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1. Introduction

Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVs) have
been investigated as an alternative solution to mitigate the prob-
lems of fossil fuel depletion and pollutant emissions [1]. Simulation
is a key issue in the design stage given that it allows the evaluation
of different vehicle concepts and control configurations. These ben-
efits can be exploited rapidly, inexpensively and without imple-
menting a prototype [2]. Two different descriptions are generally
used: a structural description and a functional one [3].

A structural description organizes the model based on the
topology of the system. Structural software such as PSIM® enables
us to easily build the system for analysis and design [4]. The Bond
Graph (BG) method [5] is a graphical structural description suited
to model large scale physical systems independently of their nat-
ure [6]. For this reason BG is useful for modeling multi-domain sys-
tems in general and the electrical/mechanical/thermal nature of an
EV [7] or HEV [8] in particular.

A functional description focuses on the functions of the system
and is oriented toward control design. Functional software, such as
those presented in [9-11], are useful for control design and assess-
ment. The classical block diagrams approach is generally used but
new graphical tools have been developed for the description of
complex systems [3]. Energetic Macroscopic Representation
(EMR) is a graphical functional description that allows us to
systematically find the control schemes for complex energetic
systems [12,13].
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Both descriptions have been used to study EVs and HEVs in
recent literature. On the one hand, it is possible to use func-
tional representations for simulating different controls applied
to HEVs [14,15]. On the other hand, in [16,17] novel fault detec-
tion strategies based on a complete structural representation of
the vehicle are proposed. The first coupling between a structural
and a functional approach was proposed in [18] where a power
system is simulated using PSIM®. The system is simulated using
a structural component library and the control is designed using
EMR.

The objective of this research is to couple, in the same simula-
tion environment, BG and EMR for the description of an EV and
its control. This proposal allows us to exploit the advantages of
each approach applied to the analysis and control of a complete
EV traction system.

Section 2 presents the proposed model of the studied EV. In Sec-
tion 3 the control scheme of the vehicle is obtained based on its
EMR. Simulation results presented in Section 4 illustrate the per-
formance of the designed control.

2. Modeling and representation of the vehicle

The model of the studied EV is shown in Fig. 1(a). It is powered
by a battery which supplies a permanent magnet DC machine
through a chopper. The DC machine is connected to a gearbox
which turns the shafts of the frontal wheels through the mechan-
ical differential. The representation of the EV model using BG (see
Fig. 1(b)) presents a direct correspondence with the physical struc-
ture of the system. In order to depict the variables of interest, effort
sensors were added in the BG. From the model it is also possible to
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Fig. 1. (a) Electric vehicle scheme, (b) BG representation, and (c) Energetic Macroscopic Representation. Note: The numbers in brackets correspond to equations throughout

the paper.

derive its EMR, as shown in Fig. 1(c), thus giving a synthetic and
functional point of view of the system.

2.1. Proposed model

The battery imposes the voltage (ugar) as a function of the State
Of Charge (SOC) of the battery [19]. In addition, the SOC is obtained
based on the current (i;) demanded by the chopper and, alterna-
tively, the temperature of the electrolyte (0) as follows:

Ugat Zf(SOC)

SOC = f(ics;0) M

As a first approach, the chopper model considers ideal switches
without losses. The signal input S contains four boolean variables
which determine if the switch is on or off (S;; = 1 and S;; = 0, respec-
tively). Moreover, within the same leg, one signal is always the
complement of the other; i.e. when a switch is open the other is
closed and vice versa. Voltages and currents are related as shown:

Uy = Uy — Uz = (S11 — S12) Upar
ich =11 4+12 = (S11 — S12) da

)

where S;; € {0,1};uq and i, are respectively the output voltage of
the chopper and the armature current of the DC machine.
The dynamics of the DC machine is given by:

