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Abstract

Analog computers have always been neglected in computer circuit design. Unlike digi-
tal computers, analog computers have very limited functions and are only used to solve
mathematical problems. But in fact, the advantages of analog computers also lie in this.
Especially when solving certain time-dependent problems, such as differential equations,
analog computers can achieve low-latency solutions based on their physical circuit con-
nectivity, which can help reduce delays in hardware design of many timing processes.
In this project, as students of ECE and EE, we built a programmable simple analog com-
puter based on simple circuits and Printed Circuit Board (PCB) design. This analog com-
puter consists of two differential equation solvers, which can solve the first-order conver-
gent ordinary differential equations and second-order convergent ordinary differential
equations with variable parameters. Starting from the most basic operational amplifier
chip, we explored the relationship between resistance and capacitance, and used Metal-
Oxide-Semiconductor Field-Effect Transistor (MOSFET) and digital display mechanical
potentiometer to realize the programmability of analog computers. Finally, we designed
a user-friendly input and output system through Arduino. Users can use Arduino and
Digital-to-Analog Converter (DAC) to output arbitrary waveforms (including common
waveforms such as sine waves, cosine waves, constant signals, and double-wave coinci-
dence waves) to solve any differential equations, and can present the results through an
external four-channel oscilloscope. After testing, we compared the amplitude, frequency,
and phase of the output of the analog computer we designed on some differential equa-
tions with the output of the Python digital differential equation solver we wrote, and
finally concluded that our analog computer ordinary differential equation solver met our
expected solution accuracy. Our design can solve any 1st order and 2nd order ODEs with
any composite waves as input signals by using different mode while the mode can be
changed by users from personal computers.
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1 Introduction

In this final report of ECE 445 senior design, a complete design process of our project
Analog Computer ODE Solver (Figure [1) is explained, including the overview of our
design, the design procedure and functionality of each component, necessary verification
of the requirement of each component and so on.

Stable DC
Power Supply

RIGOL-DP832

k- Control Unit1:
Parameter Tuner

Computing Unit:
ODE Solver
Circuit

Control Unit2:
Switching System

Figure 1: Subsystems for Our Analog Computer

1.1 Background

Before the widespread use of digital computers, analog computers were among the first
computing devices used to solve complex mathematical problems, especially ordinary
differential equations (ODEs) [1]]. Analog computers use continuous physical quantities,
such as voltage, current, or mechanical motion, to model and solve equations in real time
[2]. This approach offers inherent parallelism, high speed for certain types of problems,
making analog computing an attractive alternative for certain applications [3].

In the ECE210 and ECE310 analog signal processing courses we have studied, we have
learned about the relationship between physical circuits and differential equations. So
we hope to design a simple Analog Computer ODE Solver through the courses we have
learned and the PCB related knowledge learned in the ECE445 course.

1.2 Proposal Overview

As we have mentioned in our proposal and previous paragraphs, analog computers’
property allows them to perform computations in a more natural way for some problems,
especially those involving continuous-time systems like Ordinary Differential Equations
(ODEs) [4]. Therefore, we decided to build a programmable analog computer based on
PCB. Besides the capabilities of solving different kinds of ODEs [5], providing a more
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versatile and powerful tool for scientific research and education. The innovative part of
this design is the programmability in a hardware concept while the whole system is built
on a PCB.

1.3

Component Units

Our whole system is composed of four major units: the Power Supply Unit, User I/O
Interface, Control Unit, and Computing Unit.

The Power Supply Unit provides all required voltages, including £5V, 12V, and
5V, derived from a 220V AC source. The computer provides 5V exclusively to the
Arduino through the USB port.

The User I/0 Interface includes an Arduino, knobs for resistance control, and an
oscilloscope for real-time signal visualization.

The Control Unit consists of a DAC, a variable resistor group, and a mode selector
switch group. It converts digital signals into analog signals and sets parameters
according to the selected ODE mode.

The Computing Unit contains adders and a integrators composed of several oper-
ational amplifiers, and a differential equation solving circuit is formed through the
differential relationship between the capacitors and the resistors.

By consisting these components, we built a a 3-mode ODE solving circuit that receives
both the analog input signal and parameter settings, then computes the solution in real

time.

The output analog signals—such as u(t), y(¢), y'(t), and y”(t)—can be observed on the
oscilloscope for further analysis.



2 Design Details

2.1 Top-level Design
2.1.1 Block Diagram

The below figure show the top-level block diagram for signaling and powering between
modules in the system.

Power Supply Unit

Computer 220v 220V }
Fower Supply 220V AC Supply £ +5V, -5V, +12V Stable Voltage Supply
av 12v +5V, -5V
' |
3-bit signal solving circuit
for ODE type Mode Selector mode select
Switch Group
Arduino
digital signal analog signal
of uit) of u(t) 3-mode-ODE
DAC Solving Circuit
variable
resistance-control resistors change Variable Resistor |« parameters
» for ODE
Knobs Group >
User /O Interface Control Unit Computing Unit

220V

Oscilloscope

analog signals of u(t), y(t), y'(t), y"()

W~ 7
S,

display

Figure 2: Top-level Block Diagram

2.1.2 Design Description
In our design, our analog computer consists of the following main modules:

e Computing Unit The computing unit in Figure @dis the core unit of our analog com-
puter, responsible for outputting the solution of ODE through analog circuit logic.
The computation unit we designed supports 1st and 2nd order ordinary differential
equations, and the order can be switched by the electrical signal of the control unit.
We designed the circuit of the entire computing unit into a PCB, which is connected
to other components through centralized power supply, multi-channel display, in-
tegrated control, etc.

¢ Control Unit The control unit is an important part of the programmability of our
analog computer. Its control includes: using potentiometers (Figure {3) to realize



Figure 4: Computing Unit PCB Figure 5: Arduino and Digital-
Analog Converter

variable resistance to change the parameters of each ODE, and using electrical sig-
nals on MOSFET (Figure [4) to realize loop switching to switch the order of solver.

¢ Power Supply Unit The power supply unit is responsible for supplying power to
the potentiometer digital display, operational amplifier chip, Arduino and other
components. The selection of power supply unit components, especially the power
supply for the chip, requires the use of a very stable constant voltage source to en-
sure the solver can solve stably and accurately.

e User I/O Interface For the design of the user Input /Output (I/O) interface (Fig-
ure [5), we need human-readable input and output. Hence, we integrate the signal
generator and the control unit’s level selector on the Arduino chip, and users can
automatically control the Arduino and the simulated computer through the com-
puter’s serial port. As for output signal, since we need to read 4-channel signal in
real time, the best way for us to do so is to use the oscilloscope in the laboratory.

