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Abstract 

of 

SIMULATION OF RIDING A BICYCLE USING SIMULINK 
 

by 

Jason Thomas Parks 

 

 

 Training to ride a bicycle in a race requires a rider to maintain different cadences 
for the give situation.  One situation where most riders try to maintain a cadence is hill 
climbing.  In order to train for hill climbing a rider needs to have hills to climb.  If the 
rider lives in an area without hills then training for hills becomes more difficult.  To help 
a rider train for hill climbing in areas without hills a device that is built into a bike to 
simulate hills is proposed.  To aid in the design of such a device a simulation of a bicycle 
was built in Simulink.  A fuzzy logic controller was designed to control the cadence 
through the manipulation of the applied force.  Using another fuzzy logic controller a 
gear shifting was attempted.  The simulation data about how a bicycle performs was 
generated with good accuracy.  The cadence controller was able to control the cadence 
with little to no overshoot and a small about of steady state error.  The gear shifting 
system caused Simulink to fail due to the singularity created when the gear changed.  
Overall the bicycle simulation could be used to develop a hill simulation device.  The 
addition of a gear selection system would be beneficial to the testing of a hill simulation 
device because it would allow the device to be tested during gear changes. 
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Chapter 1 

1. INTRODUCTION      . 

 Cycling is a highly competitive sport that requires constant training (Wenzel & 

Wenzel, 2003).  Training to be competitive in races requires riding on both flat ground 

and up and down hills.  The goal of training is to raise the cadence a rider uses for both 

flat ground and hill climbing to a level where power is increased while not over exerting 

one’s self (Harnish, King, & Swensen, 2007), (Neptune & Hull, 1999).  The cadence a 

rider chooses for each situation comes from experience, trying to minimize power output, 

and the selection of front and rear gears. 

 If a rider does not live in an area that has hills to train on there are only a few 

options the rider has to get the needed experience.  One option is to train on windy days 

riding into the wind to simulate the losses of a hill.  The problem there is wind is not 

predictable so there might not be any on days when training is scheduled.  Another option 

is to dive to an area with hills, however for some the drive could be hundreds of miles.  A 

third option would be to train on a stationary bike, but the trouble here is the feel is 

different than a real bike.  The final option would be to build a system that attaches to a 

road bike to simulate a hill.   

 A system to simulate a hill could be built many ways.  One, could be the rewriting 

the software of an electric bike to charge the battery when a hill is to be simulated.  

Another could be adding a large generator and use a resistor to dissipate power 

simulating the losses of a hill.  Yet another way would be to add an eddy current system 
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to the bike to add resistance or even just breaking the bike continuously with 

conventional breaks.  Since there are many ways to add resistance to the bike a 

simulation of a bike needs to be created to test the different ways to simulate a hill. 

 To create a simulated bike for testing Simulink, a part of MathWorks’ MATLAB, 

was used.  To build the simulation the dynamics of the bike from the force on the pedals 

through the transmission to the wheels will need to be generated and entered. The 

dynamics of bicycles have been well studied (Fregly, Zajac, & Dairaghi, 2000), (Hand, 

1988), (He, Fan, & Ma, December 2005), (Wilson, 2004), along with the kinematics of 

force application (Okajima, 1983).  Putting all of this together would create a simulation 

that starts with the force applied to the pedal and finds the acceleration, velocity, and 

distance traveled for a bike.  The simulation should take into account the aerodynamic 

force, the rolling resistance, and slope resistance.  The slope resistance could then be 

replaced by the hill simulation system being tested. 

 A feature that would be beneficial to the simulation would be to control the 

revolutions per minute of the crank, the cadence.  In order to accomplish cadence control 

this simulation would have to either change gears, control force applied by the rider, or 

both.  Fuzzy logic can be used to do both.  Fuzzy logic is a way to set up a controller that 

uses the math of sets to decide on what needs to be done to control a system.  

MATLAB’s fuzzy logic toolbox is a graphical user interface and a command line 

interface used to build a fuzzy logic system.  The use of fuzzy logic for gear shifting in a 
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car was studied by (Mashadi, Kazemkhani, & Lakeh, 2007), and was adapted here for a 

bike. 

 Controlling the cadence is important in being able to develop a hill climbing 

system.  The hill climbing system would have to be able to generate the force needed to 

simulate the hill at the rpm the rider is riding at.  In addition, the system would have to 

maintain the simulated hill force when the rider changes gears.  Therefore, cadence 

control and gear shifting are needed to fully design a hill simulation system. 
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Chapter 2 

2. MATHEMATICAL SETUP      . 

2.1 Bicycle Force Transmission 

 For a bicycle the force applied by the rider is transmitted to the rear wheel 

through the chain, gears and crank.  A basic representation of a bicycle power 

transmission system is shown in Figure 2-1.  Where, 𝐿𝐿𝜃𝜃  is the length of the crank, 𝑅𝑅𝑓𝑓𝑓𝑓 is 

the radius of the front gear, 𝑅𝑅𝑟𝑟𝑓𝑓  is the radius of the rear gear, and 𝑅𝑅𝑟𝑟𝑟𝑟  is the radius of the 

rear wheel.  A list of all variables and notation is given in Appendix A.  A force is 

applied by the rider on a petal connected to a crank as shown in Figure 2-2.  The force on 

the crank, 𝐹𝐹𝜃𝜃 , is the perpendicular component of the force provided by the rider, 𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 , 

and can be calculated using equation 2-1. 

𝐹𝐹𝜃𝜃 = 𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 cos𝜃𝜃𝜃𝜃  2-1 

Where 𝜃𝜃𝐶𝐶  is the angle of the crank. 

 The crank turns the force into a torque, 𝑇𝑇𝑓𝑓 , which the front gear converts to the 

force in the chain, 𝐹𝐹𝜃𝜃ℎ𝑎𝑎𝑟𝑟𝑎𝑎  as shown in Figure 2-3.  The torque 𝑇𝑇𝑓𝑓  is calculated by equation 

2-2. 

𝑇𝑇𝑓𝑓 = 𝐿𝐿𝜃𝜃 × 𝐹𝐹𝜃𝜃 = 𝐿𝐿𝜃𝜃𝐹𝐹𝜃𝜃 cos𝜃𝜃 = 𝐿𝐿𝜃𝜃𝐹𝐹𝜃𝜃  2-2 

In this case 𝜃𝜃 = 90° because 𝐹𝐹𝜃𝜃  is always perpendicular to the crank, therefore cos 𝜃𝜃 = 1.  

The force on the chain, 𝐹𝐹𝜃𝜃ℎ𝑎𝑎𝑟𝑟𝑎𝑎 , is given by equation 2-3. 

𝐹𝐹𝜃𝜃ℎ𝑎𝑎𝑟𝑟𝑎𝑎 =
𝑇𝑇𝑓𝑓
𝑅𝑅𝑓𝑓𝑓𝑓

 2-3 
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The cross product was again reduced to multiplication due to the angle between the 

radius of the gear and the force applied to the chain is 90°.  Figure 2-4 shows the forces 

and torque on the rear gear and wheel where, 𝑇𝑇𝑟𝑟  is the torque on the rear wheel and 𝐹𝐹𝑝𝑝  is 

the force applied by the rear wheel to the road causing the propulsion of the bicycle.  The 

force on the chain is given by equation 2-3.  The chain force is then used to calculate 𝑇𝑇𝑟𝑟  

by equation 2-4. 

𝑇𝑇𝑟𝑟 = 𝑅𝑅𝑟𝑟𝑓𝑓𝐹𝐹𝜃𝜃ℎ𝑎𝑎𝑟𝑟𝑎𝑎  2-4 

The propulsion force is calculated by equation 2-5. 

𝐹𝐹𝑝𝑝 =
𝑇𝑇𝑟𝑟
𝑅𝑅𝑟𝑟𝑟𝑟

 2-5 

Combining equations 2-2, 2-3, 2-4, and 2-5 yields equation 2-6. 

Crank Front gear 

Chain 

Rear wheel 

Rear gear 

𝑅𝑅𝑟𝑟𝑓𝑓  

𝑅𝑅𝑓𝑓𝑓𝑓  𝑅𝑅𝑟𝑟𝑟𝑟  

𝐿𝐿𝜃𝜃  

Figure 2-1 Force transmission system of a bicycle 
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𝐹𝐹𝑝𝑝 =
𝐿𝐿𝜃𝜃𝑅𝑅𝑟𝑟𝑓𝑓
𝑅𝑅𝑟𝑟𝑟𝑟𝑅𝑅𝑓𝑓𝑓𝑓

𝐹𝐹𝜃𝜃  2-6 

Equation 2-6 relates the force on the crank, 𝐹𝐹𝜃𝜃 , to the propulsion force 𝐹𝐹𝑝𝑝 .  The velocity 

ratio 𝑅𝑅𝑟𝑟𝑓𝑓 𝑅𝑅𝑓𝑓𝑓𝑓⁄  can be written in terms of the number of teeth in each gear as 𝑁𝑁𝑟𝑟𝑓𝑓 𝑁𝑁𝑓𝑓𝑓𝑓⁄ .  

