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Motor Efficiency Modelling towards energy optimisation for Two Wheels
Electric Vehicle.

Y. Bello, T. Azib Ph.D, C. Larouci Ph.D, , M. Boukhnifer Ph.D, N. Rizoug Ph.D, D. Patino Ph.D, F. Ruiz Ph.D.

Abstract— Nowadays, the transportation electrification rep-
resents one of the most significant changes to reduce the
pollution production rate. Unfortunately, in a TWEV (Two
Wheels Electric Vehicle), particularly in the case of a motorcycle
wheel hub motor, there are different constraints by using
electric driving chain. They include an autonomy reduction
caused by the lack of a control system to maintain a good
powertrain efficiency, principally of the motor according to the
operating parameters variation. This variation is caused by
the effect of the parameters like the current state of charge
(SoC) of the battery, the weight of the driver, the road slope
or the road/weather conditions over the motor work point.
In consequence, the efficiency decreases significantly by the
relationship between speed proposed by the driver and the
torque required by the vehicle. Those parameters can be
estimated in order to make an efficiency optimization based
on present and future road/weather conditions. Regrettably,
this kind of control (optimal control) requires a representative
model with low computation time and easy implementation. In
this paper, a convex geometrical representation of an electric
motor power losses model for optimization is proposed. Its
advantages over the mathematical representation are evaluated
with an electric vehicle urban speed profile and an efficiency
optimization compatible with the requirements of real-time
operation.

Index Terms— electric vehicles, longitudinal dynamic, motor
efficiency, real-time, implementation

I. INTRODUCTION

About a 56% of the total CO2 emission is related with

transport field or refining processes [1], [2]. One reason of
this CO2 emission can be the poor energy diversification
in transport sector, about 90% of the world sector still
depending of petroleum products [3]. Then, the electric
vehicles represents and important factor to reduce the CO2
emission caused by transport field and in consequence, to
face the greenhouse effect.
However, the energy density of power source, the efficiency
of powertrain, the electric stations availability and the charge
time represent some of the challenges to this technology to
make it implementable. For efficiency improvements, differ-
ent strategies have been proposed, in [4] the efficiency im-
provement opportunities in (Brushless direct current) BLDC
motor are explored. In it, the external parameters and the
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work point represent the main tool to develop efficiency
optimizations. As another example, in [5], the optimization
of downhill speed/torque parameters are achieved to max-
imize the efficiency of regenerative brakes with hydraulic
brakes coolaboration. This approach lets to note the effi-
ciency of the motor can be optimized taking into account the
external parameters. In the same way and in order to improve
the efficiency of powertrain specifically, this paper proposes
the study of urban mission profile effect over the power
losses as a tool to describe the requirements of an optimal
mission profile (an eco-driving profile). Optimal mission
profile will be able to propose speed limitations based in
torque, temperature behavior in order to keep the maximum
efficiency of power train. The dyanmic model is the most
important aspect to be considered in order to propose an
optimization to maximize the performance and availability
of electric vehicles according to the urban requirements [6].
In electric powertrain, the modelization has to cover mainly
two aspects: The electrical and the mechanical behavior.
The electrical diagram of the vehicle usage is shown in
Figure 1, where Vx,, Idq,., Vdq, Ude, Cr, Iabc, Idq, C,
Q) are the longitudinal reference speed, direct and quadrature
reference currents, direct and quadrature reference voltages,
DC voltage, the load torque, the motor phases currents, the
direct and quadrature currents measured on the motor, torque
measured on the motor and the angular speed measured on
the motor.

Current
Control

Fig. 1: General control diagram of a BLDC motor.

The most important aspect related to energy optimization
are the energy losses in each component of the electric
powertrain due to the driver behavior [7]. If just electrical
losses are considered, the main three sources of power losses
are the battery, the driver and the motor. Then, it is possible
to create constraints over the driver behavior keeping in
mind the motor remains the most affected by efficiency
variation [8]. In this paper, the losses caused in the motor
will be studied and modeled in order to obtain an appropriate
efficiency behavior to be integrated into the optimization



process. The complexity of this kind of model difficult real-
time optimization. For this reason, new compile time efficient
approaches are required.