In general, in our design, our PCB based analog computer can solve first-order and
second-order ODEs with any variable parameters (and the solution must converge). Users
can quickly solve the equations by inputting the signal to be solved to Arduino and
changing the parameters of the ODE by changing the potentiometer.

2.2 Computing Unit

Figure 6| shows the overall block diagram of the Computing Unit, which is controlled by
variable resistors and MOSFET switches. It supports three operation modes for solving
different types of ODEs: first-order ODEs, second-order convergent ODEs, and second-



order non-convergent ODEs. The red box highlights the specific block diagram for ODE
solving computation.
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Figure 6: Computing Unit Block Diagram

2.2.1 Operational Amplifier Selection: LM358P

In our ODE solver circuit, we selected the LM358P operational amplifier or all computa-
tion modules.

The LM358P op-amp is ideal for our system, supporting dual-supply (£5V) operation
with sufficient bandwidth (IMHz) and slew rate (0.3V 1s) for low-frequency (<10Hz) sig-
nal processing. Other considerations such as safety, cost-effectiveness, and ease of acqui-
sition are also important.

2.2.2 Weighted Summing Circuit

With an op-amp configured in differential mode, signals can be applied simultaneously
to both the inverting and non-inverting inputs of the op-amp, to perform addition and
subtraction operations. Extra adding or subtracting terms can added by simply adding
more input resistors to the inputs of the op-amp.

y=WVi+V)—(Vza+Vy) (1)

When the resistors in series with V1,V2,V3,V4 in the circuit are of different resistance
values, the output voltage of the circuit is the sum of the voltages with weights. We
will use the Weighted Summing Circuit in Figure m later for simulating the differential
equation circuit.
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Table 1: Requirement & Verification for Weighted Summing Circuit

Requirement Description

Verification Method

- The weighted summing circuit
must support analog signal in-
puts of both DC and AC with a
frequency less than 10 Hz, and
support extremum signal within
the range of -5V to 5V.

- It must respond to the input
voltage within 0.1 seconds and
provide a stable output.

- It must perform the weighted
summing operation with an error
less than 10% of the theoretical
value.

- Connect the circuit as shown in the Figure 7. Use ana-
log signal voltage source to apply different input volt-
ages from -5V to 5V with a frequency less than 10 Hz.
Verify the output voltage will correspondingly change
with the input voltages changing. For example, give
V1=5V, V2=4V, V3=3V, V4=2V. Then if we measure out-
put voltage is 4V, we consider this function to be achiev-
able.

- Use analog voltage source to apply input voltages that
vary with time. Simultaneously measure the input and
output voltage waveforms to verify that the response
time is less than 0.1 seconds.

- Use analog signal voltage source to apply input volt-
ages. Change resistance of R1, R2, R3. Verity the differ-
ence between the output voltage and theoretical volt-
age is less than 10%.

2.2.3 Integrator Circuit

Figure [§ shows a simple op-amp integrator requiring minimal components. All input
current flows through the feedback capacitor, generating an output voltage proportional
to the integral of the input signal. This fundamental circuit will serve as a building block

for differential equation simulation.

y:

1

——— [ Vdt
CR

()

To precisely represent and solve ODEs, we chain these components together:

6




* Integration stages convert higher-order derivatives to lower-order terms.
* Amplifier stages apply coefficients to intermediate results.
¢ Adder stages combine these scaled signals to construct the final equation.

For example, Figure 9] illustrates the complete circuit for solving a second-order ODE of
the form: y” = ay’+by — cu,where each term is realized using a combination of integrators,
inverters, and adders.

coefficient
amplification stage

R2 u1
fi(x)

R
adder stage +
integrator stage

- Output

integrator stage

Figure 9: An example of circuit implementation solves the certain type of ODEs

Table 2: Requirement & Verification for Integrator Circuit

Requirement Description

Verification Method

- The integrator circuit must
support analog signal inputs
of AC with a frequency less
than 10HZ, and support
extremum signal within the
range of -5V to 5V.

- It must respond to the in-
put voltage within 0.1 seconds
and provide a stable output.

- It must perform the integra-
tion operation with an error
less than 10% of the theoreti-
cal value.

- Connect the circuit as shown in the Figure 8. Use analog
signal voltage source to apply different input voltages from
-5V to 5V with a frequency less than 10HZ. Verify that the
output voltage will correspondingly change with the input
voltages changing. For example, give V =4sin(2*pi*t). If
we measure the output voltage is a cosine wave with am-
plitude = 4V and the frequency = 1Hz.

- Use analog signal voltage source to apply input voltages
that vary with time. Simultaneously measure the input and
output voltage waveforms to verify that the response time
is less than 0.1 seconds.

- Use analog signal voltage source to apply input voltages
that vary with time. Verify the difference between the out-
put voltage and theoretical voltage is less than 10%.




- It must include the function | - Intentionally apply noise signal. Verify the output voltage
of filtering out noise interfer- | remains stable.
ence.

2.3 Control Unit

The control unit uses MOSFETs and potentiometers to enable hardware programmability:
adjusting ODE parameters via digital potentiometers while configuring circuit topology
through MOSFET switching, allowing dynamic reconfiguration of the analog computer’s
solver order and parameters.

2.3.1 Switching System

In our ECE340 course, we studied the output characteristic curves of MOSFETs. A MOS-
FET has three terminals: source (S), gate (G), and drain (D). Its operation relies on control-
ling the conductive channel between source and drain through the gate-to-source voltage

(Vas):

Cut-off region: Vi;5 < Vry; no channel is formed, Ipg ~ 0, the MOSFET is off.
Triode region: V;5 > Vg and low Vpg; it behaves like a variable resistor.

Saturation region: Vg > Vg and Vps > Vigs — Vi, Ips saturates and depends only on
Vas.

Based on this principle, we initially used single MOSFETs as voltage-controlled switches.
Later, building on knowledge from ECE464, we adopted a more robust configuration us-
ing two N-channel MOSFETs in reverse series, which allows bidirectional current block-
ing and enhances circuit reliability.

In our design, three such reverse-series MOSFET pairs were used to form switches. These
were controlled by Arduino output signals connected to pins 2, 3, and 4 (Figure [10). For
example, when a high signal was sent to pin 2, the switch between terminals A and B
closed; otherwise, it remained open. The same logic applied to pins 3 and 4, controlling
switches between terminals C-D and E-F respectively.
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Figure 10: Switching Design Schematic with MOSFET & SX02 Potentiometer (Right)

Table 3: Requirement & Verification for Switching System

Requirement Description Verification Method

- Each switch of this switching sys- | - Use Arduino to provide a 5V control voltage to
tem must close (the resistance of the | one of the switches. Verify the resistance of the
switch is less than 100€2) when receiv- | switch is less than 100€2. Repeat the operation to
ing 5V control voltage. each switches.

