Modeling of Electric Vehicles Dynamics with
Multi-Bond Graphs

Luis I. Silva, Guillermo A. Magallan, Pablo M. de la Barrera, Cristian H. De Angelo and Guillermo Oiasarc
Grupo de Electinica Aplicada, Facultad de Ingerigr Universidad Nacional dei®& Cuarto,
Ruta Nac. #36 Km. 601, X5804BYA IR Cuarto, @rdoba, Argentina. Isilva@ing.unrc.edu.ar

Abstract—The construction of a model that represents the |+ yaw
behavior of an Electric Vehicle is studied in detail. The contri- ‘
bution of this work is twofold. On one hand an efficient and
compact way to model dynamical systems is introduced. On
the other hand, the power interchange between the electrical
and mechanical sub-models allows a deep understanding of the
dynamics involved in electrically driven vehicles. The approach (#%
used to model the mechanical parts (chassis, suspension, wheels\&
and the induction motors is the Multi-Bond Graph based in . ’ N
models discussed in recent literature. Then these models are § Bl \o9 )1 -
integrated in order to form the complete model that simulates the e e
whole system dynamics. Simulation results are aimed to illustrate (a) .
the electromechanical interaction (ABS, regenerative braking,
etc) as well as the evolution of certain variables during a risky Fig. 1.
situation. Conclusions are obtained based on these results.

a) Vehicle prototype. b) Vehicle geometry

I. INTRODUCTION .
between different components. In the same way each sub-

Nowadays there is an enormous pressure to improve fugktem can interact with others through its input/output Multi-
economy and reduce vehicle emissions. As a result, alternatends and the hierarchical modeling becomes straightforward.
transportation solutions have been investigated in the lastTo create the models Dymolal [5] is used. It is an integrated
decades. The proposed vehicle is supposed to fulfill maeyvironment for developing models in Modelica language. An
conditions such as: been affordable and profitable. They angginal contribution of this work lies in the utilization of the
also supposed to use the whole structure that standard vehitil@ary for MGB's and its applications in 3-D mechanits [6].
have utilized until now as much as possible. Electric Vehiclégethods based on deriving the set of differential equations that
(EV) and/or Hybrid Electric Vehicles (HEV) have been studiedovern the element dynamical behavior are time consuming
as a possible solution to meet these goals. and error prone. Conversely, with the graphical programming it

This work addresses the modeling and simulation of amno necessary to introduce explicitly these equations making
EV. A model capable to reproduce the whole dynamics tfie modeling task faster and in a modular way.
the mechanical components is firstly presented. Secondly it isThe model in Dymola environment allows to visualize and
developed a model for the traction mechanism that can adepidy in depth the interaction between mechanical and elec-
different configurations [1], depending on its location and thteical sub-models. It helps in the design stage and allows the
type of motors used. It is composed by two independentéywaluation of the prototype response under faulty or dangerous
controlled induction motors (IM) located in the rear wheelgonditions even prior to the actual construction.

Once the models of the IM are developed, they are coupled tcSectior ]l is devoted to describe and model the mechanical
the rear wheels (models) to obtain the complete model. Thismponents involved in the vehicle. In Section Il the electric
model does not contemplate dynamics involved from energyotor is modeled. Along Sectidn ]V mechanical and electric
source up to the IMs. This feature makes the model applicalsigh-models are connected to achieve the complete model.
to EV's but also to series HEV's where the propulsion Bection[¥ shows simulation results of the complete system
always obtained from the electric motors. performance. Conclusions are discussed in Se€fion VI.

The modeling and simulation of vehicle dynamical behavior
is carried out using the Multi-Bond Graph (MBG) approach 1.
[21[8][4]. A brief introduction to this approach is included The model is in correspondence with the prototype under
in the Appendix. It is adequate to model large scale physienstruction by the Applied Electronic Group and the Depart-
cal systems independently of their nature. So, it becomesnant of Mechanics at the National University of Rio Cuarto
powerful tool when the interaction of complex sub-systen(see Fig[l.a). The geometry is seen in Eilg. 1.b and responds
with different nature needs to be evaluated. It consists to the so-called neighborhood electric vehicle. The physical
the utilization of the Multi-Bond to represent the power flowprinciples and modeling is discussed in detaillih [7].
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@) 1 e fyy-- (F,/F,) depend on the tyre characteristics and are of crucial
s Tr importance for the dynamic behavior of the vehicle. These
forces are evaluated in the “Pacejka” block using expertaien
curves [[8]. The rotational dynamics receives the torque gen
erated by the IMT,) and calculates its angular velocity,().
The torque balance also includes: rolling resistance timer
momentum of the wheell{;’) and the opposition torque due
to the longitudinal force on the patch contact at distange
The wheel model was wrapped (Fig. 3-b) and provided with a
frame to connect with the suspension, a single bond to icitera
with the IM and receives the steering).(

