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Abstract

In this work the Multi-Domain model of an electric vehicle is developed. The electric domain model consists on the traction
drive and allows including faults associated with stator winding. The thermal model is based on a spatial discretization. It receives
the power dissipated in the electric domain, it interacts with the environment and provides the temperature distribution in the
induction motor. The mechanical model is a half vehicle model. Given that all models are obtained using the same approach (Bond
Graph) their integration becomes straightforward. This complete model allows simulating the whole system dynamics and the
analysis of electrical/mechanical/thermal interaction. First, experimental results are aimed to validate the proposed model. Then,
simulation results illustrate the interaction between the different domains and highlight the capability of including faults.
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I. INTRODUCTION

Nowadays Electric Vehicles (EV) and/or Hybrid Electric
Vehicles (HEV) are studied as possible solution to improve
fuel economy and reduce vehicle emissions.

In recent years modeling and simulation became a helpful
tool during the design stage of EVs [1]. However, despite
having a well detailed model of the traction drive, it may occur
that after the prototype construction it works outside design
conditions. It happens because the mechanical load is not
properly modeled or because the negative impact produced by
overheating on the motor life is not considered [2]. Therefore
the model needs to be expanded to incorporate those effects.

Based on these reasons, the development of Multi-Domain
models that integrate electric, thermal and mechanical behav-
ior becomes a helpful tool to facilitate the EV modeling. Using
these models it is feasible to do the thermal analysis together
with the evaluation of: fault detection systems, performance of
different controllers, configurations, topologies and materials
applied on the motor. This complete analysis can be carried
out even prior to the actual construction of the prototype.

The traditional approach used to create a Multi-Domain
model that incorporates all these phenomena consists on
writing down the complete set of equations related with each
domain. Then it is necessary to explicit their interaction and
to model the parameters variation depending on the evolution
of other domains. Given that this procedure is time consum-
ing and error prone, several simplifications are commonly
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performed thus loosing accuracy. In [3] the electric and the
mechanical models of a high-speed train were integrated.

To facilitate the modeling task of Multi-Domain physical
systems, special software were developed. They incorporate
sub-systems that consider other domains and their interaction
but they are less flexible and require specific knowledge of the
software. In [4] Comsol Multy-Physics is used to integrate the
magnetic/electrical/thermal models of a coated conductor in
presence of critical currents whereas PSIM proved to be a valid
software tool to model and simulate together the electrical,
mechanical and thermal behavior of EV and HEV [5].

The core of this work is the development of a Multi-Domain
model of the traction drive of an EV. For the case of study,
Induction Motors (IM) are used to drive the vehicle. The me-
chanical behavior of the vehicle needs to be incorporated as the
motor load in order to determine the working conditions more
accurately. When the “Motor - Load” system is working, the
own thermal characteristics plus the environment interaction
determine the working temperature.

In this work the electric sub-model that considers Iron
Losses (IL) is firstly obtained. It contains a special feature: the
stator resistances are in the abc frame. It allows a temperature
distribution analysis of the stator and the inclusion of faults
associated to stator winding. On the other hand, the rest of the
electric dynamics is modeled in the dg0 frame. The electric
variables expressed in this frame are needed to implement the
Field Oriented Control (FOC) [6]. Secondly, the thermal model
that takes into account the spatial distribution of the stator
winding is constructed. Finally, the longitudinal dynamical
model of the EV is presented. The last step consists on the inte-
gration of these sub-models into a complete dynamical Multi-
Domain model that is used to perform different simulations.
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The rest of the paper is organized as follows: In section II
the advantages of using Multi-Domain models are discussed.
Sections III, IV and V are devoted to describe and model
the electric, thermal and mechanical behavior, respectively.
Along section VI the integration of the sub-models is carried
out. In Section VII simulation and experimental results of the
complete system performance are provided in order to validate
the proposed model and to illustrate the interaction between
domains. In section VIII conclusions about the benefits of the
model are provided together with future works.

II. MULTI-DOMAIN MODELING

In this section, we firstly present some of the challenges
associated with EV design and explain the motivation for
using Multi-Domain modeling as a viable approach to fulfill
these challenges. Then the proposed procedure to obtain the
complete Multi-Domain model is outlined.