- Each switch of this switching sys- | - Use Arduino a OV control voltage to one of the
tem must open (the resistance of the | switches. Verify the resistance of the switch is larger
switch is larger than 10G¢2) when re- | than 10G¢2. Repeat the operation to each switches.

ceiving OV control voltage.

- Both its turn-on response time and | - Use Arduino to quickly switch 0V—5V and
turn-off response time must be less | 5V—0V, and test the opening and closing response
than 1 second. times to ensure that they are both less than 1 second.

2.3.2 Parameter Tuner

The idea of building a programmable analog computer came from [6]], which introduced
a method of tuning parameters in a digital way. In order to adjust the parameters of the
ODE to be solved, according to our previous research[7] and the designed analog cir-
cuit logic, we need to adjust the ratio of specific resistors to achieve this. Therefore, we
need to introduce variable resistor. The variable resistor we apply here is SX02 mecha-
nial potentiometer (Figure [I0). This allow us to adjust the resistor by hand and shows
corresponding resistor on terminal.
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Table 4: Requirement & Verification for Parameter Tuner

Requirement Description

Verification Method

- The mechanical potentiome-
ter must provide a variable

resistance range from 1k to
50k

- It must display the resistance
value within an error of 10%.

- Connect it with ohmmeter and rotate the knob to change
the resistance value. Verify the range of the resistance
range.

- Use a variable power supply to power its display screen
and rotate the knob to change the resistance value. Verify
the difference of the actual resistance and the displayed

resistance is less than 10%.

24 Power Supply Unit

As shown in the Figure (11} in our circuit design, all required power supplies are supplied
through a 1x4 female header.

2.4.1 220V AC Supply

The 220V AC supply provides power to the computer, oscilloscope, and the DC voltage
converter, which generates the +5V and +12V required by the analog circuits.

2.4.2 =£5V, +12V Stable DC Voltage Supply

This stable +5V/+12V DC supply powers the system’s analog components: the +5V en-
ables LM358P op-amps to achieve symmetrical voltage swing, while 12V drives variable
resistors for reliable control. The isolated design ensures precise analog processing, en-
hanced linearity, and lab-safe operation.

DC Voltage Supply Setup

The +5V and +12V DC voltages used in the system are provided by a programmable
DC power supply (RIGOL DP832). This instrument features three independent output
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channels:

¢ Channel 1 is configured to output +5V.

¢ Channel 2 is configured to output +12V.

¢ Channel 3 is configured to output —5V, by connecting the positive terminal to the
ground reference and taking the negative terminal as the —5V output.

To realize the —5V output, a virtual ground is established by connecting the positive ter-
minal of Channel 3 to the system ground (green terminal), while the negative terminal is

used as the —5V supply.

Table 5: Requirement & Verification for DC Voltage Supply

Requirement Description

Verification Method

- It must provide stable voltages +5V,
+12V, which means the ripple of the
voltage should be less than 0.1V.

- It must include short-circuit protec-
tion and thermal protection.

- Measure the output voltage of the voltage source
with an oscilloscope. Verify the ripple of the out-
put voltage is less than 0.1V. For exmaple, if we in-
put a 5V, the waveform that we observe from the
oscilloscope should be between 4.9V to 5.1V

- Intentionally short or overheat this voltage sup-
ply under supervision. Verify that it will automat-

ically limit the output power.

2.4.3 USB-A Power Supply

The Arduino is connected to the computer via a USB-A portal, which not only provides a
stable 5V power supply but also enables serial communication between the two devices.
Through this connection, the computer can transmit control instructions to the Arduino
and receive data if needed, allowing real-time configuration of the ODE mode, input
signal type, and parameter adjustments during the experiment.

2.5 User I/O Interface

2.5.1 Waveform Generator

In the initial design and experimental verification, an important device we need to use
is a function waveform generator. Because we need to use different sin waves to verify
that our analog output has the same amplitude and phase as the ideal digital output to
ensure that our design is correct. However, in actual use, for lightweight display and
integration, we choose to use a homemade function generator. Our function generator is
implemented by Arduino and a digital-to-analog converter (DAC).
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Arduino - DAC8563 System

Arduino Uno itself cannot output analog signals, but a DAC controlled by a serial port on
the basis of Arduino can convert digital signals to analog signals. The specific operation
is as follows:

USB Connection
DC Input Supply
7To12V

Connections in the picture
SCK-SCLK: Clock

MasterOutSlaveln (MOSI)
s - Din: Data In

SlaveSelect (SS) - SYNC:
Enable Write

*Arduino Uno cannot output analog signals,

but a Digital-Analog Converter that is controlled by a serial port

ICSP Pil . .. . .
el of Arduino can convert digital signals to analog signals.

To program Atmega328
Atmega328

Sabelectronic.com
Microcontroller

Figure 12: Schematic of Connection between Arduino Uno and DAC8563 as Input

As shown in the given layout instruction of Arduino Uno in Figure |12 the green labels
are used for serial connection. We need to use port 11 Master Output Slave Input (MOSI),
13 Serial Clock (SCK) and 10 Slave Select (SS).

Respectively, the ports we use in the Arduino have to connect to specific ports in DAC
shown in Figure By using SPI library in Arduino IDE, we can connect MOSI to DIN
(main data transfer), SS to SYNC (device choice by default) and SCK to SCLK (using the
same clock).

By applying the necessary transformations (such as calibrating the reference voltage to
5V or 3.3V) and converting units, we have achieved the generation of a single wave to a
dual wave complex using the interface of our personal laptop.

We can adjust the amplitude and frequency of each individual waveform so that we can
customize all functions we need to be the u(t) of our input.

Table 6: Requirement & Verification for Arduino - DAC8563 System

Requirement Description Verification Method

12



- Arduino-DAC8563 System must pro-
vide an analog signal. And the ampli-
tude range of the analog signal is from
-5V to 5V, and the frequency range is
from 0 to 10Hz.

- Connect the Arduino to the computer via the
USB interface. Adjust the relevant codes for ana-
log signal generation. Verify the amplitude range
and frequency range of the analog signal. For ex-
ample, if it can provide 5*sin(4*pi*t), we consider

that this function has been realized.

Switching System Input Integration

Besides, we have mentioned that we used MOSFET as the switching system design, and
we need to use three OV or 5V voltage to be the activate signal. When we use the Arduino,
we can use the digital output port 2, 4, 7 of Arduino, which can produce a 5V constant
signal (reference voltage) and we can modify it also in the interface of serial monitor.