Fixed
Translations
Damper

Fig. 2. a) Chassis Model b) Suspension model

A. Chassis ] Frame

The model of the chassis, as represented in Eig. 2.a i Rot. MBG,
composed by a sprung mass and a set of fixed translations.
For the translational dynamics the sprung mass behaves like—
a lumped mass but for the rotational dynamics it contains the
inertia tensor thus acting like a rigid body. The laws for the

- i i , i o E —¢  Iv—i~—TFR<—
3-D body motion are given by the Euler's equations Pacejka ?‘ A wa i .
Yy Y5 O ww F| | Sf=0 ) e
I} T R:rolling
F = ma o
JL (a)
T = — +wx L (2) i o
dt local Fig. 3. a) BG model of the wheel. b) External representatioBymola.

whereF = [F, F, F.] and T = [T, T, T.] are the forces L .
(in the global frame) and torques (in the local frame) agblie Eq. (8) shows that the longitudinal forcfng) is pro-

over the rigid body, respectivell. andw represent the angularportlonal to Fiy and to the adherence coefﬁ_me,u_l;;. n _the
momentum and angular velocity. adopted modely, depends only on the longitudinal slip)(

The internal structure of fixed translations in MBG is exEhat is given by[(B).

plained in the Example of Appendix. These fixed translations

are used to compose the undeformable structure of the shassi Fiong = /1 Fn 4)

that projects the efforts and_ flows from the sprung mass - _ (wwerw — Vx)

located in the center of gravity- toward the points where the 0= (5)

. . . maX{Vx,ww.Tw}

suspensions are mechanically connected in the frames noted ) o _

with 1, 2, 3 and 4. where Vx is the longitudinal speed of the vehicley, and
_ ry are the wheel angular speed and radius respectively.

B. Suspension The dependence qf, respect to ¢) is shown in Fig[4.

The suspension system is composed by four suspensiédngemarkable characteristic is that far > 0.09 Fj,,,
that couple each of the wheels to the chassis. Each suspensligcays. This phenomenon can be seen both during a sudden
contains an ideal spring and a damper. Fig. 2-b shows theceleration and deceleration.
spring-damper connection that corresponds to the real amech
ical configuration.

The total suspension forcé'sy), the spring force K z)
and the damper forceFgspy are given by

[

4
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o
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Fsusp=Fp +Fy; Fgp=Bg(va —v1):;F, = —ksAx (3)

o
N

Adherence Coefficient (ux)

where velocities on frames 1 and 2 areandvsy. Ax is the
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C. Wheel and Tyres Fig. 4. Adherence Coefficient vs. Longitudinal Slip.
The dynamic behavior of the wheels is represented in two
different BG models coupled by signals (see Kig. 3-a). One
part is devoted to the translational dynamics. It includes t lIl. ELECTRICAL FEATURES AND MODEL
calculation of the normal force at the contact patdhy) The prototype has dual-motor configuration in which two
based on the vertical dynamics. The longitudinal/latevetds electric motors separately drive the rear wheels via fixed



gearing. Both motors are identical and their parameters are ; Wh g, L L (W-G)A,
S - Is Ir + -

presented in Tablg I.