: d,.
Uy — € = Reqla + Leq a (la)
eq = Kgem €
Tdcm = chm ia

3)

where L., and R, are the inductance and resistance of the windings,
respectively. The electromechanical conversion is assumed ideal
(without losses) where the relation between the electrical and
mechanical variables is given by the constant of the motor (Kgcp).
This parameter relates the angular speed of the motor shaft (2;)
with the electromotive force (e,), as well as the produced torque
(Taem) with the armature current.
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Assuming that friction the phenomenon in the motor shaft is
due to viscous friction, the dynamics are given by:

d
.lm a (Qg) = Tdcm - Bng - Taux.l (4)

where ], and By, are the moment of inertia and friction coefficient of
the shaft, respectively. Load torque at the end of the shaft is desig-
nated as Tgux1-

The gearbox is assumed ideal (i.e. power losses, mechanical
backlash, hysteresis and elasticity effects are neglected). It has a
fixed ratio (K;) which relates Q, to the angular speed of the differ-
ential shaft (Q4) and the torques on each side of the gearbox (Tqux1
and Tgux>), as follows:

Taux.Z = Kg Taux.l

5
Q = K Q4 ®)

Considering only viscous friction in the shaft of the differential,
the dynamics can be expressed as:

d
Jda (Q4) = Taux2 — BgQq — T (6)

where J,; and B, are the moment of inertia and friction coefficient of
the differential shaft, respectively. The net torque generated at the
end of the complete gearbox is defined as T,.

The mechanical differential allows different angular velocities
on each wheel (Qy) while the same torque is applied (T,). Their
relations are expressed as follows:

1
Tai=Tar = E(Tg)
7)

1
Qq = 5 (Qwi+ Qw,r)

The model of the wheels may include complex phenomena such
as mechanical friction and tire/road interaction [20]. For the pur-
pose of this study these phenomena are neglected and the behavior
is given by:

Ju S (@) = Tos~ Tws = i€ (L) ®)

where ry is the radius and J,, is the moment of inertia. The force at
the patch contact (Fy) is related to the tangential velocity (V) as
follows:

Vwi=Qw,;rwTwi=Fwitw —ic{lr} 9)

The chassis model includes lateral motion based on the geomet-
ric model [21] which relates V to the vehicle’s velocity (V,), steer-
ing angle (9), distance between left and right wheels (d) and the
distance between rear and front wheels (I). It also includes the lon-
gitudinal dynamics by computing V, based on the total force (F),
the force produced by the environment (F.,,) and the mass of the
vehicle (M,.,). These relations are given by:

vww:( _E&Q§>VX

I 2
_ tg(o) d
VW*"<1+ r2)" (10)
Ftot:FW.l"!‘FW.r
d
Ftot _Fenv :Mueha(vx)

Finally the interaction with the environment is considered.
The force Fe,, is composed of the aerodynamic dragging force
(Faero), the rolling resistance (F,;) and the component of the
vehicle’s weight when it meets a slope (Fgae). This is expressed
as:

Fenv = Faero + Froll + Fg‘rade
Faero = Kavi — Ka = %pairAfCX

Froll = Kerehg
Fgrade = Kngvehg - Kgr = Sln(@)

(11)

where p,;.,Ar and C; are the air density, the frontal area of the vehi-
cle and the aerodynamic coefficient, respectively. The rest of the re-
quired parameters are the rolling resistance coefficient (K;) and the
angle of the slope ().

2.2. Bond Graph representation

This formalism facilitates the construction of models that repre-
sent the dynamics of multi-domain systems. The BG contains
dissipative, accumulative and conversion elements and junctions.
The elements are interconnected by bonds which carry the ex-
change variables (general flow and effort) and allow an easy visu-
alization of the physical system topology and power flow. For more
details regarding the BG elements, refer to Appendix A.

The model of the battery given in Fig. 1(a) can be extended to
represent both Lead-Acid and Li-lon batteries, as proposed in
[22]. The new model includes a parasitic branch (R,), a new inter-
nal resistance (R;) and a capacitor (C,) in series with the voltage
source (see Fig. 2(a)). Now the output current of the battery (cur-
rent demanded by the chopper iy) is computed as the current
through the main branch (i) minus the parasitic current (iy).
Using this model, it is possible to study the complete EV energy
performance under different driving conditions [23].