Table 7: Requirement & Verification for Switching System Input Integration

Requirement Description Verification Method

- The switching system input integra-
tion must be able to generate control
voltages signals of 0V or 5V.

- Connect the Arduino to the computer via the
USB interface. Adjust the relevant codes for
switching control. Switch the output mode of
Arduino code 50 times (0V—5V and 5V—0V),
Verify the control voltage can stably change like

0V—=5V and 5V—=0V.

2.6 Waveform Display Device

As shown, we mounted the four waveform ports that need to be displayed on the PCB
using four female headers so that we can connect from the PCB to the oscilloscope via
cables as shown in Figure

{o7o] o]

2-Y\1-Y 2Y\INONE

Figure 13: Schematic: Waveform Female Header in PCB

To verify the correctness of our analog ODE solver, we needed to visualize its output and
compare it with digital signal computing results from Python. We initially considered
using Arduino as a simple oscilloscope, but encountered critical limitations: 0-5V input
range, limited sampling rate, low frequency support, and poor multi-channel display ca-
pability as shown in Figure 14, These constraints made Arduino unsuitable for visualiz-
ing our second-order ODEs, especially since negative derivatives and higher frequencies
are inevitable in general solutions. After discussion with our sponsor and TA, we adopted
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alab oscilloscope instead. It provides real-time, high-resolution analog waveform display,
aligns with the nature of our analog computing design, and avoids the shortcomings of
low-cost digital alternatives.
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[
o
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0 10 20 30 40 50

Figure 14: Arduino Analog Signal Out- Figure 15: Oscilloscope Display
put With Error

An example of our output signal display in oscilloscope is shown in Figure

Table 8: Requirement & Verification for Waveform Display Device

Requirement Description Verification Method

- The waveform display device must | - Use analog signal voltage source to apply 4-
support the 4-channel detection of the | channel different analog signal from -5V to 5V
analog signals. And the amplitude | with a frequency less than 10 HZ. Verify that it
range of each analog signal is from -5V | can display input analog signal completely. Fig-
to 5V, and their frequency range is from | ure 14 is a nice example of showing its fuction to
0 to 10Hz. completely display 4-channel signals.

2.7 Design Alternatives

A good design is not always smooth sailing. In our experiment, we actually considered
other alternatives for parameter tuner, power supply, and I/O design, but finally chose
the above version. Below we will explain in detail the alternatives we considered from
each subsystem.

2.7.1 Control Unit - Switches

Initially, we consider to use mechanical switches as the primary switching component in
our design due to their simplicity and easy operation. However, after further evaluation,
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we identified several limitations: 1) Mechanical switches are prone to wear and tear over
time, leading to reduced reliability. 2) Additionally, their performance can be affected by
environmental factors such as humidity, dust, and temperature, which may cause incon-
sistent behavior in long-term operation.

To address these issues, we decided to replace mechanical switches with MOSFETs (Metal-
Oxide-Semiconductor Field-Effect Transistors). MOSFETs offer several key advantages:

¢ High Reliability - MOSFETs are solid-state devices with no moving parts, they are
not subject to mechanical wear, ensuring longer lifespan and stable performance.

* Low Latency - Unlike mechanical switches, which have physical bounce delays,
MOSFETs can switch on/off almost instantaneously, making them suitable for high-
frequency applications.

¢ Compact Size & Scalability — MOSFETs can be easily integrated into PCB designs,
allowing for more compact and scalable circuit layouts.

* Integrated Control: In our design, we integrate the MOSFET switch with I/O system
on Arduino, which make it a integrated control center that cannot be achieved by
mechanical switch.

2.7.2 Control Unit - Changeable Resistors

Problem with Mosfet Circuit testing
Theoretical resistance of MOSFET in linear region -
(= o f Vg < Vg [/U/!fl@;]
= G (B (s Vs [ i s > % Lom
= i - L ¥ J & Vps < Ves-Vr s
=T (W) lies- ) § Ve SV
L z &/ L ) n vzﬁ > Vgs- Vr sttt
I result
udagedydl B8 Prsagi test  Jves  JvDs  [RDS |
Con : oxide capacatane | set by device technolgy
R A e 1 10V 0.789 V 95.5 Ohm
2 8V 0.771V 93.0 Ohm
I
K Vos . — } - 3 6V 0.741V 88.7 Ohm
< = Lo = -
E (YR "I"‘“) Vs~ Vr = 3hs 4 45V 0.676 V 79.7 Ohm
© Res oL TV i 5 15 0.22V 23.4 Ohm

Theoretically, the resistance should be inversely proportional to V_GS. And we can use V_GS to control its
resistance. However, the test results show that it seems to be approximately proportional.

Figure 16: Problem With MOSFET

As shown in our note, we initially select to use MOSFET for changeable resistors, since
we have learned in course that MOSFET does have a linear part that the resistor would
change with the change of the voltage. However, in the real test, we found that the MOS-
FET have problem that: 1) Small range of changeable resistors. 2) Inconsistent physical
characteristic with what we have learned. 3) The change of resistor is unstable.
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Hence, we find the component called potentiometer. We also have two options for po-
tentiometers: digital and mechanical. The advantage of digital potentiometer is that, the
resistor can control by voltage while the mechanical one can only change with mechanical
knobs. However, we have found a mechanical potentiometer with high accuracy and a
digital screen to show the value of resistor which can make user see the value of resistor
clearly.

2.7.3 1/O User Interface - Waveform Generator

Initially, we used the waveform generator in the laboratory as the signal input. It was
very stable, but the downside was that it could not generate complex waveforms, such as
a composite wave composed of two sin waves. On the other hand, not all users can use
a professional waveform generator to generate a good waveform. Therefore, we chose to
use Arduino plus Digital-to-Analog Convert (DAC) to realize computer programming to
generate waveforms.

The advantage of Arduino-DAC8563 system is:
* Be able to generator composite wave.

¢ Can be control from computer, allowing user digital input to generate analog output

2.7.4 Power Supply Unit - Stable DC Voltage

Finally, we would like to say that we used a programmable DC power supply from the
lab. We also used this at the beginning, but in the process, we tried to use a smaller
portable AC-DC power supply to replace this big guy, but the problem is that the +5V
voltage of the portable power supply is unstable and cannot provide stable power supply
to the chip, and it cannot generate a -5V voltage for the amplifier chip to use.

Figure 17: +5 Power Supply by Portable Figure 18: +5 Power Supply by Stable
Power Supply Power Supply

We can see from the Figure[I7land[18] we can see the range for +5V portable DC is actually
4.5V to 5.7V while the stable DC would give the result of 5.0V to 5.2V.
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Therefore, as we can see, the advantage of Programmable DC Power Supply is that:

¢ Can generator both +5V and -5V for the chip. And also have a portal for 12V poten-
tiometer power supply.

