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Abstract 
The ranking of Electrically Power Assisted Cycles remains difficult even after extensive testing. In this 
paper a personalized judgement tool is presented. After all, the user’s satisfaction doesn’t only depend on 
the bicycle itself, but also on the way the cyclist likes to use his vehicle. A simulation program has been 
developed to link the performance of an electric bicycle to a typical route of its user. The performance is 
measured by means of a test bench and visualized in a 3D plot and a contourplot of the assistance strategy. 
This paper shows the results of the simulations for a typical user cycle and for 5 different E-PACs 
available on the European market.  
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1 E-bikes and E-PACs 
Electric bicycles can be divided in two main categories: the E-bikes and the E-PACs. E-bikes are bicycles 
equipped with an electric drive system that allows the cyclist to control the motor power. Electrically 
Power Assisted Cycles or E-PACs also have an electric motor, but the delivered motor power depends on 
the cyclist’s effort: If the cyclist doesn’t pedal, the motor will not assist. In this paper only the assistance 
strategy of E-PACs will be discussed. 
 

2 The need for an adaptable assistance strategy 
After cycling with different E-PACs [1], one can easily feel that manufacturers do not always apply the 
same assistance strategy. Some choose to deliver maximum assistance power at high torques and low 
speeds, while others prefer higher assistance power for small cyclist torques and higher speeds.  
Most of the E-PACs found on the European Market have a fixed assistance strategy. The manufacturer 
decides which assistance power the motor has to deliver for each speed and cyclist torque combination. 
This decision should be a compromise between the limited “on board” energy (e.g. a typical NiMH battery 
package of 24V – 7 Ah at 65 Wh/kg [2]) and the required assistance to cycle more comfortable. The 
assistance strategy is mostly based on a combination of speed and torque measurements. It hardly includes 
user specific information. 
 
The legislation of different countries limits the maximum power and maximum speed of electric bicycles 
in different ways: 
 

• The US law still classifies E-PACs with a maximum power of 750 W and a top speed (on motor 
only) of 32 km/h (20mph) as a bicycle [3] 

• Europe has a power limit of 250 W and a speed limit of 25 km/h for E-PACs to be considered as a 
bicyle [4]. 

• Australia and New Zealand have a 200 W limit, which seriously obstructs the breakthrough of 
Asian E-PAC models in that region [5]. 

• … 
 



To offer the same product in different countries it would be interesting to have a programmable controller. 
If one compares the daily route of a commuter to that of a postman, or the daily route of a Swiss person to 
that of a Dutch person, it becomes clear that different user groups may need a totally different assistance 
strategy. Since manufacturers understand that flexibility could extend their market, also programmable 
EPACs are now available.  
When making the controller programmable, it’s important to have the relationship between the assistance 
strategy and the range of the battery. 
The first part of this paper shows a method to visualize the assistance strategy for an EPAC. The second 
part describes a tool that could be used to adapt the assistance strategy to the needs of a specific user 
group. The paper concludes with the test results of 5 EPACs for a given user cycle. 
 

3 Visualizing the assistance strategy of electric bicycles 

3.1 The test bench 
In order to quantify the performances of the electric two-wheeler, we need to compare the effort that has 
to be made by the cyclist for accelerating, climbing, defeating air-resistance during realistic cycling. 
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Figure 1: Principle of the test bench 
 

Most of the existing test systems fix the bicycle and so introduce extra reaction forces that are not present 
during cycling on the road. Also the removal of a wheel is undesirable. To prevent all of this, we 
developed a test bench where the bike can roll freely on a conveyor belt by its two wheels. An elastic 
cable connected to the back keeps the bike on the conveyor belt. 
A more detailed description of the test bench is in reference [6]. 
 
Three parameters are simultaneously measured: 
 

 The torque applied to the pedals (Tc) by the dummy cyclist, which is in fact a torque controlled 
DC motor mounted on the saddle rod. The whole construction has a weight comparable to that of 
a cyclist. 

 The angular speed of the pedals, (ω) which is directly (without slip) related to the speed of the 
conveyor belt (v) by the transmission and the wheel size. For each bicycle and gear we calculate 

the transmission 
ω
vZ = . The speed is applied to the conveyor belt by a speed controlled 

induction motor. 
 The traction force measured by the load-cell. This is the force that enables the cyclist to 

accelerate, to defeat air-resistance and slopes. 