The electric elements involved depend on the temperature of
the electrolyte (0), the State Of Charge (SOC) and the Depth Of
Charge (DOC) of the battery which are computed as follows:

Q. L0 — €
Qoo K10/
POC= 1=y~ ) = T S0 gy

where Q, = [—indt and the initial condition is assumed fully
charged. The parameters of the electric elements involved can
now be computed as follows:

€
¢ _ ¢ Ke1=0/0)"

K.0 ; Ro = Roo[1 +Ao(1 —S0C)]

R1 = 7R]0 ll'l(DOC)7 C] =T /R]
R — R, EXP[As (1 -50C)] B 1
2T T explAn(in/T)]” " Gyoexpluy /upo + Ay (1= 0/07)]
(13)

The proposed model for the battery is assumed isothermal; 0
thus becomes a constant parameter. Moreover, the electrochemical
dynamics are not apparent, given that the model consists of an
electrical network that interpolates the battery behavior, as seen
from the terminals. Nevertheless the BG representation can be eas-
ily extended in order to include thermal dynamics and can be mod-
ify in order to represent the electrochemical dynamics within the
battery. For details about BG representations, including thermal
and electrochemical dynamics, refer to [24].

Fig. 2(a) also depicts a more detailed model of the chopper. The
model of the chopper contains four switches composed of a
semiconductor device with an antiparallel diode. This element
can be represented as an ideal switch with its ohmic resistance
Ron and another resistance in parallel Ry (see the dotted square
in Fig. 2(a)).

The BG representation of the new battery-chopper model is
obtained in a straightforward manner, as shown in Fig. 2(b). The
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Fig. 2. (a) Detailed model of battery and chopper, (b) complete BG representation,
and (c) simplified BG with thermal dynamics.

BG model of each switch is based on [25,26] (see dotted square of
Fig. 2(b)). Each ideal switching element S receives a boolean signal
S;j and computes, with fixed causality, the flow (f;) as a function of
the effort (e;), as follows:

1
fy=Sig—ei (14)
on

Assuming V, = 0, the BG representation is simplified. This sim-
plified version is depicted in Fig. 2(c).

The rest of the vehicle representation in BG includes the DC ma-
chine, the mechanical system and the environment, as proposed in
Fig. 1(b). The complete BG representation of the physical system is
proposed in the upper part of Fig. 4. It can be seen that some accu-
mulative elements are written in derivative causality even though
integral causality is preferred (derivative causality is noted using
an orange bold bar). In order to avoid derivative causality, two
solutions could be put in place:

e Modify the original hypotheses and include elasticity in the
shafts and wheels.

e Merge the accumulative elements with derivative causality into
an accumulative element with integral causality. This generates
a new equivalent element [27].

The advantage of representing our model with derivative cau-
salities, as shown in Fig. 1(b), is that all accumulative elements
are included and placed according to the topology and the original
hypotheses are maintained. This characteristic enables the possi-
bility of including faults in these components in order analyze
the impact on the overall behavior.

A contribution of this proposal is that the mathematical model
governing the dynamics of the entire system can be obtained sys-
tematically from the BG representation [27]. Due to the simplicity
of our case of study, Eqgs. (1)-(11) are obtained using first princi-
ples, but for large scale physical systems this procedure becomes
crucial.

2.3. Energetic Macroscopic Representation

EMR makes apparent the power interchange between compo-
nents and sub-systems. It is composed of connected elements
which highlights the energy properties of the system (e.g. energy
source, accumulation, conversion, and distribution). It gives an
overall idea of the energy distribution within the system. An
additional advantageous feature of EMR is that it allows us to
determine in a systematic way an inversion-based control scheme.
Further details about the elements used in EMR are given in
Appendix A.

The EMR of the vehicle is depicted in Fig. 1(c). It is composed of
connected elements that highlight the energy properties of the EV.
Connections are based on the action-reaction principle.

