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Abstract:  
To give a sense of the joys and challenges of being a pilot, we designed and 

implemented a simple flight simulator that emulates landing an aircraft on a mountain-top 
plateau, with the goal being to land the aircraft safely on a runway on the plateau.  To 
accomplish this goal, the user (or pilot as we would like to refer to them) has control over three 
degrees-of-freedom: altitude (up and down), distance to the runway (forward and backward), 
and steering (left or right).  They start off with an initial position 500 meters above, and 700 
meters away, from the runway. To successfully accomplish the mission, by the time the 
distance-meter (indicated by a countdown) reaches 0, the pilot would have to position the 
aircraft in the right altitude and steering orientation, indicated by the green LEDs lighting up.  If 
they don’t accomplish this...then this is why simulations (practice) makes perfect!  
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Introduction 
Our final project, the Flight Simulator, was developed in an effort to create a fun game 

that replicated the challenges of landing a plane on a runway. We wanted to make the game as 
realistic as possible so we incorporated all three dimensions of motion and worked to make the 
physics as realistic as possible, with minimal simplification (refer to Figure 1 to understand our 
reference axes). To do this we gave the user control over both the thrust and steering inputs. 
The steering affected only the horizontal, or x, direction of movement and had to be modulated 
to oppose the randomly generated gusts of wind that attempted to push the plane off course. In 
the forward, or y, direction of movement, the user had to apply the appropriate amount of thrust 
to counteract the constant force of drag. The thrust also indirectly controlled the movement in 
the vertical, or z direction, as the higher the forward velocity of the plane, the greater the force of 
lift generated. This force of lift had to be modulated to oppose the ever present force of gravity 
and slowly bring the plane down to the desired altitude. The user is shown their progress 
towards the runway by a distance countdown. This countdown is shown on a seven segment 
LED display and counts down from 7 to 0, 7 being far from the runway, and 0 being at the 
runway. To succeed in the game, the user needs to have both the x and z positions in their 
appropriate ranges (marked by green LEDs) when the distance meter finally counts down to 0. 
These LED Glidescope displays can be seen on the cover page, the x component of the 
glidescope are the horizontal lights which light up individually, and the z component of the 
glidescope are the vertical line of lights which light up successively up and down like an audio 
visualizer bar would. The core components of the project were the forces in the x, y, and z 
direction as well the resulting position of the plane in all three dimensions. The other main 
components were the DAC used in the random wind generation, the ADC used for conversion 
of the analog position outputs into digital outputs, the LEDs used as the displays for the 
positional information, and the Arduino which helped control all the subsystems. Together, these 
subsystems worked in harmony to create one cohesive circuit that successfully simulated the 
landing of a plane. 

 
Figure 1: Reference axis for project and report. 
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Design  
 
1) Systems Breakdown  

Our completed circuit had many subsystems which were built independently and then 
joined together to form one integrated unit. Every individual sub assembly can be seen in the 
block diagram in Figure 2. Starting at the top left, the y forces, thrust and drag, were integrated 
twice to get the position of the plane in the Y direction. This analog signal was then fed into the 
flash ADC which output three bits binary into the display decoder. The binary values were 
decoded and the appropriate information was then sent into the 7 segment LED display which 
displayed the distance to the runway. For the x forces, a DAC setup helped generate the 
random gusts of wind and this wind, along with the steering inputs, made up the forces in the x 
direction. These forces were integrated only once (to make the game play easier) and the 
resulting “velocity” vector was fed into the Arduino which was programmed to light up the 
appropriate LEDs in the x-glidescope LED display. Lastly, the z forces were composed of a 
constant gravitational force and a lift force which was proportional to the Y-velocity (first 
integration) from the Y-forces subsystem. The positional output (second integration), was fed 
into a window comparator which was directly linked to the z-glidescope LED display that visually 
presented the z-position. The comparator with the lowest reference voltage of the Flash ADC 
was also connected to the Arduino as the necessary interrupt for determining whether the 
landing was successful or a failure. The z-glidescope display also gave feedback to the Arduino 
to determine whether or not the altitude had been in the appropriate place during the landing. 
Finally, the Arduino was also connected to the success display which would mark the landing as 
either a success or a failure via its red and green LEDs.  

 
Figure 2: Block Diagram 
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2) Subsystems 
  
2.1) Y Forces 
To simulate the forces that are acting on the aircraft along the y-axis, we created an analog 
computer to perform the mathematical calculations using the relevant physics relations. The 
subcircuit and the relevant physics can be seen below:  
 

 
Figure 3: Y Forces subcircuit 

 

 
 
First, VThrust is determined by the pilot turning Rpot (510KΩ) in the voltage divider.  This gives 
VThrust a linear range between 0V to 0.2V, 0V when the user turns the potentiometer one way 
and 0.2V when the potentiometer is turned the other way.  
 

 
 
For this simulation, we are assuming that the drag force is constant.  VDrag is a constant voltage 
of -0.1V.  This is done by using a voltage divider.  To determine the closest standard resistors to 
use in this circuit, we used an online voltage divider calculator made by Texas Instruments. 
Although using standard resistors doesn’t yield exactly -0.1V, the margin off error of 2% is 
negligible and won’t drastically affect our circuit.  
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Although the voltages to represent VThrust and VDrag could have been anything, we considered 
multiple factors in choosing the voltage values to represent the thrust and drag forces:  

1) We wanted our circuit to run between ±5V in order to prevent dealing with complications 
when we integrate our digital and analog circuit components. Although [-5V, 0) won’t be 
used in the digital aspect of the circuit, because of the inverting properties of the 
summation and integration op amps, it would be necessary to accommodate the 
negative voltages.  

2) To ensure that the pilot has a satisfying flight experience, we needed to chose voltages 
high enough that it won’t be similar to the “noise” voltages in the circuit.  In addition, we 
wanted to choose voltages that were low enough to make the game last for around 10 
seconds. Expanding this note, if the voltages used to represent the forces are high (ex. 
VThrust= [0.5V, 1V] and VDrag= 0.5V), it would make the game last for a short time because 
of the integration).  To find the optimal values, we used Desmos, an online graphing 
calculator, to mathematically model the voltages and their corresponding effects on the 
time of the simulation and the physics they represent.  

