Dynamic Modeling and Control of Power-Split HEV
with Multi-phase Electric Machines under Fault Condition
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Abstract— The aim of this paper is to provide a dynamic [
model of the Toyota Hybrid System (THS) for simulation and [ Tw
control purposes in the case of fault of one of the electric Fr—>] Vehicle T
machines. The two three-phase electric machines that are Gy o T
commonly used in THS are here replaced by two five-phase [ w
machines. The model of the whole system is realized by using | Transmission & Vehicle
the Power-Oriented Graphs modeling technique and includes
the dynamics of the engine, electric machines, planetary ge [
transmission and vehicle. A rule-based control strategy isised
to operate the vehicle in different operation modes and a falt
tolerant control is applied in the case of electrical machie
failure. Simulation results are given in both healthy and fault
condition to show the effectiveness of the dynamic model and
the robustness of the proposed control.
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The development of new control strategies and/or new
architectures for hybrid electric vehicles (HEVS) reqsiee
deep knowledge of the dynamic behavior and the dynamic
interaction among all subsystems constituting HEVs [1]. |
Therefore it is essential to have precise and reliable sim-
ulative models to reduce the effort and the cost in the tgstin
phase [2], [3]. The interest in hybrid vehicle simulatiorsha
grown in the past years and led to the development of many | MGL
computer programs to describe the operation of hybrid power G) L
trains. Some examples of steady-state and quasi-steatdy-st Fig. 1.
simulators are: JANUS [4], ADVISOR [5], PSAT [6] and
Autonomie [7] from Argonne National Laboratory, CarSim
from Mechanical Simulation Corporation and many othersadvantage from the POG modular structure, the model of a
Although steady-state or quasi-steady-state models d@tiow complex physical system can be obtained by interconnecting
achieve fast computation time, they do not permit to captufe models of the subsystems that interact each other throug
the transient behavior and may be unsuitable for systems ifieir power ports. Following this approach the whole THS
which this is a crucial aspect. Therefore dynamic models cafhs been obtained modeling the main subsystems. In this
be used to make accurate dynamic analysis and simulatigibdel two5-phase synchronous machines are used because
of the system and to design effective control strategies. multi-phase electrical motors offer many advantages com-

Nowadays, a lot of modeling methods are available tpared to three-phase machines, see [19] and [20]. The model
describe complex dynamic systems such as Bond GrapRsthen implemented in Simulink and used to simulate the
[8]-[9], Causal Ordering Graph [10], Power-Oriented Graiphvehicle when one electric machine is in open-phase fault
[11]-[12], Energetic Macroscopic Representation [13[1 condition. The control of the vehicle powertrain is designe
All these techniques are energy-based techniques which ugarting from the analysis of the power flows within the
power interaction between subsystems as the basic concepétem. Different operation modes are possible and thdy wil
for modeling and clearly show how the power flows withinbe examined in the paper.
the system. In this paper the Power-Oriented Graphs (POG?
modeling technique is exploited to build the dynamic model !l POGMODELING OF THE TOYOTA HYBRID SYSTEM
of the power-split Toyota Hybrid System (THS) [16]-[18]. The power-split configuration considered in the paper is
The basic features of POG are stated in Appendix. Takintpat of the Toyota Hybrid System (THS-II) of the Prius

[16]-[18]: it includes an internal combustion engine (ICE)

'Federica Grossi, Marco Fei and Roberto Zanasi are withwo multi-phase Permanent Magnet Synchronous Machines
Engineering Department, University of Modena e Reggio Emil L . )
Modena, Italy {federica.grossi, marco.fei, (MGlandMG2),atransmissionand the vehicle. The power
roberto. zanasi }@ninore.it. split is provided by a planetary gear: the ICE is rigidly

We

Ts

Im1 + Js

Ws

|

i
@

|

|

|

i
®

|

|

|

i
©®

|

|

|

I

|

|

Scheme of the considered power structure of the kehic



Fig. 4. POG block scheme of the elastic model of the planaiasy.