3.2 The power balance 
• When applying a constant torque and speed, the calculation of the average power (Pc) delivered by 

the (dummy) cyclist is easy: 
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where ω is the rotational speed of the pedals, Tc is the torque applied on the crank shaft and t2-t1 
is the measured time interval. 

• The average useful power Pt resulting from the cyclist’s effort and assistance motor can be 
calculated as follows: 
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where Ft is the traction force and v the linear speed of the conveyor belt. 

• In order to get a general view of the assistance strategy, we also need to calculate the contribution 
of the electric motor in the traction power over the operation area of the bicycle. This power 
contribution will be called the assistance power Pas and is derived from the comparison between a 
measurement with (subscript A) and without (subscript NA) electric assistance. 

NAtAtas PPP −− −=  (3) 

The power balance for a given steady state measurement becomes: 
asct PPP +=η  (4) 

where η is the mechanical efficiency of the transmission. This can be derived from a measurement 
without assistance. 
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3.3 The assistance factor ξ 
The assistance strategy will be described by means of an assistance factor in each operation point of the 
electric bicycle.  

Figure 2: 3D plot and contour plot of the assistance factor 



 
The assistance factor is defined as the ratio of the power from the motor to the total power: 
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Each tested bicycle will be characterized by a 3D plot and contour plot of this assistance factor (figure 2).  
The latter clearly shows the maximum power point of the motor in the speed – torque plane. 

4 The user cycle 

4.1 Defining a representative route 
Before programming the controller, one must characterize the target user group. This can be done by 
observing the cycling behaviour on the road. A typical route (a user cycle) has to be filtered out of the 
observations and serves as input for the proposed simulation program.  
The cycle used in this paper is the test cycle proposed by the Dutch firm IDbike (figure 3). It’s a five 
minutes cycle route with different accelerations and speed levels. The bicycle first accelerates to 14 km/h 
and stays at this speed for 40 seconds. After a stop it accelerates to 18 km/h. After 60 seconds it stops 
again and accelerates slowly to 22 km/h and keeps this speed for 20 seconds. After a last stop a slope of 
2% has to be climbed, the bicycle accelerates to 15 km/h and stays at this speed for 50 seconds. Then the 
slope becomes 4% and the speed falls to 12km/h. After another 35 seconds the bicycle decelerates and 
stops. 

 
Figure 3: The test cycle 

4.2 Calculation of the cyclist’s minimal energy input  
The motional equation of the bicycle gives us an idea of the traction force and the power input that is 
needed to cover this cycle in the case without mechanical losses. 

( )
dt
dvmmFFFF cyclistcycleslopeairfrictiond +=−−−  (7) 

• Fd = the required traction  
• Fair = air-resistance, depending on the effective frontal surface cwA, the air density ρ and the sum 

of the bicycle speed and possible headwind: 
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• Fslope = the required force for climbing and descending, depending on total mass and slope 
percentage. 

( ) αsingmmF cyclistcycleslope +=  (9) 

• Ffriction = the friction force. The traction force Ft measured by the loadcell of the test bench, does 
not include the friction force because both wheels are rolling in the same way as they do on the 
road. So we only have to calculate: 

( )
dt
dvmmFFFFF cyclistcycleslopeairfrictiondt +++=−=min  (10) 

With a typical effective frontal surface cwA of 0.75 m2 [7] and a total mass of 110 kg, the ideal traction 
force as a function of time is shown in figure 4. The power input required to cover the test cycle with a 
bicycle without mechanical losses is also given in figure 4. 

Figure 4: The ideal traction force and the minimal power input for the test cycle 
 
So the average power Pai and the total energy input Wti required to cover the test cycle with a lossless 
bicycle can be calculated. In the test cycle case: 
Pai = 84 W 
Wti = 25,2 kJ 



5 Combining the user cycle and the test bench results 

Figure 5: Required cyclist torque without and with assistance 
 
The performance of the bicycle is evaluated by calculating the real average power and total amount of 
human energy that would be necessary for covering the user cycle. Therefore we use the steady state 
measurements of the test bench. If we measure the traction force, the speed and the cyclist torque in some 
well chosen (well scattered) operation points we can cover the whole operation area by interpolating a 3D 
surface through this points (figure 5).  
 
