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Abstract. In this work a dynamic model of the induction machine that considers the theeghalior
is developed using Bond Graphs (BG). The thermal model is based @idedng the slots and teeth
as independent elements with their own temperature. It correspondsdbraagt®r used in the tractive
wheel of an electric vehicle. The model of the vehicle is also obtained in BiGisanoupled to the
motor. The complete model allows simulating the whole dynamics in a single modeleaddlysis of
electrical/mechanical/thermal interaction is performed. Simulation results arel@atén illustrate this
interaction under faulty and healthy conditions in the stator winding. The impettteomechanical and
thermal domain produced by a fault in the electrical domain is analyzed.
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1 INTRODUCTION

The advent of new power electronic components and microalbgrs produced a change in
the type of motor used for variable speed applications. éfore they were implemented with
DC machines but nowadays the AC machine is the most used dueight, maintenance and
economical advantages, among others. However, the vagtlerity of the working principle
calls for the development of field oriented control (FOC) tetgges Krishnan 200]) that are
based on the dynamic model.

The conventional model of induction machine (IM) digO variables Krause et al. 1994
is widely used to tune digital controllers used in FOC. Witlv fieodifications it is possible
to consider other phenomena such as: iron losses (IL) amadiditional losses“étray load
losses’) (Lamine and Levi2004); faults concerning stator winding short-circuif@(lam et al,
2002 and broken rotor bar®8egllini et al., 2006.

In Garda (1994 a model indqO variables that considers IL is presented. Based on this
model it is possible to derive new control schemes capabdeaal errors in the estimation of
flux and torque (needed in the FOC) when IL app&ar(ia et al, 1994 Levi, 1995 Levi et al,
1994 de la Barrera et 812008. Even more, since motors drive mechanical loads, the abntr
performance analysis needs unavoidably an accurate mbtihed mechanical system coupled.

When this “Motor - Load” system is working, the own thermal @w@eristics plus the en-
vironment interaction determine the working temperaturethe case under study, the motor
is used to drive an electric vehicle and the ventilation @mg@nt part of the environment inter-
action) is function of the vehicle’s velocity. Due to the a&ge impact of overheating on the
motor life, it is important to study the thermal behavior idgrthe design stage. Because of
this fact, the development of modeling methods capablepmdrice the electric as well as the
thermal and mechanical behavior becomes essential. Ustsg imodels it is feasible to do the
thermal analysis together with the evaluation of: faulteddbn systems, performance of dif-
ferent controllers, configurations, topologies and matsrpplied on the motor. This complete
analysis can be carried out even prior to the actual corgiruc

Bond Graph (BG) modeling is best suited to model large scalsipalysystems indepen-
dently of their nature@ellier, 1991 Karnopp et al.2000. That is why this tool becomes fun-
damental for modeling multi-domain systems in general &edetectrical/mechanical/thermal
nature of the IM in particular.

This work represents a continuation of that presentedilvg et al, 2009. The relative
iImprovements respect to the model firstly presented aresttter resistances are in thbc
frame. It allows a temperature distribution analysis ofstegor and the inclusion of faults as-
sociated to stator winding. On the other hand, the rest oélbetric dynamics is modeled in
the dgO frame. The electric variables expressed in this frame aeeletkto implement FOC.
Secondly, the thermal model that takes into account theasplstribution of the stator wind-
ing is constructed. Finally, the mechanical model (in thevfmus work composed by a rotating
inertia with viscosity friction and external load torquedsweplaced by the longitudinal dynam-
ical model of the electric vehicle is where the motor is neplaced. The last step consists on
the integration of these sub-systems into a complete dyssmiodel that is used to perform
different simulations.

The rest of the paper is organized as follows: In secfidhe electric model of the IM is
presented. Sectiod is devoted to describe and model the thermal and mecharetavior.
Along section4 the integration of the sub-systems is carried out. Se&ishows simulation
results of the complete system performance. In se@ioonclusions about the benefits of the
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Figure 1: IM equivalent circuit imlgOvariables.

model are provided together with future works.

2 IMELECTRIC MODEL

In this section a dynamic model of the IM g0 variables considering IL is presented.
The stator IL is represented by an equivalent resistaf¢e)(in parallel with the magnetizing
branch. Fig.1 shows the equivalent circuit idg0 variables. The model does not consider
variables in thé axis because it is balanced and the neutral conductor isomoiected.

