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Abstract

This paper presents an activity concerning the development of a control strategy for power-assisted electric bicycles, also called
pedelecs. A common assistance algorithm available on commercial pedelecs consists in providing predefined constant assistance
electric power. This approach is lack of flexibility with respect to environmental condition and generally does not provide a good
driving comfort. The proposed control method has been designed to minimize the tracking error between the actual bike velocity
and the desired one, in the presence of external disturbances. The assistance electric motor torque consists of a feedforward
torque integrated with a feedback one. The feedforward contribution is a nonlinear torque based on the pedelec model. The
feedback action has the function to compensate the tracking error due to model uncertainties and unknown disturbances. The
performance of the methodology has been evaluated applying the controller to an innovative pedelec prototype. To this aim, a
mathematical model of the vehicle has been developed. Different human torque models have been implemented in order to study
the influence of the rider on the pedelec dynamics. The results of a comparative analysis between the proposed algorithm and a
common assistance method have demonstrated that the proposed controller provides improvements in terms of riding comfort
and energy utilization.

© 2015 The Authors. Published by Elsevier Ltd. Thisisan open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of ATI 2014

Keywords: pedelec, power-assisted bicycle, control, quality of riding, energy consumption

1. Introduction

Continuous improvements in technology and ways to make vehicles more environmental friendly has led to an
increase of so-called green vehicles [1]. Among the latters, light electric vehicles, such as electric bicycles, are very
effective for city commuters [2, 3].
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Electric bicycles, also called e-bikes, can be a viable solution to the world’s energy crisis because they can
substitute motor vehicles for midrange transportation needs with zero emission. Indeed, a vehicle as the e-bike [4, 5]
constitutes an alternative vehicle for both personal mobility and goods delivery, especially for small and medium
distances. The e-bike, in all its forms, two or three wheels (tricycle), is able to move with an average speed equal to
the typical one of the town traffic and, at the same time, it requires energy for its mobility that is very close to the
necessary energy just for the displacement of the transported people.

There are two kinds of electric bicycle. A first kind includes an electric motor into bicycle frame or wheels, and it
is driven by motor using a handlebar throttle [6, 7]. A second kind is a power-assisted bicycle, also called pedelec
[9], which is a human—electric hybrid bicycle [10] that supports the rider with electric power only when the rider is
pedaling. Typical e-bikes are equipped with an electric motor, a battery, a control unit and sensors to detect rider
torque and bicycle speed. The motor torque, determined by the control unit, plays a crucial role in ensuring the
comfort and the safety of pedelec riding.

This paper is dedicated to developing a pedelec velocity control (PVEC) with both the electric torque from the
motor and assistant torque from the rider. The ultimate objective of the PVEC is to follow a given velocity command
under the limited motor electric torque, the rider torque and the inevitable disturbance actions caused by
environmental conditions such as the wind and the road surface.

In [11 — 13], an e-bike velocity control, based on a fuzzy logic control approach, has been investigated. The
studies in [14, 15] inspected the effect of the human assistant torque from the rider. In [16, 17], an e-bike velocity
control has been proposed in terms of optimization of H™ performance.

For this study of velocity control for pedelec, the torque control law has been obtained with a feedforward control
integrated with a feedback one. The feedforward control law is a nonlinear torque obtained from the vehicle
mathematical model. The feedback action is based on a proportional-integral-derivative (PID) control that has the
function to compensate the tracking error due to model uncertainties and unknown disturbances. The PVEC has been
applied to a pedelec prototype and the results have been compared with the ones resulting from a classical assistance
method. The performance of the PVEC, in terms of velocity tracking, stability and disturbance rejection, have been
optimized by properly setting the PVEC coefficients. The quality of riding for the two different assistance methods
has also been evaluated.

The rest of the paper is organized as follows: in section 2 the vehicle description is presented; the derivation of
the pedelec mathematical model is showed in section 3; the PVEC development is described in section 4; finally,
simulation results are illustrated in section 5.

2. Vehicle description
A prototype of an innovative power-assisted bicycle has been adopted for the research. The vehicle has been

designed at the Department of Industrial Engineering of the University of Naples Federico II [18]; its scheme is
shown in Fig. 1, where two components are highlighted: the electric motor and the chain force sensor.

Chain force sensor

Fig. 1. Pedelec prototype scheme.
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Generally, in commercially-available pedelecs the electric motor is located on one of the three hubs of the
bicycle. A basic idea of the pedelec prototype consists of a central motor located in a battle, as shown in Fig. 1.