For each speed – traction force combination of the user cycle we look for the corresponding cyclist torque.  
This torque multiplied by the angular speed of the pedals is the power input that has to be delivered by the 
cyclist. Integration over the whole user cycle, gives us an idea of the required human energy Wt and the 
average human power Pa for covering the cycle with the tested bicycle. This calculation is done in both 
cases, with and without assistance. 
 
Finally we define two performance parameters: The average mechanical efficiency ηa of the bicycle and 
the average assistance factor ξa. 
The first is the ideal average power in proportion to the real average power, the latter is the traction energy 
coming from the battery in proportion to the total traction energy. 
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ξa =1 means that all energy is coming from the battery 
ξa =0 means that all energy is coming from the cyclist 

6 Test results  
So far, 5 different E-PACs were put on the test application. Their test data were used to derive the above 
mentioned parameters for the given test cycle. For confidentiality reasons, we do not publish the names of 
the manufacturers. The contour plot of the assistance factor and the parameters can be found for each 
bicycle in the tables at the end of the paper.  
The different gears of the bicycles were acquired, but we only represent the most comparable gears of 
each bicycle. An exception is made for bicycle B to see the influence of the gearbox on the assistance.  



Some general conclusions can be drawn from the measurements 
 The assistance strategy is different for the various manufacturers: e.g. bicycle E is designed to 

give good assistance in the mountains (high assistance factors for low speeds and high torques). 
Bicycle B is well adapted for the flat countries: high assistance for higher speeds and lower 
torques. 

 The assistance strategies for the different gears are just rescaled versions of each other in the case 
of bicycle A. 

 Bicycle B has three different power modes, but the difference between eco and normal mode is 
minimal. The maximum assistance is higher for higher power modes and shifts towards smaller 
torques. 

 Bicycles with a hub motor (A, B) seems to have a higher efficiency. 
 Bicycle C has a bad mechanical efficiency. 
 The very low assistance factor of bicycle E is due to the low assistance for low torques. Our cycle 

is a low load cycle. One can perfectly define a test cycle where bicycle E could be the assistance 
factor champion: a lot of starts and stops, big slopes and a lot of wind… 

7 Future work 
In the near future road tests will be started to define a series of cycles for specific target groups. 
A system has to be developed to optimize the assistance factor for maximum driving comfort, taking into 
account the limited battery energy. 
 

BICYCLE A 
Z1 
Z2 
Z3 

0.506  
0.674  
0.897 

WtNA [kJ] 27,3 

WtA [kJ] 19,4 

PaNA [W] 91,2 

PaA [W] 64,6 

ηa 0,99 

ξa 0,29  

 
Figure 6: Test results for bicycle B: Changing of the gear results in an almost perfect rescaling of the 
contourplot. 



BICYCLE B 

Z 0.827 

WtNA [kJ] 26,0 

WtA [kJ] 12,7 

PaNA [W] 86,7 

PaA [W] 42,4 

ηa 0.97 

ξa 0.511  

Figure 7: Test results for bicycle B: The maximum assistance becomes higher for higher power modes and 
shift towards smaller torques. 
 

BICYCLE C 

Z [m/rad] 0.679 

WtNA [kJ] 37,1 

WtA [kJ] 15,7 

PaNA [W] 124 

PaA [W] 52 

ηa 0.73 

ξa 0.58  
Figure 8: Test results of bicycle C. 
 



BICYCLE D 

Z [m/rad] 0.654 

WtNA [kJ] 28,5 

WtA [kJ] 21,5 

PaNA [W] 94,9 

PaA [W] 71,7 

ηa 0,88 

ξa 0,24  
Figure 7: Test results of bicycle D. 
 

BICYCLE E 

Z [m/rad] 0.700 

WtNA [kJ] 27,7 

WtA [kJ] 25,2 

PaNA [W] 92,2 

PaA [W] 0,84 

ηa 0,98 

ξa 0,09  
Figure 8: Test results of bicycle E: quite different assistance strategy: higher assistance factor for small 
speed and high torques. 
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