The alternate form of the velocity ratio is substituted into equation 2-6 which results in 

equation 2-7. 

𝐹𝐹𝑝𝑝 =
𝐿𝐿𝜃𝜃𝑁𝑁𝑟𝑟𝑓𝑓
𝑅𝑅𝑟𝑟𝑟𝑟𝑁𝑁𝑓𝑓𝑓𝑓

𝐹𝐹𝜃𝜃  2-7 

 

 

 

𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  

𝜃𝜃𝜃𝜃  

𝐹𝐹𝜃𝜃  

𝜃𝜃𝜃𝜃  

Crank 

Front Gear 

Figure 2-2 Force of the rider and the crank force with crank angel 
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𝑇𝑇𝑟𝑟  

𝐹𝐹𝜃𝜃ℎ𝑎𝑎𝑟𝑟𝑎𝑎  

𝐹𝐹𝑝𝑝  

Rear wheel 

Rear gear 

Figure 2-4 Forces and torques on rear gear and wheel 

𝐹𝐹𝜃𝜃ℎ𝑎𝑎𝑟𝑟𝑎𝑎  

𝐹𝐹𝜃𝜃  

𝑇𝑇𝑓𝑓  

Crank 

Front gear 

Figure 2-3 Forces and torques on crank and front gear 
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2.2 Crank Force Approximation 

 The way the rider applies force to the pedal was measured by (Okajima, 1983).  

The directions and magnitudes of the forces are very complicated to model.  Figure 2-5 

shows the forces on the pedal as well as foot and leg position as the crank goes around 

one revolution.  From Figure 2-5 the forces appear to be cyclical, maximum when the 

crank is pointing forward and minimum when the crank points backward.  The force 

perpendicular to the crank appears to be at a maximum when the crank is horizontal. 

 
Figure 2-5 Pedal forces from (Okajima, 1983) 

 

 To simplify the way the forces are applied the forces are taken to be only in the 

vertical direction.  Since there are two cranks 180° out of phase from one another when 
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one crank is not being pushed the other is.  Therefore, equation 2-1 needs to be modified 

to such that when the crank angle, 𝜃𝜃𝜃𝜃 , is 0°, or a multiple thereof, measured from the 

horizontal the perpendicular force, 𝐹𝐹𝜃𝜃 , is maximum and when 𝜃𝜃𝜃𝜃  is 90°, or a multiple 

thereof, 𝐹𝐹𝜃𝜃  is zero.  This is accomplished by taking the cosine of twice the angle, adding 

one to make it always positive, and dividing by two to stay between zero and one.  The 

resulting equation for 𝐹𝐹𝜃𝜃  from 𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  is given in equation 2-8. 

𝐹𝐹𝜃𝜃 =
1
2

(cos 2𝜃𝜃𝜃𝜃 + 1)𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  2-8 

The result of the modification to equation 2-1 is shown in Figure 2-6.  As the rider 

presses on the crank when it is horizontal the crank force, 𝐹𝐹𝜃𝜃 , is at maximum and 

decreases to zero when the crank is vertical.  Then the next leg starts to apply a force to 

the crank such that 𝐹𝐹𝜃𝜃  increases to maximum when the crank is horizontal again.  

Equation 2-8 takes the applied force from the rider, 𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  and converts it to the 

perpendicular crank force, 𝐹𝐹𝜃𝜃 , with the modification described above. 
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Figure 2-6 Graph showing ½(cos2θ + 1) 
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2.3 Bicycle Motion 

 To move a bicycle a rider applies a force on a pedal which is translated to a 

propulsion force on the rear wheel.  There are several other forces are involved in the 

calculation of the overall acceleration force, 𝐹𝐹𝑡𝑡 , which counter act the propulsive force, 

𝐹𝐹𝑝𝑝 .  These forces are due to air resistance, 𝐹𝐹𝑎𝑎 , slope resistance, 𝐹𝐹𝑠𝑠, rolling resistance, 𝐹𝐹𝑟𝑟 , 

and bump resistance, 𝐹𝐹𝑏𝑏 , Wilson (2004).  The equation for the total force is given in 

euqation 2-9 

𝐹𝐹𝑝𝑝 − (𝐹𝐹𝑎𝑎 + 𝐹𝐹𝑠𝑠 + 𝐹𝐹𝑟𝑟 + 𝐹𝐹𝑏𝑏) = 𝐹𝐹𝑡𝑡 = 𝑚𝑚𝑎𝑎 2-9 

 The aerodynamic force is due to the air resistance as the rider moves.  The 

aerodynamic force is calculated by one half the square of the velocity, 𝑣𝑣, times the cross-

sectional area, 𝐴𝐴, times the density of air, 𝜌𝜌, times the coefficient of drag, 𝐶𝐶𝐷𝐷.  The 

equation is given in equation 2-10. 

𝐹𝐹𝑎𝑎 =
1
2
𝜌𝜌𝐴𝐴𝐶𝐶𝐷𝐷𝑣𝑣2 = 𝐾𝐾𝐴𝐴𝑣𝑣2 2-10 

The velocity, 𝑣𝑣, is the combined values of the bike and rider velocity, V, and the velocity 

of the headwind, 𝑉𝑉𝑊𝑊, as shown in equation 2-11. 

𝑣𝑣 = 𝑉𝑉 + 𝑉𝑉𝑊𝑊 
2-11 

The aerodynamic drag factor, 𝐾𝐾𝐴𝐴, is shown in equation 2-12, combines all the constants 

of the aerodynamic force equation into one factor and is used to simplify the comparison 

of different riding situations. 

𝐾𝐾𝐴𝐴 =  
1
2
𝜌𝜌𝐴𝐴𝐶𝐶𝐷𝐷 2-12 
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 The slope resistance is due to the road going up or down hills.  It is characterized 

by the weight of the rider and bike, 𝑊𝑊, multiplied by the sine of the angle of the hill, 𝜃𝜃𝑠𝑠.  

The equation is given in equation 2-13 and is shown graphically in Figure 2-7. 

𝐹𝐹𝑠𝑠 = 𝑚𝑚𝑓𝑓 sin𝜃𝜃𝑠𝑠 = 𝑊𝑊 sin𝜃𝜃𝑠𝑠 2-13 

 

 

 The rolling resistance is due to tire deformation and friction when contacted to the 

road.  The force is characterized by the weight of the rider and bike, 𝑊𝑊, multiplied by the 

coefficient of rolling resistance, 𝐶𝐶𝑅𝑅 .  The equation for rolling resistance is given in 

equation 2-14. 

𝐹𝐹𝑟𝑟 = 𝑚𝑚𝑓𝑓𝐶𝐶𝑅𝑅 = 𝑊𝑊𝐶𝐶𝑅𝑅 2-14 

 The bump resistance is due to a large enough bump in the road to slow the bike 

and rider down.  Characterizing the effects of the bump in the form of an equation is very 

𝜃𝜃𝑠𝑠 

𝐹𝐹𝑠𝑠 

𝑊𝑊 

Bike and Rider 

Road 

Figure 2-7 A graphical representation of the slope force 
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difficult Wilson (2004).  The motion of a bike can be assumed to be on a smooth surface 

and therefore bump resistance can be neglected. 

Table 2-1 Characteristics of five types of bicycles and rider Wilson (2004) 

 

 The values for some of the coefficients and constants needed to calculate the 

forces above are given in Table 2-1.  The conversion of the frontal area, bicycle mass, 

rider mass, and aerodynamic drag factor to English units is given in Table 2-2. 

Table 2-2 Characteristics of five types of bicycles in English units 

 Roadster 
bicycle 

Sports 
bicycle 

Road racing 
bicycle 

Commuting 
HPV 

Ultimate 
HPV 

Frontal Area, 𝐴𝐴 (𝑓𝑓𝑡𝑡2) 5.38 4.30 3.55 5.38 4.30 

Bicycle Weight (𝑙𝑙𝑏𝑏) 33.07 24.25 19.84 44.09 33.07 

Rider Weight (𝑙𝑙𝑏𝑏) 169.76 165.35 165.35 169.76 165.35 

Aerodynamic Drag 

Factor, 𝐾𝐾𝐴𝐴  (𝑠𝑠𝑙𝑙𝑠𝑠𝑓𝑓/𝑓𝑓𝑡𝑡) 
0.00768 0.00512 0.00380 0.00127 0.000605 

 

 Summing the forces as shown in equation 2-9 yields the total force used to 

accelerate the bike and rider.  Dividing 𝐹𝐹𝑡𝑡  by the mass of the bike and rider, 𝑚𝑚, gives the 

acceleration, 𝑎𝑎, of the two.  The second half of equation 2-9 can be rewritten to yield 
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acceleration from the total force and the mass of the rider and bike given in equation 

2-15. 