The pedelec prototype equips a new low cost system for the measurement of the chain force. The device is based
on the employment of a load cell and suitable constraints that link the sensor to the bicycle frame, in order to make
the measured force as close as possible to the chain one [19].

The motion transmission from the motor to the pedal shaft is achieved by two different gearboxes: the first one is
a planetary gearbox and the second one is a simple bevel gear. The total transmission ratio is 1:25. Fig. 2 shows a
scheme of the second gearbox location.

Fig. 2. Mechanical transmission between the motor shaft and the pedal one.

3. Pedelec mathematical model

With reference to Fig. 3, the bicycle longitudinal dynamics can be expressed as

MY __F

a - W F

F,+F M)

mr— Ta

where M is the total mass of the pedelec (including the rider), v is the pedelec longitudinal velocity and t is the time.
The term F,, in (1) is the aerodynamic drag force:

1
I:w = E ASCW ai er 2

where As is the reference area of the bicycle-rider system, C, is the aerodynamic drag coefficient, p,; is the air
density.

The term F, (with reference to Fig. 3, F, is the sum of its two components F ; and F,, 1, acting on the rear and front
wheels ) is the rolling resistance force:

I:rr =CrngCOS(a) (3)

where g is the gravitational acceleration, a is the slope of the road, Cy, is the rolling resistance coefficient.
The gradient resistance force F, is formulated as

F, =Mgsin(@) . 4)
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Finally, F is the total thrust force provided by the motor and the rider.

Fig. 3. Longitudinal components of forces acting on the pedelec.

The bicycle longitudinal dynamics can be expressed in function of the total driving torque Tq,, applied to the rear
wheel

Td,w: (M %+FW+F”+FJ, ®)]

where r is the nominal radius of both the bicycle wheels.
Introducing the gear ratio g4 and the efficiency #g4of the bicycle gearbox

P
e =—
g o
, (6)
Td,w“)w Td,w
Ng = =

Tap@p  Tapeg
it is possible to obtain the expression of the driving torque Ty, relative to the pedal shaft:

Td,p: d [Mﬂl+ FW+Frr+Faj:Th +Tm,p’ 7
NgEg dt

where w,,is the angular velocity of the bicycle wheels, wyis the pedal angular velocity, Tpand Ty are the human
and the motor torque applied to the pedal shaft, respectively.

Considering the aforementioned gearboxes between the motor and the pedal shaft, characterized by a gear ratio &n,
and an efficiency 7, defined as

g, = —m
®
P ®)
Tmp®p  Tmp
N = =

the torque equilibrium at the motor shaft can be derived:
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.
Tmz;(Mﬂl+Fw+F”+Fu)— h_ )
NgNmegem \  dt NMmEm

where wp,is the motor angular velocity and Ty, is the torque provided by the electric motor applied to its shaft.
Equation (9) can be rewritten considering equations (2)-(4) and expressing all the angular velocities with respect to
the motor one:

2 3
Mr2 > d(Dm+ &pra;rz o+ CrMor cos(a) + Mor sin(a) =T, + T
MNgMmEg€m dt 2ngnmgggm NgMmEgEm NgNmEgem MmEm - (10)
The differential equation (10) can be rearranged as
do T,
Jog—2 + B0 =T, +—"—+d. 11
eq dt nI*'m m NimEm (1D
where the following statements have been adopted:
Mr?
Jeg = 2.2°
NgNMmEmeg
Mgr .
d :——[C”cos(a)+sm(a)], (12)
NgNMmEg€m
B, = Ascwpairr3
nl — 3 30
M MmEmeEy

Equation (11) describes a nonlinear first order system with three inputs: Ty, from the human; T, from the motor;
and d from the environment.

4. Pedelec velocity control algorithm

The control scheme is presented in Fig. 4. The PVEC is designed to follow a desired velocity V4 imposed by the
rider. The target velocity is relative to a desired assistance level, for example, a target pedelec velocity equal to 25
km/h corresponds to the maximum motor assistance level (100 %), instead, a desired velocity of 15 km/h involves a
60 % assistance level.