* The voltage it generator is stable (little ripple) which means would result in a high
accuracy of the computation.

Taking all the above into consideration, although a programmable power supply is quite
large, we still used this power supply to complete our project in order to obtain higher
accuracy.

2.8 Analog Computer
2.8.1 Analog Computer Circuit Integration

To construct a complete and functional analog computer, we integrate the four essential
modules previously described: Computing Unit, Control Unit, Power Supply Unit and
User 1/0 Interface.

These modules are physically wired and logically organized into a unified analog com-
puting platform. The Arduino provides a digital 3-bit signal to control the MOSFET-
based mode selection switch, an analog waveform u(t) via DAC, and control signals for
resistance adjustment. The user can then observe the output of the selected ODE-solving
circuit in real time through the oscilloscope.

2.8.2 Circuit Functionality and Mode Switching

The analog computer solves different ODE types by selecting one of three embedded
circuits via a 3-bit digital control signal (see Figure[19). Each mode solves a specific form
of ODE:

e Mode 1: 1st-ODE (ay’ + by = u(t))
Control signal = 500, diagram is A single integrator circuit combines u(¢) and y(t)
via an adder-inverter stage to generate y(t), solving stable first-order dynamics.

* Mode 2: 2nd-Order Convergent ODE (ay” + by’ + cy = u(t))
Control signal = 050, diagram is A two-stage integrator chain processes weighted
u(t), y(t), and y'(t) to compute y(t), solving stable, damped second-order systems.

* Mode 3: 2nd-Order Non-Convergent ODE (ay” — by’ + cy = u(t))
Control signal = 505, diagram is Similar to Mode 2, but /() is inverted to simulate
negative damping, enabling unstable or oscillatory responses.
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Figure 21: Mode 2 Figure 22: Mode 3
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3 Quantitative Results

3.1 TestI: First-order ODE Solving

To configure the circuit to solve a first-order ODE, we set the mode control signal to
“high-low-low”, which corresponds to Mode 1, as shown in Figure In this mode,
all three variable resistors R1, R2, and R3 were set to 10k(2. With this configuration, the
analog circuit realizes the differential equation:

3y’ + 2y = 2u(t) 3)

We chose the input signal as u(t) = 2sin(1.571¢). The expected analytical solutions for y(¢)
and y/(t) are:

y(t) ~ 0.7813 - sin(1.571t — 1.169)
y'(t) &~ 1.227 - sin(1.571t + 0.4013)

The theoretical waveform was simulated using Python, and the analog solution was cap-
tured via an oscilloscope. As shown in Figure 23 the measured waveform closely matches
the simulation, indicating that the circuit operates correctly.
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Figure 23: Top: Simulated waveform with Python; Bottom: Measured analog waveform
with oscilloscope
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Table 9] compares the expected and measured amplitudes and angular frequencies of y(t)

and y'(t), showing excellent agreement and validating the circuit’s accuracy.

Table 9: Comparison between expected and measured signals

Signal Expected Expected | Expected | Measured | Measured
Expression Ampli- w (rad/s) Ampli- w (rad/s)
tude tude
y(t) | 0.7813sin(1.571t — | 0.7813V 1.571 0.783 V 1.590
1.169)
y'(t) 1.227 sin(1.571t + 1.227 V 1.571 122V 1.590
0.4013)

3.2 TestII: Convergent Second-order ODE Solving

To test the circuit’s capability in solving second-order ODEs, we set the mode control
signal to “low-high-low”, which corresponds to Mode 2, as shown in Figure 21| In this
configuration, the analog computing circuit is designed to solve the equation:

3y" 4 2y’ + 3y = 2ul(t) 4)

We applied the input signal u(t) = 2sin(2t). The expected analytical solutions are:

y(t) &~ 0.4061 - sin(2t — 2.723)
y'(t) ~ 0.8123 - sin(2t — 1.153)
y"(t) ~ 1.625 - sin(2t + 0.4182)

We first simulated the waveform using Python, and then captured the analog output us-
ing the oscilloscope. As shown in Figure 24, the measured waveform aligns well with
the simulated signal in both phase and frequency, demonstrating the circuit’s effective-
ness.
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Figure 24: Top: Simulated waveform with Python; Bottom: Measured analog waveform
with oscilloscope

Table 10: Comparison between expected and measured results for second-order ODE

Signal Expression Expected Amp. (V) | Measured Amp. (V) | Measured w (rad/s)
y(t) | 0.4061 sin(2t — 2.723) 0.4061 0.450 1.999
y'(t) | 0.8123sin(2t —1.153) 0.8123 0.817 1.999
y'(t) | 1.625sin(2t+0.4182) 1.625 1.58 1.999

Table [10] compares the expected and measured amplitudes and angular frequencies of
y(t), ¥'(t), and y"(t), showing strong consistency and further verifying the circuit’s accu-

racy.

3.3 Test III: Composite Wave Input

To evaluate the circuit’s ability to handle complex signals, we conducted a third test us-
ing a composite sinusoidal input. The analog circuit remained configured to solve the
second-order differential equation:

3y" + 2y + 3y = 2u(t)
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In this test, the input signal was set to:

u(t) = 1.6sin(2¢) + 2.4 sin(9¢) (6)

This signal contains two sinusoidal components with distinct frequencies. Theoretically,
by the principle of linear superposition, the system’s output should be the sum of re-
sponses to each frequency component. The analytical solutions are:

y(t) ~ 0.3249 sin(2t — 2.723) + 0.01994 sin (9t — 3.067)
Y (1) ~ 0.6498 sin(2t — 1.153) + 0.1795 sin(9¢ — 1.496)
y"(t) ~ 1.3sin(2t + 0.4182) + 1.615 sin(9¢ + 0.07486)

We simulated this response using Python and captured the real output from the oscil-
loscope. As shown in Figure 25, the measured waveform matches the simulation well,
effectively representing both low and high frequency components.

‘ YN L ,4\»:1-,_ iw'fyc‘"a
) &lﬁ-j—«?-w;x%ﬁr«lﬂﬁ-@xg,ﬁ 6~ 3%‘7 Fj&gfﬂ J ﬁbl

17.5 20.0

0.0 0 0 12.5 1
t

Figure 25: Top: Simulated waveform with Python; Bottom: Measured analog waveform
with oscilloscope for composite wave input

This experiment demonstrates that the analog circuit can accurately solve differential
equations with composite sinusoidal inputs. According to the principle of Fourier analy-
sis, any periodic signal can be represented as a sum of sinusoidal functions with different
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frequencies. Since the circuit is linear, it responds to each component independently and
combines the results.