A. Motivation

The mathematical complexity of an EV design problem is
reflected in the large number of variables involved and the
complex nonlinear relationships between them. Thus, defining
the right set of requirements to meet the vehicle performance
and functionality goals becomes tedious and error-prone with
analytical solutions.

The design stage requires understanding the behavior of the
various components involved and their complex interactions.
Moreover, in order to develop the final model, some interme-
diate stages are needed. This is because initially each sub-
system is represented by a simple model and, as the design
progresses, they are replaced with a more detailed model. For
this reason, the modeling procedure should be object oriented
and performed in a modular way.

The widespread method to incorporate these phenomena is
based on writing down the complete set of equations related
with each domain. This procedure is not object and each mod-
ification implies modifying the complete set of equations. It is
time consuming and error prone, thus several simplifications
are performed reducing accuracy.

Another approach is to use different modeling techniques
for each domain, using sometimes a specific designed tool
for each simulation. Using this method it is difficult to
evaluate the interactions between domains. On the other hand,
software specially developed to model EVs may incorporate
sub-systems that consider other domains and their interaction
but they are less flexible and require specific knowledge of the
software.

The main motivation to model each component of the EV
system with the same modeling approach is that these compo-
nents are designed by specialists from electrical, mechanical
and thermal domain among others. When the designs are
performed with the same modeling approach specialists are
able to effectively communicate without ambiguity. So, in
order to analyze the behavior of the traction drive of an EV, it
is necessary to construct a Multi-Domain model that represents
simultaneously the electric, thermal and mechanical domains.

In this paper a modeling approach able to address the
aforementioned challenges is discussed.
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B. Proposed Procedure

For the purpose of this paper, it is necessary to use a
formalism capable to model the behavior of each domain
involved. There are two mainly used object oriented mod-
eling approaches for Multi-Domain systems, Kirchhoffians
Networks [7] and Bond Graphs (BG) [8], [9]. Although both
approaches are similar [10], in this work a BG model is
developed, given the direct correspondence between the BG
representation and the physical topology [11].

The proposed procedure consists on the development of the
electric, thermal and mechanical BG sub-models separately.
First the interactions of each sub-model with the others are
considered as input/output signals and are left unconnected.
Then the complete Multi-Domain model is achieved by in-
cluding the interactions between domains (i.e. these signals
are connected according to the corresponding interaction).

This simple procedure allows focusing on each domain
during the design process but the easy integration with other
domains gives a rapid idea of the overall performance. This
feature permits to analyze the behavior of each component
when it operates together and simultaneously with components
of other domains.

Next, the developments of these models are presented
together with their integration into the complete model.

III. IM ELECTRIC MODEL

The IM model in dqO variables [12] is widely used to tune
digital controllers used in FOC. With few modifications it
is possible to consider other phenomena such as: IL and/or
additional losses (“stray load losses”) [13]; faults concerning
stator winding short-circuits [14] and broken rotor bars [15].

In [16] a model in dgO variables that considers IL is
presented. Based on this model it is possible to derive control
schemes to avoid errors in the estimation of flux and torque
(needed in the FOC) when IL appear [17]-[20].

In this section the dynamic model of the IM in dq0 variables
considering IL is presented. The stator IL is represented by an
equivalent resistance (Rp.) in parallel with the magnetizing
branch. Fig. 1 shows the equivalent circuit in dg0 variables.
The model does not consider variables in the 0 axis because
it is balanced and the neutral conductor is not connected.