𝑎𝑎 =
𝐹𝐹𝑡𝑡
𝑚𝑚

 2-15 

Since distance, velocity, and acceleration are related through the derivative, the velocity, 

𝑣𝑣, is found by integrating the acceleration, 𝑎𝑎, with respect to time, 𝑡𝑡.  Then to find the 

distance, 𝑟𝑟, the velocity is integrated with respect to time. 
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2.4 Crank Angle 

 The calculation of the crank angle, 𝜃𝜃𝜃𝜃 , starts with the distance traveled, 𝑟𝑟, during 

the previous iteration.  Once the distance has been found by integrating the acceleration 

and velocity the crank angle can be calculated, shown in Figure 2-8.  The calculation is 

made by equating the distance with the arc length, 𝑠𝑠𝑟𝑟𝑟𝑟 , since the tire rotates to cover that 

distance.  The arc length is then used to find the angle of rotation, 𝜃𝜃𝑟𝑟𝑟𝑟 , of the rear wheel 

by equation 2-16. 

𝜃𝜃𝑟𝑟𝑟𝑟 =
𝑆𝑆𝑟𝑟𝑟𝑟
𝑅𝑅𝑟𝑟𝑟𝑟

 2-16 

With the angle of rotation of the rear wheel the arc length of the rear gear can be found 

by equation 2-17. 

𝑆𝑆𝑟𝑟𝑓𝑓 = 𝜃𝜃𝑟𝑟𝑟𝑟𝑅𝑅𝑟𝑟𝑓𝑓  2-17 

The arc length the rear gear is the distance the chain moves which is arc length of the 

front gear, 𝜃𝜃𝑟𝑟𝑓𝑓 .  Therefore, the arc length of the rear gear is the arc length of the front 

gear.  The angle the crank rotates, 𝜃𝜃𝜃𝜃 , is related to the arc length of the front gear by 

equation 2-18. 

𝜃𝜃𝜃𝜃 =
𝑆𝑆𝑓𝑓𝑓𝑓
𝑅𝑅𝑓𝑓𝑓𝑓

 2-18 
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Combining equations 2-16, 2-17, and 2-18 and setting the arc lengths of the front and rear 

gears equal to each other and the distance traveled to the arc length of the rear wheel 

yields equation 2-19. 

𝜃𝜃𝜃𝜃 =
𝑅𝑅𝑟𝑟𝑓𝑓

𝑅𝑅𝑟𝑟𝑟𝑟𝑅𝑅𝑓𝑓𝑓𝑓
𝑟𝑟 2-19 

Finally equation 2-19 can be rewritten using replacing the velocity ratio with 𝑁𝑁𝑟𝑟𝑓𝑓 𝑁𝑁𝑓𝑓𝑓𝑓⁄ , as 

stated above.  This yields equation 2-20. 

𝜃𝜃𝜃𝜃 =
𝑁𝑁𝑟𝑟𝑓𝑓

𝑅𝑅𝑟𝑟𝑟𝑟𝑁𝑁𝑓𝑓𝑓𝑓
𝑟𝑟 2-20 

 

 

 

  

𝜃𝜃𝑟𝑟𝑟𝑟  

𝑆𝑆𝑟𝑟𝑟𝑟  

𝑆𝑆𝑟𝑟𝑓𝑓  

Rear gear Rear wheel 

𝜃𝜃𝜃𝜃  

𝑆𝑆𝑓𝑓𝑓𝑓  

Front gear 

𝑅𝑅𝑟𝑟𝑟𝑟  
𝑅𝑅𝑟𝑟𝑓𝑓  

𝑅𝑅𝑓𝑓𝑓𝑓  

Figure 2-8 Graphical representation of crank angle calculation 
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2.5 Power 

 The power a rider has to produce can be found by combining the forces resisting 

the motion of the bike as shown in equation 2-21 Wilson (2004). 

�̇�𝑊𝑊𝑊 = [𝐾𝐾𝐴𝐴(𝑉𝑉 + 𝑉𝑉𝑊𝑊)2 + 𝑚𝑚𝑓𝑓(𝑠𝑠 + 𝐶𝐶𝑅𝑅)]𝑉𝑉 2-21 

Where 𝐾𝐾𝐴𝐴 is the aerodynamic drag factor, 𝑉𝑉 is the velocity of the rider and bike, 𝑉𝑉𝑊𝑊 is the 

velocity of the headwind. 𝑚𝑚𝑓𝑓 is the weight of the rider and bike, s is the sine of the 

inclination angle, and 𝐶𝐶𝑅𝑅  is the coefficient of rolling resistance.  Equation 2-21 can be 

rewritten in terms of the forces as shown in equation 2-22. 

𝑃𝑃 = (𝐹𝐹𝑎𝑎 + 𝐹𝐹𝑠𝑠 + 𝐹𝐹𝑟𝑟)𝑉𝑉 
2-22 

Where 𝑃𝑃 is the power, 𝐹𝐹𝑎𝑎  is the aerodynamic drag, 𝐹𝐹𝑠𝑠 is the slope resistance, 𝐹𝐹𝑟𝑟  is the 

rolling resistance, and 𝑉𝑉 is the velocity of the bike and rider.  The validity of the power 

equation was verified by Martin et al. (1998), and further proved by Martin et al. (2006) 
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2.6 Crank RPM 

 The revolution per minute, RPM, of the crank can be calculated two ways. The 

first uses the velocity of the bike and the velocity ratio.  The other takes the derivative of 

the crank angle. 

 In the first method, the angular velocity of the rear wheel, 𝜔𝜔𝑟𝑟 , is described by 

equation 2-23. 

𝜔𝜔𝑟𝑟 =
𝑣𝑣
𝑅𝑅𝑟𝑟𝑟𝑟

 2-23 

Then using the velocity ratio of the front and rear gear given in equation 2-24, where 𝜔𝜔𝜃𝜃 is 

the angular velocity of the crank and front gear.  

𝑅𝑅𝑓𝑓𝑓𝑓𝜔𝜔𝜃𝜃 = 𝑅𝑅𝑟𝑟𝑓𝑓𝜔𝜔𝑟𝑟  2-24 

Solving equation 2-24 for 𝜔𝜔𝜃𝜃  in terms of 𝜔𝜔𝑟𝑟 , then replacing the gear radiuses with the 

number of teeth, and substituting into equation 2-23 yields equation 2-25. 

𝜔𝜔𝜃𝜃 =
𝑁𝑁𝑟𝑟𝑓𝑓

𝑁𝑁𝑓𝑓𝑓𝑓𝑅𝑅𝑟𝑟𝑓𝑓
𝑣𝑣 2-25 

To express 𝜔𝜔𝜃𝜃  in RPM instead of 𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎/𝑠𝑠 equation 2-25 is multiplied by 60 𝑠𝑠 𝑚𝑚𝑟𝑟𝑎𝑎⁄  and 

divided by 2𝜋𝜋 𝑟𝑟𝑎𝑎𝑟𝑟 𝑟𝑟𝑟𝑟𝑣𝑣⁄  yielding equation 2-26. 

𝜔𝜔𝜃𝜃 =
60𝑁𝑁𝑟𝑟𝑓𝑓

2𝜋𝜋𝑁𝑁𝑓𝑓𝑓𝑓𝑅𝑅𝑟𝑟𝑓𝑓
𝑣𝑣 2-26 
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 The second method is to take the derivative of the crank angle and convert it the 

RPM as shown in equation 2-27. 

𝜔𝜔𝜃𝜃 =
60
2𝜋𝜋

𝑟𝑟𝜃𝜃𝜃𝜃
𝑟𝑟𝑡𝑡

 2-27 

Even thought taking the derivative is much simpler it can pose a problem if there is a 

discontinuity, where the derivative does not exist, or if the variable is fluctuating rapidly 

noise could be introduced. 