Its construction can be easily achieved using the set of Egs. (1)-
(11) which corresponds to each sub-system. In this case, unlike the
BG representation, all accumulative elements must be in integral
causality. As an example, in Fig. 1(c), it can be seen that the accu-
mulative element representing the inductance of the windings
determines the armature current (i,) based on the inductance volt-
age (Vy), as follows:

ig(t) = iq(to) +L17q/t Vi(7) dt

VL = Uch — €q — Reqia

(15)

This expression is the integral version of the first line in (3).

In order to maintain the integral causality, some additional
analysis is needed when two different accumulative elements try
to impose the same state variable. This conflict of association is
solved using the permutation and merging rules [28]. First the
accumulative elements in conflict are “moved” together (permuta-
tion) and then an equivalent accumulative element (merging) is
generated. In the final EMR the accumulative elements represent-
ing the inertia of the machine shaft (J,,), the differential shaft (J;)
and the inertia of the wheels (J,,) are incorporated in the equiva-
lent accumulative element of the chassis.

The new set of equations of the resulting EMR depicted in
Fig. 1(c) are the following:

Ty = KeTgem (16)
Qp = Ky
1
Tay =Ty = E(Tg)
(17)

1
Qi = 5 (Qwi+ Qw,)
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In order to obtain a complete integral causality, a greater effort
in the initial stage is required but this feature allows us to obtain
the control scheme systematically. We next present the procedure
needed to find this control.

3. Inversion based control of the studied EV

The control scheme of the vehicle is deduced from an inversion
of the EMR [12,13]. The tuning path presented in Fig. 3(a) is defined
according to the objective and constraints of the system. It shows
that the aim is to control the vehicle velocity using the signal input
S of the chopper as the tuning variable. The control path is then de-
duced by inverting the tuning path (see Fig. 3(b)). Elements along
the control path are inverted as follows: accumulation elements
are inverted using a closed-loop control; distribution elements
are inverted using criteria or compensation; conversion elements
are inverted directly.

Next, the control equations within each control block are de-
duced based on the inversion of the EMR obtained in Section 2.3.

3.1. Inversion of the chassis

In order to invert the longitudinal dynamics, a controller is re-

quired to yield the reference F;,, using the measured and reference
velocities (V, and Vy, respectively). Feq, can also be used as com-
pensation as follows:

F:ot = Ca(t) [V; - VX} + Feny (21)

where C,; (t) may be any controller. In our application, a PI-Control-
ler is used with parameters Kp; and K;; which correspond to the
proportional and integral gains, respectively.

(a) r Ty — Fw,

[’ Uer, =t Tgem—> T} /
S L Taqr—>Fw,

(b)S i* Ty =<—Fw, ‘—\

F/o/, - Vl,‘

- ok * . * *
(2 dem T(/ Fﬂ)ﬁ VI

Tor=<—Fyw,

Fig. 3. (a) Tuning paths of the electric vehicle and (b) control paths.

*

After obtaining F;,, the inversion of the mechanical coupling
needs a supplementary input (k) in order to determine the contri-
bution of each wheel to the total force:

Fyi=ki F

. . (22)
FW.r =(1- k1) Ftot

3.2. Inversion of the wheels and mechanical differential

The reference torque applied to each wheel (T;\l) can be ob-
tained by inverting (18) as follows:

Ty =rwFy,; —ie{lr} (23)

These reference torques are used to invert the mechanical
differential from (17) in order to obtain the shaft torque (Tg).
The contribution of each torque is again determined by a
supplementary input (k,) given by the control strategy, as
shown:

Ty =k Ty + (1 -ka) Ty, (24)

3.3. Inversion of the gearbox

The fixed ratio of the gearbox given in (16) allows us to obtain
the reference torque for the DC machine, as shown:
T

T:icm = K_i (25)

3.4. Inversion of the DC machine

By analyzing the dynamics of the machine given in (3) it is pos-
sible to determine the reference for the armature current. This is
given as:

. Ty
i =_dm (26)
¢ chm

Another controller is required to set the reference voltage for
the chopper u},. This controller requires the measured (i) and ref-
erence (i;) armature currents. The electromotive force (e,) can also
be used as compensation, as can be seen from:

up, = Co(t)[ig — ia] + €q (27)

where Cy, (t) is the controller for the armature current. In our appli-
cation a PI-Controller is used with parameters Kp; and K, which
correspond to the proportional and integral gains, respectively.