A. Electrical Model Considering Iron Losses
Based on Fig. 1, voltage and flux are deduced:

Vas = —OAgst + Agst + Reigst + Rre (igs1 — ias2)

Vas = OAggr + Agst + Ryigst + Rre (igs) —igs2)
0 = —@Agn+Aam +Rre (g2 —ias1) (1)
0 = @Agy+Agm+Rre (ig —igs1)

var = (=) (gt + Agm) + (kdrl +Am ) + Rridy

vgr = (0= ) (Agr1 +Agm) + (/;Lqu + )'tqm> + Rrigr

where the currents, fluxes and voltages are represented by
i, A and v, respectively; subscripts ¢ and d indicate variables
referred to those axes, and s, r and m refer to stator, rotor and
air-gap, respectively.
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Fig. 1. IM equivalent

The stator, rotor and air-gap fluxes equations are:

)Ldsl = Lyigsn

lqsl = Llsiqsl

Adm = M(idsz + idr) )
Aqm = M(iqs2 + iqr)

Aari = Liylar

)vqu = Llriqr

Applying power invariant transformation, the electromag-
netic torque can be expressed in dg0 variables as [12]:

P S
1. = 5 M (lqsz lar — lds2 lqr)

where P is the number of poles. From (2) and (3) it can be
obtained an alternative expression:

P
1, = <2> (idr)Lqm - iqudm)

3)

“4)

B. Electric Model in Bond Graph

To design and test different control strategies it is necessary
to have an accurate electrical model of the IM as well as
the mechanical load. Taking into account that using BG it
is possible to acquire a model of both domains, many efforts
were made to represent the electrical dynamics of the IM using
this formalism [21], [22].

Two novel approaches are included in the model respect to
those developed in current literature:

1) Stator resistances are represented as a series of twelve

modulated resistive sources “RS” in the abc frame.

2) Modulated gyrators “MGY” are used to represent the

virtual voltage sources included when the electric vari-
ables are refered in the dq0 frame [23].

Fig. 2.a shows these ideas in the standard formalism used to
represent electric circuits while Fig. 2.b shows the equivalent
model in BG. Here K and KT are the matrices that represent
the power invariant transformation from abc to dg0 and from
dqO to abc, respectively [12].

The approach proposed in 1) is useful for modeling the
spatial distribution of the stator winding resistances. The
primary bond of the “RS” belongs to the electric domain while
the secondary bond lies in the thermal domain. This concept
is explained in detail along next section. It is important to bear

circuit in dq0 variables.

in mind that in the dg0 “side” these three resistances (R,,R)
and R.) are seen as the two statoric resistances used in the
standard IM model (in dqO variables).

The approach in 2) illustrates in a more comprehensible
manner the power conservation. This is derived from [23] but
here it was extended in order to adapt this idea to the model
that considers IL. Next, the analysis of the two virtual voltage
sources in the left side of Fig. 1 is performed. The subscript
d is used for the upper bond of the “MGY” and ¢ is used for
the lower one (Fig. 2.b).

The relationship in the MGY indicates that:

eq = OLyf, q
eq = 0L fy
where the generalized flows and efforts are indicated with
f and e, respectively. Substituting f; by iz and f; by iy
in (5) it can be seen that the power absorbed by the lower
virtual voltage source is the same that the one delivered by
the upper source. i.e. the power delivered/absorved by each
one of this sources varies with the selected reference frame
but the addition remains always equal to zero.
This analysis can be extended to the rest of the virtual
sources. Hence, it is graphically proved what is stated in [24].
This is:
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Fig. 2. (a) Standard electric circuit, (b) equivalent circuit in BG.
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Fig. 3. BG representation of the IM in gd0 variables.

“The total power delivered/absorbed by virtual voltage
sources is always zero independently of the selected reference
frame”.

The complete model in BG is shown in Fig. 3 where
all the virtual voltage sources are represented by “MGY”.
Considering that, the power dissipated by the Rp. and R, is
absorbed by the thermal sub-system, the secondary bonds of
those RS’s enter the thermal sub-system. The voltage sources
vgr and v, in Fig. 1 are zero because it is a squirrel cage
rotor. The rest of the electrical components modeled in BG
also appear in Fig. 3. Here the energetic interaction with the
mechanical load is performed with two MGY [22].

IV. THERMAL MODEL

The thermal model considers stator teeth and slots as
independent elements (see Ez and E4 in Fig. 4). To keep
consistency, the external part of the stator yoke is divided
into two elements (E; and E;). This array of four elements
is repeated 36 times which is the number of stator teeth/slots.

Next, the criterion adopted to model the thermal behavior
is summarized:

« External elements (E; and E;) interchange heat between
them and with internal elements (E3 and E4) by conduc-
tion and dissipate heat to the environment.