 

 
Figure 4: Graphical model of our mathematical model. Focusing on the red graph (colors 
are overlaid) and taking note of the t-axis representing time and y-axis representing 
altitude, we can see that using the voltage values selected, at y=0 (altitude of the 
runway), we can reach it in t = 14 seconds, which would give us the game play time we 
desired.  
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Taking these factors into consideration, we ultimately decided that allowing VThrust = [0V, 0.2V] 
and VDrag = -0.1 would be the most optimal voltage choices to represent the forces along the 
y-axis.  
 
After performing outputting the voltages for VThrust and VDrag, we then sum these voltages by 
feeding them into the inverting summing amplifier.  Because of the simplicity of an inverting 
summing amplifier and the fact that there not a constant “1” being added, as seen on the 
non-inverting summing amplifier, we decided to use the inverting summing amplifier. We used 
510KΩ as our resistors for the summing circuit because we wanted to protect against Thevenin 
issues (RL >= 10RThev).  
 

 
 
The output of the inverting summing amplifier is then fed into the first inverting integrator. The 
sum of the forces are integrated over to result in a value (Vvelocity_y) that represents the velocity of 
the aircraft in y-axis.  We then integrate over the output of the velocity integrator to get an output 
that represents the negative position of the aircraft in the y-axis (-Vposition_y).  Because we wanted 
the game to have an extended play time, we chose R7 = R8=1MΩ and C1=C2=1𝜇F, which results 
in us having a 𝜏 = 1 sec.  
 

 
 

After calculating -Vposition_y, the output is then fed to a non-inverting summing amplifier.   -Vposition_y 
is added to 5V, which represents the distance of the aircraft from the runway (Vdistance), with 5V 
representing the starting distance from the runway and 0V signalling that the pilot has reached 
the runway.  We chose the value of R9=R10=R11=R12=27KΩ to ensure that heat is dissapated 
properly and that the output of the op amp is simply the sum of the input voltages.  
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To perform the integration and summation operations, we used the LMC6482.  We selected it 
for the following reasons: 

1) Vmax = VCC and Vmin = VEE, and we wanted our op amps to work between ±5V.  
2) Compared to the other op amps, the LMC6482 saved more space on the breadboard 

because it contains 2 op amps in one IC, which resulted in us needing only 2 ICs to 
create this analog computer.  

 
Although we were notified that because of some potential manufacturing errors that we won’t be 
able to reach exactly 5V, it wasn’t critical that we reached exactly 5V because what was more 
important was that a reading of 0V can be accurately reached, which indicated to the Flash ADC 
and Arduino that we have reached the runway. In our case, because the op amps are powered 
by ±5V power supplies, using the LMC6482 was the best option.  
 
To ensure that the Y Forces analog computer worked as planned, we conducted tests using the 
oscilloscope. We probed the output of U1Y1 (yellow), U1Y2 (blue), U2Y1 (pink), and U2Y2 (green) 
to see -VΣF_y, Vvelocity_y, -Vposition_y, and Vdistance, respectively.  Through the use of the scopes, we 
were able to confirm that the voltages were being outputted as expected (Refer to Figure 6 and 
6 and their respective descriptions for more details).   

  

 
Figure 5: Y forces integration starting from initial position.  Notice that Vdistance starts from 

5V and starts decreasing when -Vposition_y is negative, indicating that the aircraft is 
approaching the runway.  

 

 
7 



 

 
Figure 6: Y forces integration. At this moment, -VΣF_y changed because the potentiometer 

was turned.  
 

One thing to take note off is the fact when -Vposition_y is positive.  When this occurs, the user will 
see the counter count backwards, from 0 to 7.  This implies that the aircraft is moving 
backwards and away from the runway.  This is a feature that we hope to take advantage of in 
future iterations.  

 
2.2) Z Forces  
Similar to the Y Forces subcircuit, the Z Forces subcircuit simulates the movement of the aircraft 
along the z-axis by performing mathematical operations using the relevant physics.  The picture 
of the subcircuit and physics is presented below: 
 

 
Figure 7: Z Forces subcircuit schematic 
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To control the lift of the aircraft, the output of RPot (VThrust) is used to provide the lifting force to 
counteract gravity.  Although this is not the ideal relationship between the y- and z-axis 
mechanics, for the simplicity and scope of the project, we used VThrust as our way of controlling 
the lift of the aircraft.  
 
Because gravity counteracts lift and is a constant force, we represented VGravity as a constant 
voltage of -0.2V.  This is done by using a voltage divider.  To determine the closest standard 
resistors to use in this circuit, we used an online voltage divider calculator made by Texas 
Instruments.  
 

 
 
At this point of the discussion, because of the similarities between the mathematics of the y- and 
z- forces, the summation of forces up until past the -Vposition_z is very similar to what was 
discussed in the Y Forces subcircuit (except of course the component labels).  Because of this, 
to understand the reasoning as to why certain components and their respective values were 
selected, please refer to the Y Forces subcircuit explanation. However, we will continue 
providing a walkthrough of the workings of the Z Forces subcircuit.  
 
VThrust and VGravity are fed into the negative input of U1Z1, an inverting summing op amp. This 
results in an output of -VΣF_z, which represents the inverted sum of forces in the z direction. After 
this has been outputted, -VΣF_z goes through two additional levels of integration through the two 
inverting integrator op amps, the first one outputting Vvelocity_z (U1Z2), and the second one 
outputting -Vposition_z (U2Z1).  
 
After U2Z1 outputs -Vposition_z, it then gets fed as one of the inputs to U2Z2, which is the inverting 
summing amplifier. -Vposition_z is added to -5V, which functions as an altitude offset. The output of 
U2Z2, Vposw/offset_z, represents the user’s height from the runway, and as -Vposition_z becomes 
positive, Vposw/offset_z changes from 5V to 0V, where 0V indicates that the pilot has reached the 
runway.  This satisfies what we were looking for in our Z Forces.  
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To ensure that the Z Forces analog computer is working as designed, we probed the output of 
U1Z1 (yellow), U1Z2 (blue), U2Z1 (pink), and U2Y2 (green) to see -VΣF_z, Vvelocity_z, -Vposition_z, and 
Vposw/offset_z, respectively.  Through the use of the scopes, we were able to confirm that the 
voltages were being outputted as expected (Refer to Figure 8 and 9 and their respective 
descriptions for more details).   