This paper will be developed as follows: In the second sec-
tion, the motor losses in an electric motor will be classified
to be studied and the hypothesis required by calculus will
be shown. In the third section, the analytical model of the
motor will be developed. The fourth section will present
the efficiency map developed according to the considered
requirements. The fifth section presents the geometrical
representation of the efficiency map obtained before and
the constraints required to represent the efficiency with the
minimum error. In section sixth, the error obtained by the
geometrical representation will be analyzed to determine the
usability of the geometrical representation in the optimization
process. Finally, conclusion and future work will be pro-
posed.

II. ELECTRIC MOTOR POWER LOSSES.

The electric motor highlight by its efficiency in compar-
ison with other kinds of engines available in the transport
field. Although there are many methods to estimate or
measure the load motor efficiency under the full speed
condition, few of them are capable to estimate the efficiency
under variable speed conditions. For this reason, variable
speed/load efficiency models are required. Since the transport
field represents a variable load and speed references, the
motors efficiency tends to decrease dramatically. In [9], a
data-based model is proposed to estimate the efficiency face
on speed changes. The model estimates an equation capable
to describe the core, friction and copper losses behavior from
measured data. This method is able to reduce significantly the
error in low speed/torque region but it is not able to explain
the causes of the behavior of each source of energy loss. In
order to make a complete analysis, each kind of energy loss
will be discused and represented by an analytical equation.
The most evident losses source is power dissipation (Joule
Losses). In [10] it is explored in order to ensure an improve-
ment over the efficiency estimation. Indeed, the efficiency
of the inverter and the motor are calculated ensemble to
compare the theoretical developments with measures made
in different work points. Even when this approach is able to
reproduce the efficiency behavior with less than a 10% of
error (this value grow up linearly with the speed value), it
has a disadvantage, it is blind in face of other energy losses
sources, it can be noticed due to the non constant behavior
of the error.

In another study [11], a model based on the machine
equivalent circuit is presented. This model is capable to
use the no-load and full-load test to reproduce four kind
of losses : Cooper losses, Core losses due to hysteresis
and Eddy current, viscous friction losses and joule losses
present in stator and inverter. The accuracy of this approach
is comparable to the 10% described in the first paper but its
error does not grow up with the speed of torque. In other
words, even when the accuracy of the method has to be
improved, it is capable to represent most of the power losses

sources.
The approach exposed before mixed the inverter and motor
losses. It makes difficult to make optimizations over the
motor structure or the motor energy requirements. Then,
another approach is explored in [12], [13] and [14]. The
joule, core and copper losses caused inside the motor are
analysed througth making an electromagnetic analysis. In
[14], Steinmetz and Bertotti equations are compared to
determine that Bertotti equation is capable to make a better
representation of the stator core losses in flux weakening
region due to it has into account the dynamic of the magnetic
flux density. The magnetic flux density is a variable which is
difficult to represent in time then, the effect of its harmonics
is studied theoretically [15] and after, it can be compared
with two software applications or direct measures over the
motor. The first software application is a representation of
the magnetic flux density as a function of the current present
in the stator through finite-element analysis (FEA) [16], [17].
This representation requires three lookup tables, the magnetic
flux density as a function of stator current measured in the
stator yoke, the rotor yoke, and the air gap. In [14], the
representation of the magnetic flux density in the stator is
separated in the magnetic flux density present in the body
of the tooth and the tooth tip. This differentiation lets to
reduce the average error of the algorithm. Some examples
of software used to represent the magnetic flux density are
ANSYS/Maxwell, Altair/Flux2D and COMSOL. The second
software appication is a direct representation of the efficiency
map made by a logical programming working ensemble of
the magnetic simulation software, this option is available few
software like ANSYS/Maxwell. However, this option also
requires a comprehension of the theoretical model, it lets to
know which kind of excitation is required to represent the
different power losses.

Last of the most important parameters to consider in motor
efficiency is the temperature effect. In order to model the
thermal behavior, a thermal circuit has to be considered. It
will consider a few quantities of thermal nodes if just the
effect of temperature over losses wants to be considered [18]
or a huge quantity if design aspects want to be evaluated.
When many thermal nodes want to be considered, the FEA
study is required [19]. This study consider a in-wheel motor
of medium power, for this reason, the passive air cooling
system use to be enough to control temperature risks.