The accurate output observed in this test confirms that the circuit can handle multi-
frequency signals effectively, and suggests that it is theoretically capable of processing
any periodic signal through decomposition into basic sine waves.
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4 Tolerance Analysis

4.1 First Order ODE

To find the error source of the first-order ode, let us reconsider the computing data flow.
The equation to be solved is

ay'(t) + by(t) = u(t) )
According to the circuit structure,
RstAs | RstA:
a — L+ RZ+AZ + R;JrA; _ Rs + A (8)
- Rs+A -
L+ 7558 Ry + Ay

For the integration circuit, the additional ratio is not 1
(Rs + A5)(C+A)! =1 )

Thus the real solving equation would be the following:

s (1)
“(Rs + A5)(C +A)"

By further calculating the partial derivatives of solution with respect to other parameter,
we could eliminate some subtle variables which have little impact on the result. When
A; < R;and A < C', we could get the error of output:

_ﬁ.i_&.(l_i_ R3(Ri + Ry) )
Ry(Ry + R3s + Ry)

@_( Rg(R2+R4))_1) g

_9=
Rs \ RaRy(Ri + Rs

To make sure the error of output is within 10 percentage, further estimate other error
source error range. By assuming only one error on site and other parameters are ideal, we
could have the following maximum error. When they have the following value R1=10k(2,
R2=20k(2, R3=30k(2, R4=40KkS2, w=100rad/s. (also applies to other values)

A
ZI1 < 10% Whichis  [S10, + Sads + S305 + Suds + Scde| < 0.1 (10)
Yp

1. Ry allowance error: 0.75- 21 < 0.1 = |A| < ©2X10% 73350 (13.3%).

2. R, allowance error: 1.75 - |2A0—2k| <01 = Ay < M2 5 114KQ (5.7%).

3. Ry allowance error: 0.94375 - 221 < 0.1 = |A] < GLX3% 31850 (10.6%).
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4. Capacity C allowance error: 2 - 1(10A;JF <01 = AL w = 5uF (5%).

The error of variable resistors would be below 5 percent according to the product manual,
thus the error of our output would be below 10 percent. For our capacity, it is constant
and thus always satisfy our accuracy requirement.

4.2 Second Order ODE

Following the same analysis step, we have no necessity to reintroduce. The real solved
equation in our circuit is (note that due to constant capacity and its corresponding resistor
of integrating circuit, its error could be ignored here)

R3+As R3+As3 R3+As3 R3+As
1+ Ra+As + Ra+A4 11 R3 + A3 / L+ Ra+A> + Ry+Ay

Rs+A Yy Yy Ri+A
14 e Ry + Ay 1+ Rt

y=u

Given initial value zeroing, use sine function input and choose one timestamp when sine
and cosine signals are the same ‘/75

2
R3+A3 R3+A3 Rs+As 2\ Rs+As R3+A3
\/§ <1 + Ra+As + R4+A4> <31+A1 w > (1 + Rl+A1> (RQ+A2> w
’ 2 2 2 2
2 1+ R3+A3 + R3+A3 Rs+As w2 +(1+ Rs+As R3+A3 w2
Ro+Ao Ry+Ay Ri+Aq Ri1+Aq Ro+A»

Further set parameters to our common value R1=10k(2, R2=10k(2, R3=10k(2, R4=10kS2,
R5=10k(2, w=100rad/s, calculate the partial derivatives of each parameters with respect
to the output, we have the following inequalities.

y(t) =

A
—y < 10%Q Which is |S1(51 + 52(52 + 5353 + 5454 + 55(55 + Scfsc’ < 0.1 (12)
Yp
Resistor Parameters Table: R;: 10 kQ) £7.2% — R,: 10 kQ2 £7.2% — Rs: 10 k2 £10.5%
— R;: 10 k2 £11.7% — Rs: 10 k2 £10.4% According to the test result in the last section,
our resistor error would still be acceptable to make sure the output error is within ten

percentage.
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5 Uncertainties

There are some uncertainties that arise from both hardware constraints and theoretical
limitations of analog computation, which affect its accuracy and reliability. We summa-
rize the main issues below:

5.1 Inaccuracy of Potentiometer Resistance Values

To input coefficients of the ODE into the circuit, we used four mechanical potentiometers
as variable resistors. The coefficient values were determined on the basis of the resistance
displayed on the screen of each potentiometer. However, the actual in-circuit resistance
values deviated from those displayed because of internal mechanical inconsistencies and
contact resistance. This discrepancy leads to inaccurate coefficient inputs and futher lead
to incorrect solutions, especially for equations sensitive to coefficient precision. Table
summarizes our measurements comparing the displayed resistance values with the actual
in-circuit values for all four potentiometers.

Table 11: Displayed vs. Measured Resistance of Potentiometers

Display (k) | R1 (0-47k2) | R2 (0-100k?) | R3 (0-47k() | R4 (0-47k<2)
0 2.27 421 257 1.91
5 5.76 6.43 5.25 5.29
10 10.86 10.76 10.09 9.78
15 14.64 15.11 15.24 14.57
20 20.89 19.08 19.11 19.10
25 25.93 24.19 24.92 24.10
30 31.02 28.73 29.64 28.99
35 36.27 33.21 34.38 33.70
40 41.01 37.78 39.15 38.60
45 45.92 42.19 44.04 43.40
50 / 46.52 / /
60 / 55.33 / /
70 / 64.55 / /
80 / 73.72 / /
90 / 82.89 / /
100 / 91.36 / /
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5.2 Ripple Noise in DC Power Supply

Our design uses LM358P operational amplifiers, which rely on a dual £5V DC power
supply. If the power source exhibits ripple or noise, this is directly reflected in the op-
amp output. Ripple-induced interference manifests as spurious spikes or glitches in the
analog output signals. It will degrade signal smoothness and introduce significant error
into the ODE solution.

Such noise is particularly problematic for integrator circuits, where even small distur-
bances accumulate over time. In practice, ripple leads to irregular signal fluctuations that
cannot be attributed to the true solution of the differential equation.

3. Output Range Limitation and Signal Clipping

Due to the use of £5V power supply rails, the LM358P op-amps can only output voltages
in the range of approximately —4.5V to +4.5V. Signals that exceed this range are clipped,
resulting in distorted waveforms and incorrect integration results.

This limitation imposes constraints on both the form of the ODE and the characteristics
of the input signals:

* Integrators are sensitive to signal frequency. If the input frequency is too low or too
high, the integrator output can exceed the available voltage range.

* Divergent or non-converging ODEs produce solutions that grow unbounded over
time. In such cases, the analog computer saturates at +4.5V, leading to flat-line
outputs that do not represent the theoretical behavior of the system.