 

 
Figure 8: Z Forces integration. Notice that the green line (altitude) starts off from 5 V (max 

altitude) and is slowly descending.  
 

 
Figure 9: Z Forces integration.  

 
Although it works to our satisfaction, one issue that we run into our circuit is the fact that when 
-Vposition_z is negative.  This would result in Vposw/offset_z going to values greater than 5V, which 
would be clipped by the op amp since VCC = 5V.  This also causes us to deal with some issues 
with altimeter, such as the level not dipping below the green LEDs or all the LEDs remaining lit, 
indicating that we are at a maximum altitude.  Careful analysis could have been employed, and 
using a non-inverting summing amplifier would have been a better solution.  
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2.3) Wind Generator  
To give a challenge to the pilot, we decided to include a wind generator.  This functions to 
provide an unpredictable, random-valued force (like the real wind) to affect the pilot’s control in 
the x-axis. A schematic of the subcircuit is showcased below:  
 

 
Figure 10: Wind Generator subcircuit schematic 

 
We start off our discussion by looking at the user input portion of the subcircuit.  It consists of a 
button (SW1) and a NAND gate (U4B).  3 out of the 4 inputs of the NAND gate are tied to 5V, 
effectively causing gate to act as a NOT gate.  Although it might appear like we could have 
simply used a NOT gate, there were no NOT gates available to us in lab.  Furthermore, because 
the IC contains two four-input NAND gates in the IC, we decided to make effective use of the 
whole IC and save space, we could “convert” the function of the NAND and make it to that of the 
NOT.  
 
 

Input 0 Input 1 Input 2 Input 3 Output 

0 1 1 1 1 

1 1 1 1 0 

Figure 11: Truth table for U4B 
 
The last input of the NAND gate is controlled by the button.  When the button is not pressed, the 
input is tied to 5V via R3, which functions primarily as a pull-up resistor, preventing any floating 
voltage issues, while having the effect of controlling current flow.  When the button is pressed, 
the voltage at the last input of the NAND gate becomes 0V.  This signal is fed into the NAND 
gate, which causes it to output HIGH, triggering the ENT pin the 74HC163 timer, serving as 
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input to the other NAND gate, and to control as the clock from the D Flip Flops (more on these 
later in the discussion).  
 
Although switch debouncing is normally a concern, here it won’t affect our circuit because the 
components that rely on the button’s signal doesn’t need a constant and clean clock signal.  
 
In order for the counter (U2) to function, it needs a clock signal to tell when the counter when to 
start and stop “selecting” a number. To generate the clock signal, we decided to use the 
LMC555 timer for the following reasons: 

1) It was able to run off a 5V power supply. 
2) A completely stable and or accurate clock signal was not necessarily needed for the 

counter.  
3) We wanted to easily change the frequency, which would make the counter iterate 

through the numbers faster or slower.  
4) Familiarity with is use (used it in the Numitron Die Lab).  

 

 
Figure 12: Astable operation of the LMC555 given by the data sheet.  

 
To help us decide the frequency, we needed to understand how the counter will select a 
number.  We knew that the counter will count from 0002 (010) to 1112 (810) in logical order, from 
0002 to 0012 to 0102 and so on until we reach 1112 and start again from 0002. Because we 
wanted the wind value to appear random, we wanted to select a frequency that will allow us to 
quickly cycle through all 8 of the numbers.  We decided that we wanted to spend 10 ms per 
number, resulting in the counter cycling through all eight numbers in 80 ms.  This resulted in a 
frequency value of 12.5 Hz.  From this point, we were able to determine the value of the 
resistors and capacitors needed to give us this frequency (calculations given below).  
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From our discussion of the clock signal, we move on to the counter (U2).  This component 
generates a random number by continually and quickly iterating through 0002 (010) to 1112 (810) 
while the user is holding the Wind Generate (SW1) button down.  To accomplish this, we 
decided to use the 74HC16X for the following reasons: 

1)  We needed only a single four-bit counter to generate the random number.  
2) We were familiar with the use of the use of the 74HC16X, which reduce time of 

development.  
3) The synchronous features enabled us to easily understand the logic and debug the 

circuit if necessary.  
 
The load inputs, labelled A, B, C, and D, are what would be the starting value of the counter.  In 
our case, because we need to start at 0002, we tie all of these inputs to ground.  However, 
because this is not needed because we will be using the CLR signal to restart the counter; we 
did it just to make sure that all our inputs are connected to ensure that there are no floating 
voltages.  
 
QA, QB, QC, and QD are the outputs of the counter.  Because we are counting only up to 810 
and we don’t need to carry over bits to increment another counter, we left QD and RCO pins 
unconnected.  
 
In addition to the clock, in order for the 74HC16X to function, /CLR, ENP, ENT, and /LOAD need 
to be properly connected.  To signal to the counter that it is able to start counting, both ENP and 
ENT pins need to be HIGH.  To make things simple, we left ENP tied to HIGH, leaving it active, 
while ENT is dependent on the output of U4B to become active when the button is pushed, and 
inactive else.  
 
Because we always want to start our count from 0002, we decided to use the /CLR and leave 
/LOAD tied to 5V, which would leave it inactive since /LOAD is an active LOW input.  /CLR only 
gets asserted when the NAND gate (U4A) outputs LOW, which is when QA, QB, and QC are all 
HIGH (max value of 1112 is reached) and SW1 is pressed. This restarts the counter at 0002, and 
starts the count again and again while the button is pressed.  
 
As we were building the circuit, we realized that if we simply connected the output of U2 to the 
digital-to-analog converter (DAC), we would run into the issue of fluctuating voltage; while the 
value of the wind is still being determined, voltage values would appear to fluctuate wildly and 
would give a troublesome game play to the pilot and could cause some problems for the X 
Forces generator.  
 
