohm) Resistance (10%)
BR3, BR3 (Ohm) Resistance (32.4 x 10?)
Vce, Vee (V) Supply voltage VCC (13), VEE (—5)
Resistor Noise Switch (1:On, 0:OFF) Switch on or off the resistor noise
Others Jn, fi (Hz) Highest and lowest operation frequency (10°, 1)
T (Kelvin) Temperature (300)
Ts (s) Sampling time (1/(2 x 10%))

Table 2.10 Parameters to setup in "JFET Buffer”.
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2.2.4. Differential amplifier
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Figure 2.14 Simscape model: ”Differential Amplifier”.

The ”Differential Amplifier” is constructed by the ” Three-stage OpAmp” in Section 2.1.3,
the ”"Resistor with Noise” in Section 2.1.2 and the ”capacitor” from the ”Foundation Li-
brary\Electrical\Electrical Elements” in Simscape. The Simscape model is given in Fig. 2.14,
where ”in1” and ”in2” are the two input ports of the differential amplifier.

The parameters to setup in the model block dialog box are described in Table 2.11. The
values of each parameter for the PFM hardware are also given in the table. Note that the
OpAmp used in the sensing hardware is ”OP467” [5].

Theory

Assuming the OpAmp in the differential amplifier is ideal and neglecting the decoupling
capacitors at the input, the voltage output of the differential amplifier V,, at high resolution
(HR) mode is (c¢f. Fig. 2.14)

Ry Ri + R3 R3
V, = Vo — —V7. 2.11
(R2+R4>< R1 > TR ! (2.11)

where V7 and V4 are the input voltages. Assuming that the resistors are chosen as Ry = Ro

and R3 = Ry, (2.11) becomes
R
V, =2V —11). (2.12)
Ry
In wide range (WR) model, similar results can be produced by considering the WR model
capacitor and resistor.
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2.2. Simscape Models for IS FEE PFM Sensing Hardware

Panels

Parameters (Unit)

Descriptions (Values)

Input Stage Ccom (PF) Common mode capacitance (2)
(OpAmp) Cpiss (pF) Differential capacitance (1)
Sy (V/sqrt(Hz)) Voltage noise density (6 x 107°)
Si (A/sqrt(Hz)) Current noise density (0.8 x 107'2)
Open Loop Gain (dB) Open loop gain of the OpAmp (80)
Input Noise Switch (1:On, 0:OFF) Switch on or off the OpAmp noise sources
Middle and Raria (Ohm) LP filter resistance (10°)
Output Stages Chia (F) LP filter capacitance (3.98 x 10710
(OpAmp) Routput (Ohm) Output resistance (55)
Differential C1, Cy (nF) Decoupling capacitance (10)
Amplifier Circuit Ri, R, (Ohm) HR mode resistance (976)
R3, R4 (Ohm) HR mode resistance (18.7 x 10%)
WCy, WC> (pF) WR model capacitance (100)
WRi, WRs WR model resistance (909)

Resistor Noise Switch (1:0On, 0:OFF)

Switch on or off the resistor noise

Others

Mode Switch (1:On, 0:OFF)
Rswiten (Ohm)
G switen (S)
fus fu (Hz)
T (Kelvin)
Ts (s)

Switch to HR or WR mode
Switch close resistance (35)

Switch open conductance (10™'3)
Highest and lowest operation frequency (10°, 1)
Temperature (300)

Sampling time (1/(2 x 10%))

Table 2.11 Parameters to setup in ”Differential Amplifier”.
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2.2.5. Bandpass filter
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Figure 2.15 Simscape model: "PFM BP Filter”.

The "PFM BP Filter” is constructed by the ”Three-stage OpAmp” in Section 2.1.3,
the ”"Resistor with Noise” in Section 2.1.2 and the ”capacitor” from the ”Foundation Li-
brary\Electrical\Electrical Elements” in Simscape. The Simscape model is given in Fig. 2.15.

The parameters to setup in the model block dialog box are described in Table 2.12. The
valuess of each parameter for the PFM hardware are also given in the table. Note that the
OpAmp used in the sensing hardware is "OP467” [5].

Theory

Here we assume that the OpAmp is ideal and notice that the high pass (HP) filter has the
Sallen key architecture, the output voltage Vi can be written as (c¢f. Fig. 2.15)

$2R12R30102 Vi
$2R19R3C1Cy + SR3(01 + Cz) +1°

Vi = (2.13)

where s = jw, R12 = 1/(1/R1 +1/R3) and V; is the input voltage to the filter. Note that the
prefix "HP_” is neglected for each parameter in order to simplify the equation.
The LP filter has the multiple feedback architecture, and the output voltage is

—R3/Ry

Vo —
> $R3RyCroCs + s[(R24 + R3)Ch2 + RoaR3C12/R1| + 1

14 (2.14)

where Rog = 1/(1/Ra+1/Ry4) and Ci2 = C1+Cso. Note that the prefix "LP_” is also neglected
for each parameter in order to simplify the equation.

Based on the parameters given in [2], the bode plots of the transfer functions of the active
HP, LP and the resulted BP filters are given in Fig. 2.16. The gain of the BP filter around
100kHz is about 13.15 dB and the passband with is about 2 % 10.416kHz. The stopband
attenuation is about 40 dB.

The passive BP filter consists of a RC LP filter followed by a RC HP filter. Neglecting the
prefix of the parameters, the voltage output of the LP filter V3 can be written as

1

-V 2.15
sRC; +1 2 (2.15)

Vi
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Magnitude (dB)

Phase (deg)
5
|
t
|
t
i
!
1
|
|
I

[7

N

10 10° 10
Frequency (Hz)

Figure 2.16 Bode plot of the transfer functions of the active HP (dash-dot), LP
(dashed) and BP (solid) filters.

and the voltage output of the HP filter V; can be written as

sR1C1
v, = Aty (2.16)
sR1C1+1
Bode Diagram
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Figure 2.17 Bode plot of the transfer function of the passive BP filters.

Based on the parameters given in [2], the bode plot of the transfer function of the resulted
passive BP filter is given in Fig. 2.17. The gain of the BP filter around 100kHz is about 1
and the corner frequencies are around 10kHz and 1M Hz.
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Panels Parameters (Unit) Descriptions (Values)
Input Stage Ccom (PF) Common mode capacitance (2)
(OpAmp) Cpiss (pF) Differential capacitance (1)
Sy (V/sqrt(Hz)) Voltage noise density (6 x 107°)
Si (A/sqrt(Hz)) Current noise density (0.8 x 107'2)
Open Loop Gain (dB) Open loop gain of the OpAmp (80)
Input Noise Switch (1:On, 0:OFF) Switch on or off the OpAmp noise sources
Middle and Raria (Ohm) LP filter resistance (10°)
Output Stages Chia (F) LP filter capacitance (3.98 x 1071%)
(OpAmp) Routput (Ohm) Output resistance (55)
High-pass HP_Ci, HP_C> (nF) Capacitance (1)
Filter HP_R; (Ohm) Resistance (71.5 x 10%)
HP_Ry (Ohm) Resistance (22.6 x 10%)
HP_R3 (Ohm) Resistance (178)
Low-pass LP_Cy, LP_C> (pF) Capacitance (10)
Filter LP_Cs (nF) Capacitance (10)
LP_R; (Ohm) Resistance (3.16 x 10°)
LP_R; (Ohm) Resistance (11.5 x 10?)
LP_R3 (Ohm) Resistance (976)
LP_R3 (Ohm) Resistance (93.1 x 10%)
LP_R; (Ohm) Resistance (11.5 x 10%)
Passive BP SLP_R, (Ohm) LP resistance (150)
Filter SLP_C, (nF) LP capacitance (1)
SHP_C, (nF) HP capacitance (1)
SHP_R; (Ohm) HP resistance (15.8 x 10%)
OT_R; (Ohm) Output buffer resistance (20)
OT_Ry (Ohm) Output buffer resistance (15.8 x 10?)
Others fus fi (Hz) Highest and lowest operation frequency (10°, 1)
T (Kelvin) Temperature (300)
Ts (s) Sampling time (1/(2 x 10%))

Resistor Noise Switch (1:On, 0:OFF)

Switch on or off the resistor noise
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2.2. Simscape Models for IS FEE PFM Sensing Hardware
2.2.6. Demodulator
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Figure 2.18 Simscape model: "PFM Demodulator”.

The "PFM Demodulator” is constructed by the ”Three-stage OpAmp” in Section 2.1.3,
the ”"Resistor with Noise” in Section 2.1.2 and the ”capacitor” from the ”Foundation Li-
brary\Electrical\Electrical Elements” in Simscape. The Simscape model is given in Fig. 2.18.
The difference between the ”PFM Demodulator (Ideal)” and ”PFM Demodulator (Demodu-
lator CMD switch)” is the control signal of the switch groups ”Swtich 17 and ”Switch 2”. In
"PFM Demodulator (Ideal)”, the negative and positive sign of the the input signal are used
as the control signals for the "Switch 1”7 and ”Switch 27, respectively, in order to achieve
perfect full-wave rectification. In "PFM Demodualtor (Demodulator CMD switch)”, two
100kHz command (CMD) pulse signals with specific delays are used as the control signals for
”Switch 1”7 and ”Switch 2”, which is the case in real PFM sensing hardware.

The parameters to setup in the model block dialog box are described in Table 2.13 and
2.14. The values of each parameter for the PFM hardware are also given in the table. Note
that the OpAmp used in the sensing hardware is ”OP484” [8].

Theory

The rectifier is constructed by the switches, voltage follower and differential amplifier. Then,
the rectified signal passes a series of LP filters to obtain the amplitude. Assuming the OpAmp
is ideal, the voltage output of the differential amplifier V3 is (¢f. Fig. 2.18)

1 1 1

Ve = Ryl 55 R+ Rs || 557 V_R:sHEV (2.17)

3 — 1 R 2 R 1 .
Ry + Ry || 55 1 1

7 H77

where s = jw, denotes in parallel, V7 and V5 are the input voltages of the LP filter. Here,
the resistors and capacitances are chosen as Ry = Ry, R3 = R4 and C7 = Cy, thus (2.17)
becomes

R3 1

Vp=2
3 Ry sR3C7 +1

(Vo —W1). (2.18)
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Then, V3 is further filtered by two LP filters and the voltage output of the demodulator V,
can be written as

1 1
V, = Vs. 2.19
(8R503 + 1) <82R6R7C4C5 + 804(R6 + R7) + 1) 3 ( )

Panels

Parameters (Unit)

Descriptions (Values)

Input Stage Ccom (PF) Common mode capacitance (2)
(OpAmp) Cpiss (pF) Differential capacitance (1)
Sy (V/sqrt(Hz)) Voltage noise density (3.9 x 107?)
Si (A/sqrt(Hz)) Current noise density (0.4 x 1072)
Open Loop Gain (dB) Open loop gain of the OpAmp (60)
Input Noise Switch (1:On, 0:OFF) Switch on or off the OpAmp noise sources
Middle and Raria (Ohm) LP filter resistance (10°)
Output Stages Chrria (F) LP filter capacitance (1.59 x 10719)
(OpAmp) Routput (Ohm) Output resistance (1)
Resistors DR, to DRy (Ohm) Resistance (4.99 x 10%)
(Demodulator) DRs to DR7 (Ohm) Resistance (3.24 x 10%)
Capacitors DC4, DC> (nF) Capacitance (1)
(Demodulator) DC3 to DCs (nF) Capacitance (330)
Others Rswitch Switch close resistance (35)
Gswiten Switch open conductance (107'?)
fn, fi (Hz) Highest and lowest operation frequency (10°, 1)
T (Kelvin) Temperature (300)
Ts (s) Sampling time (1/(2 x 10°%))

Resistor Noise Switch (1:0On, 0:OFF)

Switch on or off the resistor noise

Table 2.13 Parameters to setup in ”PFM Demodulator (Ideal)”.

Panels Parameters (Unit) Descriptions
Others Delay1 (s) CMD signal 1 phase delay
Delay?2 (s) CMD signal 2 phase delay

Table 2.14 Additional parameters to setup in ”PFM Demodulator (Demodulator
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Chapter

Simulink Models for the Hardware

In this chapter, in order to speed up the simulation so that the simulation of long time period
could be possible, mathematic models for the PFM sensing hardware are developed and the
general procedure of mathematic modeling is as follows: 1) Simplify different parts of the
PFM hardware by only considering the electrical elements that affect the voltage performance,
2) Transfer function development: describe different parts of the simplified PFM hardware
as voltage transfer functions, 3) Noise source development: describe the dominating noise
sources in mathematics, e.g., noise sources of the transformer and transimpedance amplifiers
(TTAs) in sensing hardware. Then, the simplified models for the PFM sensing hardware are
built using the commonly used blocks in Simulink.

The Simulink models for the PFM actuation hardware are also presented and these models
are mainly used for the simulation of the sigma-delta loop.

3.1. Simulink Models for IS FEE PFM Sensing Hardware

3.1.1. Transformer, TlAs and differential amplifier

[>——»| Transformer & TIAs —P@—P Differential Amplifier F——]
Sum A

Transfer Fen Transfer Fen

—_———— —— —

I
OpAmp +
Voltage Noise | Noise On
%
I
I

I

I

I

I

I

| OpAmp + Switch
| Current Noise
I

I

I

I

Feedback . 0
Impedance Noise |

Constant

Band-Limited | Sum
White Noise

—_—,—— e — — —

Figure 3.1 Simunlink model: ” Transformer+TTAs+Diff Amp”.
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The ” Transformer+TIAs+Diff Amp” model is constructed by the ”Transfer Fen”, ”Band-
Limited White Noise”, "Sum”, ”Switch” and ”Constant” blocks in Simulink, as shown in
Fig. 3.1. This model is used to simulate the voltage behavior of the sensing hardware,
including the transformer, TIAs and differential amplifier. The dominating noise sources from
the transformer and TIAs, which are the transformer impedance noise, the OpAmp voltage
and current noises, and the feedback impedance noise, are also modeled. The parameters
to setup in the model block dialog box are described in Table 3.1. The values of each
parameter for the PFM hardware are also given in the table. Note that the parameters of
the operational amplifier (OpAmp) used in the model is from the parameters of ”OP467” [5],
and the parameters of the junction gate field-effect transistor (JFET) used in the model is
from the parameters of ”2N4393” [7]. Also note that the TIA input capacitance should be
equal to the input capacitance of "2N4393”.

Panels Parameters (Unit) Descriptions (Values)
Transformer Ly, Lo, L3 (H) Coil inductance (4.2 x 10_3)
Cy, C2 (F) Sensing capacitance (1.15 x 107'2)
Cp1, Cp2 (F) Resonance tuning capacitance (310 x 107'2)
Ca1, Co2 (F) Actuation capacitance (10 x 107?)
Q Quality factor (200)
K Coupling coefficient (1)
TIAs Ca1, Caz2 (F) Decoupling capacitance (10 x 107%)
Aoy (dB) OpAmp large signal voltage gain (80)
fe (Hz) Corner frequency of A, (4 x 10?)
C; (F) TIA Input capacitance (14 x 107'2)
D1 (V/sqrt(Hz)) OpAmp voltage noise density (7 x 107°)
D2 (V/sqrt(Hz)) JFET voltage noise desnity (3 x 1072)
D; (A/sqrt(Hz)) JFET gate current noise density (2.5 x 107'?)
Ry (Ohm) Feedback resistance (5.6 x 10°)
Cy (F) Feedback capacitance (3.3 x 1072)
Differential Ri, Rz, Rz (Ohm) Resistance (976, 944, 18.7 x 10%)
Amplifier Cs (F) Decoupling capacitance(10 x 107°)
Cy (F) Capacitance (100 x 107'2)
HR/WR Mode HR Mode or WR Mode
Others fn, fi (Hz) Highest and lowest operation frequency (10°, 1)
T (Kelvin) Temperature (300)
Ts (s) Sampling time (1/(8 x 10°))
Noise Switch On Switch on or off the noise sources

Table 3.1 Parameters to setup in ”Transformer+TIAs+Diff Amp”.

Model simplification

The simplified model of the transformer with TIAs is given in Fig. 3.2. In the transfer
function development, the coil resistors, the actuation circuit of the transformer and the
feedback resistors of the TIAs are neglected. However, the feedback resistors of the TIAs are
considered in the noise source development.
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The simplified model of the differential amplifier is given in Fig. 3.3.

Figure 3.3 Simplified model: ”Differential Amplifier”.
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In the transfer

function development, the OpAmp is considered as an ideal OpAmp and the switches for
the high resolution/wide range (HR/WR) mode are neglected. By defining the parameter
"HR/WR Mode”, the proper gain will be automatically chosen in the simulation.