  

𝜔𝜔𝑟𝑟  

Rear gear Rear wheel 

𝜔𝜔𝜃𝜃  Front gear 

𝑅𝑅𝑟𝑟𝑟𝑟  

𝑅𝑅𝑟𝑟𝑓𝑓  

𝑅𝑅𝑓𝑓𝑓𝑓  

𝑣𝑣 

Figure 2-9 Graphical representation of crank angular velocity calculation 
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Chapter 3 

3. SIMULINK BIKE SIMULATION MODELS       . 

3.1 Bike Simulation without Control 

3.1.1 Entire Model 

 The equations given in Chapter 2 were used to build a model in Simulink of a 

bicycle.  Figure 3-1 shows the resulting model.  The various blocks in the model are color 

coded as described in Table 3-1.  The model consists of inputs, subsystems, and blocks 

which together perform the calculations needed to model the bike.  The inputs route to 

blocks or subsystems that make calculations and then send the results to the next set of 

blocks or subsystems and then finally fed back for the next iteration.  The subsystems are 

sets of blocks grouped together because they perform a particular calculation and are 

used to remove clutter in the main window, Figure 3-1.   

 The set up of the Simulink environment was kept at default values except for the 

maximum time step.  The maximum time step was set to 0.1 seconds to keep the output 

smooth.  When higher time steps were used situations arose where the crank force was 

not changing as it should have.  This was most likely due to the automatic time step being 

set where the crank would move too much between time intervals. 
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Figure 3-1 Simulink model of bicycle with no control 

 

Table 3-1 Color coding of Simulink model 

Color Code Description 

Green 
Constants and subsystems that can be changed for modeling different 

situations 

Cyan 
Constants and subsystems that do not need to be changed (changes here would 

only be necessary to switch units) 

Yellow Scopes to view output or values in the model 
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3.1.2 Inputs 

 The inputs for the bike and rider are shown in Figure 3-2.  These consist of the 

weight of the bike, the weight of the rider, the hill angle, the length of the crank, 𝐿𝐿𝜃𝜃 , the 

number of teeth for the front gear, 𝑁𝑁𝑓𝑓𝑓𝑓 , the number of teeth in the rear gear, 𝑁𝑁𝑟𝑟𝑓𝑓 , the 

radius of the rear wheel, 𝑅𝑅𝑟𝑟𝑟𝑟 , the transmission efficiency, the coefficient of rolling 

resistance, and the values needed for the calculation of the aerodynamic force (see 

Aerodynamic Force Subsystem), and how to apply the hill angle (see Slope Subsystem).   

 The bike and rider weight are entered in pounds.  They are entered separately 

because only the rider’s weight is used to calculate the force on the crank.   

 The radius of the rear wheel and the crank length are entered in feet. 

 The transmission efficiency can be assumed to be 95% Wilson (2004).  Changing 

the transmission efficiency would be done to simulate how a rusty bike or a bike with a 

bad bearing performs.   

 The rolling resistance is calculated by multiplying a gain, the coefficient of rolling 

resistance, to the weight of the bike and rider. 
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Figure 3-2 The inputs in the model relating to the bike and ride 
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3.1.3 Slope Subsystem 

 To simulate a slope the hill angle input is used.  The hill angle is entered in the 

form of a grade.  To input a 6% grade 0.06 would be used.  Figure 3-3 shows the hill 

angle input and it’s routing to the slope subsystem shown in Figure 3-4.  The force input 

to the crank force subsystem (Figure 3-9) is a percent of the rider’s weight.  Also shown 

in Figure 3-3 is the addition of bike and rider weight and it’s routing to the slope 

subsystem and the weight to mass conversion.  The weight to mass conversion is based of 

English units.  In English units the acceleration due to gravity is 32.2𝑓𝑓𝑡𝑡/𝑠𝑠2, dividing this 

by the weight gives the mass in slugs. 

 

Figure 3-3 Enlargement of hill angle, weight to mass, and slope subsystem 
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Figure 3-4 The slope subsystem 

 

 The slope subsystem calculates the force due to a slope.  The sine of the hill angle 

is taken and multiplied by the weight of the rider and the bike.  The function of the switch 

is to select between a constant hill and a flat road which ramps up to a hill.  When the 

value of the switch is 1 the weight is multiplied by one essentially leaving it the same.  

When the switch is set to 0 the ramped value is used.  The ramp block controls at what 

point in the simulation the ramp starts and the rate the slope is ramped up.  The ramp 

dialog box is showed in Figure 3-5. In the ramp dialog box the slope of the ramp, how 

fast the slope changes from flat, can be set and when to start the ramp.  The ramp value is 

limited to one by the saturation block.  Together the ramp and saturation output a 

multiplier between zero and one.  The use of the ramp lets the bike come up to speed 

before applying the slope force.  Other ways to apply the slope could be added to the 

slope subsystem such as a capability to go up and then down a hill. 
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Figure 3-5 Ramp dialog box 
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3.1.4 Bike Motion Calculation 

 The inputs from the constant are used to find the forces acting on the bike.  The 

crank to wheel block combines the crank length, gear ratio, rear wheel radius, 

transmission efficiency, and the crank force to find the propulsion force.  The forces are 

then summed and divided by the mass to get the acceleration.  The acceleration is 

integrated to get the velocity.  The velocity is integrated to get the distance.  The velocity 

is fed back for the calculation of the aerodynamic force and the distance is fed back for 

the calculation of the crank angle.  These operations are shown in Figure 3-6. 

 The integration is accomplished in Simulink by using a transfer function.  In this 

case the transfer function is the Laplace transformation of an integral which is 1 𝑠𝑠� , where 

s is the time variable in the Laplace domain.  Multiplying the acceleration by 1 𝑠𝑠�  gives 

the velocity and multiplying velocity by 1 𝑠𝑠�  gives the distance.  
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Figure 3-6 Enlarged area showing force summing and integration 
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3.1.5 Aerodynamic Force Subsystem 

 The aerodynamic subsystem shown in Figure 3-7 performs the calculation of the 

drag equation, equation 2-10.  In this subsystem the inputs of headwind, cross sectional 

area, air density, and drag coefficient can be set to calculate the drag factor or the drag 

factor can be entered.  For a tailwind a negative value of headwind is used.   

 The input of velocity is received from the system.  The velocity is summed with 

the headwind and then squared.  The result is combined with either the drag factor, 𝐾𝐾𝐴𝐴, or 

with the calculation of the drag factor depending on the setting of the switch.  The switch 

is set to one to calculate the drag factor and is set to zero to enter a drag factor. 

 

Figure 3-7 Aerodynamic force subsystem 
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3.1.6 Crank Angle Calculation 

 The calculation of the crank angle, 𝜃𝜃𝜃𝜃 , is shown in Figure 3-8.  The distance, d, is 

first converted to an incremental change in distance, Δ𝑟𝑟, by subtracting the previous 

distance with the current distance as seen on the right side of Figure 3-8.  This is done 

because the translation of the arc length from the rear wheel to the front gear can only be 

performed on the current increment of distance not on the total distance.  The incremental 

distance is combined with the gear ratio and the radius of the rear wheel as described in 

equation 2-20 to find the change in crank angel.  The resulting angle is then added to the 

previous angle to create a continuous crank angle. 

 

 

Figure 3-8 Enlarged section of determination of 𝜃𝜃𝜃𝜃  

 

 

  

d 
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3.1.7 Crank Force Subsystem 

 The crank force subsystem is shown in Figure 3-9.  The inputs of rider force and 

the crank angle are received from the system.  The crank angle is then used to implement 

equation 2-8 by multiplying by two, taking the cosine, adding one and dividing by two.  

This is then multiplied by the rider force and outputted as the crank force. 

 

 

Figure 3-9 Crank force subsystem 
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3.1.8 Crank RPM Subsystem 

 The crank RPM subsystem calculates the crank RPM based on equation 2-27.  

The inputs from the system are gear ratio, rear wheel radius and velocity.  Figure 3-10 

shows the blocks of the subsystem.  The velocity is multiplied by 60 and divided by two 

pi, the gear ratio, and rear wheel radius.  The crank RPM is outputted after the 

calculation. 

 

 

Figure 3-10 Crank RPM subsystem 
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3.1.9 Power Subsystem 

 The power subsystem implements equation 2-22 and is shown in Figure 3-11.  

The inputs from the model are the slope force, the aerodynamic force, the resistance force 

and the velocity.  The forces are added together and then multiplied by the velocity.  The 

power is outputted after the calculation.  

 

 

Figure 3-11 Power subsystem 
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3.1.10 Ft/s to MPH Subsystem 

 The conversion from feet per second, ft/s, to miles per hour, MPH, subsystem is 

shown in Figure 3-12. The input of velocity in ft/s is multiplied by 60 seconds in a 

minute, 60 minutes in an hour and divided by 5280 feet in a mile.  The MPH is outputted. 