2.1 Electrical Model Considering Iron Losses
Based on the circuit in Fidl, the voltage and flux equations are deduced by inspection:

Vis = _W>\qsl + }\dsl + Rgsigs1 + Rpe (idsl - idsQ)
Vgs = WAds1 + >‘qsl + Rsiqsl + Rpe (iqsl - iqSQ)
0 = —wAgm + Adm + Rre (g2 — ids1) (1)

0 = W)\dm + }\qm + RFe (qu32 - Z.qsl>
Var = (w - wr) ()\qu + )\qm) + (}\drl + >\dm> + Rridr

Vgr = (W - wT‘) ()\dTl + Adm) + (j\qu + )\qm> + RTiqT’

where the currents, fluxes and voltages are representgd\landv, respectively; subscripts
andd indicate variables referred to those axes, andandm refer to stator, rotor and air-gap,
respectively.

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

)\dsl - Llsidsl
)\qsl = Llqusl
)\dm = M<st2 + Zdr)

(2)

Agm = M<iqs2 + iqr)
Airi = Lypig,
/\qu - Llriqr

Applying power invariant transformation, the electromen torque can be expressed in
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dgOvariables asKrause et al.1994:

P . .
Te - (5) M (Zq52 Ldr — Uds2 qu) (3)

whereP is the number of poles. Fron2)and @) can be obtained an alternative expression of
T, that is useful in the BG model:

P

Te - (5) (idr)\qm - iqr)\dm) (4)

2.2 Electric Model in Bond Graph

To design and test different control strategies it is neaxgs® have an accurate electrical
model of the IM as well as the mechanical load. Taking intamaot that using BG it is possible
to acquire a model of both domains, many efforts were madepiesent the electrical dynamics
of the IM using this formalismJuncq 1999 Karnopp 2003.

Two novel approaches are included in the model respect setleveloped in current litera-
ture:

1. Stator resistances are represented as a series of twethdated resistive sourceRS’
in theabcframe.

2. Modulated gyratorsMGY ” are used to represent the virtual voltage sources included
when the electric variables are refered in tlg® frame Oonaire 2009.

Fig. 2.a shows these ideas in the standard formalism used to esprEsctric circuits while
Fig. 2.b shows the equivalent model in BG. Hé¢eandK " are the matrices that represent the
power invariant transformation froabcto dgOand fromdqOto abg, respectively Krause et al.
1994.
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Figure 2: a) Standard electric circuit. b) Equivalent cirauBG.

The approach proposed in 1) is useful for modeling the dpdisdribution of the stator
winding resistances. The primary bond of tHeS’ belongs to the electric domain while the
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secondary bond lies in the thermal domain. This concept dagxed in detail along next
section. It is important to bear in mind that in tig0“side” this three resistance#(, R, and
R.) are seen as the two statoric resistances used in the sidiMiarodel (indgOvariables).

The approach in 2) illustrates in a more comprehensible eratire power conservation.
This is derived fromDonaire 2009 but here it was extended in order to adapt this idea to the
model that considers IL. Next, the analysis of the two virtedtage sources in the left side of
Fig. 1is performed. The subscrigtis used for the upper bond of th®1GY ” and q is used for
the lower one (Fig2.b).

The relationship in th&#GY indicates that:

eqd = wlisfy
€q = WLlsfd

(5)

where the generalized flows and efforts are indicated yvinde, respectively. Substituting,
by iqs1 and f, by i, in (5) it can be seen that the power absorbed by the lower virtutsdg®e
source is the same that the one delivered by the upper sowwrcthe power delivered/absorved
by each one of this sources varies with the selected refergame but the addition remains
always equal to zero.

This analysis can be extended to the rest of the virtual gsurd¢dence, it is graphically
proven what is stated irQtega et al.1993. This is:

“The total power delivered/absorbed by the virtual voltaggurces is always zero indepen-
dently of the selected reference frame”

The complete model in BG is shown in Fi@ where all the virtual voltage sources are
represented byMGY ”. Considering that, the power dissipated by #hg. and R, is absorbed
by the thermal sub-system, the secondary bonds of tR&seenter the thermal sub-system.
The voltage sources;,. andv,, in Fig. 1 are zero because it is a squirrel cage rotor. The rest of
the electrical components modeled in BG also appear inFwghere the energetic interaction
with the mechanical load (performed with tWdGY ) is also indicated.
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Figure 3: BG representation of the IM gquOvariables.
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3 MECHANICAL AND THERMAL MODELS

The model displayed in Fid represents the electric dynamics and manifests the initenac
with the thermal and mechanical domain. In order to obtagcttmplete model, in this section
the thermal and mechanical models are presented.