Transfer function development

The transfer function development of the transformer and TIAs is first investigated in [9].
Here, the voltage potentials at the outputs of the TIAs V,; and V2 are defined as

Vor = —AV_4

Vo2

—AV_,

(3.1)
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where A is the open loop gain of the OpAmp, V_; and V_5 are the voltage potentials at the
negative inputs of the OpAmps. Thus, the output voltage of the TIAs V is

Vo = Vo —Vee=—-AV_1—-V_9)

Iy Iy 1 1
= AV Ty~ =—-A I
Vot o~ (V= o)) Vs + 5+ 5o,

)] (3.2)

where V3 is the voltage over the secondary coil of the transformer equivalent to V', — V',
as shown in Fig. 3.2. Since the voltages over the coils of the transformer are all related, we

have
Vi % W

(3.3)

n n n3

where V] and V5 are the voltages over the primary coils, n and ng are the winding numbers
of the primary and secondary coils, respectively. In the PFM hardware, n and ng are equal
to 1, thus V; and V5 become (cf. (3.2))

n 1 1 1
Vi=—Vs=—(=V,+1I +
1= V= (Ve + Bl + 2o -
n 1 1 1 )
Vo=——Va==V,+1 .
2 ns 3 A * 3(80d1 + SCdg
The feedback current of the TIAs I can be written as (cf. (3.1))
1+ A
IfZSCf(V;,l—V )—SCf —; V;,l
(3.5)
1+ A

If:—SCf(VOQ—V ):—SCf A V02

where Cf is the feedback capacitance. Adding the equations in (3.5) and dividing by 2 gives

14+ 4 1+4
:—scf 1‘1 (Vor = Vo) = scf Z v, (3.6)

Consequently, the current through the secondary coil of the transformer I3 can be written as

13 = If — SCZ‘V_l

(3.7)
13 = If + SCZ‘V_Q

where C; is the input capacitance of the OpAmp. Adding the equations in (3.7) and dividing
by 2 gives (cf. (3.2) and (3.6))

1 1 1 1+ A
Ig—[f—§$CZ‘(V_1—V_2)—If+§SCiAV (SCf A +SCA
Using the Kirchhoff’s circuit laws, the currents through the primary coils of the transformer

I{ and I, can be written as

V. (3.8)

Vi—V; — I Vi + I
=0 —Iy=——" i Vit fCll
sC1 sCp1
, Vi-Va- il Vew i &
I=Ih— Iy = _Cap'2 727
@ SCPQ
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where V; is the injection voltage of the test mass (TM), Cy and Cy are the sensing capacitances,
Cp1 and Cpp are the resonance tuning capacitances. Considering (3.4), I] and I become

1 1 1
I{ =7 <801VZ‘ + (301 + SCpl)[_VO + 13( + )]>

A C C
) S 1dl s 1d2 (3.10)
I = CyV; — (sC Cp2)|=Vo + I
9 =12 (8 2Vi — (sCa + s pz)[A o+ 3($Cd1 + stg)]>
where o o
r = al g = a2 . (3.11)
Ca +C1+Cp Caz +Co + Cpo
Considering the mutual inductance behavior, V3 can also be written as
Vg = sLgls + $M13[{ — SMggfé. (3.12)
Here, My3 and M3 are the mutual inductances defined as
M3 = K+/LL
13 1L3 (3.13)

Mass = K+/LaLs

where K is the coupling coefficient, L1, Lo and L3 are the inductances of the primary and
secondary coils of the transformer, respectively. Substituting I, I}, I3 and V3 in (3.12) by
(3.10), (3.8) and (3.2), respectively, gives

—s2A(M37r1Cy — MagraCs)

V, = Vi 3.14

s?[Lsa + Mi3r1(C1 + Cp1) 8 + Masgra(Coy + Cp2) 5] + B ( )
where ) ) )

a=2[14A4)Cr+C], B=1+a(— +—). 3.15

A+ A0y +C) =1+ alp+ o) (319

Therefore, V,, can be considered as the output of a filter with transfer function I:I1(3) and
input signal V;, where

1 (s) = —s2A(My37r1Cy — MagraCo)
! 82[L3a + M13r1(01 + Cpl),@ + M23T2(CQ + Cpg)ﬁ] + 5

(3.16)

where a and (3 are defined in (3.15). In order to obtain more precise model, we can define
the open loop gain of the OpAmp as

Ao o Ao
stT+1  s/(2mf.) +1

(3.17)

where A,, is the large signal voltage gain of the OpAmp, 7 is the time constant equal to
1/2x f. and f. is the corner frequency of A,,. Substituting A in (3.16) by (3.17) gives

b2$2

a3s® + azs2 + ai1s + ap

Hy(s) = (3.18)
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where the parameters of the numerator and denominator are defined as

by = —Ayo(Mi3r1Cy — MazraCy)
az = T[Lzy + Mi3r1(C1 + Cp1)¢ + Masra(Ca + Cpa)(]

as = Lo+ Mi371(C1 4+ Cp1) B + Mazra(Cy + Cp2) 8 (3.19)
a; =7¢
ag = B.
Here, «, (8 are defined in (3.15) with A = A,, and
1 1 1
v =5(Cr + ), C=1+7(C—d1+c—d2). (3.20)

Based on the parameters given in [2], the bode plot of the transfer function Hi(s) is
given in Fig. 3.4. Here, the sensing capacitors C1 and Cy are defined as 0.15p 4+ 0.06pF and
0.15p — 0.06pF, respectively. As shown in the figure, the magnitude of the transfer function
at 100kHz is about —22.8dB. Therefore, when the input signal V; is a 100kHz sinusoid signal
with peak value 0.6V, the output signal V, will be a 100kHz sinusoid signal with peak value
about 43.5mV.

Bode Diagram

Magnitude (dB)

Phase (deg)

10 10° 10°
Frequency (Hz)

Figure 3.4 Bode plot of the transfer function of the transformer and TIAs.

The voltage output of the differential amplifier in HR mode is (¢f. Fig. 3.3)

R3 SRgcg R3 8R103
Vo=—""""-(V-V)=——V,=———-V, 3.21
R+ ﬁ( 2 1) sR1C3+1 R;sR1C5+1 ( )
where V; = Vo — V;. The voltage output in WR mode is
RQBH% SRQgCg
V, = s L, V) = Vi 3.22
Ry + ﬁ( 2 1) $2R1 R93C3Cy + 8R2303(R1/R23 + 04/03) +1 ( )
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where Rog = 1/(1/Ry + 1/R3). Therefore, V, can be considered as the output of a filter with
transfer function Ha(s) and input signal V;, where in HR mode

SR303 o R3 3R1(3’3

- A At A - 3.23
sR1Cs+1 R; sR1C3+1 ( )

HQ(S) =

and in WR mode

sRy3C3

. 3.24
$2R1Ro3C3Cy + sR23C3(R1/Raz + Ca/Cs) + 1 (3:24)

HQ(S) =

Based on the parameters given in [2], the bode plots of the transfer functions Hs(s) in HR
and WR mode are given in Fig. 3.5. As shown in the figure, the magnitude of the transfer
function in HR mode at 100kHz is about 25.5dB, and the magnitude of the transfer function
in WR mode at 100kHz is about —0.84dB. Therefore, when the input signal V; is a 100kHz
sinusoid signal with peak value 43.47mV - the differential output of the TIAs, the output
signal V, will be a 100kHz sinusoid signal with peak value about 819.4mV in HR mode.

Bode Diagram Bode Diagram

Magnitude (dB)
N
@
T T T
Magnitude (dB)

Phase (deg)
w
S
Phase (deg)

ok =
10 10° 10° 10 10° 10°
Frequency (Hz) Frequency (Hz)

Figure 3.5 Bode plot of the transfer function of the differential amplifier in HR mode
(Left) WR mode (Right).

Noise source development

Using the Thevenin theorem, the transformer can be equivalent to a voltage source V.
in series with an impedance Z.,. The voltage source V,. will appear on the transformer
secondary coil when the secondary coil is an open circuit - no voltage drop on Z.,. Hence,
under the open circuit condition, we have Is = 0 and (3.12) becomes

Voc = VE), = $M13[{ - SMggfé. (325)
Using the Kirchhoff’s circuit laws, I and I can be written as

I} = r1(sC1(V; — Voe) = 5Cp1 Vo)

3.26
Ié = T2(502(‘/z' + ‘/oc) + SCp2VOC)- ( )
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ESR

N\ arctan(d)
\

jwlLi
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jwlLr

Figure 3.6 Loss tangent of the coil 6.

Substituting the currents I] and I} in (3.25) by (3.26) gives

s2(My3r1Cy — MagraCo)

V;)c = ‘/z
82[M137“1(Cl + Cpl) + MQgTQ(CQ + Cpg)] +1

(3.27)

The transformer equivalent impedance Z., can be measured by shorting the secondary termi-
nals by which the voltage source V. will generate the current proportional to the impedance.
Thus, assuming the output terminals are shorted, we have V3 = 0 and again using the Kirch-
hoff’s circuit laws gives

I{ = SClTl‘/i

3.28
Ié = 8027‘2‘/1‘. ( )

Let V3 in (3.12) equal to 0, we have

I — _8(M137“101L—3 M23T202)V2~. (3.29)

Dividing V,. by I3 gives the equivalent transformer impedance Z., as (¢f. (3.27) and (3.29))

By = | Y| = sLs (3.30)
N 82[Mysri(Chr + Cpr) + Magra(Co + Cpa)] + 1 '

In the real transformer model, there are series resistors in the coils, namely the equivalent
series resistors (ESRs). The realistic inductance of the coil L, and the ideal inductance of
the coil L; have the following relation

sL,=FESR+ sL; (3.31)

and the loss tangent of the coil §, shown in Fig. 3.6, is defined as
ESR ESR

6= Ll = wi. (3.32)
Using (3.32), (3.31) can be rewritten as
sL, = d|sLi| + sL; = dwL; + sL; (3.33)
and thus L, becomes
L, = (1 — jo)Ls. (3.34)
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Since the loss tangent is the ratio of the resistive power loss in the ESR to the reactive power
oscillating in the coil, § can be defined as the reciprocal of the quality factor ). Hence,
assuming § = 1/Q), s = jw and substituting L in (3.30) by (1 — jd)Lg, k = 1,2,3 gives

Jw(l = jd)Ls
—w2(1 — j(;)[Mlng(Cl + Cpl) + M23T2(CQ + sz)] +1

Zéq = (3.35)
The real, imaginary and absolute values of Z,, versus frequency are shown in Fig. 3.7. Note
that Cp1 and Cpp are chosen as 310pF in order to make Z, achieve the maximum value at

100kHz. The calculation of the resonance capacitance Cp; and Cpa can be found in Appendix
Al

600

real(Zeq)

500 F — — —imag(Zeq) |
[ — - — - abs(Zeq)

Zeq (kOhm)

-100f s

-200 by

—-300 -
95 100 105

Frequency (kHz)

Figure 3.7 Transformer equivalent impedance Z.,.

Therefore, the transformer impedance noise can be considered as the thermal noise gener-
ated by the real part of Z,,. Its power spectral density (PSD) with unit V2/Hz is defined
as

Sz, = 4KbTR[Zéq] (3.36)

where Kj, is the Boltzmann’s constant equal to 1.38 x 10723.J/K, T is the temperature in
Kelvin and R][.] denotes the real part operation.
The PSD of the transformer impedance noise at the TIAs output is then

27
r , f2
S, = S, |5 L1 (3.37)
Here, Z; is the the feedback impedance of the TIAs defined as
Ry
Zf=—r—— 3.38
I 7 SR;Cr+1 (3:38)

where the feedback resistor Ry is considered.
The PSDs of the OpAmp and JFET voltage noise sources at the TIAs output are defined
as
Sy =Sp  +S,_ (3.39)
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where S;,, and S;_ denote the PSDs of the voltage noise sources from the OpAmp positive
and negative inputs, respectively. They are defined as

S. 1 2Zf Zf D2 2Zf Zf
S =2(22 + S0 2 —9o(=¥ 4+ D21 2
v+ ( 2 + UQ)‘ + Zéq + 1/301‘ ( 2 + v2)‘ + Zéq + 1/301’ (3 40)
Sp1 27y D2 27 ’
S =92(22 + S0 292l 4 P21+ =12
v— ( 2 + UQ)‘ + Zéq’ ( 2 + UQ)‘ + Zéq’

where S,1 and Sy,2 are the PSDs of the OpAmp and JFET voltage noise sources with unit
V2 /H z, respectively. The PSD of the OpAmp noise source is equivalent to D2, where D,
is the OpAmp voltage noise density given in the datasheet with unit V/ VHz. Normally, the
OpAmp voltage noise source is only considered at the positive input for the sake of simplicity
and the PSD S,; is double of the real value. In order to obtain more accurate model, we
consider the voltage noise sources at both positive and negative inputs. Hence, the PSD of
the OpAmp voltage noise sources should be half of the value based on the datasheet, i.e.,
Sp1/2 = D% /2.

Since the OpAmp current sources are isolated from the TTA feedback by the JFETS, the
only current noise source we considered in the model is the JFET gate current noise source.
The PSD of the JFET current noise source at the TIAs output is defined as

S = 25,24 = 2D2|Z? (3.41)

where S; is the PSD of the JFET gate current noise source with unit A%/Hz. The value of
S; is equivalent to DZ-Q, where D; is the JFET gate current noise density with unit A/v Hz.

D; is usually very small, e.g., in the range of 107154 /v Hz.

The PSD of the thermal noise of the feedback impedance Z; at the TIAs output is defined
as

Sy, =2 x 4K, TR(Zy]. (3.42)

The development of the PSDs of the noise sources at the TTAs output are given in Appendix
A.2. The amplitude spectral densities (ASDs) of these noise sources are shown in Fig. 3.8,
and the ASDs of the noise sources are defined as in Table. 3.2.

Noise Sources ASDs Reference

Transformer impedance noise /S,
eq

(3.37)
Voltage noise at Amp + VShy ( )
Voltage noise at OpAmp - VS (3.40)
(3.41)

(3.42)

JFET gate current noise VS,
Feedback impedance noise \ /S”Zf

Table 3.2 Definition of the ASDs of the noise sources.

Since the dominating noise is from the transformer and TIAs, other noise sources such as
the resistor thermal noise in the differential amplifier etc. are neglected.
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Figure 3.8 ASDs of the noise sources at the TIAs output.

Simulink modeling

The transformer followed by two TIAs is modeled using the ” Transfer Fen” block in Simulink,
where the numerator and denominator of the transfer function are defined in (3.18). The
differential amplifier is also modeled using the ”Transfer Fen” block, where the numerator
and denominator are defined in (3.23) and (3.24).

All the noise sources are modeled using the ” Band-Limited White Noise” block in Simulink,
and the powers of the noise sources are defined as in Table. 3.3, where Ty is the sampling
time, f and f; are the highest and lowest operation frequency, respectively.

Noise Sources Power Reference
Transformer impedance noise T f;;h S’Zéq df (3.37)
Voltage noise source Ts f}f:h S, df (3.39)
Current noise source T, ffflh Sidf (3.41)
Feedback impedance noise T, f;;h S/Zf af (3.42)

Table 3.3 Definition of the noise source power in ” Transformer+TIAs+Diff Amp”.
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3.1.2. Bandpass filter

o—> HP Filter > LP Filter —>[>—C|

Gain

Transfer Fen Transfer Fcn

Figure 3.9 Simunlink model: "Band Pass Filter”.

The ”Band Pass Filter” (BP Filter) model is constructed by the " Transfer Fen” and ” Gain”
blocks in Simulink, as shown in Fig. 3.9. This model is used to simulate the voltage behavior
of the BP Filter, consisting of a high pass (HP) filter followed by a low pass (LP) filter and a
gain compensation. The gain compensation is used to compensate the output voltage level, in
order to achieve the same voltage output value as the real PFM hardware. There is no noise
source in the model, since the noise is negligible compared to the noise from the transformer
and TIAs. The parameters to setup in the model block dialog box are described in Table 3.4.
The values of each parameter for the PFM hardware are also given in the table.

Panels  Parameters (Unit) Descriptions (Values)
High Pass  Ri, Rz, Rz (Ohm) Resistance (22.6 x 103, 71.5 x 103, 178)
Filter Cy, C (F) Capacitance (107)
Low Pass R: to Rs (Ohm) Resistance (3.16 x 10%, 11.5 x 10%, 976, 93.1 x 10°, 11.5 x 10%)
Filter C1, Cs, Cs (F) Capacitance (10 x 1072, 10 x 1072, 10 x 107?)
Gain Compensation Compensate the gain of the BP Filter (1.1783)

Table 3.4 Parameters to setup in ”Band Pass Filter”.

Model simplification

= T T T HP Filter VI T T T LPFiter T T T T

R3 V2

C1 =-C2
R1 R2 T
VWV

Gain

\%

R2 R1

c3== RS

Figure 3.10 Simplified model: ”Band Pass Filter”.
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The simplified model of the BP filter is given in Fig. 3.10. In the transfer function devel-
opment, the OpAmps are considered to be ideal. The passive BP filter and the output stage
are replaced by a voltage gain block, since they only contributed to the gain of the voltage
in the real hardware.

Transfer function development
The voltage output of the HP filter V; can be written as (¢f. Fig. 3.10)

$2R12R30102

Vi = Vi
! $2R19R3C1Cy + SR3(01 + Cz) +1

(3.43)

where Rij2 = 1/(1/R1 + 1/R2) and V; is the voltage input to the filter. Therefore, V; can be
considered as the output of a filter with transfer function Hs(s) defined as

$2R12R30102
32R12R3(3’1(3’2 + SRg(Cl + Cg) +1

Hs(s) = (3.44)

The voltage output of the LP filter V5 is

—R3/Ry
$2R3R24C12C5 + s[(Ra4 + R3)C12 + RoyR3C12/R1| + 1

Vy = 14 (3.45)

where Roy = 1/(1/R2 + 1/Ry) and Ci2 = C1 + Co. Therefore, Vo can be considered as the
output of a filter with transfer function Hy(s) defined as

—R3/R;
$2R3R24C12C5 + s[(R2a + R3)Ch2 + RogR3Ch2/Ry] + 1

Hy(s) = (3.46)

Based on the parameters given in [2], the bode plots of the transfer functions of the active
HP, LP and the resulted BP filters are given in Fig. 3.11. The gain of the BP filter around
100kHz is about 13.15 dB and the passband with is about 2 % 10.416kHz. The stopband
attenuation is about 40 dB.