 

 

Figure 3-12 Feet per second to miles per hour subsystem 
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3.2 Bike Simulation with Cadence Control 

3.2.1 Entire Model with Cadence Controller 

 The bicycle simulation with cadence (crank RPM) control is shown in Figure 

3-13.  The addition of the cadence controller is on the left side of the figure.  The right 

side of the figure is the bike simulation described in the previous sections.   

 

Figure 3-13 Simulink model with fuzzy logic Cadence control 

 

 The addition of the cadence controller allows for the cadence to be maintained at 

a specified value.  A user defined input of preferred cadence was added to the model to 

be controlled.  The output of the controller is a percentage that is multiplied by the rider’s 

weight to calculate the force applied to the crank by the rider.   
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 The control of cadence is important because a rider’s legs can only move so fast.  

During testing of any hill simulation device the cadence needs to be limited for the test to 

operate a realistically as possible.  The device has to be designed to operate at speeds a 

rider can achieve.  Control of the cadence makes this possible. 
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3.2.2 Cadence Controller 

 An enlargement of the controller section of the model is shown in Figure 3-14.  

The crank RPM is subtracted from the preferred cadence to generate an error.  

 

 

Figure 3-14 Enlargement of fuzzy logic Cadence controller 

 



38 
 

 
 

 The derivative of the RPM is taken and passed through a low pass filter.  In 

transfer function form the derivative with low pass filter is 

𝑇𝑇𝐹𝐹 =
𝑠𝑠

𝑠𝑠 + 1
 3-1 

Where the numerator is the transfer function of a derivative and the denominator is the 

transfer function of a low pass filter.  A low pass filter was needed because of the large 

amount of noise in the derivative, as seen in the top half of Figure 3-15.  The value of the 

time constant for the filter was determined by trial and error.  The amount of delay time 

and the smoothness of the signal were considered in determining the characteristics of the 

low pass filter.  The result of the low pass filter is shown in the bottom half of Figure 

3-15.  The noise in the rate of change in the RPM has been reduced while introducing a 

delay time of about one second.   
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Figure 3-15 Comparison of RPM derivative with filtered derivative 

 
 A multiplexor is used to send the inputs to the fuzzy logic controller.  This is due 

to the fuzzy logic controller block only accepts one input.  The multiplexor takes the 

cadence error and the rpm rate of change and combines them into one signal to be passed 

to the fuzzy logic controller.  The order of the signals passed to the fuzzy logic controller 

must match the order of the inputs in the fuzzy logic system discussed in section 3.2.3. 

 The output of the fuzzy logic controller is a value between negative one and one.  

This value is added with the previous value of the output.  A saturation block is used to 

produce a number between zero and one which is the percentage of the rider’s weight to 

be applied as a rider’s force on the crank. 
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3.2.3 Force Control Fuzzy Logic System 

 A fuzzy logic system was built using MATLAB’s fuzzy logic toolbox to adjust 

the force applied by the rider in order to maintain a desired cadence.  The fuzzy logic 

controller, forcecontrol.fis, has two inputs, seven rules, and one output.  The name 

Forcecontrol was given to the system because the cadence was controlled through the 

manipulation of the force.  The inputs are RPMerr (RPM error) the error in the cadence 

and RPMrate (RPM rate of change) the rate of change in the cadence.  The output from 

the fuzzy logic system is force (force change) the amount to change the force percentage 

by.  A graphical representation of the force controller fuzzy logic system is shown in 

Figure 3-16. 

 

Figure 3-16 Force control fuzzy logic system 
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 The settings for the fuzzy logic system are given in Table 3-2.  The settings were 

all chosen to be the standard values.  The centroid method was chosen for defuzzification 

to allow the output to slide between membership function values. 

 

Table 3-2 Force control fuzzy logic system settings 

Fuzzy Setting Value 

And method Min 

Or method Max 

Implication Min 

Aggregation Max 

Defuzzification Centroid 
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3.2.3.1 RPM Error Membership Functions 

 The membership functions for the RPM error is shown in Figure 3-17.  The 

viewing area of the membership functions was reduced for clarity.  The actual size of the 

range is -150 to 150.  The parameters of the membership functions are given in Table 3-3.  

The parameters for a trapezoidal membership function refer to the starting point of the 

slope, the beginning of the plateau, then end of the plateau, and the ending point of the 

slope.  The parameters for a triangular membership function are the start point, the center, 

and the end, respectively.  

 

Figure 3-17 RPM error membership functions 
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Table 3-3 RPM error membership function parameters 

Membership Function Name Type of Membership Function Parameters 

veryFast Trapezoidal -150, -100, -10, -7.5 

fast Triangular -9, -5.5, -2 

good Triangular -3, 0, 3 

slow Triangular 2, 5.5, 9 

verySlow Trapezoidal 7.5, 10, 100, 150 

 

 The range encompasses a large area in order to take care of initial errors.  The 

initial error for a cadence of 95 is -95 therefore the range needs to be large.  Most of the 

range is covered by the trapezoidal membership functions to deal with the initial error.  

The size of the triangular membership functions was primarily based on trial and error.  

Other things considered were that some overlap be present to ensure smooth transitions 

between rules. As well as, making sure changes in the cadence due to the crank force 

constantly changing would not cause large changes in the force output.   
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3.2.3.2 RPM Rate of Change Membership Functions 

 The membership functions for RPM rate of change, the second input, are shown 

in Figure 3-18.  Both membership functions are trapezoidal.  Table 3-4 shows the 

parameter used for the membership functions.  There is a gap of 0.04 centered on zero is 

to insure the rules are not firing constantly when the error is around zero. 

 

Figure 3-18 RPM rate of change membership functions 

 

Table 3-4 RPM rate of change membership function parameters 

Membership Function Name Type of Membership Function Parameters 

neg Trapezoidal -10, -9, -1, -0.02 

pos Trapezoidal 0.02, 1, 9, 10 
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3.2.3.3 Force Change Membership Function 

 The output of the fuzzy logic system is the amount to change the force by.  The 

force change membership functions are shown in Figure 3-19.  All the membership 

functions are triangular and their parameters are given in Table 3-5.  The placement of 

the membership functions was done to quickly increase or decrease the applied force 

when the error was large and when the error was near zero the change in the applied force 

was to be slow in order to prevent unstable oscillations. 

 

 

Figure 3-19 Force change membership functions 
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Table 3-5 Force change membership function parameters 

Membership Function Name Type of Membership Function Parameters 

wayLess Triangular -0.9, -0.7, -0.5 

less Triangular -0.1, -0.05, -0.025 

none Triangular -0.05, 0 0.05 

more Triangular 0.025, 0.05, 0.1 

lotsMore Triangular 0.5, 0.7, 0.9 
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3.2.3.4 Force Control Fuzzy Logic Rules 

 The rules of the fuzzy logic system are listed in Table 3-6.  Two premises were 

used in writing the rules.  The first, when there is a large error then change the amount of 

applied force quickly depending on if the error is positive or negative.  The second, when 

the amount of error in the cadence is near zero use the rate of change in the cadence to 

smooth out the output. 

Table 3-6 Force control fuzzy logic rules 

Rule Number Rule 

1 IF (RPMerr IS veryFast) Then (Force IS wayLess) 

2 IF (RPMerr IS fast) THEN (Force IS less) 

3 IF (RPMerr IS good) THEN (Force IS none) 

4 IF (RPMerr IS slow) THEN (Force IS more) 

5 IF (RPMerr IS verySlow) THEN (Force IS lotsMore) 

6 IF (RPMerr IS good) AND (RPMrate IS pos) THEN (Force IS less) 

7 IF (RPMerr IS good) AND (RPMrate IS neg) THEN (Force IS more) 

 

 These seven rules create an input to output surface as shown in Figure 3-20.  The 

surface gives a visual representation of the two premises stated above.  First, when RPM 

error is large the change in force is at the larges values.  Second, when the RPM error is 

near zero the rate of change in the RPM can move the change in force up or done by a 

small amount. 
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Figure 3-20 Visual representation of force controller fuzzy rules surface 
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3.3 Bike Simulation with Gear Shifting 

 The bicycle simulation with gear shifting is shown in Figure 3-21.  The gear 

shifting controller is on the left side of the figure.  The right side of the figure is the bike 

simulation.  In this version of the model the power calculation subsystem has not been 

added due to problems with the model and gear shifting. 

 

Figure 3-21 Simulink model with fuzzy logic gear shifting  

 

 The shifting of gears was set up for the rear gears only.  A more complicated 

system would be needed to shift both the front and the rear gears.  The gear shifting 

system consists of a subtraction to generate the error, a constant to give a desired cadence 
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value, a fuzzy logic controller interface and a gear selector subsystem.  The output of the 

gear shifting subsystem is connected to where the number of teeth in the rear gear 

constant used to be. 