« Internal elements interchange heat between them and with
external elements by conduction and interact with the
rotor through the air-gap.

« The rotor receives the heat dissipated in the rotor resis-
tances, interacts with all the internal elements (through
the air-gap) and dissipates heat to the ambient.

| |
/_E—;:\
[ |
E3

Fig. 4. Division of elements in the stator.
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Fig. 5. Spatial distribution of stator windings in the stator slots.

o The iron of the stator (E;, E; and Ej3) receives the heat
dissipated in both Rp, that is distributed proportionally to
the element’s area.

« The 36 slots receive the heat dissipated by the 36 stator
resistances (placed in the abc frame). The slot where each
resistance is placed depends on the way the stator winding
is performed (see Fig. 5).

o Thermal radiation is neglected.

A. Conduction Between Elements

Each of this elements has independent temperature. As
consequence of the temperature difference with its neighbor, it
interchanges heat by conduction according to the experimental
Fourier law:

90 AT
o= (©6)

p Jx

the heat transfer takes place through the cross-sectional area
A; p is the thermal resistivity between the elements. dT /dx
is the spatial temperature gradient. In this case:

9T _ AT _ (ti—1))

ox  Ax Ax
where #; ; is the temperature of element i,j and Ax is the
distance between the centre of elements.

(7

B. Air-Gap Representation

Given the high relative speed in the air-gap it was proved
experimentally in [25] that heat transfer by conduction and
convection between rotor and stator can be modeled consider-
ing the air-gap as a thermal resistance. By assuming a value
approximately ten times the resistivity between elements, both
phenomena are included.

C. Dissipation Toward the Ambient

Under the same hypothesis assumed to model the air-gap,
it is possible to model the dissipation toward the ambient as
a modulated thermal resistance. The resistivity is function of
the ventilation. For the case under study, IMs does not have
forced ventilation. Therefore two possible scenarios exist:

e [Ms are exposed to the exterior — ventilation is function
of the vehicle’s velocity.

e [Ms are confined — thermal resistance is constant.

The element’s temperature on the other side of the thermal
resistance is the ambient temperature 7.
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D. Heat Storage

Based on the first law of thermodynamics and assuming that
neither phase change nor net work occur in the element:

Q= YAT ®)

where Q is the absorbed heat, 7y is the heat capacity and AT
is the temperature variation produced in the element.

All the sources of entropy plus the incoming/outgoing
entropy via conduction conform the total flow of entropy (S).
The rate of heat flow (dQ/dr) is obtained by multiplying the
total flow of entropy and element temperature. Hence, (8) can
be re-written in differential form as:

. d d

§=Ss=T%7 ©)
Eq. (9) is useful to determine the evolution of the element’s
temperature when the total flow of entropy and element’s
initial temperature are known.

E. Thermal Model in BG

The complete thermal behavior previously described can be
modeled in BG (see Fig. 6) using a source of effort to fix
t.np and three types of BG elements. Here the bondgraphic
generalized effort (e) represents temperature (7) and the flow
(f) is the flow of entropy (S).

o Thermal conductivity is represented with a thermal re-

sistance “Rg,” whose relationship between primary and
secondary bonds is given by:

1
fier = 5(61 —e) (10)
he = fie (11)

where the product fj e is the rate of heat flow (dQ/01).
Replacing 8 = p Ax/A (thermal resistance), (10) becomes
equivalent to (6). To model the effect of ventilation in the
dissipation toward the ambient 6 varies as [26]:

0 = 6o(1—BV) (12)

where B represents the reduction in the thermal resis-
tance.

Eq. (11) states that the outgoing heat from an element is
totally transferred to the other.

o The incoming heat by dissipation on electric resistances
is modeled with a modulated resistive source “RS”.
Relationship between primary and secondary bonds is
given by:

er =R fi
o= fiei/e

Primary bond (indicated with subscript 1) belongs to the
electric domain and has free causality. Secondary bond
(subscript 2) enters the thermal model as a source of
entropy. For stator resistance, R is modulated as function
of the temperature in the slot where it is placed. Rotor
electric resistances varies according to the rotor temper-
ature (t,,;). The dependence is given by:

13)

R:R20[1+a(t[—20)], (14)
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Fig. 6. BG representation of the thermal model.