Noise source development
Noise sources in the BP filter are ignored, since the noise is negligible compared to the noise
from the transformer and TIAs.

Simulink modeling

The HP filter is modeled using the ”Transfer Fen” block in Simulink, where the numerator
and denominator of the transfer function are defined in (3.44). The LP filter is also modeled
using the ” Transfer Fen” block, where the numerator and denominator are defined in (3.46).
The value of the ”Gain” is defined by comparing the BP filter voltage output with the real
hardware output.
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Bode Diagram
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Figure 3.11 Bode plot of the transfer functions Hs(s) (dash-dot), Hy(s) (dashed) and
H3 (S)H4 (S) .
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3.1.3. Demodulator

TMD 1
——o ]
Switch
In ” Out
> {:. LP Filter 1 —> LP Filter 2 —> LP Filter 3 —<
+
Sum Transfer Fcn Transfer Fcn Transfer Fen
TMD 2 Rectifier Out
— <3
Switch

Figure 3.12 Simunlink model: ”Demodulator”.

The ”Demodulator” model is constructed by the ” Transfer Fen”, ”Switch”, ” Ground” and
”Sum” blocks in Simulink, as shown in Fig. 3.12. This model is used to simulate the voltage
behavior of the demodulator with command (CMD) pulse signals. The parameters to setup
in the model block dialog box are described in Table 3.5. The values of each parameter for
the PFM hardware are also given in the table.

Panels Parameters (Unit) Descriptions (Values)

Low Pass R; (Ohm) Resistance (499)
Filter 1 Cy (F) Capacitance (107°)
Low Pass R> (Ohm) Resistance (3.24 x 10%)
Filter 2 Cs (F) Capacitance (330 x 1077)
Low Pass Rs, R4 (Ohm) Resistance (3.24 x 10%)
Filter 3 Cs, Cy (F) Capacitance (330 x 107°)

Table 3.5 Parameters to setup in ” Demodulator”.

Model simplification

TMD 1 I
. | c4
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Al | |
R1 V3 |
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I I

I |

Vi i V2 | L ' : VWA l :
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| Tl c2 |

I |

I |

I |

I |

R3 R4 ———Ve

A 4

A

C3

I
TMD 2 |
I

l—o—
Switch |

Figure 3.13 Simplified model: ”Demodulator”.
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The simplified model of the demodulator is given in Fig. 3.13. In the transfer function
development, the OpAmps are considered to be ideal. The voltage followers are neglected,
and the followed LP filter is simplified to a RC LP filter - "LP Filter 1”.

Transfer function development

The voltage output of the "LP Filter 17 V3 is (¢f. Fig. 3.13)

1 1

Vie—— (Vh-W)= ——
3 8R101+1( 2 1) 8R101+1‘

Vil = Hy(s)|Vi (3.47)
where the rectifier output |V;| = Vo — V; and Hs(s) = 1/(sR1Cy + 1). Therefore, V3 can be
considered as the output of the filter with transfer function Hs(s). V3 is further filtered by

other two LP filters and similarly, the output signal V,, can also be considered as the output
of the filter with transfer function Hg(s), defined as

1 1
= H = . .4
Vo G(S)Vg (SRQCQ + 1) <S2R3R403C4 + 804(R3 + R4) + 1> Vs (3 8)

Based on the parameters given in [2], the bode plot of the transfer functions Hs(s)Hg(s) is
given in Fig. 3.14.

Bode Diagram
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Figure 3.14 Bode plot of the transfer functions Hs(s)Hg(s).

Noise source development

Noise sources in the demodulator are ignored, since the noise here is not the dominating noise
in the hardware.
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Simulink modeling

The LP filters are modeled using the ” Transfer Fcn” blocks in Simulink, where the numerators
and denominators of the transfer functions are defined in (3.47) and (3.48).
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3.1.4. ADC
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Figure 3.15 Simunlink model: " ADC (4Noise)”.

The "ADC (+Noise)” model is constructed by the ”S-Function”, ”Band-Limited White
Noise”, ”Uniform Random Number”, ”"Data Type Converting”,”Mux”, ”Sum”, ”Switch”
and ” Constant” blocks in Simulink, as shown in Fig. 3.15. This model is used to simulate the
ADC with non-perfect voltage reference modeled as the voltage reference noise and limited
resolution modeled as the resolution noise and quantization noise. The parameters to setup
in the model block dialog box are described in Table 3.6. The values of each parameter for
the PFM hardware are also given in the table.

Parameters (Unit) Descriptions (Values)
N (Bits) Number of converting bits (16)
Vier (V) Reference Voltage (2.5)
SINAD (dB) Signal to noise and distortion ratio (86)
Varees (V?) Variance of the voltage reference noise ((107%)%)
Ts (s) Sampling time (1/(8 x 10°))
Neg_Out Switch on or off negative output values of ADC
Noise Switch On Switch on or off the reference and quantization noises

Table 3.6 Parameters to setup in ?ADC (+Noise)”.

Model description

The ”S-Function” block is used to model the behavior of the analog-to-digital Converter
(ADC) with different noises. The ”S-Function” has three input arguments, which are the
voltage input V;, the voltage reference noise N,y and the resolution noise N,..,. The parame-
ters of the ”S-Function” includes the number of converting bits N and reference voltage V,..r,
etc. The output of the ”S-Function” V,, with quantization noise provides the output of the
model.

The flowchart of the ”S-Function” is shown in Fig. 3.16. The maximum and minimum
voltages of the ADC are

Vmax = ‘/ref + Nref

3.49
Vmin = _(‘/ref + Nref) ( )
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¢ Start >
\ 4

Vmax = Vref+Nref

Vmin = ~(Vref+Nref)

Vi’ = Vi+Nres
LSB = (Vmax-Vmin)/2 N

Vi’ = Vmax-1.5LSB

Vi'=Vmin

Vo =
floor((Vi'-Vmin)/LSB+0.5)

Neg_Out =07?
No

Vo =
floor((Vi-Vmin)/LSB+0.5)-2A(N-1)

Figure 3.16 Flowchart of the ”S-Function” for ” ADC with Noise”.

where N,..s is modeled as an additive white Gaussian noise (AWGN) and the variance of N, ¢
is defined by the variance of the voltage reference noise Var,.y. In our simulation, Var,.y is
defined as

2
Varyy = (PSD x VBW) (3.50)
where PSD is the power spectral density of the voltage reference noise with unit V/v Hz

and BW denotes the bandwidth with unit H z.
The input signal for conversion is

Vvi, = Vi + Nyes (351)

where Vj; is the input signal of the ADC and N,..s is the ADC analog noise. The variance of
the ADC analog noise Var,.s is defined as

Varyes = (N — ENOB) % LSB)? (3.52)
where LS B denotes the least significant bit defined as
2 X Ve
LSB =g (3.53)
and ENOB denotes the effective number of bits, calculated as
SINAD — 1.76
ENOB = 602 . (3.54)
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Here, SINAD denotes signal to noise and distortion ratio. The detail of the ENOB and
SINAD can be found in [10].
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3.1.5. Transformer, TIAs and differential amplifier for actuation
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Figure 3.17 Simunlink model: ” Transformer+TIAs+Diff Amp for Actuation”.

The ” Transformer+TIAs+Diff Amp for Actuation” model is constructed by the ” Transfer
Fen”, ”Band-Limited White Noise”, ”Sum”, ”Switch” and ”Constant” blocks in Simulink,
as shown in Fig. 3.17. This model is used to simulate the voltage reaction of the sensing
hardware to the actuation signal and noise. The parameters to setup in the model block
dialog box are described in Table 3.7. The values of each parameter for the PFM hardware
are also given in the table. Note that the parameters of the OpAmp used in the model is
from "OP467” [5], and the parameters of the JFET used in the model is from the parameters
of 72N4393” [7]. Also note that the TIA input capacitance should be equal to the input
capacitance of ”2N4393”.

Model simplification

The simplified model of the transformer with TIAs for actuation is given in Fig. 3.18. In the
transfer function development, the actuation circuit of the transformer is neglected and the
actuation inputs are considered as two AC voltage inputs. The coil resistors and the feedback
resistor of the TIA are also neglected. However, the resistors of the actuation circuit are
considered in the noise source development. The simplified model of the differential amplifier
is similar as in Fig. 3.3.

Transfer function development

The voltage potentials at the output of the TIAs V,; and V5 are
Vor = —AV_

ol ! (3.55)

Voo = —AV_,

where A is the open loop gain of the OpAmp at the operation frequency, V_1 and V_o are
the voltage potentials at the negative inputs of the OpAmps. Thus, the output voltage of
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Panels Parameters (Unit) Descriptions (Values)
Transformer Ly, Ly, L3 (H) Coil inductance (4.2 x 103)
Cy, C2 (F) Sensing capacitance (1.15 x 107'%)
Cp1, Cp2 (F) Input capacitance (310 x 107'2)
K Coupling coefficient (1)
R (Ohm) Actuation resistance (3.3 x 10%)
C (F) Actuation capacitance (10 x 1079)
TIAs Ca1, Ca2 (F) Decoupling capacitance (10 x 1079)
Aoy (dB) OpAmp large signal voltage gain (80)
fe (Hz) Corner frequency of Ao, (4 x 10%)
Cin TIA Input capacitance (14 x 10712)
Ry (Ohm) Feedback resistance (5.6 x 10%)
Cy (F) Feedback capacitance (3.3 x 107'2)
Differential R1, Rz, R3 (Ohm) Resistance (976, 944, 18.7 x 10%)
Amplifier Cs (F) Decoupling capacitance(10 x 107°)
Cs (F) Capacitance (100 x 10™'2)
HR/WR Mode HR Mode or WR Mode
Others fn, fi (Hz) Highest and lowest operation frequency (10°, 1)
T (Kelvin) Temperature (300)
Ts (s) Sampling time (1/(8 x 10%))

Noise Switch On

Switch on or off the noise sources

Table 3.7 Parameters to setup in ” Transformer+TIAs+Diff Amp for Actuation”.

the TIAs V, is
Vo = Voo—Vea=—-AV_1—-V_9)

A A 1 1
e — — . — I -
AV + sCq1 & sCyo ) AlVzs + Is( *

sCq1 sCa2

where V3 is the voltage over the secondary coil of the transformer equivalent to V/{ — V’,,
as shown in Fig. 3.18. Since the voltages over the coils of the transformer are all related
Vi Vie Vi

pr— pu— 3-57
n n n3 ( )

)] (3.56)

where n and ng are the winding numbers of the primary and secondary coils, respectively.
In the PFM hardware, n and ng are equal to 1, thus the voltages over the primary coils Vi
and Vgo are (cf. (3.56))

n 1 1 1
Vi = —Vig = —(=Vo + I3( +
ns A SCdl SCdQ (3 58)
n 1 1 1 ’
Vio=—Vis= =V, + I3(—— .
L2 ns L3 A + 3(SCd1 + SCdz)
The feedback current of the TIAs Iy can be written as
1+ A4
If = SCf(VOl — Vfl) = SCf%VOl
(3.59)
1+ A4

If = —SCf(VOQ - Vfg) == —SCfTVOQ
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Figure 3.18 Simplified model: ” Transformer with TIAs for Actuation”.

where C is the feedback capacitance. Adding the equations in (3.59) and dividing by 2 gives

=1 cfle(vgl—v )= scfleVO. (3.60)

Consequently, the current through the secondary coil of the transformer I3 can be written as

Ig == If - sCZ-V,l

(3.61)
I3 = If 4+ sC;V_o

where C; is the input capacitance of the OpAmp. Adding the equations in (3.61) and dividing
by 2 gives (cf. (3.56) and (3.60))

1 1 1 1+ A
Iy =15 — 5sCi(Vor = Veg) = Iy + 55Ci7 Vo = (Scfl—l TGy

< Ly, (3.62)

‘A
Using the Kirchhoff’s circuit laws, the currents through the primary coils of the transformer
I{ and I} can be written as (c¢f. (3.58))

I = sC(V; = Vg — VACT1) — sCp1 (VL1 + Vacri)

1 1
= sC1V; + (sC1 + stl)( Vo + I3(—— +

A sCqy1 sCyo
I = sCo(V; — Vg — Vacra) — sCp2(Via + Vacrs)
1 1 1
= 5CoV; — (sCo + sCha) (= V,, + I3(

A SCdl + SCd2

) — (sC1 + sCp1)Vacri
(3.63)

)) — (sCa + sCp2)Vacra

where V; is the attenuated injection voltage, Vacr1 and Vacore are the actuation voltage
inputs, C7 and Cy are the sensing capacitances, Cp; and Cpy are the resonance tuning capac-
itances of the transformer.

Considering the mutual inductance behavior, V3 can also be written as

Vis = sLsls 4+ sK+/ L1L3[{ — sK/ Lngfé (364)
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where K is the coupling coefficient, L1, Ly and L3 are the inductances of the primary and
secondary coils of the transformer, respectively. Assuming V; = 0 and substituting the I]
and I} in (3.64) by (3.61) and (3.63) gives

82A[K\/L1L3(Cl + Cpl)VACTl — K+/LaL3(Cy + CpQ)VACTQ]

V, = 3.65

82[L3a + K+/ Lng(Cl + Cpl)ﬁ + K/ L2L3(CQ + sz),@] + 5 ( )
where 1 1 1

a==[(1+A)C:+ ¢, =1l+a(—+—). 3.66

S0+ A +C. B=1+alg+ o) (3.66)

Therefore, V,, can be considered as the difference between the output of the filter ffl with
input Vacor1 and the output of the filter Hy with input Vacorse, where the transfer functions
of the filters are

- s2AK\/L1L3(Cy + Cp)

Hi(s) =
) = A llra + KV L5(Cr + Cp)B + Kv/LaLs(Ca + Cy)Bl + B .
5 (s) SPAKVTL3(Co + Cpo) '

N 32[L3a + K+ L1L3(Cl + Cpl),@ + K/ L2L3(CQ + Cpg)ﬁ] + B
where o and 3 are defined in (3.66). Furthermore, we can define the open loop gain of the

OpAmp as
A'UO AUO

sT+1 s/(2nf.) +1
where A,, is the large signal voltage gain of the OpAmp, 7 is the time constant equal to
1/27f. and f. is the corner frequency of A,,. Substituting A in (3.67) by (3.68) gives

(3.68)

b2182
Hy(s) = — 2
a3zs® + a28“ + a18 + ag (3 69)
Ha(s) = baos? .
A8 = a3s® + azs2 +ai1s + ap
where the parameters of the numerator and denominator are defined as
bo1 = Ao K/ L1L3(C1 + Cp1)
bao = Ay K/ LaL3(Co + Cpa)
az = T[Lg")/ + K/ Lng(Cl + Cpl)C + K/ L2L3(CQ + Cpg)C] (370)
ag = Lya+ Ko/ L1L3(Cl + Cpl),@ + K/ LQLg(CQ + Cpg)ﬂ
a; = TC
apg = ,3
Here, «, ( are defined in (3.66) with A = A, and
1 1 1
=-(Cr+Cy), ¢(=1+9(=—+—=). 3.71
1=5Cr+ Gl C=1+a(G+ ) (371)

Based on the parameters given in [2], the bode plots of the transfer function H;(s) and
Hy(s) are given in Fig. 3.19. Here, the sensing capacitors C; and Cy are defined as 0.15p +
0.06pF and 0.15p—0.06pF, respectively. As shown in the figure, the magnitude of the transfer
functions at 100kHz is about 45.2dB.

The transfer function development of the differential amplifier is equivalent to the devel-
opment in Section 3.1.1.
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Bode Diagram Bode Diagram
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Figure 3.19 Bode plot of the transfer function H;(s) (Left) and Ha(s) (Right).

Noise source development

Since the noise sources of the transformer and TTAs have already been developed in Section
3.1.1, we only need to consider the thermal noise of the impedances in the actuation circuit.
The PSD of the thermal noise of the actuation impedance Z4 is defined as

Sy, = 4K, TR[Z4] (3.72)
where R
. )
AT SRC+1 (3.73)

Here, R and C are the resistor and capacitor in the actuation circuit, respectively.

Simulink modeling

The transformer followed by two TIAs for actuation is modeled using the ”Transfer Fen”
block in Simulink, where the numerators and denominators of the transfer functions are
defined in (3.69). The differential amplifier is also modeled using the ”Transfer Fen” block,
where the numerator and denominator are defined in (3.23) and (3.24).

The noise source is modeled using the ”Band-Limited White Noise” block in Simulink, and
the powers of the noise sources are defined as [ Jf: " Sz, df x Ts, where Ty is the sampling time
and Sz, is defined in (3.72).
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3.1.6. Input generator
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Figure 3.20 Simunlink model: ”Input Generator”.