In conclusion, the power sources from the motor have to
be studied separated to the inverter or battery power losses
sources and the phenomenon represented will be:

o Copper losses, it is called Joule losses too and it makes
reference to the power dissipation due to the current
trajectory along the copper wires in the stator.

o Core losses, It represents the power losses in stator and
rotor due to Eddy currents and Hysteresis effect.

Also, the power losses calculation will be made under the
following assumptions:

o The input current is assumed to be ideal sinusoidal.
o The effect of the inverter and power source losses is
well ignored through simulation.



o The passive cooling system effectivity is as high to
not consider the temperature effect over each operation
point (speed/Torque).

o Mechanical friction loss effect can be ignored.

o The effect of the magnetic flux density dynamic is min-
imum due to the size of the air gap and the stator/rotor
materials properties.

III. POWER LOSSES MODEL.

The BLDC Motor model can be described by the following
equations using d-q analysis:

Ud = % - \I’qu + Rsid

1
U, = djtq + U4 W, + Ryig, M

where Uy, U, iq and i, are the d-and g-axis stator voltages
and currents. R, Wy, R, are the stator resistance, the
electrical angular speed that equals the multiplication of the
rotor mechanical speed and the number of pole pairs p;
Finally, ¥; and ¥, are the d-and g-axis stator fluxes which
are equal to:

Vyg=Lsig+ ¥,
U, = Ly, @

Where L represents the stator inductance and WU, represents
the permanent magnet flux. Then the electromagnetic torque
generated is:

2 . )
Te = gp(lqllld — ’Ld\I’q) (3)

The permament magnets lets to make flux control throw the
the direct-axis current minimization the magnetisation and
the quadrature-axis current maximization in order to incremet
the quantity of energy used in torque production and reduce
the “current waste”. When i4 tends to ~’0”, the expression
changes as follow:

2
T, = gp(iq‘l’d) “4)

The mechanical equation is:

_T T 5
b dl 1 @)

Where J, Wy, T; are the moment of inertia of the rotor, the
mechanical angular speed of the rotor, and the load torque.
Since efficiency in stady state can be defined as:

Pout TeWs
n= = (6)
Pi TeWs + -Plcu + ]lee + leag

Where, Pjcy, Pife and Pjq4 are the Joule losses (also
called iron losses), the core losses and the magnetic losses
in rotor magnets.

A. Magnetic Losses

The magnetic losses caused by eddy-current loss in the
permanent magnets of brushless machines are usually ne-
glected. Since the fundamental air-gap field usually rotates
in synchronism with the rotor, and time harmonics in the
current waveform in the winding distribution are generally
small [12]. For this reason, Pjpqg = 0.

B. Joule losses

The joule losses can be estimated according to following
approach [20], [13]:

22 (L + Lew) (KoprD)

Ijlcu =

(D2 — (D; +

BgmDo )2) _ BgWDo(Do—qu _ BgmDo )

™
4 B;2pK;, By 2 4ijK$e

Where peu, Do, Di, By, By, Bj, Kpi, Fre, po L, Lew,
K,, and K, are the copper resistivity [Ohm.m], the stator
outer diameter [m], the stator inner diameter [m], the air
gap flux density [T], the flux density in stator tooth [T],
the flux density in stator yoke [T], the slot filling factor,
the lamination factor, the number of pole pairs, the stator
lamination length [m], the length of end-winding [m], the
fundamental winding factor, and the fundamental current
density [A/m], which can be expresed in terms of load torque
T,
P ByD2Lsin(pagym)

where av,,, is the half of mechanical magnet angle.

K (®)

C. Core Losses

The core losses are composed of losses caused by hys-
teresis losses and eddy current losses. By one hand, the
hysteresis losses are the resistance of a magnetic material
to change its magnetic field orientation. By the other hand,
the eddy current losses are the undesired current provoked
by magnetic fields. Those current are strongly related to
winding architecture, for this reason, the minimization of
the eddy current losses harmonics can be made studying and
optimizing the winding structure [21].

The core losses under any operating condition can be esti-
mated as follows [14].