3.5. Modulation strategy for the chopper

In order to determine the signal input S, a simple modulation
strategy is used which applies +upsr to the DC machine depending
on uy, as follows:

Su = sign(ug, — 8)

N g (28)
512:S1l§ 521 :SH'-,

S22 = Sll

where the function g is a carrier high frequency triangular signal
varying between upsr and —ugar [29]. Using this technique, the first
expression of (28) gives the duty cycle of the voltage applied to the
DC machine.
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Fig. 4. EMR-based control applied to the Bond Graph representation of the EV.

3.6. Global strategy

The final step is to determine the overall control strategy
[30,31]. In our application, it is defined by setting the values of
ki and k.

The first supplementary input needed in (22) is used to split the
contribution of each wheel to the total force. This strategy is used
to optimize the transmitted torque when a wheel is skidding in or-
der to stabilize the vehicle [32]. Given that in our application both
wheels are assumed identical, the same contribution is required for
each wheel.

The second supplementary input needed in (24) is used to
invert the differential. Given the mechanical constraint, both
supplementary inputs must be equal. For this study they are fixed
as follows:

ki =05

k, =05 (29)

All the equations concerning the developed control strategy are
summarized in (21)-(29). The global scheme of the EMR-based
control is finally depicted in Fig. 4.

4. Simulation results

Simulation results are obtained from the model of Fig. 4 which
is implemented using 20SIM® [33]. This software includes a BG

library and solvers for derivative relationships. Also, a specific
EMR library has been developed, making the simulation environ-
ment ideal for this application. Details about the implementation
in 20SIM® are given in Appendix B.

The numerical experiment proposed in this Section aims to ana-
lyze the performance of the proposed control scheme along two
Urban Driving Cycles (UDC), as shown in Fig. 5(a). Additionally,
two turning maneuvers are performed during the first UDC. First
the vehicle turns left and then it turns right. Fig. 5(b) shows the
angular velocity of the wheels. It can be seen that, during the
turning maneuver, the angular velocity of the wheels are different,
while the vehicle velocity remains equal to the reference velocity.

According to the control scheme, a second controller is also nec-
essary to settle the armature current which defines the torque of
the DC machine. A slope is also simulated during the second
UDC. Fig. 5(c) shows the demanded current. It is proved that the
controller is able to compensate the additional torque required
which is reflected in the armature current.

The presented model allows us to evaluate the global energy
performance. Fig. 6(a) shows the state of charge and Fig. 6(b)
shows the total energy delivered by the batteries during the UDCs.
It can be seen that during the braking maneuver, the battery is
charged due to the regenerative braking.

Simulation results validate the proposed control scheme and
illustrate the multi-domain feature of the model. Table 1 depicts
the parameters of the complete system.

Velocity

Angular Velocity

Armature Current

i

200 250 300 350 400

time (s)

Fig. 5. (a) Vehicle velocity, (b) angular velocities of the wheels, and (c) armature current during the UDC.



912 L.I Silva et al./ Mechatronics 24 (2014) 906-913

State of Charge
)