The ”Input Generator” model is constructed by the ”Sine Wave”, "Random Number”,
”Sum”, ”Switch” and ”Constant” blocks in Simulink, as shown in Fig. 3.20. This model
collects all the voltage inputs used in the simulation, just for the convenience of the users.
The parameters to setup in the model block dialog box are described in Table 3.8 and the
input signals for different applications are summarized in Table 3.9. When operating in
continuous mode, the ”Sine Wave” block can become inaccurate due to loss of precision as
time becomes very large. Here, we should set the sampling time is set as 1/(8 x 10%) in order
to achieve adequate accuracy.

Parameters (Unit) Descriptions (Values)
A (V) Sine wave amplitude (0.594)
f (Hz) Sine wave frequency (100 x 10%)
Var AWGN variance (1)
Ts (s) Sampling time (1/(8 x 10°))
Input Type Sine wave, zero or AWGN

Table 3.8 Parameters to setup in ”Input Generator”.

Parameters (Input Signals) Applications
Sine Wave Sensing output generation
Zero Sensing noise test
AWGN Transfer function generation

Table 3.9 Input signals for different applications.
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3.2. Simulink Models for IS FEE PFM Actuation Hardware
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Figure 3.21 Sigma-delta loop of the actuation.

The Simulink models of the PFM actuation hardware are mainly used for the simulation
of the sigma-delta loop, and the simplified schematic of the sigma-delta loop is given in
Fig. 3.21. The waveform generator generates the AC and DC actuation signal command as
one input of the PID controller, the PID controller is used to minimize the error between
the waveform generator output and the feedback ADC output, in order to provide stable
actuation output. The waveform generator and PID controller are implemented on FPGA,
the detail architectures of the FPGA are given in Appendix A.3. The digital-to-analog
converter (DAC) convert the digital output of the PID controller to analog signal, and this
analog signal is further processed by the integrator, AC-DC splitter and LP filter in order
to provide the actuation output on the electrode. The output of the AC-DC splitter is also
attenuated and converted to digital signal by the feedback ADC, which is the other input of
the PID controller.

3.2.1. Waveform generator

The Waveform Generator models, including ” Waveform Generator (16bit ADC)” and ” Wave-
form Generator (24bit ADC)”, are constructed by the ”Digital Clock”, ”Constant”, ”Prod-
uct”, ”Sine”, ”Sum”, ”"Switch”, ”Gain”, "Data Type Converter” and ”CIC Interpolator”
blocks in Simulink.

The block diagram of the ”Waveform Generator (16bit ADC)” is shown in Fig. 3.22. This
model is used in the sigma-delta loop with 16-bit ADC. The input commands, i.e. AC and DC
amplitude commands, can be defined either in voltage or in bits, i.e. 16 bits or 20 bits. Both
interpolated and non-interpolated output commands are provided, which are ”INT Out” and
"NON-INT Out”, respectively. The output command formats of the blocks are given in the
form of < S, N, D >, where S denotes the number of bits for the sign, N denotes the total
number of bits, and D denotes the number of bits for the decimal. Also, sampling time of
the blocks is distinguished by different shadows, as shown in Fig. 3.22.

The parameters to setup in the model block dialog box are described in Table 3.10. The
values of each parameter for the PFM hardware are also given in the table.
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Figure 3.22 Simunlink model: ”Waveform Generator (16bit ADC)”.
Parameters (Unit) Descriptions (Values)
f (Hz) Actuation waveform frequency
T (s) Waveform tick sampling time (1/(12 x 10%))
Amplitude Command Bits  The bits length of the waveform amplitude (16 or 20)
Amplitude Type Generate the waveform in voltage or in bits
High PID Precision PID controller running in high or low precision

Table 3.10 Parameters to setup in ”Waveform Generator (16bit ADC)”.

The PFM hardware uses 16 bits as the waveform amplitude, and here 20 bits waveform
amplitude is also provided as an option to investigate benefit of better resolution. Also,
note that the input command in bits, i.e., "AC AMP [bit]” and "DC AMP [bit]”, should
always be based on 20-bit resolution. When the amplitude command bits "AMP CMD” is
chosen as 16, the input command is automatically converted to 16-bit resolution waveform
amplitude integer number by multiplying the scale factor K = 1/16. The waveform amplitude
integer number is then scaled by the factor 1.375, in order to make the best use of the
dynamic range of the feedback ADC in the sigma-delta loop. The "INT Out” of the waveform
generator provides interpolator output to the followed PID controller with command format
<1,21,3 >.

The GRS FEE use 20 bits as the waveform amplitude and different operations, as explained
in Section A.3.2, can be defined by the "High PID Precision” switch. When this switch is
off, the PID controller is running at low precision mode. The interpolator output is divided
by 16 and the "INT Out” is truncated to 21-bit command with format of < 1,21,3 >, which
is the data format of the PID controller input. When this switch is on, the PID controller is
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running at high precision mode. The interpolator output is directly connected to the "INT
Out” without extra operation, and thus "INT Out” has the command format < 1,25,3 >,
which has better precision and requires the PID controller to run in higher precision mode.
Note that the ”High PID Precision” switch in the PID controller should be synchronized with
the switch here.

| _| Sampling time : 1/12kHz AMP CMD = 20: <1,25,3>
v__ Max: +-14.5V AMP CMD = 20: <1,28,6>
I” 9 Sampling time : 1/10Hz AMP CMD = 20: <1,22,0>
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Figure 3.23 Simunlink model: ”Waveform Generator (24bit ADC)”.

"Waveform Generator (24bit ADC)”, as shown in Fig. 3.23, is used in the sigma-delta loop
with 24-bit ADC and the input commands of 20 bits for the GRS FEE. The parameters
to setup in the model block dialog box are described in Table 3.11. The values of each
parameter are also given in the table. The PID controller for 24-bit ADC is always running
at high precision, and thus there is no switch for it.

Parameters (Unit) Descriptions (Values)
f (Hz) Actuation waveform frequency
T: (s) Waveform tick sampling time (1/(12 x 10?))
Amplitude Type Generate the waveform in voltage or in bits

Table 3.11 Parameters to setup in ”Waveform Generator (24bit ADC)”.
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3.2.2. PID controller
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Figure 3.24 Simunlink model: "PID Controller (16bit ADC)”.

The PID Controller models, including ”PID Controller (16bit ADC)” and ”PID Controller
(24bit ADC)”, are constructed by the ”Discrete Derivative”, "Discrete Time Integrator”,
7Switch”, ”Sum” and ”Gain” blocks in Simulink.

The block diagram of the ”PID Controller (16bit ADC)” as shown in Fig. 3.24. This model
is used in the sigma-delta loop with 16-bit ADC. The detail of the PID control can be found
n [11]. Note that in the IS FEE, the derivation is applied on the feed forward input (FFWD
IN) signal but not on the error signal as in the traditional PID control scheme. The inputs
include the ”FFWD IN”, ”PID IN” and "FEEDBACK?”. In the sigma-delta loop using 16-bit
ADC, the "FEEDBACK” input is the ADC output adding extra zero value LSBs, in order
to correctly calculated the error. The PID controller operation can be defined by the ”CMD
Bits” and ”"High PID Precision” switches, as shown in Table 3.12. The block diagram of
different operations can be found in the Appendix A.3. The output signal formats of some
blocks are also given in the form of < S, N, D >, as defined in Section 3.2.1. "PID OUT”
is the PID controller output, and the "P”, ”I”, ”D” outputs are provided so that the PID
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signals can be observed in the scope separately.

CMD Bits High PID Precision PID Operation Reference
16-bit OFF 16-bit CMD with low PID precision Fig. A.5
16-bit ON N/A N/A
20-bit OFF 20-bit CMD with low PID precision Fig. A.6
20-bit ON 20-bit CMD with high PID precision Fig. A.7

Table 3.12 Definition of the PID controller operation.

The parameters to setup in the model block dialog box are described in Table 3.13. The
values of each parameter for the PFM hardware are also given in the table.

Parameters (Unit) Descriptions (Values)
K, Proportional gain (5.0625)
K4 Derivative gain (4)
K; Integral gain (0.3281)
T: (s) Waveform tick sampling time (1/(12 x 10?))
Ts (s) Sampling time (1/(96 x 10%))
Amplitude Command Bits  The bits length of the waveform amplitude (16 or 20)
High PID Precision PID controller running in high or low precision

Table 3.13 Parameters to setup in ”PID Controller (16bit ADC)”.

In the IS FEE, the ADC output has the signal format < 1,16,0 >, and extra LSBs with
value 0 should be added to align the ADC output with the PID controller resolution, i.e. 2
for the low precision PID and 6 for the high precision PID. Then, the modified ADC output
is provided to the "FEEDBACK” input of the PID controller. Here, 1 bit is added to the
difference of the "PID IN” and "FEEDBACK” in order to prevent clipping. The summed
PID signal is further scaled in order to provided the input for the forward 16-bit DAC.

FFWD IN K(z-1) <1.253> | <1,32,7> D
oO—r »| Kd <
Tsz |
p Gain
Discret
Dervative <1,315> P
Kp T <
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K = 96000
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Figure 3.25 Simunlink model: "PID Controller (24bit ADC)”.

"PID Controller (24bit ADC)”, as shown in Fig. 3.25, is used in the sigma-delta loop with
24-bit ADC and the input commands of 20 bits for the GRS FEE. The parameters to setup
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in the model block dialog box are described in Table 3.14. The values of each parameter
are also given in the table. The PID controller for 24-bit ADC is always running at high
precision, and thus there is no switch for it.

Parameters (Unit) Descriptions (Values)
K, Proportional gain (5.0625)
Kq Derivative gain (4)
K; Integral gain (0.3281)
T: (s) Waveform tick sampling time (1/(12 x 10?))
Ts (s) Sampling time (1/(96 x 10%))

Table 3.14 Parameters to setup in ”PID Controller (24bit ADC)”.

In the GRS FEE, 24-bit ADC is recommended in the sigma-delta loop and the ADC output
has the signal format < 1,24,0 >. The block diagram is given in Fig. A.8 in the Appendix A.3.
Two LSBs should be removed to align the ADC output with the PID controller resolution.
Then, the modified ADC output is provided to the ”’FEEDBACK?” input of the PID controller.
Also, 1 bit is added to the difference of the ”PID IN” and "FEEDBACK?” in order to prevent
clipping. The summed PID signal is further scaled in order to provided the input for the
forward 16-bit DAC.
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3.2.3. ADC and DAC

I Tdeai ADC
— I ’w | —
D | G

I Gain I

I |

Figure 3.26 Simunlink model: Ideal ”ADC”.

The ideal ?ADC” model is constructed by the ”Gain” block in Simulink, as shown in
Fig. 3.26. These models are used to simulate ideal ADC. The ”Gain” of the ADC is equivalent
to the value of 1/LSB, and the LSB is defined similarly as

LSB — Vmax - me
2N

(3.74)
where f/m(w and me are the maximum and minimum input voltages, respectively.

The parameters to setup in the model block dialog box is described in Tables 3.15. The
values of each parameter for the PFM hardware are also given in the table.

Parameters (Unit) Descriptions (Values)
Vinas (V) Maximum input voltage (2.5)
Vinin (V) Minimum input voltage (—2.5)
N (Bits) Word length (16)
Ts (s) Sampling time (1/(96 x 10%))

Table 3.15 Parameters to setup in ”ADC”.

Sum
D,

Gain
Noise On

DAC

Noise —
Band-Limited Switch
White Noise

0
Constant

Figure 3.27 Simunlink model: "DAC (+Noise)”.

The "DAC (+Noise)” model is constructed by the ”Gain”, ”Band-Limited White Noise”,
”Sum”, ”Switch” and ”Constant” blocks in Simulink, as shown in Fig. 3.27. The ”"Gain” of
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the DAC is equivalent to the value of the LSB, defined as

Vmaz - me
LSB = —met o (3.75)

where N is the word length, V,,,q. and V,,;,, are the maximum and minimum output voltages,
respectively. This model is used to simulate DAC with output noise.

The parameters to setup in the model block dialog box are described in Tables 3.16. The
values of each parameter for the PFM hardware are also given in the table.

Parameters (Unit) Descriptions (Values)
Vinae (V) Maximum output voltage (4.5)
Vinin (V) Minimum output voltage (—4.5)
N (Bits) Word length (16)
Ts (s) Sampling time (1/(96 x 10%)
Var (V?) Noise power (2.4 x 1079)

Noise Switch On Switch on or off the DAC noise

Table 3.16 Parameters to setup in "DAC (4Noise)”.
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3.2.4. Integrator

1

Gai
an Integrator

Figure 3.28 Simunlink model: ”Integrator”.

The ”Integrator” model is constructed by the ”Gain” and ”Integrator” blocks in Simulink,
as shown in Fig. 3.28. This model is used to simulate the integrator connected to the output
of the DAC in sigma-delta loop. The simplified circuit of the integrator is given in Fig. 3.29.
The output voltage V,, can be written as

1 11 1 1 1
Vi & 2674-V; (3.76)

Vo= RcV' T ROsV T 3ak x10ns

where V; is the voltage input, R and C are resistor and capacitor as shown in Fig. 3.29.
The output of the integrator is limited by the integrator upper and lower bounds, which are
equivalent to the OpAmp supply voltages in the real circuit.

c
Il
]
10n
R
Vi NN -
37.4k Vo

r

Figure 3.29 Integrator circuit.

The parameters to setup in the model block dialog box are described in Table 3.17. The
values of each parameter for the PFM hardware are also given in the table.

Parameters (Unit) Descriptions (Values)

K Integrator gain (2674)
Integrator upper bound (V)  OpAmp supply voltage (14.5)
Integrator lower bound (V)  OpAmp supply voltage (—14.5)

Table 3.17 Parameters to setup in ”Integrator”.
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3.2.5. AC-DC splitter and output filter
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Figure 3.30 Simunlink model: ”AC-DC Splitter”.

The simple ” AC-DC Splitter” model is constructed by the ”Gain”, ”Saturation”, ” Trans-
fer Fcn”, ”Band-Limited White Noise”, ”Pulse Generator”, ”Sum” and ”Swtich” blocks in
Simulink, as shown in Fig. 3.30. This model is used to simulate the AC-DC splitter following
the integrator in sigma-delta loop. The circuit of the AC-DC splitter is given in Fig. 3.31.

The AC-DC splitter can be simplified to the circuit shown in Fig. 3.32. The intermediate
signal V;/, can be approximate by

,  R5 663k
Y = R1" = ok
where R1 and R5 are the resistors as shown in Fig. 3.32. The output of the AC-DC splitter
is limited by the upper and lower bounds for approximately £14.5V as given in Table. 3.18,
which is equivalent to the OpAmp supply voltage. The supply voltage is +15V, but it is
limited by the transistor driver to about +14.5V. The intermediate signal V,, is further
filtered by a LP filter with corner frequency 3.9kHz, since the bandwidth of the feedback
loop is about 3.9kHz. The output of the AC-DC splitter V, can be written as

1 1 1 1
Vin = Vin, = Vin, =
sT+1 ™ sRCe+1 " (1/3.9k/2m)s+1 ™ 4.083 x 10755+ 1

Vi ~ 1.6092V; (3.77)

V, = V. (3.78)
Here, Rg and Cg are used to model the time constant 7, which is decided by the bandwidth
of the feedback loop 3.9kHz.

The analog noise in this model is simulated by the output DC noise measured in the
hardware. The DC noise density is 3.23uV/vHz for f > 1Hz and the 1/f noise under 1Hz
is not modeled here. The noise power of the "Band-Limited White Noise” block is defined
as Py, x Ty, where Py, is the square of the root mean square (RMS) value of the DC voltage
noise, i.e., Vrzms, and Ty is the sampling time of the noise. The noise sampling frequency 1/7%
should be at least 16 times, i.e., 100/27, larger than the signal bandwidth, which is minimum
16 x 4.8k = 77kHz. For Ty, = 1/96k, the Vs = 1mV and Py, is then 107612,
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1 AC-DC splitter

1T output
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Figure 3.31 AC-DC splitter circuit.

Since some unexpected pulses are observed at the electrode in the real hardware mea-
surement, the pulse generator is used here in order to investigate whether the source of the
unexpected pulses is in the AC-DC splitter.

R5
MW
663k
Vi R1
—M—

R6 Vo
412k
V'm
iw:-ce

Figure 3.32 Simplified AC-DC splitter circuit.

The parameters to setup in the model block dialog box are described in Table 3.18. The
values of each parameter for the PFM hardware are also given in the table.

The ”Output Filter” model is constructed by the ”Transfer Fen” blocks in Simulink, as
shown in Fig. 3.33. This model is used to simulate the followed LP filters at the output of
the AC-DC splitter, in order to provide actuation output on the electrodes. The circuit of
the output filter is given in Fig. 3.34.
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Panels Parameters (Unit) Descriptions (Values)

AC-DC K AC-DC splitter DC gain (1.6092)
Splitter Voltage upper bound (V)  Limited OpAmp supply voltage (14.5)
Voltage lower bound (V)  Limited OpAmp supply voltage (—14.5)

Pa (V) DC noise power (107°)

Ts (s) Noise sampling time (1/(96 x 10*))

DC Noise Switch Switch on or off the DC noise

Pulse A (V) Amplitude of the pulse (50 x 107)
Generator Ty (s) Period of the pulse (1)
W (% of the period) Width of the pulse (50)
7 (8) Delay of the pulse (0.5)

Pulse Switch Switch on or off the pulse

Table 3.18 Parameters to setup in " AC-DC Splitter”.
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Figure 3.33 Simunlink model: ”Output Filter”.
Figure 3.34 Output filter circuit.
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3.2.6. Attenuator and other blocks
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Figure 3.35 Simunlink model: ” Attenuator”.