B. Internal Combustion Engine model

Fig. 2. Planetary gear and related parameters. A POG simplified model of the engine that considers only
the main mechanical dynamics is proposed in Figl;5:+J.

connected to the Carrier (C), MG1 is connected to the Sdﬁthe inertia of the engine shaft and carrigr, is the friction

(S), MG2 and the vehicle are connected to the Ring (Rfoefﬂ(_:lent, Tice IS the torque prowded_by the engine and
In Fig. 1 the scheme of such system is shown: the dashdige-d ' the requested torque. The engine torque-speed map
ovides the maximum engine torqug. ., for a given

lines denoted by numbers indicate the power sections withfl ine speed.. The provided toraue is defined _
the system. These are the physical power sections througﬁg"h pT ¢ ! provi quet : ARe =
ice,ds Tice,mazx f -

which the power flows among the subsystems. The pow
sections shown in Fig. 1 correspond to the power sections —{_.?4_}.7@._.‘, Te

indicated by the same numbers in the POG schemes of the Tice | | |
considered subsystems presented in the next part of the pape | 1 | |
In this paper the devices for storing electrical energyhsuc Tice.d | T | |
as batteries, supercapacitors and others, are not taken int 7 } } bice }
1
account. } TicetJe } 1
A. Planetary Gear modeling } T } }
) . - : w
The considered planetary gear is shown in Fig. 2. The main ! We ! e

parameters of the system arg; r., v, andr, are the sun, Fig. 5. POG scheme of the ICE mod?
carrier, ring and planet radiij, bs, J., be, Jr, br, J, and o '
b, are the inertia and linear friction coefficients of the sun,

carrier, ring and planet, respectivelis., ds., K. andd,, C. Electrical motors modeling

are the stiffness and friction coefficients of the sun-eaurri

and carrier-ring elastic elements, respectively. The fault tolerant capability of multi-phase motor drives

The planetary gear inertias of the sun, carrier and rin(g_nd the possibility to enhance the mptor torque by injecting
are rigidly connected to the inertias of the MG1, ICE andigher order stator current harmonics, see [19] and [20],
MG2, respectively, therefore a reduced elastic model of tHfa@ke the multi-phase synchronous machines suitable for
planetary gear is used, see [21] where the POG techniqueEl?Ct”C and. Hybrid Elef:tnc Vehlclles where reliability in
exploited to obtain different reduced models of the plaryeta POWer density are very important issues.

gear using proper mathematical transformations. As showi{!€ Pasic structure of a permanent magnet synchronous
in Fig. 1 the equivalent inertias are considerdgl, + J, for motor Wlth f_lve concentrated winding in star connectl_on is
MG2 and ring,Ji.. +J. for ICE and carrier and,,; +.J, for shown in Fig. 6. Under the assumptlon_s of regulgrlty of
MG1 and sun. The dynamic equations of the elastic moddie de§|gn, no reluctance effect and no iron saturation, the
of the planetary gear in state space form (1), see [22], afynamic model of thes-phase motor can be expressed by
given in Fig. 3. There is a direct correspondence betwedf€ following equation system:

the POG scher_nes a_md the state space dynamic equation L.| 0 ][, ‘R, |'K.(0)][ 'L v,

therefore equations in (1) can be represented by the POZFT’TW] L—] ——[_tKT @ b Hw—}-[_T ] (3)
scheme shown in Fig 4. Note that this elastic model has th " T " " ¢

speeds as input and the torques as output. The followinghere the stator current and voltage vectors are:
kinematics Willis relation [23] between angular velogitiess I, = (I Ly L3 L L], "V = [Vi1 Via Vig Via Vig'
function of the gear radii: and thei-th phase voltage is referred to the common voltage
Vo asiVs; = Vi — Vo

The inputr, is the external load torque acting on the rotor.
can be obtained from equation (1) in steady-state condlitiohe resistance matrix is diagonadR, = R, I5, whereR, is
i.e.x=0. the stator phase resistance dpds the 5-dimension identity

Tsws + Trwyr = (rs + 70 )we = 27w, (2)
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matrix. The symmetric inductance matrif, is:

L Mscos(vs) Mscos(27ys) Mgcos(3vs) Mscos(4vs)

Mscos(7s) L Mscos(vs) Mscos(2vs) Mscos(3vs)

tLS = |Mscos(2vs) Mscos(7s) Lg M cos(vs) Mscos(2s)
Mscos(3vs) Mscos(2vys) Mscos(vs) L Mscos(7vs)
Mscos(4vys) Mscos(3vs) Mscos(2ys) Mscos(vs) L

where L, is the self induction coefficient}/, is the max-
imum value of the stator mutual inductance apdis the
basic angular displacement = 27/5.