Pige = P ad,oke + P, + Pt 9

Where, P 44,0ke, P, and Pj,; are the losses in rotor
yoke due to eddy current and losses in tooth body and tooth
tip caused by hysteresis and eddy current.

inf
ry\| T 10
ZpFe,U/Fe Z \/ ( )

Those expresion are:

Beddyoke = ny(
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Where ny, f, p, Ry,,can, Ary are the number of rotor yokes,
frequency, number of poles pairs, mean radius of the rotor
yoke, tha area of the rotor yoke face. pre, pire, Bis Biott
and ay.y are resistivity and the mean permeability of the
rotor yoke material, the magnitude of ith harmonic of the
armature flux density wave, the peak value of flux density
at the tooth or the tooth tip and the mean pole transition
angle in electrical radians. Finally K, o, 8 and K. are
constants obtained from the curve fitting of core loss data
measured with sinusoidal excitation. Since it was mentioned
in section II, this representation requires three lookup tables,
the magnetic flux density as a function of stator current
measured in the stator yoke, the rotor yoke, and the air gap.
In this paper, all those expressions are introduced by two
reasons:

o Defend some hipothesis in following sections.

o Determine the correct excitation parameters in the direct
representation of the efficiency map made by a magnetic
simulation software.

IV. RESULTS.
A. Efficiency Map

The efficiency map was obtained from a direct
representation made by a logical programming working
ensemble with a magnetic simulation software. The
parameters of the electric motor evaluated are:

Parameter Value
The rated voltage 72 v

The rated power output 3000 w
The rated torque 185.6 Nm
The rated speed 91.3 RPM
No Load maximum speed 157.6 RPM
Maximum efficiency speed 773 RPM
Maximum efficiency torque 73.2 RPM

Maximum efficiency 96.4 %

Pole pairs 16
Outer diameter of the motor 253.3 mm
Magnet Height 50 mm
Number of turns per coil 30
Phase resistance 0.03 2
Phase inductance 0.04 mH

TABLE I: Motor parameters

Also, the excitations required to study the core and
the copper losses are:

o Winding (current). It is the current for both, a stranded
and solid conductor. This excitation lets to represent
the eddy current and hysteresis effect caused by an AC
signal.

o Current. It represents the total current in a conductor.
This excitation lets to represent the joule losses.

o Coil. Used to define one or more model winding. It is
required as a model component but it will determine the
copper and core losses behavior too.

Finally, the efficiency map obtained is:

[ ]
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Fig. 2: Efficiency map obtained by electromagnetic simula-
tion software.

B. Geometric representation of the efficiency map

The objective is to replace the mathematical equation
which describes the efficiency by a convex surface able
to be used as an optimization surface. For this reason,
after analysing the efficiency map data behavior, an elliptic
paraboloid is used to describe the efficiency. The general
equation of the hyperboloid is:

X2 v?

Where X, Y, Z represent the efficiency, the torque and the
speed. Equation 13 describes an elliptic paraboloid with
center in (0,0, By). Also the values a and b will describe the
elliptical curves on each Z value. In other words, the values
a, b will describe the slope in the axis X and Y respectively.
In order to use a linear regression over the data the equation
is reorganized like this:

Z = By — B X, — ByY, (14)
Where:
P 5 (1)
and
Yo gf :;5)22 (16)

After the linear regression is made, the B coefficients and



the centroid of the paraboloid are:

Parameter Value
Bo 95.79
B 1.3149e-4
Bs 0.0013
T 157.65
Ye 73.2

TABLE II: Paraboloid parameters.

A comparison between the paraboloid surface and the
efficiency map data is shown in Figure 3:

100

Efficiency [%]
3

150

Torque [Nm)]

200
o Speed [RPM]

Fig. 3: Hyperboloid representation of the efficiency map.

The surface resultant is available from a range from 0
Nm to 185Nm and from 0 RPM to 800RPM. But in the
efficiency map, it exists a curve which divided the feasible
region from the non-feasible region. It is called the maximum
power curve. If the core and iron motor losses are not taken
into account, the maximum power curve can be expressed
as:

Pmam * Nbat * Minv * Nmot .