The ” Attenuator” model is constructed by the ”Gain”, ”Transfer Fcn”, ”Band-Limited
White Noise”, ”Product”, "Pulse Generator”, ”Sum” and ”Switch” blocks in Simulink, as
shown in Fig. 3.35. This model is used to simulate the attenuator preceding the ADC in
sigma-delta loop. The circuit of the attenuator is given in Fig. 3.36 and the output of the
attenuator V, can be written as

1 Ry . 1 16.98k
sRyC1+ 1Ry " s16.98k x 464p +1 102k '

1
0.1665V;. 3.79
7.879 x 10765+ 1 ( )

Vo, =

Q

R2
MA
16.98k
C1
Il
I
464p
Vi Ri
M\ -
102k L Vo
+

Figure 3.36 Attenuator circuit.
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To simulate the multiplicative AC noise - actuation amplitude instability, we multiply the
ADC input with the noise expressed in ppm and add to the input, which will be equivalent
to the ADC voltage reference fluctuation. The maximum AC noise density measured on
hardware is 3ppm/vHz (1.5 factor violation at 1mHz), i.e., 3uV/v/Hz for 1V. Here the
power of the ”Band-Limited White Noise” block is defined as (V;s/10% x A)? x T, where
Vims 18 the RMS value of the AC voltage noise in ppm, A is the AC input amplitude and
T is the noise sampling time. Here, the noise sampling frequency 1/T is selected here to
be 12kHz, i.e. well above the voltage reference bandwidth of 100Hz. Hence, the 3ppm/ VHz
density is equivalent to 329ppm in 12kHz bandwidth. Note that the AC noise is only used
when the ideal ADC model without noise is used in the simulation. In case the noise is
simulated in the ADC block, i.e. "ADC (+Noise)” in Section 3.1.4 is used in the simulation,
it should be turned off.

The pulse generator is used to investigate the reason of unexpected voltage jumps at certain
electrodes in the real hardware measurement.

The parameters to setup in the model block dialog box are described in Table 3.19. The
values of each parameter for the PFM hardware are also given in the table. Note that the
attenuation gain K, is supposed to be 16.98/102 = 0.1665. However, the attenuation gain
is mainly based on the actuation output to ADC output range adjustment of 2.5V/15.02V .
Therefore, in our model we use 2.5V/14.545V = 0.17188 instead to prevent systematic error
in the output.

Pannels Parameters (Unit) Descriptions (Values)
Attenuator Ko Attenuator gain (0.171875)
Vims (ppm) RMS value of the AC noise in ppm (329)
A AC amplitude (1)
Ts (s) Noise sampling time (1/(12 x 10%))
AC Noise Switch Switch on or off the AC noise
Pulse A (V) Amplitude of the pulse (50 x 107°)
Generator Ty (s) Period of the pulse (1)
W (% of the period) Width of the pulse (50)
7 (8) Delay of the pulse (0.5)
Pulse Switch Switch on or off the pulse

Table 3.19 Parameters to setup in ” Attenuator”.

There are two additional models in the library for noise calculation and output measure-
ment, and the detail of these models can be seen by double clicking the model blocks. These
models are used in the next chapter in order to calculate the AC and DC noises, and measure
the DC and peak values of the electrode voltage, see Section 5.3
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Further Simplified Models for the Hardware

In this chapter, the models in the ”Simulink Library” are further simplified in order to
simulate even longer time period, e.g., simulation of 1 hour.

4.1. Simplified Models for IS FEE PFM Sensing Hardware

In the sensing hardware, the output of the transformer, transimpedance amplifiers (TIAs)
and differential amplifier is an amplitude modulation (AM) signal and the carrier is 100kHz
sine wave. This AM signal will be filtered by the band pass (BP) filter with central frequency
100kHz, in order to magnify the in-band signal around 100kHz and reduce the out-of-band
noise. The output of the BP filter will be demodulated in order to extract the amplitude of
the modulating signal, which represents the sensing signal, from the carrier wave. For further
simplified models, we only need to consider the in-band signal processing around 100kHz
and ignore the out-of-band behavior of the hardware. The modeling of different parts of the
sensing hardware is introduced in the following sections.

4.1.1. Transformer, TIAs and differential amplifier

Amp [V]
Injection [V
J ) Phase [Degree]
180/pi -
Sensing C1 [F]
i Gain
Sens;%g 207 Transformer, TIAs R%V]
HRMR Mod & Diff Amp Imag [V]
oce -
. . <
M-File S-Function ;
Transformer + TIA Noise [V]

Noise (Limited in Mux
150Hz Bandwidth)

Band-Limited White
Noise

Demux

Figure 4.1 Simplified model: ” Transformer+TIAs+Diff Amp (M-File S-Function)”.
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The ” Transformer+TIAs+Diff Amp (M-File S-Function)” model is constructed by the ”S-
Function”, ” Band-Limited White Noise”, ”Gain”, "Mux” and ”Demux” blocks in Simulink,
as shown in Fig. 4.1. This model is used to simulate the in-band system behavior at 100kHz,
and the parameters to setup in the model block dialog box are described in Table 4.1. The
values of each parameter for the PFM hardware are also given in the table. Note that the
parameters of the operational amplifier (OpAmp) used in the model is from the parameters
of "OP467” [5], and the parameters of the junction gate field-effect transistor (JFET) used in
the model is from the parameters of ”2N4393” [7]. Also note that the TTA input capacitance
should be equal to the input capacitance of ”2N4393”.

Panels Parameters (Unit) Descriptions (Values)
Transformer Ly, Lo, Ls (H) Coil inductance (4.2 x 1073)
Cp1, Cp2 (F) Resonance tuning capacitance (310 x 107'2)
Ca1, Ca2 (F) Actuation capacitance (10 x 1079)
K Coupling coefficient (1)
Q Quality factor (200)
TIAs Ca1, Caz (F) Decoupling capacitance (10 x 107%)
Aoy (dB) OpAmp large signal voltage gain (80)
fe (Hz) Corner frequency of Ao, (4 x 10?)
C; (F) TIA Input capacitance (14 x 107'2)
D1 (V/sqrt(Hz)) OpAmp voltage noise density (7 x 107°)
D2 (V/sqrt(Hz)) JFET voltage noise desnity (3 x 107%)
D; (A/sqrt(Hz)) JFET gate current noise density (2.5 x 10719)
R; (Ohm) Feedback resistance (5.6 x 10°)
Cy (F) Feedback capacitance (3.3 x 107'%)
Differential Ri, Rz, R3 (Ohm) Resistance (976, 944, 18.7 x 10%)
Amplifier Cs (F) Decoupling capacitance(10 x 107°)
Cy (F) Capacitance (100 x 10™'2)
Others T (Kelvin) Temperature (300)
Ts (s) Sampling time (1,/20)

Table 4.1 Parameters to setup in ”Transformer+TIAs+Diff Amp (M-File S-
Function)”.

M-File S-Function model

The ”S-Function” block is used to model the in-band system behavior at 100kHz. The "S-
Function” has five input arguments, which are the injection voltage input V;, the sensing
capacitance C; and Cy, the HR/WR mode switch, and the noise input n;. The parameters
of the ”S-Function” include the parameters of the transformer, TTA and differential amplifier
etc. The behavior of the ”S-Function” is written in M file using M-File S-Function. The
output of the transformer and TTAs V is calculated by

Vo = H1(8)Vi|s=jw, = H1(5)Vi|s=j2r100k (4.1)
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where H(s) is the transfer function of the transformer and TIAs defined as in (3.18) in Section
3.1.1, and wg = 27100k. The voltage output of the differential amplifier V, is calculated by

V, = H2(5)‘/o/|s:jwo = H2(5)‘/o/|s:j27r100k (42)
where Hs(s) is the transfer function of the differential amplifier defined as in (3.23) for HR
mode and (3.24) for WR mode in Section 3.1.1. From above equations, we can see that
the voltage output V, should be a complex signal. However, the M-File S-Function does not
support complex output. Hence we provide the voltage output as an output group containing

amplitude and phase, as well as real and imagine part.
The noise output n, is calculated by

no = [Ha(s)|nils=jwo = [H2(5)|1|s=j2r100k (4.3)

where the noise input n; is a band limited white noise. The bandwidth of the noise is limited
to 150Hz and the power spectral density (PSD) of the noise S’ is defined as

S = Slzgq + Sy +S,_ + S+ S,Zf|f:100k;- (4.4)

Here, S%, , S,., S,_, S} and S’Zf are PSDs for different noise sources defined as in (3.37),
eq
(3.40), (3.41) and (3.42) in Section 3.1.1, respectively.

C S-Function model

Injection [V]

Sensing C1 [F] Complex Signal Out [V]
Sensing C2[F] [CO———» Transformer, TIAs
(- > ’

LRAVR Mode } & Diff Amp Noise [V]

Transformer + TIA
Noise (Limited in
150Hz Bandwidth)

Band-Limited White
Noise

C S-Function

Figure 4.2 Simplified model: ” Transformer+TIAs+Diff Amp (C S-Function)”.

In addition, the ”Transformer+TIAs+Diff Amp (C S-Function)” model is provided as
shown in Fig. 4.2. The function of this model is equivalent to the ” Transformer+TIAs+Diff
Amp (M-File S-Function)” and the parameters to setup in the model block dialog box are the
same as in Table 4.1. The block is written in C file using C S-Function, which supports com-
plex input and output. Also, the simulation using C S-Function is faster than the simulation
using M-File S-Function.
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Transformer, TIAs and differential amplifier with cross talk

The actuation to sensing cross talk is very probably caused by the variation of the actuation
capacitors due to the DC bias, typically when the capacitor is multilayer ceramic type [12].
Therefore, the M-File S-Function model and the C S-Function model are also slightly modified
to demonstrate the actuation to sensing cross talk.

Two extra inputs V1 and Vo are added to the models. In the LTP, the actuation input
is the sum of a AC signal and a DC signal. Based on our investigation, the cross talk is
proportional to the peak values of the actuation inputs. Therefore, the values of V.1 and
Vet should be defined as the peak value of the actuation input.

An extra parameter needs to be defined in the model block dialog box, which is the ac-
tuation capacitor changing rate K. with unit F'/V. Therefore, the real time values of the
actuation capacitors in the models become

Cal = Cal + KcVactl

(4.5)
Ca2 = Ca2 + KcVactQ-

The demonstration of the actuation to sensing cross talk will be given in Chapter 5.
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4.1.2. Bandpass filter

Amp [V]

Phase [Degree]

Real In [V]
Imag In [V] Gain  Real [V]
BP Filter <
Noise In [V] Imag [V]
M-File S-Function ]
Mux Noise [V]

Demux

Figure 4.3 Simplified model: ”Band Pass Filter (M-File S-Function)”.

The ”"Band Pass Filter (M-File S-Function)” model is constructed by the ”S-Function”,
”Gain”, "Mux” and "Demux” blocks in Simulink, as shown in Fig. 4.3. This model is used
to simulate the in-band system behavior at 100kHz, consisting of a high pass (HP) filter
followed by a low pass (LP) filter and a gain compensation. The gain compensation is used
to compensate the output voltage amplitude level, in order to achieve the same voltage output
amplitude as the real PFM hardware. There is no noise source in the model, since the noise
is negligible compared to the noise from the transformer and TTAs. The parameters to setup
in the model block dialog box are described in Table 4.2. The values of each parameter for
the PFM hardware are also given in the table.

Panels Parameters (Unit) Descriptions (Values)
HP Filter ~ Ri, R2, R (Ohm) Resistance (22.6 x 10%, 71.5 x 10, 178)
Cy, Cy (F) Capacitance (107°)
LP Filter R1 to Rs (Ohm) Resistance (3.16 x 10%, 11.5 x 10%, 976, 93.1 x 10%, 11.5 x 10%)
C1, Ca, C3 (F) Capacitance (10 x 1072, 10 x 107'2, 10 x 107?)
Others Gain Compensation Compensate the gain of the BP Filter (1.0087)
Ts (s) Sampling time (1/20)

Table 4.2 Parameters to setup in ”Band Pass Filter (M-File S-Function)”.

M-File S-Function

The ”S-Function” block is used to model the in-band system behavior at 100kHz. The
”S-Function” has three input arguments, which are the real input v,, imaginary input v;,
and the noise input n;. These inputs are connected to the real, imag and noise outputs
of the ”Transformer+TIAs+Diff Amp (M-File S-Function)” model in the simulation. The
parameters of the ”S-Function” include the parameters of the BP filter, and the behavior of
the ”S-Function” is written in M file using M-File S-Function. The output of the filter V, is
calculated by

Vo = K Hs(s)Ha(s)(vr + jvj)ls=jwo = KHs(s)Ha(s)(vr + j0j)|s=j2m100k (4.6)
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where K is the compensation gain, Hs(s) and Hy(s) are the transfer functions of the HP
filter and LP filter, defined as in (3.45) and (3.46) in Section 3.1.2, respectively.
The noise output n, is calculated by

no = K[H3(s)Hy(s)|nils=jw, = K|H3(s)Ha(8)|14]s=j2r100%- (4.7)

C S-Function

Complex In [V] Complex Out [V]
CO——>» .
BP Filter

COo——>» —1
Noise In [V] Noise [V]
C S-Function

Figure 4.4 Simplified model: ”Band Pass Filter (C S-Function)”.

In addition, the ”Band Pass Filter (C S-Function)” model is provided as shown in Fig. 4.4.
The function of this model is equivalent to the "Band Pass Filter (M-File S-Function)” and
the parameters to setup in the model block dialog box are the same as in Table 4.2. The
block is written in C file using C S-Function, which supports complex input and output. The
complex input is connected to the complex output of the ” Transformer+TIAs+Diff Amp (C
S-Function)” model in the simulation. Also, the simulation using C S-Function is faster than
the simulation using M-File S-Function.
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4.1.3. Demodulator

Amp In [V] Amp Out [V]
) LP Filter 1 |—» LP Filter2 |—"]
Gain Transfer Fcn Transfer Fcn
Noise In [V] Noise Out [V]
> LP Filter1 }—» LP Filter2 |——]
Gain Transfer Fen Transfer Fen

Figure 4.5 Simplified model: ”Demodulator”.

The simplified ”Demodulator” model is constructed by the ”Transfer Fen” and 7 Gain”
blocks in Simulink, as shown in Fig. 4.5. Since we only consider the system behavior at
100kHz, the demodulation operation is simplified to a gain stage with value 2/m. Note that
the input of the model should be the signal amplitude, i.e., the output of the "Band Pass
Filter (M-File S-Function)” model or the amplitude of the complex output of the ”Band Pass
Filter (C S-Function)” model.

The parameters to setup in the model block dialog box are described in Table 4.3. The
values of each parameter for the PFM hardware are also given in the table.

Panels Parameters (Unit) Descriptions (Values)
LP Filter 1 R; (Ohm) Resistance (3.24 x 10?)
Cy (F) Capacitance (330 x 107°)
LP Filter 2 R3, R3 (Ohm) Resistance (3.24 x 10%)
Ca, Cs (F) Capacitance (330 x 1079)

Table 4.3 Parameters to setup in ” Demodulator”.

Mode description

The output V, and noise output n, are calculated by

2 1 1
VO R ‘/z s=j27
s (SRlCl + 1) <32R2R30203 + 303(R2 + R3) 4 1) | 727100k (4 8)

2 1 1
Mo = ; (5R101 + 1) <82R2R30203 + 803(R2 + Rg) + 1) ni|szj2ﬂ100k

where V; and n; are the amplitude and noise input, respectively.
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4.2. Simplified Models for IS FEE PFM Actuation Hardware

Compared to the actuation models in the ”Simulink Library”, the detail of the sigma-delta
loop is neglected for simplicity.

4.2.1. Actuation input

EL1[V]
V1x, 60Hz —)@ + -
Sum Sum
Sine Wave
V1phi, 270Hz Vd1
Sine Wave Constant

Figure 4.6 Simplified model: ” Actuation Input” on EL1.

The ”Actuation Input ELx to ELy” model is simply constructed by the ”Sine Wave”,
”Constant” and ”Sum” blocks in Simulink. Fig. 4.6 gives an example of the actuation input
on Electrode 1 (EL1). The actuation inputs on each EL are given as follows:

EL1 = 4+Vigsin(2m60t) 4+ Vi,sin(2m270t) + Vi
EL2 = —Vizsin(2m60t) 4+ Va,cos(2m270t) + Vo (4.9)
EL3 = +Va,cos(2m60t) — Vi,sin(2m270¢t) '

(2m60t) — ( )

+ Vas
EL4 = —Va,c08(2m60t) — Vo,cos(2m270t) + Vg

EL5 = 4+Viysin(2m90t) 4+ Vigsin(2m240t) + Vs
EL6 = —Viysin(2m90t) + Vagcos(2m240t) + Ve (4.10)
ELT = 4+Vaycos(2m90t) — Vigsin(2n240t) 4+ Var
EL8 = —Vaycos(2m90t) — Vagcos(2m240t) + Vg
EL9 = +V1.sin(2m90t) + Vi, sin(2m240t) + Vyo
EL10 = =Vi,sin(2m90t) + Va,cos(2m240t) + Vo (4.11)
EL11 = +Va,c0s(2m90t) — Vipsin(2w240t) + Vi
EL12 = —Va,c05(2m90t) — Vay,cos(2m240t) + Vaia.