Rider Pedelec

w1 -

(e
Fig. 4. Pedelec control scheme.
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The control action consists in the motor torque T, while the control feedback is the pedal angular velocity w,
obtainable with a proximity sensor. The rider pedaling torque, estimated via the chain force measurement, is used
only for the activation of the PVEC. In particular, whenever the rider torque exceeds a limit value, the additional
motor torque will be provided by the controlled electric motor. With reference to Fig. 4, the target motor angular
velocity wq and the actual motor one @y, have been calculated starting from the desired velocity and the pedal
angular velocity:

V,
g =—3
EqEml
o (13)
0]
]
8I’T]

The control requirements can be synthesized in three main performance objectives: desired velocity tracking,
stability and disturbance robustness. These specifications have been taken into account with a mixed control
approach constituted by a feedforward control torque T and a PID-based feedback one Tppp (Fig. 5).

The feedforward action has been derived from the pedelec mathematical model (11) in order to compensate the
inertial torque and the nonlinear aerodynamic resistance torque relative to the desired motor angular velocity wq:

dwo
T ff =Jeqd—td+ B, 03 (14)

The PID-based feedback assistance torque is the sum of proportional, integral, and derivative actions, weighted
according to independent gain parameters Kp, K|, and Kp. A filter in series with the derivative action has been
implemented, where the coefficient Ky sets the location of the pole in the derivative filter.

Gz

PID

Fig. 5. PVEC control algorithm.

The PVEC feedback control action expressed in Laplace domain is:

1 KnS
Tm,P,D:[Kp+K,[gj+ KD(S+'\II<NI|G (15)

where e s the control error (€= wy —®, ).

The tuning of the PVEC feedback torque has been performed in order to achieve a balance between tracking
performance, stability and robustness.
Fig. 6a shows the unitary step reference tracking response of the closed-loop system, while its disturbance rejection
performance is presented in Fig. 6b. The disturbance location has been implemented at plant input.
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Fig. 6. PVEC feedback control performance. a) Step response; b) Disturbance rejection.

Results of Fig. 6a highlight a good tracking performance of the closed-loop system, moreover, the disturbance

rejection can be also considered acceptable as shown in Fig. 6b.

The PVEC feedback control parameters and performance are collected in Table 1.

Table 1. Parameters and performance of the PVEC feedback control.

5. Simulation results

Description

Value

Proportional gain Kp
Integral gain K,

Derivative gain Kp

Filter coefficient Ky

Rise time (s)

Settling time (s)

Overshoot (%)

Gain margin (db @ rad/s)
Phase margin (deg @ rad/s)
Closed-loop stability

1.53

1.35

-0.007

212

0.07

0.77

3.07

-Inf @ 0
81.4 @243
Stable

The PVEC has been tested on the full nonlinear model (11). The slope profile for testing the PVEC for urban

riding within 7 km is shown in Fig. 7.
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Fig. 7. Slope profile.

5 6

The pedelec specifications and environmental parameters are listed in Table 2.

Table 2. Model parameters.

Model parameter ~ Value
M (kg) 90

r (m) 0.3
M () 0.95
M () 098
&m () 25

g (-) 0.47
Cu () 0.9
Ce(-) 0.003
A (m?) 0.4
Pair (kg/m?) 1.225
g (m/s?) 9.81

613

Two different rider models, characterized by different performances in terms of torque capacity, have been
considered; the first one (RIDA) provides a constant torque of 10 Nm and the second one (RIDB) can provide a
constant torque of 15 Nm. Both the riders reduce the applied torque to 2 Nm when the pedelec velocity exceeds the

desired velocity, fixed to 15 km/h.

Figs. 8a and 8b show the comparison between the target and the effective pedelec velocity for both the riders.
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Fig. 8. Target and effective pedelec velocity. a) RIDA; b) RIDB.

14

The results of Fig. 8a show that for RIDA the reduced power effort of the rider involves track intervals where the
pedelec velocity is less than the target one. In particular, in these intervals the motor power reaches its saturation
limit, so, the motor cannot give the power necessary for maintaining the effective pedelec velocity at the desired
level. This phenomenon is more clear considering the motor power diagrams showed in Fig. 9a and Fig. 9b.

300 . , , , ‘ ‘ 300 , ,

Motor power (W)
—
3

Motor power (W)

o =

3 5 7 3 4 3 [
a) Distance (kin) b) Distance (kin)

Fig. 9. Motor power. a) RIDA; b) RIDB.

In the case of RIDB the effective pedelec velocity is practically equal to the desired one (see Fig. 8b), in that case
the motor power is always less than or equal to its saturation limit (see Fig. 9b). It is important to note that for both
the cases the pedelec velocity exceeds 15 km/h, indeed when the actual velocity is higher than the target one the
motor cannot provide resistance torque, therefore, the pedelec velocity is totally controlled by the rider. However,
the simulation results, for both rider models, clearly show good performance of the proposed PVEC.