According to the magnetic co-energy method the torgye

and the back-electromotive forddE, can be expressed as:

Tm = tKI— tIs ) tEs = tKTWm (4)

where the torque vectofK.(f) (also known asspeed
normalized back electromotive foicis:

T

tKT(e) = [KTl KTQ K7'3 K7'4 K7'5] . (5)

The component&’,;, are function of the electric angteand
of the harmonics:,, of the rotor flux as follows:
oo
Kiph=—p@cy naypsin(n(@—hvs), h=1,2,...,5
n=1:2
where p is the number of polar expansions apd is the

maximum value of the rotor flux chained with the first

Fig. 7. POG block scheme of the dynamic model of the multisgha
synchronous motors MG1 and MG2 in the fixed reference frame.

integration step thus increasing the simulation time. &inc
in case of fault, in rotating reference frame, the transtm
resistance matrix becomes full (instead of diagonal), B] [2
the simulation of an open phase fault is proposed in fixed
reference frame using an additional internal voltage shah t
the steady-state currents of faulty phases are zero. Iwtys

a short simulation time is achieved because the failures are
simulated without increasing the phases resistance.

D. Model of the transmission and vehicle

The POG model of the transmission and vehicle is shown
in Fig. 8: K; is the transmission stiffnesd; is the trans-
mission friction coefficientR; is the transmission ratiof,,
is the wheel inertiaRR,, is the wheel radiusk,, is the tire
longitudinal stiffnessp,, is the friction coefficient and//,
is the mass of the vehicle. The torqueis the transmission
torque,t,, is the wheel torque andg, is the braking torque.
The resistance forcé,. represents the forces applied by the
environment and can take into account the air resistanee, th
slope of the road and other external forces.

IIl. CONTROL STRATEGY

The control algorithms generally used in many HEVs are

stator phase. The POG block scheme of the synchronouge-based [18], [26]. The control strategy for the THS can
motor (3) is shown in Fig. 7. In [24] the simulation of anbe designed in two levels. The vehicle control level governs
open phase fault has been proposed in rotating referente dynamic behavior of the vehicle, while the components
frame considering that a fusible element opens the phasentrol level actuates the reference signals from the \ehic

circuit. However using this method a system time constamontrol level to regulate the electrical motors and engine
becomes very small then the simulation needs a very smalperation.
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Fig. 9. Simulink block scheme of the power-split HEV.

8‘4‘ F. Concerning the motor drive, the desired current vettor,
which provides the desired torqug_; minimizing the power
dissipation, is the vector with the minimum modulus patalle
to the torque vectof K., (6):

1
M, t

When an open-phase fault occurs the related phase current
does not contribute any more to the torque generation. In
this case the open phase constraint can be taken into account
projecting the torque vector onto the subspace generated by
the healthy currents as follows:

@ [

Fig. 8. POG scheme of the model of transmission and vehicle.

Vehicle control level

Starting from the vehicle reference speed, and the
estimated power requirememn®,., this control generates
the torque reference for the electric machingg 4 and
Tma2,4 and for the engine;.. 4. With this control the engine
operates in its optimal operating region on the torque-gépeavhere the constraint matri¥B = {15 eﬂ is composed

plane in which the fuel efficiency is high. The control shouldyy vector1® = [11111] (to impose the star connection

manage also the SOC level, but in this work batteries anstraint) and by thg-th standard basis vecte? (to select

not modeled or equivalently they are considered alwayg fullhe ¢-th faulty component). The reference current vector in
charged. The different operation modes and conditions, seg,it condition */1, , is:

[18] and [27], are: —_
A Driving at low speed: the engine is off and the traction LT, 4(0) = UK. (0) . (8)
power is all given by MG2. | K ()2
B Normal driving conditions: the traction power is sup- All the details of this fault-tolerant control are given i2g]

plied by the engine operating in its optimal region andyhere the current limit for safe operation in fault conditio
by the electric motor MG2, while MG1 operates aSs taken into account.