Ry is the resistance value at 20°C, t; is the element’s
temperature in [°C] and « is the temperature coefficient.
« Heat storage is represented with a thermal capacity Cy.
It inherits the relationship from a capacitor (Cé = f) but
in this case the value of the capacity is inversely pro-
portional to element temperature (i.e. C = y/e). With this
substitution, the relationship becomes equivalent to (9).

The thermal model in BG is finally presented in Fig. 6. Here
subscripts 1,2,3,4 and a used in parameters refer to E 3 3 4 and
ambient respectively.

V. MECHANICAL MODEL

The mechanical model is in correspondence with the pro-
totype under construction by the Applied Electronic Group at
the National University of Rio Cuarto. The geometry in Fig. 7
responds to the so-called neighborhood electric vehicle.

The model used in this work does not consider lateral
dynamics. Due to the symmetry between left and right side, it
is simplified into a half vehicle model with only two wheels
(frontal and rear). Given that the vehicle has rear traction,
the motor is coupled only to the rear wheel. The rotational
dynamics of the rear wheel is given by:

Fig. 7. (a) Vehicle prototype, (b) vehicle geometry.
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Iy ow = TN — F.riy — By Ow (15)
where Iy, ow, ry and By are the moment of inertia, velocity,
radius and rotational friction coefficient of the wheel, respec-
tively. N is the fixed gear ratio that relates the motor with the
wheel. F; is the longitudinal force on the patch contact. The
dynamics involved in frontal wheel is the same except that
T,=0.

The longitudinal dynamics receives the forces produced on
the patch contact of rear and frontal wheel (F, and Fy) and
determines de velocity (V). The aerodynamic drag force Fyyqq
is function of V, and tends to stop the vehicle. For longitudinal
dynamics of half vehicle, the set of equations is:

Fr+Ff7Fdrag = (mt()t/z)vx

1
Fig = 3Cx (A1/2) a7

(16)
a7

where m;,, and Ay are the total mass and frontal area of the
vehicle, respectively. Cx is the aerodynamic coefficient and p,
is the air density.

The physical principles and modeling with BG of the wheel
rotational dynamics as well as longitudinal dynamics of the
vehicle is presented and discussed in detail in [27].

VI. COMPLETE MODEL

The model displayed in Fig. 3 represents the electric dy-
namics and manifests the interaction with the thermal and
mechanical domains. In order to obtain the complete model,
blocks named “Thermal System” and “Mechanical System”
in Fig. 3 are simply replaced by their corresponding BG
models. This integrated model gives rise to the Multi-Domain
model. Fig. 8 shows the interaction considered and modeled
between Electric - Thermal - Mechanical domains. Due to the
bidirectional influence between Electric - Mechanical domains
and Electric - Thermal domains, the ability of this model to
simulate the three domains simultaneously becomes essential.

The energetic interaction between electrical and mechanical
parts is performed via two MGY (see Section III-B).

To couple the thermal and electrical sub-systems both R;
(from the dq0) are transformed to the abc frame. Each abc
stator resistance is divided into a series of twelve modulated
“RS” (see Fig. 2.b) whose secondary bond enters the thermal
system in the corresponding slot. Also, each Rp, is divided
into a series of equivalent “RS” elements. Their secondary
side enters the thermal domain in the stator iron elements and
the value of R is proportional to the element area. Both R, are
modulated “RS” with the secondary bond entering the rotor
thermal model that is considered as a lumped mass.

Finally V; is fed back to the thermal system to modulate the
ventilation, according to eq. (12). V, is also used to close the
speed control loop that compares V, with the velocity profile to
be performed. Based on this error the IM torque is imposed
using the FOC. Details of the FOC strategy are considered
beyond the scope of this work.
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Fig. 8. Interaction between domains.

VII. SIMULATION AND EXPERIMENTAL RESULTS

The aim of this section is to remark the multidisciplinary
feature of the proposed Multi-Domain model. Along the pro-
posed experiments, the evolution of electrical, mechanical and
thermal variables are provided. The outstanding point is that
the variables are shown under faulty and non-faulty conditions.
The parameters value used to perform the numerical simulation
are displayed in Table 1.