For comparison purposes, the proposed assistance method has been compared with a conventional assisted power
method, which is the constant-assisted power (CAP). In the CAP method the rider is assisted by the motor with a
predetermined constant power [20]. The CAP method is simple to implement, however, the same predefined assisted
power is provided without considering the riding environment such that the comfort and the safety of the rider might
not be guaranteed.

Simulations have been performed adopting the following statement:

e assisted power of the CAP: 25% of the maximum power (62.5 W);
e rider model: RIDB;

e target velocity: 16 km/h.

e slope profile: diagram of Fig. 7.
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The two methods have been evaluated in terms of quality of riding results. For a pedelec riding condition, quality
of riding refers to energy utilization, comfort and safety [21]. The comfort in pedelec riding consists in maintaining
the vehicle under a preferred velocity when the assisted power is provided in collaborating with the rider power.
Stability in controlling the pedelec is strictly related to instantaneous acceleration generated by the assisted power
control. With abrupt assisted power, the instantaneous acceleration will be too large or too small to cause instability
in controlling the pedelec such that the rider will feel unsafe in riding. So, the comparison results are collect in terms
of pedelec velocity, instantaneous pedelec acceleration and energy consumption.

Figs. 10a and 10b show the velocity records for CAP and PVEC, respectively.

Target ' ' Target
o X PR A R SR S N o X PR A R S =
- ' : ! ' — Effective - ' ' — Effective
20 = N I T U SO S N _—
& B et : ]
Bl L B | A SR SUSEE Bl ] e s ST oo Fooeeee
= 5 : : : ! ;
8 8 e e e 1 1
E 10 - -H e e e E 10—""""*: """"" E """"" :' """"""" 3 """"" :' """"""
s s
Skl e e T T S R L EEr SEEERREEE
0 I I I I I I 0 I I I I I I
1 2 3 4 5 [ 7 1 2 3 4 5 [ 7
a) Distance (kin) b) Distance (kin)

Fig. 10. Target and effective pedelec velocity. a) CAP; b) PVEC.

Concerning Fig. 10a, the velocity trace of the CAP is fluctuating, even if the medium value of the velocity is
about 16 km/h the comfort index is poor. On the contrary, the pedelec velocity trace adopting PVEC shows that the
target vehicle velocity is almost maintained all the way, starting from the beginning until the end of the ride. It
evidences that the PVEC is able to exercise the appropriate assisted power for supporting the rider in order to satisfy
the comfort criteria.

Diagrams of the instantaneous accelerations of the pedelec for CAP and PVEC are shown in Fig. 11a and Fig.
11D, respectively.

04 : : : : ‘ ‘ 04 : : : :
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Fig. 11. Pedelec instantaneous acceleration. a) CAP; b) PVEC.
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The trace of the instantaneous accelerations of the pedelec for PVEC, showed in Fig. 11b, demonstrates that the
instantaneous acceleration is less than that one obtained with CAP method (see Fig 11a), which means that the
safety and the stability of the pedelec, maintained by the PVEC, is better as compared with CAP method.

The motor energy consumption for CAP and PVEC, are shown in Fig. 12a and Fig. 12b, respectively, to highlight
how the energy is utilized.

30 , ‘ ‘ , , , 30 , . .
= 25 : = 25 RS O AU SHURE SO SO SO 4
z s B g
'a 20 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, EL ,,,,,,,, — a 20 ,,,,,,,,,,é ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 4
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a) Distance (ki) b) Distance (km)

Fig. 12. Motor energy consumption. a) CAP; b) PVEC.

Among the compared methods, the PVEC consumes the least energy, which is 11.1 Wh, as compared with the
motor energy consumed by the CAP method equal to 26.6 Wh. Also in this case the proposed PVEC demonstrates
its better performance compared with the CAP method.

6. Conclusion

In this paper, a velocity control for a pedelec has been proposed. Firstly, a mathematical model has been derived
considering the structure of an innovative pedelec. Subsequently, a mixed controller, composed by a feedforward
action and a feedback one, has been designed in order to provide an assistance motor torque suitable to follow a
target bicycle velocity, imposed by the rider. The controller has been validated on the pedelec mathematical model.
Simulation results have confirmed that the proposed assistance torque algorithm achieves better energy utilization
and quality of riding by comparing with a conventional assisted power method.
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