TABLE |
TRACTION MOTOR SPECIFICATIONS

Power 3 kW 4 hp
Rated line voltage| 28 Vi
Rated current 81.56 Arms
Pairs of poles 2

Speed 14557 /min

s 10.476 i)

'y 22.231 ) Fig. 5. Equivalent circuit in g-d frame.
Loy 1.21 mH

Tis 89.03 . H

7, 89.03 . H

taking into account that tht1GY's do not add or dissipate
The set of equations concerning voltage and flux linkage RPWer and using the power conservation in thé" the

g-d coordinates 9] are presented bellow following equation can be obtained
. e, pNg
Vgds = Rsiqu + WJ)‘qu + Aqu (6) i; MGY\ T
V:Idr = Rri;dr + (w - WT) ‘]Aildr + )‘,da (7) e ) /\1T6|
~——— MGY
qu p')\’dr
)\qu = Lsiqu + Lmi;dr (8)
)\;dr — Lri;dr + Lmiqu 9) Fig. 6. Structure that relates electrical domain with meatardomain.
where
T
qus = [qu UdS]T ; v;d’r = [U(/]’r ’Uiir} (10) TEW’!‘ - e;riilr - e;ri;,r (18)
. . . T . . . T
lgas = ligs Gas]” 3 lgar = [igr ar] (11)  From [I7) and [(I8) an alternative expresion f6r is
Agds = [Ags )\ds]T ; ;dT _ [)\fp« MT (12) bresented (can be deduceded fram (9) (16):fd):

T.=P ()‘Iri/dr - iiri/r)
R.=Rn ; R.=RIy a3 ol i the mechanical model
B o n order to keep consistency wi e mechanical model,
Ls = (Lis + Lin) Ioxe 5 Ly = (L}, + Lin) Inxe (14) both circuits of the IM equivalent circuit of Figl]5 can be

Ly =Lyl ; J= [ 0 1 } (15) represented in a MBG of cardinality two. The resulting model

-10 [11] is presented in an compact diagram shown in Eig. 7.

all variables are referred to an arbitrary reference frame
rotating with angular velocityw = dp/dt. Angle p is the d- R:Rs R:Rr
axis position.Ioy is the 2 by 2 identity matrix. :ﬂ ]]-

Electromagnetic torque as function of electrical variabte Is Ir .
given by vs={ 1=={1}=1F=MGY <

Te =k P L’m (iq-si/df' - i(isiIQ7-) (16) T |_ T p[Aar -Adr 0] '

wherek is a constant that depends on the chosen transforma-

. . . . : ‘R
tion (k=1 for power invariant) and® represents the pairs of mSe:Sta Y mse:Rot

poles in the IM. The above equations suggest the equivalent

circuit shown in Fig[h. Fig. 7.
Here it is difficult to see the power conservation between

electrical and mechanical variables. Therefore, for imjat The variables indicated in Fig] 7 are

both domains and making this conservation clear, modulated -

gyrators MIGY) were used, see Fid] 6. From figure the Sta = [wAgs —wAas

following equation can be derived Rot = [w\, — w/\jh,]T

IM representation with MBG.

(19)

LS L"n.
€gr = P Agpwr 5 €gn = P A wr (17) L= { L, L. } (20)



Revolute V. SIMULATION RESULTS

Joint
[I The mechanical model was validated using the parameters
of a Renault Clio RL 1.1. and comparing with [13]. After
(4) that, the parameters loaded in the mechanical model were

in correspondence with the prototype built (shown in Table
[ and several maneuvers were simulated in order to check
consistency in the dynamical behavior. In the following -sub
sections three different situations are studied.

Sprung Mass

TABLE I
Fixed VEHICLE PARAMETERS
Translations . .
Aerodynamics coefficient{y,.q4) 0.5

I:I DTB I:I Frontal area {¢) 1.4 m?
(1) (2) Air density (p) 1.225 %

Vehicle mass ) 960 kg

Tyres, type and dimensions 14570R13S

Tread distancet] 1.10 m

Distance from CG to front axes:) 1.02 m

Fig. 8. Complete connection of Wheel and Suspension in Dymola. Distance from CG to rear axeg)( | 0.68 m

Pneumatic tyre radius (unloaded).() 0.268 m
Unsprung masses (at each wheel),{) | 38.42 kg

) ) Tyre vertical stiffness 150000 N
Torque control and speed control were implemented using a Tyre inertia () 1.95 kg,{{’z
Direct Field Oriented Control (DFOC)_[12]. The fundamental Damper coefficient Bs) 483 T
idea is to work with IM model in g-d coordinates aligned with Suspension stiffness:() 23600 N
the rotor flux. This model allows independent control of roto ;/itwhlrertita lyy) ggz :2922
Itcn Inertia ¢z
flux and motor torque. e (;(w)) e kng