RPM x R, +0.10472 '

TLim -

a7)

Where Prated, Nbats Ninvs Mmots RPM, R,, are the rated
power, the average battery efficiency, the average inverter ef-
ficiency, the average motor efficiency caused by Joule losses,
the speed in RPM and the wheel radius. Unfortunately, In
Figure 4, the effect described in [10], by ignoring core and
iron losses can be appreciated (An error which increases with
the speed value). In order to keep the model simple, a set
of four lines are made to represent the speed limit based on
the torque value.

Now that both surfaces have the same limitations, they can
be compared to evaluate the error from the geometrical
representation in comparison to the efficiency map data.

V. ERROR ANALYSIS

Even when the mean percentage error is about 0% and
the mean absolute percentage error is 4.04% along all the

Constant torque limitation
Linear Limitation

\ = = = Eff map limitation

0 100 200 300 400 500 600 700
Speed [RPM]

Fig. 4: Power limitation over geometrical representation.

surface, there are two regions where the surface presents an
error over the 5%. Those regions are placed close to the
origin of the torque and speed axis and they represent the
minimum efficiency values. It is important to notice that
the geometrical representation has its minimum values in
the same region but the values are not the same than the
efficiency map.

The effect of the error between the efficiency map data and
the geometrical representation obtained has to be evaluated
under three situation: Along all the possibles values, under
a urban driving cycle and under an optimized drive cycle. In
order to use the geometrical representation of the efficiency
map, the power limitation has to be expressed.

A. Along all the possibles values

As it was mentioned before, the average error is about 0
along all the surface but the average of the absolute error is
4.04% (Figure 5). It means that if the motor would be able to
recreate the efficiency data with the same range, the positive
and negative error in the measures would be canceled. But
in the real drive cycle there are speed limitations imposed by
the traffic zones and also, by the electric devices required to
make the motor move. This is why a more complete study
is required.

B. Along an urban drive cycle

In order to obtain a torque and speed profile able to be
used as the reference to this research, the NREL Classe
6 drive cycle developed by Smith Newton from NREL
Labs [22] was used. This driving profile was designed for
electric vehicles in an urban environment. The speed profile
requires a characterization of the electric vehicle and the
road characteristics to obtain the torque profile. The electric
vehicle characteristics are shown in Table III.
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Fig. 5: Error of geometrical representation.

Parameter Value
M 150.00 [Kg]
Ay 0.94 [s7]
Rwr 0.58 [m]
P) 0.96 [£7]
Cy 0.40
g 981 (%]

TABLE III: Vehicle and environment characteristics.

Finally, the slope trajectory was taken from a trip from Paris
to Brussels. The longitudinal force modelation used to obtain
the torque profile is based on Newtons second law of motion
along the X axis.

According to [23], [24] and [25], the most relevant negative
forces related to energy losses are:

o Aerodynamic force.
« Rolling resistance force.
« Slope of the road.

Then, the Longitudinal dynamic is described as:

T
M(i) = =L 4 Fooy + Fuer, + Fusin(6,)sin(8) (18)

Ry

Where Ry ¢, Froits Faer, , Fuw,s , B are the effective radius of
rear wheel, roll resistance, aerodynamic force associated to
X-axis, weight, slope angle and bank angle.

a) Aerodynamic force: It can be expressed as:

-1
Faerm = 7PCdAfV$2 (19)

Where p,Cqy, Ay, &, V, are the air density, drag coefficient,
front area and longitudinal vehicle speed.

b) Rolling Resistance Force: It can be expressed as:

Froll = *(,LLO + Mli'Q)cmos(es) (20)

Where (g, 1 are two friction coefficients of the road, F),
is the normal force of the vehicle and 6 is the slope of the
road. The friction coefficients of the road depend on the state
of the road. For example, a new asphalt is [0.01, 0.008] and
the frozen asphalt is [0.001, 0.00082].

c) Slope of the road: When the road presents a slope
by a medium or long distance, the load exchange cannot be
ignored. In this case, the load exchange has not a dynamic but
it creates a weight component in X and Y axis which affects
the forward and lateral movement dynamic. The equation
which describes this effect is:

F, =mg 2D

Where m, g the mass and gravity.
As a result of the speed follow made with data presented,
the torque profile show in Figure 6.
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Fig. 6: Urban profile.