To resolve this issue, we made use of D Flip Flops. While U2 is still selecting a voltage, it will act 
as a buffer between the counter and the DAC to make sure that the selection process of 
selecting a voltage will not affect the DAC. Three of the D pins are connected to the output of 
QA, QB, and QC.  Since CLR is not needed, we tied it to 5V (active LOW).  The  areQ  
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connected to the MOSFETs of the DAC (more on this later). To control the clock signal, we 
connected U3 (the whole IC) to SW1.  
 
From what we know about D Flip Flops and reading the data sheet, we know that the value that 
will be outputted in  occurs on the rising edge of the clock. When SW1 is pressed, U3’s clockQ  
sees a change from 5V to 0V (connected to GND when pushed).  While the button is being 
pressed,  will hold its previous value while D is seeing values change between HIGH andQ  
LOW.  D, however, won’t output this because it is not a rising clock edge.  At this point, we can 
see how the flip flops acts as a buffer. When the button is released, U3’s clock will see a change 
from 0V to 5V (pull up resistor).  The counter stops counting, and since this is a rising clock 
edge, the value that the counter stops at is taken as input in D, stored, and outputted in .Q   
 
Continuing on, we move on to the Digital-to-Analog conversion (DAC) part of the circuit.  It 
consists of P-MOSFETs, an R2R ladder, and an inverting summing op amp (U5).  As the name 
suggests, it converts the digital signal to an analog one, and here, the DAC outputs between 
-0.75V and 1V, where negative voltages indicate wind blowing to the left and positive voltages 
indicate wind blowing to the right.  
 
We start our discussion about the P-MOSFETs (which frankly was the most difficult part of the 
whole Wind Generator subcircuit).  Because the R2R ladder requires a switch to function, and 
we wanted to use 2V instead of 5V (the range of VWind is ±1V), MOSFETs appeared to be the 
natural option. The added benefit of using them was that no power was needed to keep them 
ON or OFF.  
 
At the start of the simulation, we wanted the MOSFETs to be in the OFF state (0V output) and 
only ON when the counter dictated them to. This ruled out the use of an N-MOSFET because 
for MOSFETs, the load is tied to the drain, and for N-MOSFETs, the drain is tied to the highest 
voltage source, which would be 2V in this case. Furthermore, through some testing done, we 
determined that this would not be a viable because we got weird voltage values outputted when 
we turned the MOSFET ON.  Thus, we had to use P-MOSFETs.  
 
Here, we connected the gate of the P-MOS to  of one of the flip flops. The source isQ  
connected to +5V, and the drain is connected to a voltage divider, which will output 2V and run it 
to the load, which is rung in the R2R ladder.  When  is HIGH, the MOSFET is OFF, resultingQ  
the output being 0V.  When  is LOW, the MOSFET is ON, resulting in the drain and sourceQ  
connecting, the voltage divider outputting 2V and running it to the rung of the R2R ladder.  A 
smaller version of this circuit can be seen below, along with condition check of the P-MOS.  
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Figure 13: Switch design for DAC 

 

 
 
Moving on to the next component of the circuit, we run into the R2R ladder. From the Thevenin 
resistances, we can see that each bit contributes to the final voltage.  In our circuit, each output 
of the counter is going to turn the MOSFET ON or OFF, which in turn would cause each bit to 
affect that value of VDACout (refer to VDACout equation below).  In order to get this behavior, we 
needed to use the value of  because if we used the value of Q, MOSFET would be on andQ  
would result in VDACout to output a non-zero voltage when the circuit starts up (looking at the truth 
table in Figure 14, you can see that this issue is not resolved).  The values of the resistors in the 
R2R ladder (R10 to R16) were to ensure that we don’t run into any Thevenin issues before and 
after, which in this case, is the voltage divider found at the drain of the MOSFETs and the 
resistor input to U5.  

 

 

 
 

At this point, we also want to share why the DAC was designed this way.  Starting from the 
number of bits, our Flash ADC was designed to handle only 3 bits; 4 bits would have added an 
extra layer of unneeded complexity plus additional breadboard space.  Therefore, we needed 
our counter to only output between 0002 and 1112.  Additionally, in order to make debugging the 
wind generator and x-forces easier, using the following relations below between the maximum 
voltage of the R2R ladder and the step voltages, we found that using 3 bits and using +2V as 
the voltage enabled us to have voltages that were easy to deal with.  
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The final subcomponent of the DAC is the inverting summing amplifier. Here, we take VDACout 
and add it to -1V, which would output between [-0.75V, -1V], with increments of 0.25V. 
Because we wanted the output to be between ±1V, we needed to subtract 1 from VDACout.  It 
wasn’t a big issue whether we -1V or +1V was the maximum value of Vwind because we were 
limited by the resolution of the bits and it was in the range that we wanted.  In addition, because 
Vwind will be used as an input for the X Forces subcircuit, we needed to ensure that no Thevenin 
issues will occur, thus requiring us to take advantage of the 0 output impedance property of the 
op amp.  Refer to Figure 10 to better understand overall working of the circuit, from the counter 
to U5 output.  
 

 
 

Counter DAC Scaled 
Voltage 
(thru op 

amp) 
b2  

(MSB) 
b1    (LSB)b0   b2 (MSB)  b1  b0 (LSB)  Output 

Voltage 

0 0 0 0 0 0 1.75 -0.75 

0 0 1 0 0 1 1.5 -0.5 

0 1 0 0 1 0 1.25 -0.25 

0 1 1 0 1 1 1 0 

1 0 0 1 0 0 0.75 0.25 

1 0 1 1 0 1 0.5 0.5 

1 1 0 0 0 1 0.25 0.75 

1 1 1 0 0 0 0 1 

Figure 14: Truth table for counter. Take careful note that for the counter, we are using the 
 values.bn   
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To ensure that our Wind Generator circuit was working as designed, we conducted tests using 
the oscilloscope.  We probed all three s to check what number was being generated and theQ  
output of U5 to see that the outputs was relatively random.  Based on the trials and data 
collected, we can confirm that the wind generator works as designed and performs its functions 
well.  
 