For torque control, the reference torque is the same for both
wheels and is given by the accelerator (or brake) pedal.
In speed control mode, an outer speed control loop is add@d. Brake maneuver (with/without ABS)

Now, the accelerator (or brake) pedal provides the speedrpe ehicle is driven straight with equal torque on both rear

reference. The error of this external controller commangsheels. As result it travels with constant speedsdfkm /h.
the torque control loop previously commented. Details @& thh; ; — 9 15 s a sudden brake is applied. For the first case

implementation are considered beyond the scope of this.wofKis 4 reverse torque that blocks both rear wheels. For the

second case the control of the IMs is switched to speed dontro
to produce the ABS that is implemented by controlling the
For a complete model to be obtained, all the sub-systemfieels speed in order to keép= 0.09 where the maximum
previously analyzed must be interconnected. The assegnklinbrake force is generated (see FEiy. 4). The different longital
carried out in the same way the physical interaction occers iforces on the patch contact aftei5 s is seen in Figll9 where
for rigid connections the frames are directly coupled otig the force without ABS is considerably smaller than the ABS
a joint that allows certain degrees of freedom (relative @aovcase. Fig[[1l0-a shows the velocities of the CG (noted as Vx)
ments) is interposed. The connection between the suspensiad tangential to the wheel. The blockage becomes evident
system and the chassis is carried out through a revolute joimmediately after the brake is applied. The time neededoo st
(it permits relative rotation along one axis), which allothe is5.35 s and continued a distance 8 m. For the second case
chassis pitch movement while each suspension remains(fig. [I0-b) the ABS leads the vehicle to rest fastgRy s)
vertical position. Similarly the lower end of the suspensioand within a shorter brake distanczs (m).
system connects to the wheel's frame via a revolute joint.
This connection allows the spinning of the wheel. Hig. rg Brake maneuver (Blockage)
shows the complete connection of the left rear wheel andThe electromechanical power transference changes from one
suspension. The connections of the other three wheels #s€ to the other. The blockage restricts the possibility of
similar except that front wheels do not have traction motorégenerative braking and the mechanical power is zero after
The incorporation of a non-lineal resistanaal” that models the blockage is produced. Electrical power takes positiye s
the dragging force only along longitudinal direction casaal flowing from the source and being dissipated in the windings
be observed in the same figure. The inputs of this sub-systéfthe IM (here the motor has high current and torque). When
are the steering anglé)( which is always zero for rear wheelsthe energy (in Fid_11 is taken as positive from the IM toward
and the reference voltages applied to the IM. Currents afitt wheel) is analyzed, it becomes clear that ABS helps to

rotor angular speed are the outputs necessary to implemggover the cinematic energy. In the first case it is delvere
both DEOCs. ~9 kJ. Conversely with ABS=25 kJ were recovered.

IV. COMPLETE MODEL
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The second experiment shows a situation where both left el N

wheels are blocked during brake. The vehicle is driven at a fi

constant speed df0 km/h and after3.5 seconds the brake ;9; i
is applied (mechanical brake on frontal wheels)0lh s later 2 f

(t = 3.6 s) left wheels are blocked and right wheels keep e N\

braking along. The vehicle continues to slow down as shown E (a) (b)

in Fig.[12 but the tangential velocities of the blocked and-no

blocked wheels are absolutely different. Fig. 18. Composition of a Multi-Bond.

An important yaw angle appears (Fig.]13) due to the
asymmetry on the longitudinal forces. This yaw rate produce
load transference toward the left side and negative rolleang
occurs. Finally, the lateral slip can be seen in Eid. 14.

Y P = e—lea i t=(hni” @D
C. Steering respo'nse (Agzag 'maneuver) . Notation used for elements remains unchanged but their

The last experiment consists of a large zigzag maneuver thatameters and/or modulating signals change from scalar to
starts with a violent turn toward left and then rigth. vector or matrix.