 An enlargement of the gear shifting system is shown in Figure 3-22.  The gear 

shifting system takes the rpm and compares it to the preferred cadence.  The error 

generated is passed to the fuzzy logic controller which passes the value to the gear 

shifting fuzzy logic system created in MATLAB.  The gear selector subsystem takes the 

output of the fuzzy logic controller, a number between negative two and two, and selects 

the gear outputting the number of teeth in that gear.  

 

 

Figure 3-22 Enlargement of fuzzy logic gear shifter system 
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3.3.1 Gear Shifting Fuzzy Logic Controller 

 The gear shifting fuzzy logic controller has one input and one output as seen in 

Figure 3-23.  There are five fuzzy logic rules connecting the inputs to the outputs.  The 

input is cadenceErr, cadence error, and the output is shift, the number of gears to shift up 

or down, each of which have five membership functions.  The standard settings for and, 

or, implication and aggregation were used.  The defuzzification method chosen was 

bisector which uses the center of the output membership functions to define the output 

value.  Bisector was chosen so a whole number would be outputted from the fuzzy logic 

system.  This is because when shifting gears a fractional value is not physically possible, 

only whole gears are possible for instance gear 1, 2, or 3 mean something physically, but 

gear 1.5, 2.3, or 3.8 do not.  The only place fractional gears makes since is when using a 

continuously variable transmission. 

 

Figure 3-23 Gear shifting fuzzy logic system 
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Table 3-7 Gear shifting fuzzy logic system settings  

Fuzzy Setting Value 

And method Min 

Or method Max 

Implication Min 

Aggregation Max 

Defuzzification Bisector 
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3.3.1.1 Cadence Error Membership Functions 

 The membership functions for the input, cadence error, of the gear shifting 

controller are shown in Figure 3-24.  There are two trapezoidal membership functions 

and three triangular.  The parameters are given in Table 3-8.  The large span of the 

trapezoidal membership functions are to make sure a rule is covered in the case of large 

errors like when the bike is starting to move.  The placement of the triangular 

membership functions was to create a zone of about plus or minus six revolutions per 

minute where no shifting would take place.  The overlap of the membership functions 

helps keep the controller from shifting back and forth between gears. 

 

Figure 3-24 Cadence error membership functions 
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Table 3-8 Cadence error membership function parameters 

Membership Function Name Type of Membership Function Parameters 

tooFast Trapezoidal -300, -200, -20, -14 

fast Triangular -16, -10, -4 

normal Triangular -6, 0, 6 

slow Triangular 4, 10, 16 

tooSlow Trapezoidal 14, 20, 200, 300 
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3.3.1.2 Shift Membership Functions 

 The membership functions for the output, shift, of the gear shifting controller are 

plotted in Figure 3-25.  Table 3-9 gives the parameters entered into MATLAB’s fuzzy 

logic toolbox.  The membership functions were all triangular and centered on whole 

numbers.  This was done because the defuzzification type was set as bisector making the 

output the whole number at the center of the membership function.   

 

 

Figure 3-25 Shift membership functions 

  



56 
 

 
 

Table 3-9 Shift membership function parameters 

Membership Function Name Type of Membership Function Parameters 

fastDown Triangular -2.2, -2, -1.8 

down Triangular -1.2, -1, -0.8 

stay Triangular -0.18, 0, 0.18 

up Triangular 0.8, 1, 1.2 

fastUp Triangular 1.8, 2, 2.2 
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3.3.1.3 Gear Shift Fuzzy Logic Rules 

 There were five rules for the gear shift fuzzy logic system shown in Table 3-10.  

The rules were set up that a small error would shift up or down one gear and that large 

errors would shift up or down two gears.  The five rules map the input to the output 

directly one to one.  A plot of the mapping of inputs to outputs is shown in Figure 3-26.  

The plot is two dimensional because there is only one input and one output.  As can be 

seen in the plot there is a small area from negative eight to negative six and from six to 

eight where the output is not a whole number.  This is from the overlap in the input 

membership functions. 

Table 3-10 Gear shift fuzzy logic rules 

Rule Number Rule 

1 IF (cadenceErr IS tooFast) Then (shift IS fastUp) 

2 IF (cadenceErr IS fast) THEN (shift IS up) 

3 IF (cadenceErr IS normal) THEN (shift IS stay) 

4 IF (cadenceErr IS slow) THEN (shift IS down) 

5 IF (cadenceErr IS tooSlow THEN (shift IS fastDown) 
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Figure 3-26 Visual representation of the gear shifting system’s fuzzy rules 
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3.3.2 Gear Selector Subsystem 

 The output of the gear shift fuzzy logic controller is passed to the gear selector 

subsystem shown in Figure 3-27.  In this subsystem input is rounded because on the small 

regions where the output of the gear shifting fuzzy logic controller does not output a 

whole number.  The amount of gears to shift is then added with the previous value to find 

the new gear.  A saturation block is used to limit the minimum and maximum gears to 

one and eight, respectively. The gear value is then switched between the gears to give the 

number of teeth for that gear.   

 

Figure 3-27 Gear selector subsystem 
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 To change the number of gears in the rear cassette constants need to be added or 

taken away, ports would need to be added or taken away from the multiport switch, and 

the maximum value of the saturation would have to be changed accordingly.  The number 

of teeth in each gear can be changed by changing the constants connected to the multiport 

switch. 
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Chapter 4 

4. RESULTS       . 

4.1 Bike Simulation without Control 

 To verify that the bike simulation is correctly representing a bicycle a recreation 

of a chart provided by Wilson, shown in Figure 4-1, was made using data generated by 

the bicycle simulation.  The chart in Figure 4-1 was made using the data shown in Table 

2-1 and plugging it into equation 2-21.  The ground was level so there was no slope 

resistance and there was no wind so the aerodynamic force was only due to velocity. 

 

Figure 4-1 Power curves from p.140 (Wilson, 2004) 

 

 In order to generate the chart a new subsystem, shown in Figure 4-2, was made 

which took power data and converted it from pounds feet per second to watts and speed 
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data and converted it from miles per hour the meters per second.  The converted data was 

saved to the MATLAB workspace to be plotted.  The parameters in Table 4-1 was 

entered in to the no control bicycle simulation and then for each curve the data from 

Table 2-1 and Table 2-2 was entered for each bike type.  Different names were given to 

the saved values so they all could be plotted.  After all five simulations were run a plot 

was made of the data using MATLAB’s plot function.  Figure 4-3 show the results of 

simulations. 

 

Figure 4-2 Power and speed conversion and save subsystem 

 

Table 4-1 Bike parameters used in speed vs. power chart 

Parameter Value 

Crank length, 𝐿𝐿𝜃𝜃  (𝑓𝑓𝑡𝑡) 0.574 

Front gear teeth, 𝑁𝑁𝑓𝑓𝑓𝑓  32 

Front gear teeth, 𝑁𝑁𝑟𝑟𝑓𝑓  21 

Radius rear wheel, 𝑅𝑅𝑟𝑟𝑟𝑟  (𝑓𝑓𝑡𝑡) 1.066 

Hill angel, 𝜃𝜃𝑠𝑠 (𝑟𝑟𝑎𝑎𝑟𝑟) 0 

Applied force factor  1 

Transmission Efficiency 0.95 
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 The values for crank length and rear wheel radius were set to standard values.  A 

middle gear ratio of 1.5 was chosen.  The applied force factor of one was set.  These 

values do not have a direct link to the speed vs. power curves.  They merely set how fast 

the acceleration will be for an applied force.  If the applied force factor was set to a lower 

value the length of time the simulation would have to run for the speed and power to 

reach the highest values would increase.  The relationship between speed and power 

would stay the same. 

 

Figure 4-3 Power curves using data generated by bicycle model  
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 The plots in Figure 4-1 and Figure 4-3 are nearly the same.  The power curves are 

shown side by side in Figure 4-4.  For the roadster bicycle the data from the simulation 

crosses 5 m/s just under 100 W and crosses 10 m/s at 450 W the same is true on the chart 

provided by Wilson.  The sports bicycle, in Figure 4-3, crosses 10 m/s at about 275 W 

and crosses 15 m/s just below 900 W which coincides with Figure 4-1.  The same is true 

for the road-racing bike; it crosses 10 m/s just above 200 W and crosses 15 m/s at about 

650 W in both charts.  Both the human powered vehicles (HPV) have similar 

relationships between the two charts.  These similarities show that the bicycle simulation 

correctly calculating the equations. 