=
5
g
= 0 | | | | |
0 50 100 150 200 250 300 350 400
time (s)
Fig. 6. (a) State of charge and (b) energy delivered by the battery.
Table 1 and functional approaches used to study the complete system
Complete system parameters. .. . . .
behavior is a useful simulation tool because it can be extended to
Battery any complex and large scale physical system.
g" ;?gs(flgh) IHQ ;3138 (°K) Further research will use this coupling proposal to study differ-
f .
. 129 5 14 ent fault operations.
r 50 (A) Ke 580 x 107¢
Emo 300 (V) 7 5000 (s) . . .
Roo 2x10° (@ Rio 07 %107 (@) Appendix A. Details of both modeling approaches
Rao 15 x 1073 (Q) Ao -03 . .
Aoy _8 As _8.45 The commonly used elements and their behavior are presented
Upo 0.1 (V) Ap 2 in Table 2.
Gpo 2x 1072 (S)
Chopper
Ron 10x 1073 (Q) Rogr 1x10° (Q) Table 2
Synoptic of elements.
DC machine
Req 0.35 (Q) Leg 6.5 x 1073 (H)
Kaem 1.24 (Nm/A) Bond Graphs
Shafts/gearbox
Jin 0.12 (kg m?) Bm 1.08 x 1073 (Nm s) Source of effort Source of flow for
K, 5 Se — ) ) Sf — )
g B f — fixed by the system 7 e — fixed by the system
Differentialfwheels Capacitor Inertia
2 t t
Ja 3.65 (kg m?) By 0.015 (Nms) C e e(f):ij fydr ety 1 e— f(f)ZlJ‘ e(rydr + £t
Jw 4.3 (kg m?) w 0.26 (m) pe al 5 7
Chassis Resistor Switch = sie
d 1.1 (m) l 1.7 (m) R «— e-Rf=0 S — R,
M e 960 (kg) R s s —> boolean variable
Environment 1-Junction f=fh=..=f 0-Junction 0 =c,=..=c,
Pair 1.223 (kg/m?) Ar 1.4 (m?) L z vt o
G 035 K, 12x10°2 —1 2.#,=0 AON': 2.4,=0
2 0°
g 981 (m/s%) ¢ Transformer Gyrator
N e,—-Ke =0 L-Ke=0
Control AN TF 2 EEN ) LN ’
Kp 9540 (Ns/m) K 2.5 (N/m) K f-K£=0 ¥ fi-Ke=0
Kpy 10.15 (Q) Kp 417.8 (Q/s)

5. Conclusion

This research addresses the simulation of an electric vehicle,
including the controllers. In order to highlight the energy distribu-
tion, the model of the physical system is represented using Bond
Graph (BG), the structural approach, which provides a direct
correspondence with the real physical system. This feature allows
us to intuitively include faults. The control scheme is deduced sys-
tematically from the Energetic Macroscopic Representation (EMR),
the functional approach, of the vehicle. In order to couple the rep-
resentation of the vehicle and its control, a specific EMR library has
been developed in the 20SIM® software, which is dedicated mostly
to BG models.

Our contribution allows us to exploit the particular advantages
of both approaches and allows any EMR/BG representation to be
generated in 20SIM®. The proposed combination of structural

Energetic Macroscopic Representation
Source of Energy Multiphysical Converter
generator and/or receptor no energy accumulation

Control Block Monophysical Converter
without controller |« Wwithout tuning variable
inverted directly no energy accumulation

Accumulator Element
with energy accumulation

Distribution Element
distribution of energy
B

Control Block
with controller

Control Block
with coupling criterion

Strategy Block
determines the
coupling criterion

Monophysical Converter
with tuning variable
no energy accumulation




L.L Silva et al./Mechatronics 24 (2014) 906-913

913

-
@ 20-sim Editor on: BG+EMR elementos DC separadosemx

IRJIL -

BT ey ==)

Fle Edit View Insert Model Drawing Settings Tools Help

N |

Se —1——=AH0 —1

DetdE2 0 hé s=2fdr67 R 0

PRl [AAEBMAR[L 2 a |
R c I E E -IF deTFx/
1\0-/ RNL 10 10 “—L }: JI: rl MTF

<

2
o
>

(&)
o

£

=

a

<«

®

| €

Output [ Process ‘m

Causality assignment completed successfully

Fig. 7. Implementation of the model in the 20SIM® simulation environment.

Appendix B. Model implementation in 20SIM®

In order to implement the closed-loop system proposed in
Fig. 4, it is necessary to generate a simulation environment where
both approaches can coexist. To this end, the 20SIM® software is
used, which is dedicated mostly to Bond Graph models. A specific
EMR library was developed to couple both methods. In this library
the topology of each block is identical to its equivalent representa-
tion in the EMR theory, thus making it possible to generate in
20SIM® an EMR/BG representation that coincides with its graphical
representation.

The 20SIM® model of the vehicle in BG and its EMR-based
control is depicted in Fig. 7. This model was used to obtain the
simulation results.
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