 
Figure 15: Random wind output test.  

 
 

Trial  (MSB)b2  
[Green] 

  [Pink]b1   (LSB)b0  
[Blue] 

Calculated 
voltage 

Measured 
voltage 

1 1 1 1 1 1 

2 1 1 0 0.75 0.75 

3 1 0 0 0.25 0.25 

4 0 1 0 -0.25 -0.25 

5 0 0 0 -0.75 -0.75 

Figure 16: Wind Generator test results. Note that for the measured voltage, it might not 
be exactly the values stated because they were determined visually from the scope, 

however they are close enough to the calculated voltages based on the scale.  
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Figure 17: Pictures of the DAC test. From left to right, top row then bottom: Trial 1, Trial 

2, Trial 3, Trial 4, and Trial 5. 
 
 
Designing the random number generator was relatively easy and straightforward, one main 
challenge being how to buffer between the fluctuating voltages, which was solved by using the 
D Flip Flops.  However, the biggest challenge of this subcircuit was designing the DAC.  The 
reason why we used this design was due to numerous design analyses and experimentation. 
We experimented with almost every possible combination of MOSFETs and drain-source 
voltage connections (refer to pages 23-30 of Robert’s design notebook) and found that this was 
the only configuration that can make our DAC function as desired. We tried to do a configuration 
which would not need to use the op amp, but upon analyzing if the MOSFET conditions were 
satisfied, we found that none except the DAC configuration we used is satisfactory.  
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2.4) X-Forces 

 
Figure 18: Schematic of the X-forces (note the replacement of the second 

integrating segment with a simple inverting segment).  
 
 

The first step of the x-forces subsystem is the summing amplifier that takes the 
random wind generated from the DAC, and the user determined steering force, as its 
inputs. The steering force is modulated through a 10k potentiometer that rotates 
between a 5.1k resistor to +5v and a 5.1k resistor to -5v, as seen in Figure 18, above. 
Basic calculations were done to ensure that each resistor drops ¼ of the total 10v 
voltage drop, and the 10k potentiometer drops the remaining ½ of the voltage. With 
these resistor values, the potentiometer gives the steering forces a useable range of 
-2.5 to 2.5 volts.  

After the inverting summing amplifier, the combined forces output gets passed 
into an integrating op amp. In our initial design we had this output passed through two 
integrating op amps to replicate the fact that the position is the double integral of the 
forces (acceleration). After testing the gameplay, however, we decided to stick with one 
phase of integration to make the gameplay more responsive. We could’ve also changed 
the voltage levels of our steering input, however, it was easier for us to simply convert 
the second phase of integration to an inverting set up by just replacing the capacitor 
with a resistor.  Figure 19 below demonstrates the integration being done. The yellow 

 
19 



 

channel is the input after the summing op-amp, and the blue channel is the integral of it. 
It is clear that when the yellow channel is positive, the slope of the blue channel is 
positive, and vice versa. This single integration gave a much more reasonable time 
delay between turning the potentiometer and seeing movement in the x-direction than 
two phases of integration would have.  
 

 
Figure 19: X-Forces Integration. 

This single-integrated output was then fed through another summing op amp with 
a gain of ½  with a -5v as the other input. We initially used a +5v as the other input in 
the attempt to add 5 volts to the other input, however, we forgot that This converted the 
-5v to 5v input into an output that ranged from 0 to 5v. This translation can be seen in 
Figure 20, below, where the yellow channel is the -5 to 5v input, and the blue channel is 
the 0 to 5v output. This output was then fed into the arduino for processing.  
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Figure 20: 5 volt Shift, gain of ½.  
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2.5) Window Comparator (Z-Direction) 

 
Figure 21: Window Comparator Schematic.  

 

 
22 



 

To light up the correct LEDs for the Z-Glidescope direction, we designed a 
window comparator that would light up LEDs in ascending sequence to indicate the 
vertical height of the plane. In this setup, the position is indicated by the the highest lit 
LED and when a certain LED is lit, all other below it will be lit as well. We chose this 
sliding sequentially lighting design because it is visually pleasing and seems like a fitting 
arrangement for an altitude meter.  

As is evident in the schematic above, Figure 21, there are eight op amps 
configured as comparators. The negative input of each op amp is a voltage reference 
which is simple a long voltage dividing circuit with eight resistors in series running from 
+5v to -5v. In the initial design, the resistors ran from +5v to ground but after the 
Z-Forces subcircuit was finalized with an output from -5v to +5v, it was easier just to 
increase the range of the voltage reference to extend to -5v than it would have been to 
add an additional op amp segment to the Z-Forces subcircuit. We chose 2k resistors as 
our resistor of choice for the reference voltage because they were the only ones in the 
lab with a tolerance of +/- 1%, and accuracy is important for the reference voltages.  

The positive input of each of the comparators was attached to the Z-Forces 
output and was the same value at each of the comparators (joint node). In operation, 
the window comparator circuit worked by taking in some input value (the Z-Forces 
output) and comparing it to a number of different reference voltages. The comparator 
formula is Vout = A(V+ - V-) where A is some very large number that amplifies the 
difference and sends the value to either the positive or negative rails of the op amp. 
Therefore, when an input value was passed in (the Z-Forces output), if the input value 
was higher than the reference voltage it was being compared to at the negative input of 
the comparator, (V+ - V-) would be a positive value. Thus the comparator output would 
be 5v (the upper rail) and this would light the LED, as 5 volts would be running to 
ground through the LED and the 1k resistor in series.  

When the comparator outputs the lower rail, -5v, the LED does not turn on 
because even though there is a 5v difference across it in this situation, the LED is 
forward biased and thus will remain off. As shown in Figure 21 with the fractions on the 
left side of the page, as the voltage reference gets passed through more and more 
resistors, the voltage reference continues to decrease by an eighth of the total drop as 
each resistor drops the same amount of voltage. As explained above, this of course 
means that if an LED is lit, all LEDs below it must also be lit because they are being 
compared to a lower reference voltage. This explains how the LEDs get sequentially lit 
up and turned off one by one. A picture can be seen below, Figure 22, of the LED 
z-glidescope display.  
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Figure 22 : Z-Glidescope Display. 
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Figure 23: Window Comparator Input vs Output. 