YK, (0)= {15— ‘B (iBTiB)_1 tBT]fKT(e) (7)

generator to supply MG2 (Normal energy flow). The engine regulator uses the desired torgque, and
C Boosting: during full throttle acceleration the tractiondelivers the engine torque;.. which cannot exceed the
power is given by the engine and by motor MG2.  maximum torquer;c. mq. for a given engine speetl.. =

D High speed cruising: to keep the engine constantly at@AiN{ Tice.d, Tice.maz } » S€€ Fig. 5.
low speed, where efficiency is high, MG1 operates as ' '
motor and MG2 operates as generator (Energy recircu- [V. SIMULATION OF THE THS

lation flow). The POG schemes presented in this paper have been con-
E Deceleration: the engine turns off and MG2 operatesected through their power ports like in Fig. 1 and translate
as generator recuperating the kinetic energy. When thgto the Simulink model of Fig. 9. Note that the submodels of
braking power exceeds a limit value a friction brake ighe ICE, Planetary Gear, electric machines MG1 and MG2,
activated. transmission, vehicle and environment forces are masked
Components control level and contain the POG models presented in the previous
The reference torques provided by the vehicle control levekctions. The orange block in Fig. 9 exploits the rule-based
are the inputs of the motors and engine drives. global control strategy of the vehicle and the yellow blocks



Table I: Main parameters of the system

Planetary gear veIocmes sun,, carrlerwp and rlngw,«
0

Planetary Gear s | o o
ring number of teeth N, 78 < [
sun number of teeth N 30 = ‘ | ‘,
planet number of teeth Np 23 3 ! !
ring moment of inertia Jr 0.0081 kg m? 3 ! |
sun moment of inertia Js 1.48 10~ T | kgn? 3 | | |
carrier moment of inertia Je 0.0071 kg m? “ ; ; |
Engine 3 ! ! ! L
= - 0 50 100 150 200 250 300 350 400
moment of inertia Jice 0.2596 kg m?
maximum power |15D| Z&ﬁc@ni)igr?irr?en; 73 kw . Planetary gear torques: sun, carrierr. and ring7,

T T TTT T T T T T T TT T
number of phases ms 5 = ! »,»—E L 1 b :,"f.\: !
resistance Rs1, Rso 0.5, 0.8 Q Z, 5o ,”l 1 e A R AR ]
self inductance Lo, Lso 8, 11 mH & S J‘ Mo 1 T oy
mutual inductance M1, My 3,5 mH - 0_:"‘.‘\‘(- 4 1V M_—__LH"‘_"'_
moment of inertia Jm1, Jm2 20.1,28.1 | gn? N | \\J i Ay A ! A |

Vehicle and Transmission D i - " RS B F
vehicle mass M, 1600 kg “7100 o L L } Pt
wheel moment of inertia Jw 1.06 kg m? 50 100 150 200 250 300 350 400
wheel radius Rew 32.55 cm Time [s]
g;gsr%?segg::]e?;ﬂo }%t Z?i’é Fig. 11. Velocities and torques of the planetary geas: and 7 (red,

solid), w. and 7. (blue, dash-dotted)y,- and - (black, dashed).
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Electric motors and englne power romel,

implement the torque control (also for the fault-toleran =
control) of the electric machines. The main parameters @ 2
the system are reported in Table I. The simulations for bot~ 10

cases of normal and fault operation consider the Extra Urb:,:L

Driving Cycle (EUDC).