In Figure 7, the value of efficiency of each torque-speed
couple is shown. The profile is able to cover the most of the
surface superface except by the spped limitation of 30 **
imposed by the motor driver to protect the battery and the
motor.

The average error is 0.88% allong the trajectory (30 000
samples) but the average of the absolute error increases to
3.73%. The minimum error efficiency value was -6.87% and
the maximum was 24.19% when the speed is close to cero
but the road requires high values of torque to achieve this
low speed. In conclusion, the geometrical representation of
the efficiency map is able to reproduce the efficicency with
an average absolute error of 3.73%, which is acceptable
considering the simplicity of the model in comparison with
the theoretical model presented in Seccion III.

C. Along an optimized drive cycle

In order to determine how the error of the geometric
representation of the efficiency map affects an optimized
drive cycle, the following optimization was made:
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minJ(zx)

J(z) = —Z = —By + B X, + BsY,
s.t.

_Tmaz S U S Tmaw

0 <72 < Viae

(22)

where & = f(z,u) is represented by (18).

a) Cost Function: The goal is to minimize the energy
required to complete a trip then, the cost function represents
the maximization of the efficiency function without takes
into account any traffic limitation, just the speed limitation
imposed by the inverter.

b) State and control constraints: The state constraints
were obtained from a QSMOTOR of 3000W [26]. Those
constraints are:

Parameter Value
Trmax 185 [Nm]
Vinaz |30 2]

TABLE IV: State constraints.

As a result of the speed optimization based on the torque
demand by the external parameters, the torque profile shown
in 8 is obtained. This driving profile does not consider the
external obstacles like traffic ligth, other vehicle or curves,
but it lets to calculate what is the effect of the error between
the geometric representation of the efficiency map and the
efficiency map when an optimized speed profile is followed.
Since it is shown in 9, the efficiency value along all the
trip is close to the paraboloid centroid. the average error is
-2.21% along the trajectory (30 000 samples), in this case,
the average of the absolute error does not increase too much
(2.26%). The minimum error efficiency value was -7.49%

and the maximum was 21.65% when the speed is close to
zero. In conclusion, the geometrical representation of the
efficiency map is able to reproduce the efficiency with an
average absolute error of 2.26%, in the optimized conditions.
This value is better than the 3.73% when an urban driving
profile is applied and the difference between them is enough
small to conclude that the geometrical representation of the
surface is an acceptable approximation of the theoretical
efficiency function in both cases.
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Fig. 9: Error of efficiency along an optimizated profile.

Besides, the compilation time required to make an speed
profile optimization was reduced a 80.22% in comparison
with a cost function which uses an efficiency equation
proposed by [27].

The equation is:

1
n=—7 T (23)
L+ 3/2p02 Q ot R. 3/2p07

Where, 1, Rs,p, VU, T,Q, Ls are the efficiency, the stator
resistance, the number of pole pairs, the permanent magnet



flux, the mechanical torque, the mechanical speed and the
stator inductance. This equation under estimes the friction,
iron and core loss.

VI. CONCLUSION AND FUTURE WORK

In this paper, a geometric representation of a complex
electromagnetic model of a BLDC Motor efficiency was
developed. The effect of the error of the geometrical repre-
sentation obtained was evaluated under three situation: along
all the possibles values, under an urban driving cycle, and
under an optimized drive cycle. In all cases, the geometrical
representation was able to obtain an average absolute error
under the 4.1%, this value decreases when an urban driving
profile is applied with the speed constraints caused by the
inverter and the traffic to 3.73% and it decreases even more
(2.26%) when an optimized driving profile is applied. As a
conclusion, the geometrical representation of the efficiency
map is acceptable considering the simplicity of the model
in comparison with the complete theoretical model and it is
able to reduce significativily (about an 80%) the compilation
time in comparison with other efficiency model proposed.
In future works, the theoretical model requires to consider
the temperature effect and the variation of the electric
brakes energy harvest capacity. Besides, the mission profile
optimization has to be constrained with more realistic traffic
requirements. In order to keep high energy saves, new
degrees of freedom over the energy direction, brake system,
and energy sources need to be added.
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