 
The testing of the window comparator can be seen above in Figure 23. The 

yellow channel is the input voltage and the blue, pink, and green channels are three 
comparator outputs in decreasing order by their reference voltage. As is evident from 
the figure, all the comparator outputs start high, indicating that the input voltage was 
higher than all of their reference voltages initially. As the input voltage drops, the blue 
channel eventually goes low because it had the highest reference voltage and the input 
voltage finally went below its reference voltage. The pink and green channels are still 
high at this point, but when the decreasing input voltage finally passes their respective 
reference voltages, they too go low. This simple, yet effective circuit, properly converts 
the analog input into sequentially illuminating LEDs which clearly communicate the 
vertical position of the plane.  
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2.6) Flash ADC 

 
Figure 24: Flash ADC Schematic. 

 
We designed a Flash ADC to convert the analog input of the plane’s position in 

the Y direction, into a binary value that could be sent into our decoder and displayed by 
the seven segment LED display. The first part of this circuit is exactly like the window 
comparator circuit with a few small exceptions. The 2k resistors were replaced with 1k 
resistors with a +/- 1% tolerance, simply due to the fact that there were no 2k resistors 
left in the lab. Additionally, the reference voltage now only runs between +5v and 
ground because the the input voltage from the Y-Forces circuit ranges from 0 to 5 volts. 
Unlike in the window comparator where all LEDs below a lit LED were also lit, in this 
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setup, we used X-OR gates so that only the highest comparator with a high output could 
output its binary value.  

To the right of the X-OR gates are three nodes, each corresponding to a specific 
bit of a three bit output. When the top comparator would go high, the top X-OR gate 
would also go high because the other gate input was linked to ground. This would in 
turn send a high signal to all three bits which would be mean that a 111 would be sent 
to the display decoder, and then a 7 would be shown on the segmented display. The 
incorporation of a diode simply meant that current could only flow from the X-OR gate 
into the common node and not vice versa.  

As already described in the window comparator subcircuit, when a comparator 
goes high, all others below it must also go high which still holds true in this circuit. This 
is dealt with by the X-OR gates because each comparator output is fed into an X-OR 
gate with the above comparator output and the below comparator output as seen in 
Figure 24. When these gates receive an input of 1 and 1 (both high), the gate outputs a 
0 so none of the X-OR gates below the one that is high are able to output their binary 
value and distort the signal sent by the active gate. A gate can only go high when one of 
its comparator inputs is high, which only happens when one comparator is high and the 
one above it is not. Therefore, the highest comparator that is high is always the one that 
gets to send its corresponding binary value to the decoder. The X-OR gate nodes were 
connected to the appropriate decoder inputs, LSB to LSB and so forth. Then the output 
pins were connected to the appropriate pins on the 7 segment display. Depending on 
the input voltage, the LED display would successfully show any value from 7 to 0.  
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Figure 25: Testing Flash ADC. 
 

The testing of the Flash ADC can be seen above in Figure 25, above. The yellow 
channel is the input voltage and the green and blue are X-OR gate outputs. Initially, 
both gates are low because there is a X-OR gate above their own that is currently high. 
As the voltage drops, the previous highest comparator goes low and the green channel 
X-OR gate goes high as it now only has one input that is high from one comparator. The 
voltage continues dropping so eventually this comparator goes low too, and therefore 
the green channel goes low as that X-OR gate now had inputs of 00 resulting in an 
output of 0. At that very instant though, the next X-OR gate down the ladder went from 
having inputs of 11 to inputs of 01 as the other comparator went low, so now that X-OR 
gate and therefore blue channel go high. Eventually the input voltage falls out of the 
range for its one high comparator and it too goes low, leaving the blue channel with gate 
inputs of 00 and a resulting output of 0 and it goes low again. The testing clearly shows 
that the flash ADC works exactly as planned as each X-OR gate only goes high during a 
specific voltage window. In doing so, the correct binary values are always being sent to 
the decoder and the correct number corresponding to the input voltage is always 
displayed on the 7-segment LED display.  
 
 
2.7) Arduino  

The arduino has two inputs, and two main outputs. Its main outputs are the LEDs 
that make up the X-glidescope display and the LEDs that make up the success display. 
The inputs are the output of the comparator with the lowest reference voltage in the 
Flash ADC and the z component of the glidescope.  

The first of the arduino outputs is the x component of the glidescope display. The 
arduino reads the analog output of the x-forces output (technically the x-velocity as 
discussed above), which is an integer between 0 and 1023, and then converts this to a 
voltage between 0 and 5v. It then runs a succession of if statements to light up the 
corresponding LED for the given voltage of the display which can be seen below in 
Figure 26 . This is a very simple software approach of converting analog to digital and it 
proved very effective (full arduino code located in appendix below).  

The other output is the success display which is triggered by the interrupt service 
routine. This is a very simple display which has LEDs in series with a resistor between 
the output of the Arduino and ground. Depending on the position of the x and z position 
of the plane during the interrupt, either the red or green LEDs illuminate via the arduino 
sending those pins high, indicating a failed or successful landing, respectively.  

The first arduino input is the output of the lowest comparator which was chosen 
for the arduino interrupt. This is because it will always be outputting high until it finally 
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goes low when the input voltage gets very low. This falling edge corresponds with the 
LED segmented display showing zero. The interrupt will therefore trigger at the exact 
moment the display reaches zero. The arduino then checks if both the x and z 
glidescope displays are in the green zone and depending on this outcome, it will light 
the corresponding LEDs on the success display.  