 

 

  

Figure 4-4 Side by side comparison of power curve charts 
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4.2 Bike Simulation with Cadence Controlled Through Force 

 A fuzzy logic controller was used to adjust the force applied by the rider to 

maintain a preferred cadence.  Figure 4-5 shows the cadence as the simulation runs for a 

gear ratio of 0.310 (front gear = 42 teeth and rear gear = 13 teeth).  The cadence levels off 

as time progresses due to the aerodynamic force matching the propulsion force when the 

velocity becomes high enough.  In Figure 4-5 the cadence stays at a reasonable value, 

something a rider could possibly sustain for a short period of time.  However, setting the 

gear ratio to 1.45 (front gear = 22 teeth and rear gear = 32 teeth) the cadence climbs to a 

level not achievable by a human and only after a few seconds and reaches over a 1000 

rpm, as seen to Figure 4-6.  Due to this the control of the cadence is necessary for the 

simulation to provide a realistic model for the testing of hill climbing systems. 

 

Figure 4-5 Cadence without control with a gear ratio of 0.310 
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Figure 4-6 Cadence without control with a gear ratio of 1.45 

 

 The results of adding a cadence controller through the manipulation of the applied 

force is shown in Figure 4-7.  In this run of the simulation the preferred cadence was set 

to 95 rpm and the gear ratio was set 0.310.  An enlargement of Figure 4-7 is shown in 

Figure 4-8.  The enlargement shows that at this gear ratio there is no overshoot and the 

average steady state error is about 1.6 rpm.   
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Figure 4-7 Cadence controlled to 95 rpm with a gear ratio of 0.310 

 

 

Figure 4-8 Enlargement of controlled cadence with a gear ratio of 0.310 
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 The reason for the steady state error is the setup of the fuzzy logic controller.  The 

RPM error membership functions were given an overlap between good and slow on one 

side and fast on the other.  This overlap coupled with the small dead zone written into the 

RPM rate of chance membership functions produces the steady state error.  The steady 

state error should not harm the results when the bicycle simulation is used for testing 

because a rider does not maintain a perfect cadence. 

 The ripple seen in Figure 4-8 comes from that the perpendicular force to the crank 

is constantly changing.  Since the crank force is constantly changing the acceleration and 

the velocity oscillate.  This oscillation shows up in the crank rpm so the error is also 

constantly changing.  The controller compensates for this by filtering the RPM rate of 

change with a low pass filter, however some oscillation is still present. 

 Running the bicycle simulation with the same settings except setting the gear ratio 

to 1.45 produces the plot of time verse cadence shown in Figure 4-9.  An enlargement of 

the Figure 4-9 is shown in Figure 4-10.  With the gear ratio set so low the cadence 

increases very quickly.  The fuzzy logic controller compensates with an overshoot of 

about 9% and settles in about 3.5 seconds.  The steady state error is still about 1.5 rpm, 

but is above the set point because the steady state was approached from above. 
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Figure 4-9 Cadence controlled to 95 rpm with a gear ratio of 1.45 

 

Figure 4-10 Enlargement of 95 rpm cadence with gear ratio of 1.45 
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 With the control of cadence set up this way the bicycle model can be used to test a 

hill simulation system.  The system being tested would be able to receive all information 

need to test its performance as long as the system was to be implemented on the rear 

wheel. 
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4.3 Bike Simulation with Gear Shifting Cadence Control 

4.3.1 Shifting Gears Error 

 Running the bicycle simulation with the gear shifting fuzzy logic controller 

produced an error in Simulink.  At first derivative method of finding the rpm of the crank 

was used which caused am error.  To fix the error the calculation for the rpm was done by 

the method described in section 3.1.8.  This change resulted in the following error 

message (more on the error message can be found in Appendix B. 

Trouble solving algebraic loop containing ′bikesim7b/Sum5′ at time 

8.812560020660721. Stopping simulation. There may be a singularity in the 

solution. If the model is correct, try reducing the step size (either by reducing the 

fixed step size or by tightening the error tolerances)1

The singularity in the solution is the rear gear ratio changing.  Reducing the time step, as 

the error message suggests did nothing to alleviate the problem.  A rate limiter was 

placed after the gear selector subsystem to make the gear shift happen over multiple time 

steps, however this produced a similar error when the rate was fast.  When the rate was 

slow an instability was introduced into the system which causes it to fail. 

 

  

                                                 
1 Simulink error message, MathWorks 
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4.3.2 Shifting Gears Test 

 To test the gear shifting controller a model was setup with a constant gear ratio.  

The output of the gear selecting subsystem was sent to t scope as seen in Figure 4-11.  A 

weight of 123 lb was used for the rider and the applied force was set to half the rider’s 

weight.  Settings for a sport bike, see Table 2-2, were entered into the Simulink model. A 

hill angle was set at 5% and began to ramp on at 10 s.  The preferred cadence was set to 

95rpm.  These settings were chosen to produce a cadence plot that increased passed 95 

rpm and then dropped passed 95 rpm.  The plot of cadence verses time is shown in Figure 

4-12.  The error calculated is shown in Figure 4-13 and the output of the gear selecting 

subsystem is shown in Figure 4-14.   

 

Figure 4-11 Simulation setup for gear shifting testing 
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Figure 4-12 Cadence during test of the gear shifting system 

 

 

Figure 4-13 Error during test of the gear shifting system 



74 
 

 
 

 

 Figure 4-14 shows that the gear shifting system works.  As the error becomes 

negative, meaning the cadence is greater than the preferred cadence, the fuzzy logic 

controller and the gear selecting subsystem changes the gear ratio from the lowest to the 

highest gear.  Then when the error goes from negative to positive the gears are changed 

back from the highest to the lowest.  Based on this the shifting of gears works, however 

the singularity that is created when the shift takes place creates and error. 

 

Figure 4-14 Output of the gear selector subsystem when running a test 
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Chapter 5 

5. FUTURE WORK       . 

5.1 Verify Applied Force to Velocity 

 To complete the verification of the bicycle model physical testing need to be done 

to verify if the applied force translates to the velocity calculated by the simulation.  The 

setup for the test would be to outfit a bike with a speedometer and a force sensor on the 

pedal or the crank.  Recording the speed and the force as the rider rides in a particular 

gear so this information can be plotted.  The same setup for the bike and rider can be 

inputted into the model and the results plotted.  Comparing the two plots would reveal if 

the model correctly makes this calculation. 
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5.2 Gear Shifting  

 Finding a way to add gear shifting would be a major improvement over the 

current version of the bicycle simulation.  Using the force to control the cadence would 

only allow the development of a hill simulation device to proceed so far.  Being able to 

test how the device responds to gear changes is very important. 

 There are some possible ways to correct the gear shifting system.  One would be 

to take away the gear selection subsystem and make the output of the fuzzy logic system 

the number of teeth in the rear gear.  This has the problem of finding a way to link the 

cadence with a specific gear, possibly by using the bike velocity or rpm of the rear tire as 

an input to the fuzzy logic controller.   

 Another possible change could be modifying the gear selection subsystem to 

move between gears over a short period of time.  A rate limiter was added to the try this, 

but it had little effect on fixing the problem.  A better way to accomplish this may be to 

set up the fuzzy logic controller to output fractional shifts and have the gear selector 

subsystem use the fractional shifts to output fractional gear values.  However, doing this 

means that the gearing shifting system would not have direct correlation to the real world. 

 A third method might be to switch the simulation from a continuous simulation to 

a discrete simulation.  In discrete simulations values can always jump from one point to 

another, possibly helping with the singularities of the current simulation.  Having a fixed 

time step could also help because the exact time when the gear change is made would be 

known.  
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5.3 Gear shifting with Force Control 

 If the gear shifting problem can be worked out the combination of gear shifting 

and a control of force would allow the simulation to mimic a human rider the best.  As a 

rider begins to pedal during start up the rider places a large force on pedal to get the bike 

moving.  As the cadence begins to increase the gears are shifted to lower the RPMs.  This 

keeps happing until the speed is sufficient enough to make aerodynamic drag a factor or a 

hill is encountered.  At this point the force the rider applies has to increase in order to 

maintain a cadence.  It follows from this example that to properly simulate a human rider 

the gears have to be shifted and the force needs to be controlled. 
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5.4 Course Hill Data and Shifting Winds 

 Another use of the bicycle simulation would be testing bicycle setups for different 

course and weather conditions.  This would require that gear shifting be working.  One 

thing that could be explored by a rider is how different gear sets perform on a course.  

Data about the course, such as the elevation at points along the course, could be fed into 

the slope subsystem through a look up table that takes in the distance traveled and outputs 

the hill angle.  Running the simulation would give the rider power requirements of that 

gear set.  Different gear sets could be compared and the best one for that course could be 

selected. 

 Another area a rider could look at is how wind affects their current bicycle setup.  