3.1 Thermal Model

The thermal model considers the teeth and slots as indepealdnents. To keep consis-
tency, the external part of the stator iron is divided int@ ®ements ((1) and (2) in Figd).
This array of four elements (shown in Fid).is repeated 36 times which is the number of stator
teeth/slots.

Air Gap -
Rotor

Figure 4: Division of elements in the stator.

Next, the criterion adopted to model the thermal behavisurmmarized:

e The external elements interchange heat between them ahdheitinternal elements (3
and 4) by conduction and dissipate heat to the environment.

e The internal elements interchange heat between them ahdivatexternal elements by
conduction and interact with the rotor through the air-gap.

e The rotor receives the heat dissipated in the rotor resis&grinteracts with all the internal
elements (through the air-gap) and dissipates heat to thesatm

e The iron of the stator (elements 1, 2 and 3) receives the hsgsipdted in bothR . that
Is distributed proportionally to the element’s area.

e The 36 slots receive the heat dissipated by the 36 stat@taieses (placed in thabc
frame). The slot where each resistance is placed depend®gawvaly the stator winding
Is performed (see Ficp).

e Thermal radiation is neglected. This criterion is usuatlppted when forced ventilation
Is presentedRoglietti et al, 2003.

3.1.1 Conduction Between Elements

Each of this elements has independent temperature. As qu&isee of the temperature
difference with its neighbor, it interchanges heat by caidtn according to the experimental

Fourier law:
0Q  AJT

9t~ por (6)

Copyright © 2009 Asociacion Argentina de Mecanica Computacional http://www.amcaonline.org.ar



Mecanica Computacional Vol XXVIII, pags. 3251-3264 (2009) 3257

123 456 7 8 910111213 141516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
L

| ] L o H

]

Figure 5: Spatial distribution of stator windings in thetstaslots.

The rate of heat transfed@) / 0t) takes place through the cross-sectional atgais the thermal
resistivity between the elemen®¥I’/0x is the spatial temperature gradient. In this case:

or AT (t;—t)) )
or  Ar Az
wheret; ; is the element; temperature andvz is the distance between the centre of elements.

3.1.2 Air-gap representation

Given the high relative speed in the air-gap it was proveregrpentally inBastos et al.
(1997 that heat transfer by conduction and convection betwetr emd stator can be mod-
eled considering the air-gap as a thermal resistance orgdyiguhis virtual thermal resistance
both phenomena are included. The identification of the te@si® value has to be performed
experimentally. Due to the lack of experimental resultsasvadopted the same value used in
the aforementioned work.

3.1.3 Dissipation Toward the Ambient

Under the same hypothesis assumed to model the air-gagas&ble to model the dissi-
pation toward the ambient as a modulated thermal resistancthis case the resistivity is a
function of the ventilation produced in the motor. Theref(or a motor without ventilation), it
is a function of the vehicle velocity. The element’s temperaon the other side of the thermal
resistance is the ambient temperattyg,.

3.1.4 Heat Storage

Based on the thermodynamics first law and assuming that ngitfase change nor net work
occur in the element:

Q =yAT (8)

where( is the absorbed heat,is the heat capacity a7 is the temperature variation pro-
duced in the element.

All the sources of entropy plus the incoming/outgoing epyreia conduction conform the
total flow of entropy {). The rate of heat flond@ /0t) is obtained by multiplying the total flow
of entropy and element temperatugg (Hence, 8) can be re-written in differential form as:

g de

T edt ©)
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This final equation is useful to determine the evolution & #hement’'s temperature when
the total flow of entropy and element’s initial temperature lenown.