Here, V;;,Viy and Vj,,i = 1,2 are the amplitudes of the AC actuation waveform along axis
x,y and z, respectively. V., Vip and Vj,,i = 1,2 are the amplitudes of the AC actuation
waveform along torque ¢, 0 and 7, respectively. Vg, i = 1,...,12 are the amplitudes of the
DC actuation waveform. These parameters can be setup in the model block dialog box.

76



4.2. Simplified Models for IS FEE PFM Actuation Hardware

4.2.2. Flicker noise generator

.IJlF"' ——»|  1/f Filter

Sum
Band-Limited
White Noise Transfer Fcn
Band-Limited
White Noise

Figure 4.7 Simplified model: ”Noise Generator (+ 1/f Noise)”.

The ”Noise Generator (+ 1/f Noise)” model is constructed by the ”Band-Limited White
Noise”, ”Transfer Fen”, ”Sum” and ”Gain” blocks in Simulink, as shown in Fig. 4.7. The
output of this model contains white noise and 1/f noise, and the 1/f noise is generated by
a band-limited white noise filtered by the 1/f filter.

The parameters to setup in the model block dialog box are described in Table 4.4. The
values of each parameter for the PFM hardware are also given in the table. The sampling

time should be selected carefully, and the recommended value for the sampling time is Ts <
1/(5 x fo x 10fdee),

Parameters (Unit) Descriptions (Values)
fo (Hz) Lowest interested frequency for the 1/f filter (1 x 1075)
fdec (Decade) Bandwidth of the 1/ filter from fo in decade (5)
K (V/sqrt(Hz)) Noise level at 1 Hz (1 x 1079)
Ay (F) White noise ASD of the 1/f noise (3.16 x 107°)
Ts (s) Sampling time (1/10)

Table 4.4 Parameters to setup in ”Noise Generator (4 1/f Noise)”.

1/f filter mode description

The initial transfer function of the 1/f filter is defined as

(s —20)(s = 21)---(S — Zfdec—2)
(s =po)(s — p1)--(8 — Pfdec—1)

Hyjp(s) = (4.12)

where fdec is the interested bandwidth of the 1/f filter in decade, and the poles and zeros
are defined as

pi=—2nf; x 10°, i=0,1,..., fdec — 1

4.13
zi =p; x V10, 1=0,1,..., fdec — 2. (4.13)
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Here, fo is the lowest interested frequency of the filter, and the whole interested frequency
band of the filter is from fo to fo x 10f%¢. Defining the poles and zeros as in (4.13) will
guarantee the frequency response of the transfer function in the interested frequency band
has 1/f behavior. In our model, the input of the 1/f filter is a band-limited white noise with
noise level of 1V/ v/ Hz. Hence, the level of the 1 /f noise is only determined by the transfer
function of the 1/f filter. Since the root mean square (RMS) value of the 1/ f noise is usually
defined as [13]
1

en =K 7 (4.14)
where K is the value of e, at 1Hz, H; /¢(s) is further modified by multiplying a gain G in
order that the amplitude of the frequency response is equal to K at 1Hz. The gain G is

calculated by
K

- ﬁl/f(s)

and the modified transfer function Hy,;(s) becomes

‘5:27rj (415)

Hy)p(s) = GHy 4(s). (4.16)

As an example, the bode plot of the transfer function Hy,s(s) for fo = 10uHz, fdec =5 and
K =1 is given in Fig. 4.8.

Bode Diagram

Magnitude (dB)
N S D
o o o

o
T

-20
_30F

Phase (deg)
@
o

10" 107 107 10 10° 10"
Frequency (Hz)

Figure 4.8 Bode plot of the transfer function of the 1/f filter.
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Chapter

Exemplary Applications : Demos

In this chapter, several examples of the simulation using the Simscape and Simulink models
for the IS FEE PFM hardware are demonstrated. These examples can be found in the
”"Demo” of the ”Simscape Libaray” and ”Simulink Library”. The schematics and layouts of
the IS FEE PFM sensing and actuation hardware can be found in [2].

5.1. IS FEE PFM Sensing Channel using Simscape Models

The IS FEE PFM sensing channel simulation using Simscape models is demonstrated in
this section. In order to speed up the simulation, the simulation scheme is split into two
parts, which are ”transformer, TIAs and differential amplifier” and ”bandpass filter and
demodulator”.

5.1.1. Transformer, TIAs and differential amplifier

Decoupling
C1
Sensing
c1 TIA
f(x)=0 Il —
; TIA1
S_olver . Segszlng Transformer (Three-stage OpAmp . . .
Configuration +Resistor with Noise) Differential Amplifier |— @ PSS |:|
Decoupling —
PFM Transformer c2 Voltage
AC Voltage (6-Ports Mutual Inductance) |—t\— Differential Amplifier Sensor PS-Simulin Scope
0.594V, 100kHz ®© = TIA Converter
Ground —
TIA2 =
(Three-stage OpAmp Ground
= = +Resistor with Noise)
Ground Ground

Figure 5.1 Simscape PFM sensing part 1: Transformer, TTAs and Differential Am-
plifier.

The first part of the simulation scheme for the IS FEE PFM sensing using Simscape models
is shown in Fig. 5.1. The models used in the simulation scheme are the ”PFM Transformer
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(6-Ports Mutual Inductance)”, "TIA (Three-stage OpAmp + Resistor with Noise)”, ”Dif-
ferential Amplifier” from the ”Simscape Library” in the toolbox, the " AC Voltage Source”,
”Capacitor”, ” Voltage Sensor”, ”Ground”, ” PS-Simulink Converter”, ”Solver Configuration”
from the ”Foundation Library” and ” Utilities” in Simscape, and the ”Scope” from the ” Com-
monly Used Blocks” in Simulink. Note that a ”Solver Configuration” must be connected in
the scheme in case Simscape models are used. ” Voltage Sensor” is used to detect the voltage
signal at the output of the differential amplifier, and then the voltage signal is converted to
Simulink signal by the ”PS-Simulink Converter” so that it can be observed by the ”Scope”.

The parameters for simulation configuration are defined as in Table 5.1, which can be
defined in the simulation configuration panel by clicking ”Simulation” — ”Configuration

Parameters ...” on the simulation scheme window.
Panels Parameters Values
Simulation time Start Time, Stop Time 0.0, 0.001
Solver options Solver odelbs (stiff/NDF)
Relative tolerance 107°
Maximum order 2
Zero-crossing options Algorithm Adaptive

Table 5.1 Parameters for the simulation configuration.

The parameters of each blocks are defined similarly as in the PFM hardware, and the
attenuated injection voltage is simulated by the ” AC Voltage Source” with 0.594V amplitude
and 100kHz frequency. The difference of the sensing capacitors C1 and C2 is converted to
voltage signal by the transformer and TTAs, and this voltage signal is further amplified by the
differential amplifier. The default values of the sensing capacitors C1 and C2 are 1.15+0.06pF
and 1.15 — 0.06pF, respectively. With this setting, the theoretical output signal should be a
100kHz sin signal with 0.817V amplitude. In our simulation, the output signal at the ” Scope”
is a 100kHz sin signal with about 0.8V amplitude, as shown in Fig. 5.2.

0.8

0.6

0.4

I
[N}
T

Voltage (V)
o

i i i i i i
8.8 9 9.2 9.4 9.6 9.8 10 10.2
Time (second) x10™

Figure 5.2 Simulation results in scope for PFM sensing part 1.
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5.1.2. Bandpass filter and demodulator

f(x)=0 Band Pass Filter Ideal Demodulator @ PSS |:|

—>
-
Solver Voltage
Configuration PEM BP Filter PFM Demodulator Sensor PS-Simulin Scope
(6-Ports Mutual Inductance) (Ideal) Converter
AC Voltage =
0.8V, 100kHz @

Ground

Ground_

Figure 5.3 Simscape PFM sensing part 2: Band Pass Filter and Demodulator.

The second part of the simulation scheme for the IS FEE PFM sensing using Simscape
models is shown in Fig. 5.3. The models used in the simulation scheme are the "PFM BP
Filter”, "PFM Demodulator (Ideal)” from the ”Simscape Library” in the toolbox, the "AC
Voltage Source”, ”Voltage Sensor”, ”Ground”, ”PS-Simulink Converter”, ”Solver Configu-
ration” from the ”Foundation Library” and ”Utilities” in Simscape, and the ”Scope” from
the ”Commonly Used Blocks” in Simulink. The parameters for simulation configuration are
defined similarly as in Table 5.1, except that the ”Stop Time” is set as ”0.02”.

The parameters of each blocks are defined similarly as in the PFM hardware, and the input
is simulated by the ”AC Voltage Source” with 0.8V amplitude and 100kHz frequency, which
is equal to the output of the differential amplifier in Section 5.1.1 when the difference between
the sensing capacitor C1 and C2 is 0.12pF. The theoretical steady state output should be
2.32V and in our model, the steady state output at the ”Scope” is 2.03V, as shown in Fig. 5.4.

25

Voltage (V)
-
3

[N
T

0.5

i i i
0 0.005 0.01 0.015 0.02
Time (second)

Figure 5.4 Simulation results in scope for PFM sensing part 2.
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5.2. IS FEE PFM Sensing Channel using Simulink Models

Input Diff Amp Output
JO ]
Scope Scope
BP Filter Output
Input Generator > T-Il-:nffgr_?i * »| Band Pass Filter > ]
s + Diff Amp
Scope
Input Generator ~ Transformer + TIAs + Diff Amp  Band Pass Filter
Demodulator Output
Ol
Scope
ADC Output
< Analog Digital [ TMD Pulse 1
< < Qut In €
Converter
S Demodulator Tmp1 [« ||||
cope
ADC (+Noise) Rectifier Qut VD2 [« Pulse Generator
Rectifier Output Demodulator TMD Pulse 2

Pulse Generator

Scope

Figure 5.5 Simulink PFM sening.

The simulation scheme for the IS FEE PFM sensing using Simulink models is shown in
Fig. 5.5. The models used in the simulation scheme are the ”Input Generator”, ”Trans-
former + TIAs + Diff Amp”, "Band Pass Filter”, "Demodulator”, "ADC (+Noise)” from
the ”Simulink Library” in the toolbox, the "Pulse Generator” from the ”Sources” and the
”Scope” from the ”Commonly Used Blocks” in Simulink. Since there is no Simscape model
used in the scheme, the ”Solver Configuration” block as in previous schemes is not needed.
Also, the signal can be directly observed by the ”Scope” without using the ”Voltage Sen-
sor” and ”PS-Simulink Converter”. The parameters for simulation configuration are defined
similarly as in Table 5.1, except that the ”Stop Time” is set as ”70.03”.

The sensing capacitors C1 and C2 in ”Transformer + TIAs + Diff Amp” are defined as
1.15 4+ 0.06pF and 1.15 — 0.06pF, respectively, and other parameters are defined similarly as
in the PFM hardware. The "TMD Pulse 17 and "TMD Pulse 2” signals are used to control
the rectifier in the demodulator. The ”TMD Pulse 2” is always half time cycle later than the
”TMD Pulse 1”7, and the delay of "TMD Pulse 1” is adjusted to obtain fully positive signal
at the ”Rectifier Output” of the "Demodulator”. The ”TMD Pulse 17 and ”TMD Pulse 2”
signals in the simulation are defined in Table 5.2.

After simulation, the voltage outputs of the differential amplifier and band pass (BP) filter
are shown in Figs. 5.6 and 5.7, respectively. The Voltage output of the demodulator and the
output of the ADC are shown in Figs. 5.8 and 5.9, respectively.
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Diff Amp Output Voltage (V)

Demodulator Output Voltage (V)

5.2. IS FEE PFM Sensing Channel using Simulink Models

Pulse Signal Amplitude Period (secs) Phase Delay (secs)
TMD Pulse 1 1 164/360,/10°
TMD Pulse 2 1 164/360/10° 4+ 1/2/10°

Table 5.2 Definition of the TMD pulses.
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Figure 5.6 Differential amplifier output:
peak voltage is 0.7958V (the-
oretical 0.812V).
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Figure 5.8 Demodulator output: steady
state voltage is 2.3199V (the-
oretical 2.32V).
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Figure 5.7 Band pass filter output: peak
voltage is 3.6448V (theoreti-
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5.3. Sigma-Delta Loop Simulation using Simulink Models

5.3.1. IS FEE actuation: sigma-delta loop (Version 1.0)
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AC AMP [20-bit integer] AC AVP [t NT PDON : Scope

Constant

AC AMP [V] P
: = H
|
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DC AMP [V] e ave i PID Controller
i
Constant (16bit ADC)
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r———-—-- a

Constant +2.5V range |
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—— ) L
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Electrode Voltage
+-14.5V range

-
Scope

Figure 5.10 Simulink PFM actuation sigma-delta loop (Version 1.0).

The simulation scheme (version 1.0) for the IS FEE PFM actuation sigma-delta loop using
Simulink models is shown in Fig. 5.10. The models used in the simulation scheme are the
”Waveform Generator (16bit ADC)”, "PID Controller (16bit ADC)”, "DAC”, ”Integrator”,
”AC-DC Splitter”, ”Output Filter”, ” Attenuator”, ”ADC” from the ”Simulink Library” in
the toolbox, and the ”Constant”, ”Gain”, ”Scope”, ”Display” from the ”Commonly Used
Blocks” and ”Sinks” in Simulink. The definition of the inputs for the ” Waveform generator
(16bit ADC)” are given in Table 5.3. The parameters for simulation configuration are defined
similarly as in Table 5.1, except that the ”Stop Time” is set as ”3/80”. Note that the ”Stop
Time” should be equal to or greater than this value, in order to obtain correct estimate values
at the output of the ”Output measurement” block.

In this simulation, ”16 bits” command is used in the "Waveform Generator (16bit ADC)”
and "PID Controller (16bit ADC)”. The "High PID Precision” switches in these two blocks
are turned off. The ideal ADC model is used and the DAC noise is switched off. In order to
simulate the noise, the AC noise in the ” Attenuator” and DC noise in the ” AC-DC Splitter”
should be switched on.

The output signal formats of some blocks are given in the form of < S, N, D >, where S
denotes the number of bits for the sign, NV denotes the total number of bits for the signal, and
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Inputs [Unit] Range Output Data Type LSB
AC AMP [V] 0~ 10V unsigned -
AC AMP [bit] 0 ~ 1048575 unsigned 9.537uV
DC AMP [V] —5V ~ 5V double -
DC AMP [bit] —524287 ~ 524287 double 9.537uV

Table 5.3 Definition of the inputs for ” Waveform Generator”.

D denotes the number of bits for the decimal. The root mean square (RMS) values of the
AC and DC noise are calculated by the ”Noise calculation” block and can be observed by the
”Display”. The output of the ” AC-DC Splitter” is filtered by the ”Output Filter” to obtain
the electrode voltage. The DC and peak value of the electrode voltage is also measured by
the ”Output measurement” block.

As mentioned in Section 3.2.1, the PFM hardware uses 16 bits as the waveform amplitude,
and the 20 bits waveform amplitude is only provided as an option to investigate benefit of
better resolution. Also, the waveform generator input in bits, i.e., ”AC AMP [bit]” and "DC
AMP [bit]”, is based on 20-bit resolution. However, the model chooses the right number of
bits according to the option of amplitude command bits "AMP CMD”. For simulation of
the PFM hardware, the ” Amplitude Command Bits” in the ”Waveform Generator” should
be set as ”716”.

5.3.2. IS FEE actuation: sigma-delta loop (Version 2.0)

The simulation scheme (version 2.0) for the IS FEE PFM actuation sigma-delta loop using
Simulink models is shown in Fig. 5.11. The models used in the simulation scheme are the
”Waveform Generator (16bit ADC)”, "PID Controller (16bit ADC)”, "DAC”, ”Integrator”,
"AC-DC Splitter”, ”Output Filter”, ”Attenuator”, ”ADC (+Noise)” from the ”Simulink
Library” in the toolbox, and the ”Transfer Fcn”, ”Constant”, ”Gain”, ”Scope”, ”Display”
from the ” Commonly Used Blocks” and ”Sinks” in Simulink.

Compared to the simulation scheme (version 1.0), the AC noise in the ”Attenuator” is
turned off, and the AC noise is simulated in the "ADC (4Noise)” model. The parameters
setup for the ”ADC (+Noise)” model is given in Table 5.4. The DC noise in the "AC-DC
Splitter” is still switched on. The purpose of this change is to make the simulation more
close to the real hardware. Note that Var,.s in the "ADC (+Noise)” model simulates the
3ppm/v/Hz voltage reference stability.

The output of the AC-DC splitter circuit before the LP filter with corner frequency 3.9kHz
is filtered by a HP filter with corner frequency 1kHz, in order to measurement the wide band
DC noise with removed possible DC level. The output of the electrode is further filtered by
a LP filter with corner frequency 5Hz, in order to simulate the measurement using digital
multimeter (DMM) in the real hardware measurement.
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Figure 5.11 Simulink PFM actuation sigma-delta loop (Version 2.0).
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Table 5.4 Parameters setup for " ADC (+Noise)”.
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5.3.3. IS FEE actuation: measurement investigation (Version 1.0)
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Figure 5.12 Simulink PFM actuation measurement investigation (Version 1.0).