This constraint must be carefully considered when choosing both input signals and the
structures of the ODE to be implemented.
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6 Cost Analysis

6.1 Bill of Materials (BOM)

The main cost of this project is on circuit components. It includes PCB board, resistors,
amplifier chips and so on. The detailed cost is listed below.

Table 12: A simple model device summary

Device Name Quantity | Cost
ADG633JRZ 3 44.4 RMB
AD5254BRUZ1 3 56.4 RMB
AD835 Multiplier 1 118 RMB
arduino uno r3 1 104 RMB
DAC8563 1 126 RMB
1000UF Capacity 5 20.5 RMB
5X02 Digital Potentiometer 4 220 RMB
0-10V Analog-to-Digital Potentiometer Converter Module | 1 45.8 RMB
SMA Breadboard Wire 4 27.2 RMB
PCB and relative materials 4 429.21 RMB
Packaging Material 1 50 RMB
UI element and Power Supply 1 0 RMB

The BOM of this project is totally 1241.51 RMB.

6.2 Labor Costs

We normally work together on this project on site and have a fair work distribution. In-
cluding 1 hour meeting our professor one week, 10 hours on laboratory to build and test
our circuit. The estimated salary per hour could be 50 RMB and the lab cost hours are 440
hours at least. The labor costs would be 2.5 x 50 x 440 = 55000 RMB.
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7 Schedule

For the first half semester, we design the software level simulations and decided the ex-
act type of ODEs and other related functions we will realize. Then, for the second half
semester, we mainly focus on the hardware setting and circuit design. Our schedule for
the whole project is listed as following:

7.1

7.2

First Half Schedule - Software Simulation

Mar.10 - Mar.24 A basic understanding and research about the related theorem of
the project: ODE, Analog Computer, ODE solver and etc. Making a general goal for
our design and finishing the proposal.

Mar.25 - Mar.31 Theoretical analysis about the top-level design of Analog Com-
puter, dividing the system into a different modules and build software level (both
mathematical and chip-level software simulation using Simulink and ICEDA) mod-
ular simulation.

Apr.1 - Apr.7 Complete the simulation testing and determine the type of ODE we
need to solve. Do research about the physical chips, select and test purchased chips.
Start to draft design document.

Apr.8 - Apr.14 Debug the hardware chips and do modular test for physical circuit.
Searching for alternatives of current SMT-need chips. Finish the design document.

Second Half Schedule - Hardware Design

Apr.15 - Apr.21 Contacting the factory for SMT service if necessary to solder SMT-
need chips on PCB and hand-solder plug-in chips to test modular circuit in labs.

Apr.22 - May. 4 Testing physical modules like integrator, multiplier, op-amp, change-
able resistors like MOSFET or potentiometer, switching systems and so on. Integrate
the modules to be a final version PCB, an first version analog computer will be built.

May.5 - May.11 If there exists bug in the circuit, debug and refine the circuit. Prepar-
ing datasheet and related documents of our analog computer. Preparing to do the
mock demo and final demo.

May.12 - May.26 Writing final report and preparing for final presentation. The de-
sign part should be all done.

It should be noted that this schedule is a ideal one if every step goes fluently. Some real
details may be slightly different from this ideal assumption.
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8 Accomplishments & Work Distribution

We have successfully made a PCB based, hardware programmable analog computer that
can use analog signal solve various ordinary differential equations (ODEs). In details, our
Analog Computer ODE Solver can:

* Solve any 1st and 2nd order ODEs with any composite waves as input signals by
using different mode while the mode can be changed by voltages (0V or +5V).

¢ Solve any 1st and 2nd order ODEs with different coefficients. (e.g., it can solve ay”
+ by’ + cy = u, where a, b, c are changebale.)

¢ Allow users to input equations in a digital way (e.g., using a personal computer)
and see the result of all signals by analog waveform.

We have a relatively balanced division of labor, with each person leading a major role
while participating in all the work. The followings show the main work (not all work)
everyone has done.

Zixuan Qu (25%)

¢ Finished all Arduino coding stuff, including the Arduino-AD8563 waveform gener-
ator of the I/O system and the Integrated switching with codes.

* Designed the schematic and PCB layout of 2nd order ODE solver in ICEDA [8] and
Parameter Tuner with potentiometer of control unit.

Shilong Shen (25%)

* Designed the ultimate Analog Computer with integrated first-order and second-
order ODE solvers.

* Implemented the software simulation of the 1st-2nd ODE Solver in Simulink, and
tested the physical circuit based on the simulation.

Haige Liu (25%)

* Provided theoretical support and mathematical analysis for the feasibility of ODE
solver circuits for analog computers.

* A test data set was created to verify the correctness of the final design, and a Python-
based ODE solver was designed to assist in verifying the results.

Dianxing Tang (25%)

* The PCB board and some components were welded and the functionality of the PCB
was tested.

* Designed the overall packaging appearance, including the cutting of acrylic sheets
and the relative positions of the components.
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9 Ethics and Safety

In general, our design strictly obeys the code of ethics of IEEE [9], and we will also focus
on the safety of our working procedure, detailed explanations are made in the following
subsections.

9.1

9.2

Ethics Consideration

Intellectual Property: Ensure that all the design concepts, circuit schematics, and al-
gorithms used in the project are either original or properly cited if based on existing
works. Avoid any form of plagiarism.

Open - Source and Collaboration: Consider making the design of the analog com-
puter open source, allowing other researchers and students to build upon and im-
prove the work. This promotes collaboration and the sharing of knowledge within
the scientific community.

Safety Consideration

Electrical Safety: Since the analog computer is based on PCB boards with electrical
components, proper insulation and grounding must be ensured. All electrical con-
nections should be made according to safety standards to prevent electric shocks
and short circuits.

Laboratory Safety: Most of the work for the later half of our job will be conducted in
laboratory, therefore, we must strictly follow the rules and keep our self safe from
all equipment we use. For example, when we do hand soldering with soldering
pencil, we need to be careful with the heat iron and not to be scald.

Component Handling: When handling components such as resistors, capacitors,
and integrated circuits, proper anti-static measures should be taken to avoid dam-
aging the components. Also, ensure that the components are rated for the voltage
and current levels in the circuit to prevent overheating and potential fire hazards.
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10 Conclusion & Furture Work

In our design, we successfully used the characteristics of analog circuits to solve first-
order and second-order differential equations. We controlled the circuits through a lap-
top and knobs, just like an engineer operating a professional computer device, and then
obtained the desired output from the oscilloscope.