Because the x component of the glidescope is controlled by the arduino, only the 
z component must be connected as a separate input. The anode end of both the LED 4 
and LED 6, counting from bottom, of the z-glidescope display were inputted into the 
arduino, Figure 22. Both inputs were needed because the z glidescope display is in the 
green only when both the green LED 4 is on (high) and the yellow LED 6 is off (low). As 
already mentioned, the interrupt service routine was triggered when the segmented LED 
display hit 0. When this occurs, the arduino checks the status of the green LEDs in the 
x-glidescope display, and the status of LEDs 4 and 6 of the z-glidescope display. If 
either one of the green LEDs from the x glidescope display are on, and LED 4 of the z 
glidescope is on, and LED 6 is off, then the arduino lights up the green LEDs on the 
success display, Figure 27. Else, it lights up the red LEDs to indicate a failed landing 
attempt.  
 
 

 
Figure 26: X-Glidescope display, Arduino controlled.  
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Figure 27: Success circuit located at the bottom of the image, controlled by Arduino 

 
 

Design Narrative  
We started our project with the lunar lander lab as our primary form of inspiration. 

The forces in the x, y, and z and the integration in those circuits are all based off of the 
lunar lander forces, however, in our project, more complexity was added. We decided to 
go with three axis of movement and had more complicated forces involved, such as the 
force of lift in the vertical direction which was dependent on the velocity in the y 
direction. As we went along we made constant small fixes such as small voltage 
adjustments to the input forces and even got rid of a whole level of integration in the 
x-direction in an effort to make the gameplay more intuitive. We learned that even 
though things may look perfect on paper in the schematic, once the circuit was actually 
built there were often things we had overlooked.  

One common thing we experience a few times was a miscalculation of an offset 
voltage because of the inverting op amp setups we were using. This meant that at times 
we summed a force with a positive value such as +5v, when it should have been -5v in 
the case of the x-forces, because of the inverting op amp setup we were using. We 
found that the breadboarding itself and the troubleshooting was for the most part pretty 
straightforward, however we found that the actual circuit design aspect of the project 
often proved quite time consuming and difficult. We were sent back to the drawing 
board multiple times trying to figure out the best way to make the y and z forces interact 
and had to do much fine tuning to find appropriate voltages for it to work smoothly.  

We also learned that regardless of how finished our project was or was not, there 
always felt like there was room for improvement in cleaning up some of the looser ends. 
To that end, building each individual circuit was a pretty simple process, but having the 
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whole circuit operate as one cohesive unit proved challenging. Because all the inputs 
and outputs were dependent on one another and on different circuit elements, if one 
subcircuit was working incorrectly, it would throw of the operation of another subcircuit 
in a sort of domino effect. All in all, even though the work may have been stressful at 
times, especially with the quick turnaround, producing the working end product proved 
extremely rewarding.  
 

3) Conclusion 
Developing a flight simulator was a challenging yet fun experience. Using the following 
subcircuits, we were able to develop our flight simulator: 

● Analog computers to represent the physics acting on the aircraft in the x-, y-, and 
z-axes.  

● A rapidly counting counter to act as a random number generator and 
digital-to-analog converter to generate wind. 

● A flash analog-to-digital converter to run a countdown to indicate distance from 
the runway. 

● A window comparator to output values for our altimeter.  
● An Arduino to run the x-position display and success display.  

During our presentation, we were surprised to learn that our flight simulator accurately 
emulated an automatic landing procedure (words from a real-life pilot)!  Although the 
end results were not what we expected initially, we were happy to know that our 
simulation was quite an accurate one.  

There are more things we would like to expand this project.  In terms of resolving some 
of the current issues, better voltage selections need to be made. Additionally, 
experimenting with different 𝜏 values would have enabled us to create a longer 
simulation time.  Regarding additional components, we would like to add a reset button 
for easier play, and include sounds to indicate if the pilot is flying in certain conditions, 
such as altitude too low.  

Overall, this was a thrilling project to take part off, and we hope that people could have 
fun rebuilding it, using it, and improving upon it!  
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5) Appendix 
5.1) Arduino Code: 
 

/********************************************* 

* Flight Simulator 

* Sebastian Lindner-Liaw and Robert Jomar Malate 

* 5/6/19 

* Code works within the flight simulator to read the voltage at the 

positional x pin and light up the corresponding 

* LED on the X-Glidescope display to show the position of the plane to the 

user. There is an interrupt that reads  

* when the counter goes to 0 and raises a flag and checks if either green 

LED is lit in the x-glidescope display 

* and checks if the Z-glidescope is above a certain height in the green 

zone. If both are in the green, the  

* arduino lights up the green successful landing lights, if they are not 

both green, the red lights get lit up 

* indicating a failed landing.  

**********************************************/ 

 

 

 

// Glidescope X position implementation, converting a voltage between 0 and 

5 volts to the corresponding LED while the other 9 LEDs stay off 

 

const int LED_1 = 2; 
const int LED_2 = 3; 
const int LED_3 = 4; 
const int LED_4 = 5; 
const int LED_5 = 6; 
const int LED_6 = 7; 
const int LED_7 = A8; 
const int LED_8 = A4; 
const int LED_9 = A3; 
const int LED_10 = A2; 
 

const int sensorPinX = A1; 
int sensorValueX; // Integer between 0 and 1023 of voltage on a 0 to 5 volt 
scale 

float voltageX; // Float value of the actual voltage that corresponds to 
the integer of sensorValueX 

int valueLED_5; // Takes on value of digitalRead(LED_5) 
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int valueLED_6; // Takes on value of digitalRead(LED_6) 
 

const int sensorPinY = A5; //Pin for attachInterrupt 
 

const int sensorPinZ = A0; //Pin to see if altitude is within the bounds  
const int sensorPinZ1 = A9; //Pin to see if altitude is within the bounds 
int zValue; // Stores value of sensorPinZ  
int zValue1; // Stores value of sensorPinZ1 
 

const int landSuccess = A11; //Pin to light up green LEDs when landing is 
successful 

const int landFail = A10; //Pin to light up Red LEDs when landing is a 
failure  

 

byte flag = false; // Initialize flag that gets changed in Interrupt 
 

void landedISR(void){ 
  zValue = analogRead(sensorPinZ); // Read z pin 
  zValue1 = analogRead(sensorPinZ1); 
  valueLED_5 = analogRead(LED_5); 
  valueLED_6 = analogRead(LED_6); 
  flag = true; 