TABLE I
COMPLETE SYSTEM PARAMETERS

Electrical Domain (rated)
Power (P,) 3 [kW]
Line Voltage (V,,) 28 [V]
Current (1) 81.56 [A]
Frequency (f,) 50 [Hz]
Torque (7,) 194 [Nm]
Poles (P) 4
R,=R,=R. 10.476 [mQ]
R, 22.231 [mQ]
Rpe 157 [Q]
Ly, =1, 89.03 [H,H]
M 1.21 [mH]
Thermal Domain
Rotor Heat Capacity (};) 1480 [J/°C]
Element 1 Heat Capacity (7;) 105.7 [J/°C]
Element 2 Heat Capacity (») 71.1 [J/°C]
Element 3 Heat Capacity (y3) 178.8 [J/°C]
Element 4 Heat Capacity (y4) 43.8 [J/°C]
Thermal Resistance 6;, 0.140 [°C/W]
Thermal Resistance 63 0.097 [°C/W]
Thermal Resistance 654 0.464 [°C/W]
Thermal Resistance 634 0.232 [°C/W]
Thermal Resistance 63, 0.521 [°C/W]
Thermal Resistance 6y, 0.975 [°C/W]
Thermal Resistance 6,, 1.115 [°C/W]
Rated Thermal Resistance 6, 5.188 [°C/W]
Rated Thermal Resistance 6>, 9.980 [°C/W]
Resistance Reduction Coeff. () 0.0376 [s/m]
Temperarute Coeff. (o, = o) 0.00393 | [°C7T]
Ambient Teperature 25 [°C]
Mechanical Domain

Wheel Inertia (lyy) 1.95 [kgmz]
Wheel Radius (ry) 0.268 [m]
Rotational Friction Coeff. (By ) 0.023 [Nms]
Fixed Gear Ratio (V) 3

Vehicle Total Mass () 640 [kg]
Vehicle Frontal Area (Ay) 1.4 [m?]
Aerodynamic Coeff. (Cx) 0.5

Air Density (pq) 1.225 (%]
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Fig. 9. (a) Electromagnetic torque, (b) V;.

As a first part of this section acceleration-brake maneuver
of the vehicle was carried on with the objective of evaluating
and validating the electromechanical interaction. Fig. 9 shows
simulation and experimental results for the vehicle velocity
and the electromagnetic torque of the traction. The vehicle is
conducted from rest to the maximum speed during ¢ = 0.5 [s]
to t =4 [s] and then back to rest, during t =4 [s] to t =7
[s]. This maneuver is performed twice. From this figure, it is
possible to assert that in the period t =4 — 7 [s] a regenerative
braking occur. This statement is validated through the electric
power consumed by IM, depicted in Fig. 10. This power is
positive for traction operation, while the negative value during
brake, manifests the regenerative braking capability. The high
correlation between experimental (solid line) and simulation
(dash line) results obtained in the aforementioned figures,
allows using the proposed model to obtain a correct prediction
of the total energy consumed for any predefined drive cycle.

As a second part of this section, a set of experiments were
performed with the objective of highlighting the interaction
between the different domains of the proposed model. To this
end, the vehicle was maneuvered in a straight line motion
with velocity profile determined by SAE J227a Schedule C

2000F \\‘ Experimental \ ‘ 1
i - - - Simulation !
1500 h
.g 1000
E 500
0
=500
—_ 1 OOO L L L L L L L
0 2 6 8 10 12 14
time [s]

Fig. 10. Electric power during maneuver.
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Fig. 11. V, profile.

drive cycle. The cycle was repeated 75 times, Fig. 11 shows
V. during two complete cycles.

The interaction between the mechanical and thermal domain
was evidenced by taking into account the ventilation of the
IM (see Fig. 8) in order to show how it impacts on the IM
temperature. Fig. 12 shows the evolution of the temperature
in three different parts of the IM with and without ventilation
during the experiment. The three elements are: the rotor, the
element 1 of the copper and the element 19 of the iron, in
the figure “Rotor”, “Cu 17 and “Fe 197, respectively. The
figure shows a significant increase in temperature if the IM is
not properly ventilated. This issue must be considered during
design stage of the IM ventilation.