Random wind gusts, a steady head or tail wind, or varying head and tail wind could be 

fed into the aerodynamic force subsystem.  Again, running multiple simulations with 

different setups comparisons could be made and the best setup selected. 
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Chapter 6 

6. CONCLUSION       . 

 A simulation of a bicycle was created using the Simulink simulation environment. 

Using the simulation data of how a bicycle performs can be generated with good 

accuracy.  The rate the crank turns can be controlled with a fuzzy logic style controller 

that adjusts the force applied to the crank.  Using a fuzzy logic controller a gear shifting 

was attempted, but did not work due to errors it caused in Simulink.   

 The bicycle simulation in its current level of development can be used as a 

platform to test design concepts of a hill climbing simulation device.  Controlling the 

cadence through the rider force will allow the testing to be done at the revolutions per 

minute that the device will be used.  Valuable design and control data can be learned by 

running the device with the bicycle simulation.  However, without the gear shifting how 

the hill climbing simulation device responds to a change in gear cannot be tested. 
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APPENDIX A 

Notation 

Variable Description Unit 

𝑎𝑎 Acceleration (𝑓𝑓𝑡𝑡 𝑠𝑠2⁄ ) 

𝐴𝐴 Cross sectional area of rider and bike (𝑓𝑓𝑡𝑡2) 

𝐶𝐶𝐷𝐷 Coefficient of drag  

𝐶𝐶𝑅𝑅 Coefficient of rolling resistant  

𝑟𝑟 Distance traveled during iteration (𝑓𝑓𝑡𝑡) 

𝐹𝐹𝑎𝑎  Aerodynamic resistance (𝑙𝑙𝑏𝑏) 

𝐹𝐹𝜃𝜃  Force perpendicular to the crank (𝑙𝑙𝑏𝑏) 

𝐹𝐹𝑏𝑏  Bump resistance (𝑙𝑙𝑏𝑏) 

𝐹𝐹𝜃𝜃ℎ𝑎𝑎𝑟𝑟𝑎𝑎  Force on the chain (𝑙𝑙𝑏𝑏) 

𝐹𝐹𝑟𝑟  Rolling resistance (𝑙𝑙𝑏𝑏) 

𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  Force applied by rider (𝑙𝑙𝑏𝑏) 

𝐹𝐹𝑝𝑝  Propulsive force (𝑙𝑙𝑏𝑏) 

𝐹𝐹𝑠𝑠  Slope resistance (𝑙𝑙𝑏𝑏) 

𝐹𝐹𝑡𝑡  Total force for acceleration of bike and rider (𝑙𝑙𝑏𝑏) 

𝑓𝑓 Acceleration due to gravity (𝑓𝑓𝑡𝑡 𝑠𝑠2⁄ ) 

𝐾𝐾𝐴𝐴 Aerodynamic drag factor (𝑠𝑠𝑙𝑙𝑠𝑠𝑓𝑓 𝑓𝑓𝑡𝑡⁄ ) 

𝐿𝐿𝜃𝜃  Length of the crank (𝑓𝑓𝑡𝑡) 

𝑚𝑚 Mass of rider and bike (𝑠𝑠𝑙𝑙𝑠𝑠𝑓𝑓𝑠𝑠) 
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Variable Description Unit 

𝑁𝑁𝑓𝑓𝑓𝑓  Number of teeth in front gear  

𝑁𝑁𝑟𝑟𝑓𝑓  Number of teeth in rear gear  

𝑃𝑃 Power (𝑙𝑙𝑏𝑏 ∗ 𝑓𝑓𝑡𝑡 𝑠𝑠⁄ ) 

𝑅𝑅𝑓𝑓𝑓𝑓  Radius of the front gear (𝑓𝑓𝑡𝑡) 

𝑅𝑅𝑟𝑟𝑓𝑓  Radius of the rear gear (𝑓𝑓𝑡𝑡) 

𝑅𝑅𝑟𝑟𝑟𝑟  Radius of the rear wheel (𝑓𝑓𝑡𝑡) 

𝑠𝑠 Sine of the inclination angle  

𝑆𝑆𝑓𝑓𝑓𝑓  Arc length of front gear (𝑓𝑓𝑡𝑡) 

𝑆𝑆𝑟𝑟𝑓𝑓  Arc length of rear gear (𝑓𝑓𝑡𝑡) 

𝑆𝑆𝑟𝑟𝑟𝑟  Arc length of rear wheel (𝑓𝑓𝑡𝑡) 

𝑡𝑡 Time  (𝑠𝑠) 

𝑇𝑇𝑓𝑓  Torque on the front (𝑓𝑓𝑡𝑡 ∗ 𝑙𝑙𝑏𝑏) 

𝑇𝑇𝑟𝑟  Torque on the rear (𝑓𝑓𝑡𝑡 ∗ 𝑙𝑙𝑏𝑏) 

𝑣𝑣 Total velocity (𝑓𝑓𝑡𝑡 𝑠𝑠⁄ ) 

𝑉𝑉 Velocity of bike and rider (𝑓𝑓𝑡𝑡 𝑠𝑠⁄ ) 

𝑉𝑉𝑊𝑊 Velocity of headwind (𝑓𝑓𝑡𝑡 𝑠𝑠⁄ ) 

𝑊𝑊 Weight of rider and Bike (𝑙𝑙𝑏𝑏) 

𝑊𝑊𝑏𝑏  Weight of bike (𝑙𝑙𝑏𝑏) 

𝑊𝑊𝑟𝑟  Weight of rider (𝑙𝑙𝑏𝑏) 

�̇�𝑊𝑊𝑊 Power same as P (𝑙𝑙𝑏𝑏 ∗ 𝑓𝑓𝑡𝑡 𝑠𝑠⁄ ) 
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Variable Description Unit 

𝜌𝜌 Density of air (𝑠𝑠𝑙𝑙𝑠𝑠𝑓𝑓𝑠𝑠 𝑓𝑓𝑡𝑡3⁄ ) 

Δ𝑟𝑟 Incremental change in distance (𝑓𝑓𝑡𝑡) 

𝜃𝜃𝜃𝜃  Angle the crank moved during iteration (𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑠𝑠) 

𝜃𝜃𝑠𝑠 Inclination Angle (𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑠𝑠) 

𝜃𝜃𝑟𝑟𝑟𝑟  Angle the rear wheel moved during iteration (𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑠𝑠) 

𝜔𝜔𝜃𝜃  Angular velocity of the crank (𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑠𝑠 𝑠𝑠⁄ ) 

𝜔𝜔𝑟𝑟  Angular velocity of the rear wheel (𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑠𝑠 𝑠𝑠⁄ ) 
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APPENDIX B  

Error Message in Command Window 

The MATLAB error message about the algebraic loop shown in the command window 

when the bicycle simulation is run with gear shifting is: 

Found algebraic loop containing: 

  'bikesim7b/Sum5' 

  'bikesim7b/Fuzzy Logic  Controller/FIS S-function' 

  'bikesim7b/Gear Selector/Rounding Function' (discontinuity) 

  'bikesim7b/Gear Selector/Sum6' 

  'bikesim7b/Gear Selector/Saturation' (discontinuity) 

  'bikesim7b/Gear Selector/Multiport Switch' 

  'bikesim7b/Gear Ratio' 

  'bikesim7b/v to crank RPM/v to RPMrw' (algebraic variable) 

Warning: Discontinuities detected within algebraic loop(s), may have 

trouble solving  

Warning: Convergence problem (mode oscillation) detected when 

solving algebraic loop containing 'bikesim7b/Sum5' at time 

8.501545159596144.  Simulink will try to solve this loop using 

Simulink 3 (R11) strategy.  Use 

feature('ModeIterationsInAlgLoops',0) to disable the strategy 

introduced in Simulink 4 (R12)  

Warning: At time 8.501545159738253, simulation hits (1000) 
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consecutive zero crossings. Consecutive zero crossings will slow 

down the simulation or cause the simulation to hang. To continue 

the simulation, you may 1) Try using Adaptive zero-crossing 

detection algorithm or 2) Disable the zero crossing of the blocks 

shown in the following table. 

 ------------------------------------------------------------------------- 

  No. of Consecutive Zcs |         Block type         |     Block 

 path 

 ------------------------------------------------------------------------- 

    

Warning: The simulation has ignored searching for zero-crossing 

events at time 8.812560020660721 for (1) zero crossing signals. 

These signals are being ignored either because their values are 

smaller than the zero crossing tolerance, or because they caused 

multiple consecutive zero crossings. This indicates your system is 

in Zeno, or has strong chattering. 

 ------------------------------------------------------------------------- 

  No.                   |         Block type         |     Block 

 path 

 ------------------------------------------------------------------------- 

                      1                     Saturate 

 "bikesim7b/Gear Selector/Saturation" 
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