It is applied the same constant torque on each rear wheefor sources (or modulated sources) the parameter (or vari-
path trajectory results from the steering in Figl 15. Thisirfig

also shows the yaw rate of the vehicle.tAt 11 s the vehicle Se N

changes the turning direction from left to right. Fig] 16 si0 a=0

that before this inflexion point the left wheel moves slowisr ( Sfeo; SeiT

the inner wheel) and after that it moves faster (is the outer) ;; e=[0 0 -mg]
Despite the low speed, load transference toward outer ey=-mg

wheels is significant. This phenomenon is seen in [Eig). 17.
Fig. 19. Source of effort in Multi-Bond Graph.

VI. CONCLUSION

mechanical and electrical components of an EV and/or HEV@riablesp andq (momentum and displacement, respectively)
presented_ The mode's Construction was performed in a m@(ﬂe needed. For the I|near case these Va“ables are deﬂned as
ular way. A clear benefit is the compactness and resemblance
with a real vehicle assembling.

By simulation, it was proved that even with normal maneu-
vers the stability of the vehicle is in risk. It was also possi
to visualize the power interaction between the mechanivdl a / T /

. ) . = [ fdt= .. Doq = ; dt (23
electrical parts during a sudden brake. The versatilityhef t d o a2 an] @ Ji (23)
model permits to simul.ate many ther situ.ations apd helps toysing [22) for the I-Element and{23) for the C-Element,

Further work will be oriented to validate the proposed model

p=/edt=[p1p2 N pi=/eidt (22)

using experimental results from the prototype in a first stag p=I1f = |- Element
The second stage will be focused on the hybridization of the q=Ce = C-Element
prototype. To that purpose, the combustion engine will be e=Rf =— R -Element

modeled and a supervisor strategy will be included. Thgear \yhere | ¢ and R are the inertia, capacitance and resistance
model extends the application to all the HEV’s configuration,,n matrices respectively.

APPENDIX The extension of 1-junctions and 0-junctions to multi-bond

raphs is straightforward and follows the same rules asthos
FUNDAMENTALS OF MULTI-BOND GRAPH (MBG) ign s%alalr bondlggraphS' W !

The brief description of this approach is based bnl [15].
MBG (also called Vector-Bond Graph) is a vectorial extensio h=H=..=1, } 1-Multi-junction
of the regular Bond Graph. In systems where dynamical e +ex+...+e,
variables are related, their behavior can be representdd wi
this concise form. Multi-bonds (see Fig:118.b) are drawn as €L=€=...=¢€n }O-Multi-junction
two parallel lines with power directions whereas regulan@® fi+h+.. .+
(Fig.[18.a) use only one line. Two port elements (gyrators and transformers) relate in-
The cardinality of the Multi-Bond is the number of singleput/output multi-bonds in different manners. The genevaif
bonds grouped and is indicated inside the multi-bond. Hereaf the transformation relationshig\} is a non-square matrix.



€1(ux1) €2(mx1) WhereR is the orthonormal orientation matrix that indicates
‘ n TF ‘ m the instantaneous orientation of the rod. It is used to foans
fi(ux1) A £ (mx1) vectors expressed in the local frame onto the global frarhe. T
corresponding MBG representation is presented in[Eiy. 22.

(moxm)

Fig. 20. Representation of a transformer in Multi-Bond Graph

e:F1 F e:Fz
T 3 O IN\eT
For the particular case of Fif. 20, the constitutive equatio S f=v1 j = %
’ ] Q
e [TR=mIE e |2
e1(nx1) = A(nxm) €2(mx1) = e=T; r R e=T, -
formxy) = A(men) f1(nx1) R ey T\eR
The constitutive equations of the gyrator are obtained
straightforward as Fig. 22. Fixed Traslation MBG model.
€1(nx1) = A(;xm) fomx) Here [24) and[(25) are graphically expressed in the “0”
€2(mx1) = A(mxn) faxa) of the upper part whereag {(26) and](27) are in the “1”

When both multi-bonds have the same cardinality (n:m)qf the lower part. The transformation relationships of the
is possible to make another useful transformation. Herie middle transformers are R and r that represents the length

a nx1 vector and the transformation is given by the followingd orientation of the rod in the local frame. _
cross product The interfaces included on both extremes are used in the

Dymola modelling environment to wrap the MBG model and
e1nx1) = A(nx1) X €2(x1) then connect the elements via their frames.
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