Although the idea of creating and applying analog computers to solve practical problems
was proposed as early as the end of the 20th century, the application of analog computers
was limited to solving certain types of theoretical equations, and few people have real-
ized this idea. In this project, by building a general-purpose analog computer to quickly
solve differential equations, we also hope to realize a realistic idea through this: equip
some practical devices with analog computers to efficiently process analog signals with-
out converting the signals to digital signals and then converting them back, reducing the
delay of device communication.

In this senior design, we really worked with some engineers from proposal, planning,
design to construction implementation. We learned knowledge that we could not learn
from books through actual operation and experiments. We turned abstract content into
concrete growth, which was very helpful for our future engineering career.

Furture Work to be done:

* Support freely choosing initial value: Currently, we only leave inital value alone
and it just be 0. But in reality, this is almost impossible. To do this, we need to con-
nect each integrator in parallel with a constant voltage before starting the system,
and then cut off the voltage, the solving process will be triggered.

* Support higher order of ODE: To achieve this, the main idea would be adding more
integrators and weighted summing adders, the idea is simple, but now we do not
have enough resources, eg. power supply, chips.

* Develop more general UI: Currently, our IO is pretty limited, like verification in one
computer, wave generaion in another computer, and we even mannually change re-
sistors. Thus in furture we could integrator all relative stuff in simple one terminal.

* Achieve more integrated and flexible Circuit Design:Currently, our circuit is like
design two ODE solvers and simply connect them in one PCB. However, many
components like capacitors and resistors could be reused in any mode and raise
resources waste. We could propose corresponging siwtch system to support that.

* Push the numeric limit: Relying on Operational Amplifier to solve ODE numeri-
cally, all middle signal is limited to be between -4 and +4. We can simply increase
the supply voltage, but this still limits it to be 15 at max. Our method is to rebuild a
OP from 0 to 1 and support much higher limit.
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Appendix A Working Example

In Appendix A, we will use a simple example of solving a second order ODE to show you
how our design work in holistic and brief description.

If we want to solve:

8y" + 3y" + 4y = 3u(t) u(t) = 2sin(t) + 3sin(w - t) (13)

According to the simplified theoretical relation between parameters and the resistance of
potentiometers (Figure 26).

DDE~L R
—L =

LR
g —r y"
-s—:?
¥y
R [| Fy"+2y +4y -3u

Figure 26: Relation between parameters and the resistance of potentiometers

We can change the corresponding potentiometers to 10, 20, 20, 20 using the knobs shown
in Figure 3| Then, set the u(¢) to be a composite wave of 2sin(t) and 3sin(r - t) using the
computer and Arduino.

y(t) = -0.96%sin(t) - 0.1182*sin(3. 1415 0.72%cos(t) - 0.01486%cos (3. 14159+t)
y' (1) = 0.72#sin(t) + 0.04669*sin(3. 1415 0.96%cos(t) - 0.3713%cos (3. 14159%t)
y'' (t) = 0.96#sin(t) + 1.167*sin(3. 14159+ 0.72%cos(t) + 0.1467#cos (3. 14159%t)

|
|
i
U(t) = A/2-sin(wl-t) + B/2-sin(w2-t) l‘
|

<Figure size 640x480 with 0 Axes>

|
\
\

=== G INEEN === ‘

y(t) = 1.2#sin(t - 2.498) + 0.1191*sin(3. 14159+t - 3.017)

y (t) = 1.2#sin(t - 0.9273) + 0.3743%sin(3. 14159%t - 1.446)

y'' (1) = 1.2%sin(t + 0.6435) + 1.176¥sin(3.14159%t + 0.1251) |

Figure 27: Digital Solution using Python
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Figure 28: Analog Solution using Our Design

Finally, we can compare the result produced by both digital solver (Figure 27), which is
based on Python script, and the analog signal result (Figure [28), which is solved by our
analog computer, on oscilloscope to justify the correctness of our solution. For example,
in this question, both green plot results reflect the equation of y = 1.2 - sin(t — 2.498) +
0.1191 - sin(7 - t — 3.017).
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Appendix B Checklist for ECE 445 Final Report Authors

Note: Be sure to check even “automatic” features!

Pagination and margins

Title page unnumbered (counts as i)
Preliminary pages in lower case roman numerals

Chapter 1 starts on Arabic page 1; all pages numbered consecutively after that; each chapter
begins on new page

Minimum one-inch margin on all sides of every page (page number falls slightly outside, which
is OK)

Abstract

On pageii
Title same style as chapter titles, but unnumbered

Presents main findings concisely and that is all

Table of contents

Format

Preliminary material (abstract) not included

Consistent capitalization

Leader dots appear and page numbers aligned (automatic)

Agreement with text

Wording of chapter titles and subheadings matches text exactly (automatic)
Page numbers correct (automatic)

Update your automatically generated content!

Figures
Placement

Same page as first citation in text or first possible page after that
or

Separate section (with tables) at end of each chapter

or

Separate chapter (with tables) after Conclusion

Not scattered among short passages of text
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Figures (continued)

Numbering and citations

Every figure cited directly in text (e.g., “Figure 1 shows ...")
Figures numbered in order of their citation in text
Quality

Information conveyed economically

Neat, legible, and within margins

Axes labeled

Captions

Every figure has descriptive caption (not just “Figure 1”)

Caption below figure, use “Figure X (continued)” for multipage figures

Tables

Placement

Same page as first cited in text or first possible page after that
or

Separate section (with figures) at end of each chapter

or

Separate chapter (with figures) after Conclusion

Numbering and citations

Every table cited directly in text (e.g., “Table 1 shows ...”)

Tables numbered in order of their citation in text

Quality

Neat and legible

Decimals aligned

Column and row headers labeled, with unit symbols, if necessary
Titles

All tables have descriptive title (not just “Table 1”)

Title above table, use “Table X (continued) for multipage figures
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Equations

Neat and legible, with proper use of italics and bold
Centered or indented consistently

Numbered in sequence and according to same scheme (whole number or single-decimal) as
figures and tables, but in a sequence independent of figures and tables

Use of parentheses both in display and in text citation

Numbers are flush right

Appendices

Appear before References if they contain reference citations

Figures and tables numbered, with captions/titles, and cited in the text

References

All references cited in the text, and every citation corresponds to an entry in References
Numbered in order of citation in text
Use of brackets and other IEEE style

Use the template, and proofread!

Writing and style

Quantities expressed with number, space, and correct unit symbol
Abbreviations defined at first use and used consistently afterward

Writing is neutral in tone, formal in style, and consistent from writer to writer
Active voice used as much as possible

Needless words omitted

Every sentence clear and readable

Read the paper aloud

Ask a friend unfamiliar with the subject matter to read and comment
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