The simulation scheme (version 1.0) for the actuation stability test of IS FEE PFM hard-
ware using Simulink models is shown in Fig. 5.12. The models used in the simulation scheme
are the "Waveform Generator (16bit ADC)”, "PID Controller (16bit ADC)”, "DAC”, "In-
tegrator”, ”AC-DC Splitter”, ”Output Filter”, ”Attenuator”, ”ADC (+Noise)” from the
”Simulink Library” in the toolbox, and the ”Transfer Fen”, ”Constant”, ”Gain”, ”Pulse
Generator”, ”Sum”, ”Scope”, ”Display” from the "Commonly Used Blocks” and ”Sinks” in
Simulink.

Since unexpected voltage jumps are observed at the electrode using DMM in the real
actuation stability test, pulse generators are used in the scheme in order to reproduce the
jump and hence to investigate the sources of the jumps. Here, a pulse generator is used to
generate 1 LSB error at the output of the ADC to simulate an ADC glitch error that occurs
every 2ms and lasts for 0.2ms, which is approximately 20 ADC readings. The other pulse
generator is used in the attenuator after the attenuation gain to simulate the attenuator error.
The parameters of the pulse generators are defined in Table 5.5.

Pulse Generator Amplitude Period [s] Width [% of Period] Delay [s]

Output of ADC —1LSB 0.002 10 0.7
Attenuator —8x 1076V 1 10 1

Table 5.5 Definition of the pulse generator.

The simulation of DMM measurement with ADC error is shown in Fig. 5.13. The pulse
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generator in the attenuator is switched off. A jump is expected to be observed starting at 0.7
second at the electrode and the zoom in of Fig. 5.13 around 0.7 second with voltage range
4.5V £ 150uVis shown in Fig. 5.14. We can see that a jump with voltage about 50uV is
observed after 0.7 second. The jump is 1/10th of the ADC LSB size scaled to the electrode
output, i.e. 10% of 4441V, and since the error glitch is repetitive, an output offset is observed.
Note that this jump simulation has a multiplicative effect as in the hardware.

The simulation of DMM measurement with attenuator offset error is shown in Fig. 5.15.
The pulse generator at the output of the ADC is switched off. A jump is expected to be
observed starting at 1 second at the electrode and the zoom in of Fig. 5.15 around 1 second
with voltage range 4.5V £ 150uVis shown in Fig. 5.16. We can see that a jump with voltage
about 50V occurs after 1 second. The simulated jump of 8V at the output of the attenuator
will be equivalent to the electrode output of 8u x 14.5/2.5 = 46.4uV. Note that this jump
simulation has an additive effect, while the hardware shows a multiplicative effect according
to the gain fluctuation.
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Figure 5.13 ADC error simulation. Figure 5.14 ADC error simulation zoom in.
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Figure 5.15 Attenuator error simulation. Figure 5.16 Attenuator error simulation zoom in.
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5.3.4. GRS FEE actuation: sigma-delta loop

5.3. Sigma-Delta Loop Simulation using Simulink Models

The first simulation scheme for the GRS FEE actuation sigma-delta loop using Simulink

models is similar as Fig. 5.11.

However, 720 bits” command is used in the ”Waveform

Generator (16bit ADC)” and "PID Controller (16bit ADC)” instead of ”16 bits” command
using in the IS FEE actuation sigma-delta loop simulation. Also, the ”"High PID Precision”
switches in these two blocks can be turned on or off for investigation.

AC AMP V]

Constant AC AMP [V] NON-INT Out

AC AMP [20-bit integer] AC AMP [oit] NT

Constant
Dc AVP V]

DC AMP [V]

Constant

DC AMP [20-bit integer] A
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N
<1220 |
Gain /1/4

ADC Output

Scope

FFAD N
3
PDIN Scope
—p| reenaack PID QUT Scope
PID Controller
(24bit ADC)
Digital Analog
r————— - Converter
| +-25Vrange |
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ADC Input Feedback Output
(before attenuation) DAC Output
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«—
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Analog Digital ou
Converter n [€—]ou " [e—
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Scope
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Transfer Fcn

Figure 5.17 Simulink GRS FEE actuation sigma-delta loop.

The second simulation scheme for the GRS FEE actuation sigma-delta loop using Simulink
models is given in Fig. 5.17. In this simulation scheme, ”20 bits” command is used, ” Waveform
Generator (24bit ADC)” and "PID Controller (24bit ADC)” are used in order to improve

the performance.

The detail of the above mentioned simulation and results can be found in Appendix A.3

and [14].
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5.4. IS FEE PFM Hardware using Simplified Models

5.4.1. PFM sensing: M-File S-Function models

Injection i
Voltage Level Diff Amp Amp BPF Amp
0.594 Diff Amp Phase BPF Phase
Constant Scope Scope | |
Sensing C1
Scope Scope
J— ot “Amp OULIV] Total Out
Injection [V] Amp [V] Amp [V] \ o
Step Sensing C1 Phase [Degree] I Real [V] Phase [Degree] f— i
i nsing C1 [ Real [V] Imag [V] Real [V] [ Noise In [V]
Sensing C2 . » N
—|_> Sensing C2 [F] Imag [V] »| Noise v] Imag [V] oise Out [V] Scope
| HRIR Mode Noise M Noise V] [—1 BPF R Pemodulator
] eal
Ste Transformer + TIAs + Diff Amp Band Pass Filter
P M-File S-Function M-File S-Function
HRMR Mode
Scope BPF Imag
1
Constant

Scope

Figure 5.18 Simplified PFM sensing using M-File S-Function models

The simulation scheme for the IS FEE PFM sensing using M-File S-Function models is
shown in Fig. 5.18. The models used in the simulation scheme are the ” Transformer + TIAs
+ Diff Amp (M-File S-Function)”, ”Band Pass Filter (M-File S-Function)”, ”Demodulator”
from the ”Simplified Library” in the toolbox, the ”Constant”, ”Step” from the ”Sources” and
the "Sum”, ”Scope” from the ”Commonly Used Blocks” in Simulink. The parameters for
simulation configuration are defined similarly as in Table 5.1, except that the ”Stop Time”
is set as ”710”. The sensing capacitors C1 and C2 are modeled using ”Step” blocks with
values changing from 1.15pF to 1.15 4+ 0.06pF and 1.15 — 0.06pF, respectively. The zoom in
simulation result in the ”"Total Out” scope is shown in Fig. 5.19.
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Figure 5.19 Simulation results in the scope ”Total Out” (zoom in).
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5.4.2. PFM sensing: C S-Function models
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Figure 5.20 Simplified PFM sensing using C S-Function models

The simulation scheme for the IS FEE PFM sensing using C S-Function models is shown
in Fig. 5.20. The models used in the simulation scheme are the ”Transformer + TIAs +
Diff Amp (C S-Function)”, ”"Band Pass Filter (C S-Function)”, ”Demodulator” from the
”Simplified Library” in the toolbox, the ” Constant”, ”Step” from the ”Sources”, the ”Com-
plex to Magnitude and Angle” from the ”Math Operations” and the ”Sum”, ”Scope” from
the ”Commonly Used Blocks” in Simulink. The parameters for simulation configuration are
defined similarly as in Table 5.1, except that the ”Stop Time” is set as ”10”. The sensing
capacitors C1 and C2 are modeled using ”Step” blocks with values changing from 1.15pF to
1.15 + 0.06pF and 1.15 — 0.06pF, respectively. The zoom in simulation result in the ”Total
Out” scope is shown in Fig. 5.21.
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Figure 5.21 Simulation results in the scope ”Total Out” (zoom in).
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5.4.3. PFM actuation to sensing cross talk

The simulation scheme for the IS FEE PFM sensing using M-File S-Function model or C
S-Function models is similar as in Fig. 5.18 or Fig. 5.20. The sensing capacitors C1 and C2
are modeled using ”Step” blocks with values changing from 1.15pF to 1.15 + 0.06pF and
1.15 — 0.06pF at the 5th second of the simulation, respectively. The actuation input Vactl
is also modeled using ”Step” blocks with values changing from 0 to 2V at the 8th second
of the simulation, and the actuation input Vact2 keeps zero. The simulation results on the
scope ”Total Out” using the M-File S-Function models are shown in Fig. 5.22 and Fig. 5.23.
The simulation results on the scope ”Total Out” using the C S-Function models are shown in
Fig. 5.24 and Fig. 5.25. From the simulation results, we can see that the cross talk happens
when the actuation inputs are active.
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Figure 5.22 Zoom in around 5.1s. Figure 5.23 Zoom in around 8.1s.
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Figure 5.24 Zoom in around 5s. Figure 5.25 Zoom in around 8s.
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Chapter

Appendix

A.1. Resonance Tuning Capacitance

As mentioned in Section 3.1.1, the transformer can be equivalent to a voltage source V,. in
series with an impedance Z.4, and the impedance Z, is defined as
/ jw(1 —jé)Ls

A= - . Al
eq —w2(1 — j(S)[Mlgrl(Cl + Cpl) + MQgTQ(CQ =+ Cpg)] +1 ( )

Here, s = jw, § = 1/Q, Q is the quality factor, M3 and Mas are the mutual inductances, r;
and ro are defined as

Cal ro — Ca2
Ca1 +Cp1 +C1’ 2_C'a2—|—qp2-i-c'2

(A.2)

r =

where C,1 and Cyo are the actuation capacitances, C7 and Cy are the sensing capacitances,
Cp1 and C)pp are the resonance tuning capacitances. By defining

B = Mi3m1(C1 + Cp1) + Mazra(Co + Cp2) (A.3)

we have

7 W5L3 + ijg o+ j

¢ 1 —-w?B+ jwB =wls 1 —w?B + jw?éB’ (A4)

Multiplying the numerator and denominator of (A.4) with 1 —w?B — jw2§B and replacing &
by 1/Q gives

— (644)(1 —w?B— jw?6B)
Zeg = wls (1 —w?B)? + (w2B)2 whs
Q+jlQ*(1 —w?B) — w?B]

Q2(1 — w?)? 4 (w2B)?

§+j(1 —w?B - w?’B)
(1 —w?)? + (w26B)2

= ng (A5)

At the resonance frequency fo, Zéq looks like a resistance and the reactive component of
Z¢, is equal to zero, that is
Q*(1 —wiB) —wiB =0 (A.6)
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where wg = 27 fy. Hence, the resonance frequency fy can be written as
__ Q@ 1 Q 1
1+ Q2 QW\/E \/1 =+ Q2 27T\/M137“1(Cl + Cpl) + MQgTQ(CQ + Cpg) ’

Assuming Mg = Mss = M, Cu1 =Cypo = Ca, Cpl = Cpg = Cp, ChL =Cy =Cp and Q > 1, f()
can be simplified to

fo (A7)

1
Jo~ = .
27T\/MCGTZ+CO(QCO + QCp)

Knowing the resonance frequency fo, the resonance tuning capacitance C), can be calculated
by

(A.8)

Oy +Cp— 2MwiC,Cy
B 2MwiC, —1
In our model, by defining @ = 200 > 1, fy = 100kHz, M = 4.2mH, C, = 10nF and
Co = 1.15pF, the calaculated resonance tuning capacitance C), is approximately 310pF.

c, (A.9)
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A.2. PSDs of the Noise Sources at the TIAs Output

A.2.1. Transformer impedance noise

Vi+

Vi1-

Vo1

Figure A.1 The TTAs output: the transformer impedance noise .

The schematic of analyzing the TIAs output of the transformer impedance noise is shown
in Fig. A.1. The OpAmps in the circuit are considered to be ideal, V., is the transformer
impedance noise voltage source, C; is the TTA input capacitance - JEET input capacitance,
Zéq and Zy are the transformer equivalent impedance and the feedback impedance of the
TTA, respectively, as defined in Section 3.1.1.

Since the OpAmps are ideal, we have

V1+ == Vlf =0
V2+ == sz =0.

Hence, there is no current flow through both C;, otherwise Vi_ will be nonzero. I in the
circuit can be written as

(A.10)

. VZ’eq -Vi_ o VZ’eq

I 7 = 7, . (A.11)
Consequently, the potential V,; and V.5 can be written as
Voo =Vie+11Zy =17y (A12)
Voo =Vo_ — 1 Zy = —-11Z;4.
Therefore, the output voltage V, is (¢f. (A.11) and (A.12))
Vo=Vo1 = Voo =217y = %szeq. (A.13)

/
Zig

95



Appendix A. Appendix

A.2.2. Voltage noise source

Vet Vop

V1i+

Vo1

Figure A.2 The TIAs output: voltage noise sources at one OpAmp + input.

The schematic of analyzing the TIAs output with voltage noise sources at one OpAmp
positive input is shown in Fig. A.2. Vj. and V,, are the JFET and OpAmp voltage noise
sources, respectively.

Since the OpAmps are ideal, we have

Vie= VY1+ = ert + ‘/op

(A.14)
sz == VYQJF =0.
Hence, the currents I; and I5 can be written as
Vie=Vo Vi
h=—p—=75—
“ “ (A.15)
7= -
2 1/801‘ ’
Since I3 is equal to I1 + Iz, V,1 becomes
Vol — Vlf + Ing = Vlf + (Il + IQ)Zf. (A.lﬁ)
Also, V,9 is calculated as
Voo =Vo_ — 1 Zy = —-11Z;4. (A.17)
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Therefore, the output voltage V; is (¢f. (A.14) to (A.17))

Vo = Vol_V;)Q
= Vie+@2h +12)Z;

207,  Zs

= (1

(1+ 7, T 1/sC;

27 Z

/f + f
Zeq 1/801‘

Wi-

— 1+ )(Viet + Vap). (A.18)
Equivalent analysis can be done for the voltage noise sources at the other OpAmp positive
input.

The schematic of analyzing the TIAs output with voltage noise sources at one OpAmp
negative input is shown in Fig. A.3. Note that normally the OpAmp voltage noise source is
only considered at the positive input for the sake of simplicity, here we consider the voltage
noise sources at both positive and negative inputs in order to obtain more accurate model.

I|| Vi+

Vet Vop Vi

| €e—r— Vo1
| S A

Figure A.3 The TIAs output: voltage noise sources at one OpAmp - input.

Since the OpAmps are ideal, we have

v o a1
Hence the potential V{_ is
VI =Vie + Vit + Vop = Vier + Vop (A.20)
and the current I; can be written as
Vi -V V{
I = # = Zlé; (A.21)
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Consequently, the potential V,; and V.5 can be written as

Vor =Vi_ + 117

(A.22)
‘/;)2 = VQ— - Ilzf = —IlZf.
Therefore, the output voltage V; is (c¢f. (A.20) to (A.22))
27 27
Vo=V — Vo= V] +207Z; =1+ Z,f)vl’_ = (1+ Z,f)(vfet + Vo). (A.23)
eq eq

Equivalent analysis can be done for the voltage noise sources at the other OpAmp negative
input.
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A.2.3. Current noise source

III_Vt +
1

Ifet |
Ifet
— Vo1

Zf

Figure A.4 The TTAs output: current noise sources at one TIA input.
The schematic of analyzing the TTAs output of one TIA input current noise source is shown
in Fig. A.4. Since the OpAmps are ideal, we have

V1+ :Vlf :0

(A.24)
V2+ == sz =0.

The noise input current I¢.; can not flow through C; or Zéq, otherwise Vi_ or Vo_ will be
nonzero. Therefore, the output voltage V, is simply

Vo=1ItetZy. (A.25)
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A.3. Waveform Generator and PID Controller

The entire actuation circuit is the sigma-delta loop, containing digital part and analog part.
The digital part is implemented on FPGA, including waveform generator and proportional-
integral-derivative (PID) controller. The analog part contains D/A converter (DAC), inte-
grator, AC-DC splitter, attenuator and the feedback ADC.

Since all commands are implemented as binary vectors in FPGA, < S, N,D > is used
to represent the fix-point data format for real number value of the command, where S, N
and D denote the number of bits for the sign, total data length and decimal data length,
respectively.