The impact of the temperature increase on IM parameters
(interaction between thermal and electric domain, see Fig. 8)
is revealed in Fig. 13. It shows the evolution of the stator and
rotor resistances for three different scenarios. Solid line shows
their value without considering the thermal dependence. This
constant value is obtained by the IM tests (DC, no-load and
load tests) and is used to design the FOC. However, in order to
analyze a more realistic situation, the thermal dependence is
considered for ventilated (dashed line) and non-ventilated (dot-
ted line) conditions. Deviation of the resistances are between
10 % and 20 % for these scenarios. This variation has a neg-
ative impact on the dynamic response of the FOC. Therefore,
with the proposed multi-domain model it is possible to assess
influence of parameter detuning on the performace of different
control strategies. The on-line resistance estimation proved to
improve significantly the controller performance [28].

Finally the impact and the interaction between domains
for an IM winding fault is analyzed. As in the previous
experiment, the velocity profile SAE J227a Schedule C was

100 T T
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90

O sof
o
o 70F
~
z
60
g
o, 50F
E ‘With Ventilation
g 40 Rotor
30 ----Cul
) o Fe 19
20 Il Il Il Il
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time [s]

Fig. 12. Temperature evolution with/without ventilation.
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Fig. 13. (a) R, evolution, (b) R, evolution.

used and repeated 75 times. In the first part of the experiment,
until £ = 3000 [s], the IM was in non faulty condition. From
t = 3000 [s] a stator winding fault in phase “a” is simulated.
It was created by duplicating the value of R,. The complete
additional resistance is located in the 1% slot. In this faulty
condition, the maneuver is repeated until the end of the
experiment. Fig. 14.a shows V, during two complete cycles.
The first cycle is without fault and the second is performed
immediately after the fault occurs. Both profiles are almost
equal. This is because the FOC resulted tolerant to that fault,
nonetheless the power dissipated by stator resistances increases
considerably (see Fig. 14.b). Also, this figure shows oscillation
in the IM power due to the fault, in the second cycle. This
oscillation at twice of the supply frequency is a well known
effect when a stator asymmetry appears [29].

Fig. 15 shows the temperature evolution of the rotor, the slot
where the fault occurs (Cu 1) and the external iron opposed to
Cu 1 (named Fe 19). In absence of fault, the motor operates in
the range of admissible temperatures. Due to the increment in
power during the fault, the motor is heated. The most critical
part is the slot where the resistance increment took place.

Owing to the thermal model characteristics not only the
evolution of the temperature is possible to obtain and analyze,
but also the spatial distribution in the IM can be acquired, as
shown in Fig. 16. This figure represent the thermal distribution
of the previous experiment, where an IM winding fault was
simulated. The figure shows an important thermal gradient in
the 1% slot, where the fault is located.

The results obtained in this section manifest the capability
of the proposed multi-domain model to predict the simultane-
ous interaction between domains for different EV conditions,
being a helpful tool during design stage and/or for evaluating
different faulty conditions.
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Fig. 15. Temperature evolution with/without fault.

VIII. CONCLUSION

A Multi-Domain model of an electric vehicle was developed
and tested. The model includes the electric, thermal and
mechanical domains and their interaction, using Bond Graph.
The electric model can be easily set to include stator faults
and its influence in the whole system can be analyzed.

The presented model is a helpful tool in the design stage. It
allows evaluating the vehicle and traction drive performance in
different working conditions such as: driving cycles, faults in
the stator winding, ventilation, etc. A benefit of the proposed
model is to perform a fine tune of the control system taking
into account the parameters variation due to temperature.

In the type of applications tackled in the present work, fault
tolerant control strategies are widely used [30], [31]. When this
strategies needs to be developed and evaluated, the proposed
model becomes a helpful tool.

Experimental results validate the electro-mechanical inter-
action. Future work will be focused on the validation of the
thermal model and the interaction with the rest of the system.
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