} 

 

void setup() { 
  Serial.begin(9600); 
 

  attachInterrupt(digitalPinToInterrupt(sensorPinY), landedISR, FALLING); 
  

  pinMode(LED_1, OUTPUT); 
  pinMode(LED_2, OUTPUT); 
  pinMode(LED_3, OUTPUT); 
  pinMode(LED_4, OUTPUT); 
  pinMode(LED_5, OUTPUT); 
  pinMode(LED_6, OUTPUT); 
  pinMode(LED_7, OUTPUT); 
  pinMode(LED_8, OUTPUT); 
  pinMode(LED_9, OUTPUT); 
  pinMode(LED_10, OUTPUT);  
  

  pinMode(sensorPinX, INPUT); 
  pinMode(sensorPinY, INPUT); 
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  pinMode(sensorPinZ, INPUT); 
 

  pinMode(landSuccess, OUTPUT); 
  pinMode(landFail, OUTPUT); 
  

  digitalWrite(LED_1, LOW); // Turn of LEDs 
  digitalWrite(LED_2, LOW); 
  digitalWrite(LED_3, LOW); 
  digitalWrite(LED_4, LOW); 
  digitalWrite(LED_5, LOW); 
  digitalWrite(LED_6, LOW); 
  digitalWrite(LED_7, LOW); 
  digitalWrite(LED_8, LOW); 
  digitalWrite(LED_9, LOW); 
  digitalWrite(LED_10, LOW); 
 

  digitalWrite(landSuccess, LOW); // Turn off LEDS 
  digitalWrite(landFail, LOW); 
} 

 

void loop() { 
  sensorValueX = analogRead(sensorPinX); // Read the value at the pin 
  float voltageX = (float)(sensorValueX * 5)/(1023); // Convert it to a 
voltage between 0 and 5 volts 

 

  // TRIGGERRED BY INTERRUPT SERVICE ROUTINE, LIGHTS UP APPROPRIATE LED 
COLOR  

  if (flag == true){ 
      if (zValue == HIGH && zValue1 == LOW && (valueLED_5 == HIGH || 
valueLED_6 == HIGH)){ 
        digitalWrite(landSuccess, HIGH);  
      } 

 

      else{ 
        digitalWrite(landFail, HIGH); 
      } 

      flag = false; 

  }  

 

  

  // Turns on LED 1 if the voltage is in the appropriate range (0-0.5) 
  else if (voltageX >= 0 && voltageX < 0.5) { 
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      digitalWrite(LED_1, HIGH); // TURNS ON LED 1 
  } 

 

  // Turns on LED 2 if the voltage is in the appropriate range (0.5-1) 
  else if (voltageX >= 0.5 && voltageX < 1) { 
    digitalWrite(LED_2, HIGH); // TURNS ON LED 2 
  } 

 

  // Turns on LED 3 if the voltage is in the appropriate range (1-1.5) 
  else if (voltageX >= 1 && voltageX < 1.5) { 
    digitalWrite(LED_3, HIGH); // TURNS ON LED 3 
  } 

 

  // Turns on LED 4 if the voltage is in the appropriate range (1.5-2) 
  else if (voltageX >= 1.5 && voltageX < 2) { 
    digitalWrite(LED_4, HIGH); // TURNS ON LED 4 
  } 

  

  // Turns on LED 5 if the voltage is in the appropriate range (2-2.5) 
  else if (voltageX >= 2 && voltageX < 2.5) { 
    digitalWrite(LED_5, HIGH); // TURNS ON LED 5 
  } 

 

  // Turns on LED 6 if the voltage is in the appropriate range (2.5-3) 
  else if (voltageX >= 2.5 && voltageX < 3) { 
    digitalWrite(LED_6, HIGH); // TURNS ON LED 6 
  } 

 

  

  // Turns on LED 7 if the voltage is in the appropriate range (3-3.5) 
  else if (voltageX >= 3 && voltageX < 3.5) { 
    digitalWrite(LED_7, HIGH); // TURNS ON LED 7 
  }  

  

  // Turns on LED 8 if the voltage is in the appropriate range (3.5-4) 
  else if (voltageX >= 3.5 && voltageX < 4) { 
    digitalWrite(LED_8, HIGH); // TURNS ON LED 8 
  }  

  

  

  // Turns on LED 9 if the voltage is in the appropriate range (4-4.5) 
  else if (voltageX >= 4 && voltageX < 4.5) { 
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    digitalWrite(LED_9, HIGH); // TURNS ON LED 9 
  } 

  

  // Turns on LED 10 if the voltage is in the appropriate range (4.5-5) 
  else if (voltageX >= 4.5 && voltageX <= 5) { 
    digitalWrite(LED_10, HIGH); // TURNS ON LED 9 
  } 

  

  // DEBUG CODE 
  else {  
    digitalWrite(LED_1, HIGH);  

    digitalWrite(LED_3, HIGH); 
    digitalWrite(LED_5, HIGH); 
    digitalWrite(LED_7, HIGH); 
    digitalWrite(LED_9, HIGH); 
  

    } 

 

  // SET ALL LEDS TO LOW AGAIN BEFORE NEXT LOOP,  
  digitalWrite(LED_1, LOW); 
  digitalWrite(LED_2, LOW); 
  digitalWrite(LED_3, LOW); 
  digitalWrite(LED_4, LOW); 
  digitalWrite(LED_5, LOW); 
  digitalWrite(LED_6, LOW); 
  digitalWrite(LED_7, LOW); 
  digitalWrite(LED_8, LOW); 
  digitalWrite(LED_9, LOW); 
  digitalWrite(LED_10, LOW); 
  } 
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5.2) Mathematical Models 
● These graphical models helped us to choose the values for VThrust, VDrag, and 

VGravity.   

 
Figure 28: Model overlaying Y and Z position. Intersection indicates that VThrust 

needs to be 0.15V in order to have a successful landing.  
 

 
Figure 29: This shows VThrust > 0.15V, we will overshoot the runway and not 

descend on time.  
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Figure 30: This shows that when VThrust < 0.15V, we won’t make it to the runway 

before losing altitude.  
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5.3) Final Schematic 
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