A.3.1. 16-bit ADC and 16-bit CMD

E1...E12
<1,19,0> <1,18,0>
+40V range +14 545V range
142V ueed Coefficient format 41 5 used
LSB=152 588UV <043 1 SB=152 588/ 375=110.973uV
One integer: One integer:
Look-up Table Pairwise Add 1LSB=152.588uV 1LSB=110.973uV
O—> for sine and > ination of - DC offset | Scale by 1.375
cosine values V1. vi2 Vde1 ... Vde12
AC Parameters V1. v12 DC Parameters
<0,16,0> <1,17,0> <1,18,0> <1,16,0>
0...10V range +10V range +20V range 5V range
0...9.2V used 9.2V used +12.7V used +1.5V used
LSB=10/2"16=152.588uV LSB=152.588uV LSB=152.588uV LSB=152.588uv
One integer: One integer: One integer: One integer:
1LSB=152.588uvV 1LSB=152.588uv 1LSB=152.588uV 1LSB=152.588uV
<1,21,3> <1,22,3> <1,26,3>
+14 545V range +29.091V range +29.091*10.4us*16=+0.00-
+14.2V used +28.4V used +0.00485Vs used
LSB=110.973uV/2"3=13.872uV LSB=13.872uV LSB=13.872uV
1 One integer: One integer: One integer:
Delay ! 2/3LSB=110.973uV Subtract | 2°3LSB=110.873uv Add 2/3LSB=110.973uV
Interpolator »|  ADG input . 2 - and
- ! | <118,0> saturate
o +14.545V range
A £14.2V used
LSB=110.973uV
p| difference 1LSB=110.973uV \ H
<119,0> Add 2 Mitiply by | 2 &
A e A +14.545"2/83.3=£0.349V/us range zerd LSBs 6.25 8w
_Update with 10Hz" - - +14.2*2/83.3=40.341V/us used ADC Output £ g g A J
. LSB=110.973uV <1,16,0> 2 s
One integer: - +14.545V range © = & Multiply b
Undato with 12k 1LSB=110.973uV A 4 g 142V used <1,27,5> Fofl M
paate wi z B A LSB=443 892uV £232.727V range £9 -
(one delay corresponds to 83.3us) Multiply by N One integer: +177.5V used 2
<1,26,4> 5.0625 k=] 1LSB=443.892uV LSB=3.468uV © <1,32,9>
+232.727V range £V One integer: +465.454V range
pdate with 96kH: +143.775V used 3 Y 275LSB=110.973uV +152.715V used
{one delay cdrresponds tg 10.8us) LSB=6.936uV LSB=0.217uV
One integer: . Add L One integer:
2/4LSB=110.973uV > D, Pland | pdrts - 279L.SB=110.9731
<0,16,0> <1,16,0> <1,22,0>
0...29.091V range +14.545V range +930.908V range <1,32,8>
0...29.091V used +14.545V used +473.99V used * +930.908V range
LSB=443.892uV LSB=443.892uV LSB=443.892uV +473.99V used
One integer: One integer: T One integer: LSB=0.433uV
DA{IC  1LSB=443.892uV . " _ 1LSB=443.892uV 1LSB=443.892uV. Round One integer:
input c ion remove (remove 10LSBS) 2"8LSB=110.973uvV
1

Figure A.5 Waveform generator for 16-bit ADC and 16-bit CMD.

A detailed description of the digital part of the IS FEE actuation circuit, i.e. the waveform
generator and PID controller implemented on FPGA, is given in Fig. A.5. The LSB value
of the command (of the last decimal) at the output of each block is given. The equivalent
number of LSBs for one integer is also given.

The input AC and DC parameter commands are 24 bits. However, 4 (zero) MSBs and 4
(non-zero) LSBs are cut in the existing IS FEE design for the HR mode and thus the AC
and DC parameter commands become with 16-bit resolution.
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The ”scale K” operation is defined as multiplying the input command by the scale factor
K without modifying the used range of the real value that the command represents. This
operation is used to change the LSB value by the factor 1/K. For example, in the "scale
by 1.375” block, the LSB value of the electrode voltage ” E1 E15” is 152.588uV and the used
range of the real value is +14.2V. After the ”scale by 1.375” operation, the LSB value reduces
to 152.588/1.375 = 110.973uV and the used range of the real value stays the same.

The "multiply by K” operation is defined as multiplying the input command by the scale
factor K and modifying the used range of the real value that the command represents by
the factor K. For example, the output of the ”Subtract ADC input” block has data format
of < 1,22,3 > and the used range of the real value is £28.4V. Via the "multiply by 6.25”
operation with coefficient data format of < 0,5,2 >, the command is increased by 6.25 times
and the data format becomes < 1,27,5 >, and the used range of the real value is increased
to £177.5V. Since 2 extra bits are added to present the decimal value, the LSB value reduces
from 13.872uV to 13.872/22 = 3.468uV.

In addition, the "round (remove K LSBs)” operation removes K LSBs from the command
and in consequence magnifies the LSB value by the factor 2K. The ”Saturate (remove K
MSBs)” operation removes K MSBs from the command without changing the LSB value.

The LSB value and the range of the DAC input in Fig. A.5 is the value with respect to the
actuation output, i.e. the electrode voltage. Note that the ”Signed-to-unsigned conversion”
operation is used to convert the signed command into the equivalent unsigned command,
since the DAC input should have the data format of < 0,16,0 >.
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A.3.2. 16-bit ADC and 20-bit CMD

E1..E12
<1,22,0>
ﬁ%:/nf.:ed Coeﬁ\‘clent iormat
LSB=0.537uV <043
One integer:
Look-up Table Pairwise Add 1LSB=9.537uV
O—> for sine and ination of - DC offset | Scale by1.375
cosine values V1. vi2 Vdce1 ... vde12
AC Parameters V1 ... V12 DC Parameters <1,22,0>
<0,20,0> <1,21,0> <1,22,0> <1,20,0> +14.545V range
0...10V range +10V range +20V range 5V range +12.25V used
0..4.75V used +4.75V used +7.25V used +5V used 12kHz update rate
LSB=9.537uV LSB=9.537uv LSB=8.537uv LSB=9.537uv LSB=9.537/1.375=6.936uV
One integer: One integer: One integer: One integer: One integer:
1LSB=9.537uV 1LSB=9.537uv 1LSB=9.537uv 1LSB=9.537uv 1LSB=6.936uV
<1,26,3>
<1,25,3> <1,21,3> <1,22,3> +29.091*10.4u
+14.545V range +14.545V range +29.091V range =+ 0.00485Vs
+12.25V used +12.25V used 24.5V used +0.00485Vs us
LSB=0.867uV LSB=0.0867*16=13.872uV. LSB=13.872uV LSB=13.872u\
Delay One integer: One integer: One integer: One integer:
2°3LSB=6.936UV | scalepy1mp | 2°3LSB=110.973uv | | Subtract [ 2+3LSB=110.973uv Add 273LSB=110.!
Interpolator Remove 4 MSBs L ADC input ' L and ]
» <1,18,0> saturate
+14.545V rang;
+12.25V used L
LSB=110.973uV
o :i?ffrﬂ:::ee . Scale by 1/16 One integer: 1
L Remove 4 MSBs 1LSB=110.973uV_ A ’g
<1,23,0> <1,19,0> Add 2 Muttiplylby | | 2 &
P +14.545*2/83.3=+0.349V/us range +0 349V/us range zera LSBs .25 & g "
. Update with 10Hz +12.25%2/83.3=£0.294V/us used +0.294V/us used BV g \
A LSB=6.936uV LSB=6.936*16=110.973uV 3 S A
One integer: One integer: o = g_ Multiply b
Update with 12kHz 1LSB=6.936uV ¥ 1LsB=t 1‘6 0.973uv i\sfe%itput 213227,75;7 V range 29 0.3281
(one delay corresponds to 83.3us) <1,26,4> ] £ +14.545V range +153.125V used %
£232.727V range | Multiply by |2 4 +12.25V used LSB=3.468uY [§) <1,3C
+124,031V used 5.0625 &~ LSB=443.892uV One integer: +465
pdate with 9BkH: LSB = 6.936uV 3 9 One integer: Y 275LSB=110.973uV +152
(ong delay correspongs tg 10.4us)| One integer: 1LSB=443.892uV LsB=
204LSB=110.973uV O o Add . g:‘:._
<0,16,0> <1,16,0> <1,21,0> b, Pland| p3rts
0...29.091V range +14.545V range +465.454V range
0..29.091V used +14.545V used +429.871V used <1.32,0>
LSB=443 8920V LSB=443.892uV LSB=443.892uV 465 454V range
One integer: One integer: T One integer: +429 871V used
1LSB=443.892uV | | gigheqlt 1LSB=443 892uV Satufate| = [ 1LSB=443852uv Round LSB=0.217uV
conversior (remove BMSBs) (remove 11LSBs) One integer:
! 279L.SB=110.973uV

Figure A.6 Waveform generator for 16-bit ADC and 20-bit CMD with low PID pre-
cision.

In the GRS FEE, the AC and DC parameter commands shall be 20 bits, i.e. cutting only
4 (zero) MSBs from the input commands and thus not losing the resolution provided by the
DFACS. For the 20-bit AC and DC parameter commands, the digital part of the actuation
circuit is modified and shown in Fig. A.6. The additional 4 bits, compared to the IS FEE,
improve the interpolator amplitude level setting resolution to 6.936,V. Finally, the removal
of these additional 4 bits is done before the PID controller to maintain the same design as
in IS FEE with LSB of 110.973uV. Therefore, the first proposed GRS FEE actuation circuit
architecture is based on using 20-bit AC and DC parameter commands with 16-bit ADC.

A further investigation of the first proposed GRS FEE actuation circuit architecture is
also based on 20-bit AC and DC parameters commands with 16-bit ADC, but with high PID
controller precision as shown in Fig. A.7.
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A.3. Waveform Generator and PID Controller

E1...E12
<122,0>
ﬁg\;é?/nﬁ;d Coefficient format
LSB=9.537uV <043
One integer:
Look-up Table Pairwise Add 1LSB=9.537uV
O—V i > DC offset | Scale by1.375
cosine values 1... V12 vde1 ... Vde12 <122,0>
AC Parameters 1...V12 DCF +14.545V range
<0,20,0> <1,21,0> <1,22,0> <1,20,0> +12.25V used
0...10V range +10V range +20V range +5V range 12kHz update rate
0...4.75V used +4.75V used 7.25V used 5V used LSB=9.537/1.375=6.936uV
LSB=9.537uV LSB=9.537uv LSB=9.537uV LSB=9.537uv One integer:
One integer: One integer: One integer: One integer: 1LSB=6.936uV
1LSB=9.537uv 1LSB=9.537uv 1LSB=9.537uv 1LSB=9.537uv
<1,30,3>
<1,253> <1,26,3> +29.091*10.4u
+14.545V range 129.091V range =+ 0.00485Vs
+12.25V used +24 5V used +0.00485Vs us
LSB=0.867uV LSB=0.867uV LSB=0.867uV
D One integer: One integer: One integer:
elay 2/3LSB=6.936uV 2°3LSB=6.936uV Add 2A3L SB=6.93
Interpolator 1| ADC ihpu L > and —
» saturate
o <1,22,0>
A +14545V range
- +12.25V used
7| Calculate LSB=6.936uV
> One integer: \ 5
1LSB=6.936uV £
<1,23,0> Add 6 Muttiplyby | | 2 &
L +14,545%2/83.3=:0.349V/us range zgro LSB -25 P
#, " Update'with 10Hz +12.25%2/83.3=+0.294V/us used 29 E \
LSB=6.936uV g 5 T
One integer: ADC Output S g & M mpl' b
1LSB=6.936uV 1.1800 1,315~ 58 4
Update with 12kHz - = +14.545V range 232 727V range :E = 0.34181
(one delay corresponds to 83.3us) <130,4> ] g +12.25V used +153.125V used g
+232 727V range Multiply by | £ 4 LSB=443.892uV LSB=0.217uV o <1,3¢
+124.031V used 5.0625 & One integer: One integer: £465
pdate with 9BkH LSB = 0.433uV £9 1LSB=443.892uv Y 275LSB=6.936uV +152
(one delay corresponds tg 10.4us) One integer: 2 LSB=
2r4LSB=6.936uV < o Add L g'[]:L
<0,16,0> <1,160> <1,21,0> P. Plandi parts
0...29.091V range +14.545V range +465.454V range
0..29.091V used +14.545V used +429.871V used <1,36,9>
LSB=443.892uV LSB=443.892uV LSB=443.802uV +465.454V range
One integer: One integer: One integer: +429.871V used
1LSB=443.8920V_| | sighedito-tnsig _1LSB=443.892uV atufatel | 1LSB=443.892uV Round g LsB=001350v
conversior (1 (remove 15LSBs) One integer:
279LSB=6.936uV

Figure A.7 Waveform generator for 16-bit ADC and 20-bit CMD with high PID pre-
cision.
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Appendix A. Appendix

A.3.3. 24-bit ADC and 20-bit CMD

E1...E12
<1,22,0>
z?g\g;/rf:ed Coefficient format
LSB=9 537V <043
One integer:
Look-up Table Pairwise Add 1LSB=9.537uV
O—> for sine and ination of > DC offset | Scale by 1.375
cosine values V1. V12 Vde1 ... Vde12
AC Parameters V1. vi2 DC Parameters
<0,20,0> <1,21,0> <1,22,0> <1,20,0> <1,25,3>
0...10V range +10V range +20V range 5V range +14.545V range
0..4.75V used +4.75V used +7.25V used 5V used +12.25V used
LSB=9.537uv LSB = 9.537uv LSB=9.537uV LSB=8.537uv LSB=0.867uv
One integer: One integer: One integer: One integer: One integer:
1LSB=9.537uV 1LSB=9.537uV 1LSB=9.537uV 1LSB=9.537uV 2r3LsB=6.936uv | <1.30.3>
+29.091*10.4us*16=1
<1,28,6> <1,25,3> <1,263> fggfgigi;*d
+14.545V range +14.545V range +29.091V range One integer:
+12.25V used +12.25V used +24 5V used 2A3LSB=6.936uV
LSB=0.108uV LSB=0.867uV LSB=0.867uV
Delay [ B | One integer: One integer: One integer:
111 2"6LSB=6.936u\ Roun 2"3L.SB=6.936u\ 273LSB=6.936uV _ Add
Interpolator | (removie 3 LsBs) ADC input L 4 > and —
al
o <1.22,0>
+14.545V range A
+12.25V used
Calculate LSB=6.936uV
p| difference One integer: Y 5
1LSB=6.936uV £
<1,253> Round Multipy by 24
FE S S +14.545%2/83.3=40.349V/us (rémovye 2 LSBs) .25 &<
Update with 10Hz, .~ .4 range %9 g A J
615232—5;2‘;%3;5;10 294V/us used ADG Output 8 s 4
. One integer: Y - ﬂf;’%ﬁ/ <1.315> B Multiply b
Update with 12kHz 2A31 SB=6.936uV g i range +232.727V range 9 p-3381
(one delay corresponds to 83.3us) ) Multiply b 5 +12.25V used +153.125V d =z
<1,32,7> PybY 24 LsB=1.734uv N use 8
+232 727V range 5.0625 £ Oneinteger: LSB=0.217uv <1,3¢
+124.081V used 89 1LsB=t.73auv One integer: 465
pdate with 9BkH: LSB=0.0542uV = Y 275LSB=6.936uV +152
(one delay corresponds ta 10.4us) One integer: 8 LsB=
277LSB=6.936uV » Add < One
. N o D, Pland | parts o 2rsL
<0,16,0> <1,16,0> <1,21,0>
0...29.091V range +14.545V range +465.454V range
0..29.091V used +14.545V used +429.871V used <1.36,9>
LSB=443.892uV LSB=443.892uV LSB=443.892uV +465.454 range
One integer: One integer: One integer: T T +429.871V used
1LSB=443.8920V | | gighealt __1LSB=443.892uV/ __1L.SB=443.892uV Round | | | || LsB=00135uv
conversior (remove ove 15 LSBs) | One integer:
| 279LSB=6.936uV

Figure A.8 Waveform generator for 24-bit ADC and 20-bit CMD.

Since the ADS1278-HT, 24-bit ADC is currently under radiation testing, the digital part
of the actuation circuit can be further modified by the use of this part, as shown in Fig. A.8.
Thus, the second proposed GRS FEE actuation circuit architecture is based on using 20-bit
AC and DC parameter commands with the 24-bit feedback ADC.

104



Chapter

Change Record

Version Date Change Description Section
1.0 03.2010 first version all
1.1 23.04.2010 correct and update the ADC model Section 3.1.4
update the Simulink simulation scheme Section 5.3
”"PFM Actuation (Version 1.0)”
1.2 27.04.2010 modify the ”Integrator” model Section 3.2.4
add Simulink model "DAC (+Noise)” Section 3.2.3
add Simulink model " AC-DC splitter (without noise)” Section 3.2.5
add Simulink model ” Attenuator (without noise)” Section 3.2.6
add Simulink simulation scheme Section 5.3
"PFM Actuation (Version 2.0)”
update the structure of the Simulink library Section 1.2
update the user guide Section 1.3
04.05.2010 update the structure of the Simulink library Section 1.2
1.3 04.05.2010 add Simulink model ” Attenuator (with pulse)” Section 3.2.6
correct typos in the figures Section 5.1 5.2
add Simulink simulation scheme Section 5.3
"PFM Actuation Measurement Investigation (Version 1.0)”
update the structure of the Simulink library Section 1.2
update the user guide Section 1.3
14 25.05.2010 correct and update all
1.5 09.06.2010 modify the noise model in the Simulink model Section 3.1.1
? Transformer+TIAs+Diff Amp”
add the analysis of the noise model Appendix A.2
2.0 25.06.2010 change the default value of the sampling time Section 3.1.1, 3.1.5
08.2010 add Simplified library Chapter 4
2.1 09.2010 correct the transfer function derivation Section 3.1.1

add cross talk models

Section 4.1.1
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Appendix B. Change Record

Version Date Change Description Section
2.5 04.2011 update the Simulink and Simplified sensing models, Section 3.1, 4.1
based on the cross talk investigation
regulate the Simulink actuation models (merge, delete, etc.) Section 3.2
add Simulink models for GRS FEE, Section 3.2.1, 3.2.2

i.e. waveform generator and PID controller
update the introduction and simulation scheme, Section 1, 5
i.e. cross talk investigation, GRS FEE actuation
update the appendix, i.e. GRS FEE actuation Section A.3

2.6 12. 2011 modify the introduction and other typos all

Table B.1 Change record of the toolbox and user manual.
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