3.1.5 Thermal Model in BG

The complete thermal behavior previously described can beeted in BG (see Fig6)
using a source of effort to fix,,,,, and three types of BG elements.

e Thermal conductivity is represented with a thermal resstadRy,” whose relationship
between primary and secondary bonds is given by:

fier= %(61 - 62) (10)

Jae2 = fieq (11)

where the producf; e is the rate of heat flowdQ /0t). Replacing) = p Az /A (thermal
resistance), 0) becomes equivalent t®). To model the effect of ventilation in the
dissipation toward the ambieétvaries withV/, according to $taton et al.2005:

0 =6o(1 - pV2) (12)
where/ represents the reduction in the resistance.
Eq. (11) states that the outgoing heat from an element is totalhsteared to the other.

e The incoming heat by dissipation on the electric resistaiceodeled with a modulated
resistive sourceRS’. Relationship between primary and secondary bonds is diyen

e1 =R fi
f2 = fier/ez

Primary bond (indicated with subscript 1) belongs to thectele domain and has free
causality. Secondary bond (subscript 2) enters the tharmdkl as a source of entropy.
For the stator resistances, the valuéiao$ modulated as function of the temperature in the
slot where it is placed. Rotor electric resistances vary i@icg to the rotor temperature
(t,or)- The dependence is given by:

(13)

R = Ry [1+a(t; — 20)], (14)

Ry 1s the resistance value at 20, ¢; is the element’s temperature it(]] and « is the
temperature coefficient.

e Heat storage is represented with a thermal cap&gjty It inherits the relationship from
electric capacity but in this case the value of the capasitinversely proportional to
element temperature (i.&0' = v/e). With this substitution, the relationship becomes
equivalentto 9).

The thermal model in BG is finally presented in F&.
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Figure 6: BG representation of the thermal model.

3.2 Mechanical Model

The mechanical model is in correspondence with the proéotypler construction by the
Applied Electronic Group at the National University ofdRCuarto. The geometry in Figl
responds to the so-called neighborhood electric vehicle.

y

L vaw

Figure 7: Vehicle model.

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

]WwW = TeN - Fr’f‘W - BWwW (15)

wherely,, wyw, ry and By, are the moment of inertia, velocity, radius and rotatiomatibn
coefficient of the wheel, respectively is the fixed gear ratio that relates the motor with the
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wheel. ;. is the longitudinal force on the patch contact. The dynamioslved in frontal wheel
is the same except thay = 0

The longitudinal dynamics receives the forces producedhenpatch contact of rear and
frontal wheel ¢, and F'y) and determines de velocity(). The aerodynamic drag ford€;, .,
Is function ofV, and tends to stop the vehicle. For longitudinal dynamicsadff Vehicle, the
set of equations is:

FT + Ff - Fdr(zg - (mtot/Q) ‘/x (16)
1
Furag = 5Cx (A1/2) pV; (17)

wherem,,, and A, are the total mass and frontal area of the vehicle, res@igti¢’y is the
aerodynamic coefficient andis the air density.

The physical principles and modeling with BG of the wheel tiotaal dynamics as well as
longitudinal dynamics of the vehicle is presented and dised in detail irSilva et al.(2008.

4 COMPLETE MODEL

Once the thermal and mechanical models are obtained iroe&;tthey are integrated to-
gether with the electrical model presented in secHoifo obtain the complete model, blocks
named “Thermal System” and “Mechanical System” in Fjare simply replaced by their
corresponding BG models.

The energetic interaction between electrical and mechhmpiarts is performed via two
MGY . To couple the thermal and electrical sub-systems Btlare transformed to thabc
frame and each stator resistance is divided into a seriagatvé modulated “RS” whose sec-
ondary bond enters the thermal system in the correspontbhgBy inspecting Fig.4 it can
be inferred that there are three iron elements for each Fhats, the total power dissipated on
eachRp. has to be split into the 108 iron elements. To this purposeh &a. is divided into a
series of 108 “RS” elements. Their secondary side enterhdrenal domain in the stator iron
elements and the value &f is proportional to the element area. Bdth are modulated “RS”
with the secondary bond entering the rotor thermal modelisheonsidered as a lumped mass.
Finally V,, is fed back to the thermal system (to modulate the ventittémdwy, of tractive
wheel is used in the electric system (to perform the FOC).

5 SIMULATION RESULTS

The aim is to remark the multidisciplinary feature of the qbete model. Along the pro-
posed experiment, the evolution of thermal, electrical mr@thanical variables are provided.
The outstanding point is that the variables are shown uralétyfand non-faulty conditions.
The parameters value used to perform the numerical siroalatie displayed in table

The experiment consists of a straight line motion with viéyoprofile determined bySAE
J227a Schedule Qrive cycle. It is repeated 75 times (6000 seconds). Duhiegé 75 cycles
no fault is included. From that moment, a fault in stator ghas is simulated. It was created
by duplicating the value of?,. The complete additional resistance is supposed to beeldcat
in the 1% slot. Under this faulty condition, the maneuver is repeaigain 75 times. Fig8.a
showsV, during two complete cycles. The first one is without fault @nel second cycle is
performed immediately after the fault occurs. Both profiles@most equal. This is because
the FOC resulted tolerant to that fault, nonetheless theepdigsipated by the stator resistances
increases considerably (see Rg). Also, this figure shows, in the second cycle, an osmiat
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in the IM power due to the faulty condition. This oscillatiantwice of the supply frequency is
a well known effect when a stator asymmetry appeleg¢wski et al)
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Figure 8: (a)V, profile. (b) Power Losses without/with failure.

Fig. 9 shows the temperature evolution of the rotor, the slot whieeegault occurs (Cu 1)
and the external iron opposed to Cul (named Fe 19). In abséfmatothe motor operates in
the range of admissible temperatures. Due to the incremgmawer during the fault, the motor
is heated. The most critical part is the slot where the r@scst increment took place.
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Figure 9: Temperature evolution without/with failure.

6 CONCLUSION

The multi-domain model presented in this work allows to ea# the impact on the com-
plete system when faults associated to broken rotor barstmr svinding short-circuits occur.
This analysis is performed including few modifications ia ttonventional model of the induc-
tion machine indg0Ovariables. In particular, for stator winding short-cins,ithe temperature
increment in the corresponding slot can be calculated.

In the type of applications tackled in the present work, tfénlerant control strategies are
widely used (ee and Habetler200§ Mendes et a).2008. When this strategies needs to be
developed and evaluated, the proposed model becomes allielpf

Future work will be oriented to obtain fault tolerant contstrategies and perform their
evaluation using the complete model presented in this work.
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Table 1: Complete System Parameters

Electrical Domain (rated)
Power 5,) 3 [kW]
Line Voltage (/) 28 V]
Current (,,) 81.56 [A]
Frequency f,,) 50 [Hz]
Torque (%) 19.4 [Nm]
Poles P) 4
R,= Ry =R, 10.476 | [mQ]
R, 22.231 | [mQ]
Rp. 157 [€2]
Lls = Llr 8903 [,uH]
M 1.21 [mH]
Thermal Domain
Rotor Heat Capacity:(.) 1480 | [J/°C]
Element 1 Heat Capacity/) 105.7 | [J/°C]
Element 2 Heat Capacity/{) 71.1 [J/°C]
Element 3 Heat Capacity{) 178.8 | [J/°C]
Element 4 Heat Capacity() 43.8 [J/°C]
Thermal Resistandg, 0.140 | [°C'/W]
Thermal Resistanag ; 0.097 | [°C'/W]
Thermal Resistanag, 0.464 | [°C'/W]
Thermal Resistanagy, 0.232 | [°C'/W]
Thermal Resistanag,, 0.521 | [°C'/W]
Thermal Resistanag,, 0.975 | [°C/W]
Thermal Resistandg., 1.115 | [°’C/W]
Rated Thermal Resistanég, , 5.188 | [°C'/W]
Rated Thermal Resistanég, , 9.980 | [°C'/W]
Resistance Reduction Coeff7)(| 0.0376 | [s/m]
Temperarute Coeffo(. = ay) 0.00393| [°C Y
Ambient Teperature 25 [°C]
Mechanical Domain
Wheel Inertia () 1.95 | [kgm?]
Wheel Radius«y) 0.268 [m]
Rotational Friction Coeff. By,) | 0.023 | [Nms]
Fixed Gear RatioX/) 3
Vehicle Total Mass ;) 640 [kg]
Vehicle Frontal Area4;) 1.4 [m?]
Aerodynamic Coeff. ('x) 0.5
Air Density (p) 1.225 [24]
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