A. Simulation in normal operation

The simulated dynamic behavior of the HEV is showr
in Fig. 10, 11 and 12. The different operation modes ar
denoted by letters between vertical dashed lines in Fig. 1 ol
where the horizontal red dashed line indicates the thrdshc;
speed for turning on the engine (beldw km/h the engine
is off). In mode A the vehicle is in pure electric mode: <
engine powerP,.. = 0, MG1 powerP,,; = 0 and MG2 o°
power P, > 0, see Fig. 12. In mode C, when the vehicle
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is accelerating and the speed is greater tharkm/h, the
ICE starts to help the tractiof;.. > 0. In mode B (normal

driving) the traction power is supplied by both the enginig. 12. Power flows into the HEV: electric motoRs,1 (red, solid) Pr,o

and MG2 (i.e.P;.. > 0 and P,,,o > 0), while in mode D
(high speed cruising) MG1 operates as matyy; > 0 and
MG2 as generatof’,,> < 0 in order to make the engine

(black, dashed), enging;.. (blue, dash-dotted), vehiclg, (green, dotted),
brake P, (pink, dashed).

operating in its optimal region. In mode E (deceleration

Velocity of the vehiclez,

Stator currents zoom: healthy Stator currents zoom: healthy
e A v

AWAY

VvV

144.98144.99 145 145.01145.02145.03
Time [s]

159.98159.99 160 160.01160.02160.03
Time [s]

Fig. 13. Zoom of stator currents of the electric motor MG2 reeeted to

MG2 operates as generatfy,, < 0 and the engine is shut
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down until a new acceleration is requested. In constantspee

Fig. 10. Velocity of the vehicle:, (green, solid) with the desired velocity condition after deceleration the traction is performed @M

1,4 (green, dashed) and estimated power of the velitgle(green, dotted).

(mode A) like betweenl20 and 190 s. In case of strong



deceleration a braking torque is activated, see the brakir s
power P, in Fig. 12. The stator currents of MG2 are shown
in Fig. 13: note that in healthy condition only the 1-st ancé 10

the 3-rd harmonics are injected.

B. Simulation in fault condition operation

The simulated open-phase fault occurs at titdé s and
the fault-tolerant control is activated at tih60 s. The delay

time of 15 s has been chosen in order to show the dynam
behavior of the system in fault condition although in rea

application the fault detection time is less thans. The

simulation results are shown from Fig. 14 to Fig. 17. Wher=

the open-phase fault occurs on thad phase of MG2, the

current I, falls down to zero as shown in Fig. 17 and aa® |
torque ripple appears on the planetary gears torques, see |

Electric motors and engine power fIO\/\Bml, m2,y Pice
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box in Fig. 15 and a zoom in Fig. 17. The torque ripple s w0 10 20 20 w0 w0 0

seems not to affect the HEV performances because the whole Time [s]

system behaves such a first-order filter (note that Fig. 14 doeig. 16. Power flows into the HEV: electric motaF,,; (red, solid) P2

not have any noticeable differences compared to |:|g 1d¥lack, dashed), enging;.. (blue, dash-dotted), vehicle, (green, dotted),

However the planetary gear torque ripple could cause severe
mechanical failures therefore a control reconfiguration i-

strongly needed. At timé60 s when the post-fault control is

Velocity of the vehiclez,

iy [km/h]

Uj:::

BE A C B  C!DICDE)]

0 50 100 150 200 250 300 350 400

a
=]

Pye [kW]

=)
T

!
a
<]

Fig. 14. Velocity of the vehicle:, (green, solid) with the desired velocity
I,,q (green, dashed) and estimated power of the velitgle(green, dotted).
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Fig. 15. \Velocities and torques of the planetary geas:and 75 (red,
solid), w. and 7. (blue, dash-dotted)y,- and - (black, dashed).

rake P, (pink, dashed).
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Fig. 17. Zoom of stator currents of the electric motor MG2 reeeted to
the ring and planetary gear torques.

applied the torque ripple disappears. Since the MG2 motor
drive provides the same rated power also in fault condition,
then the healthy currents amplitude increases, see Fig. 17.

V. CONCLUSIONS

The dynamic modeling of the Toyota Hybrid System has
been addressed successfully in the paper by using the POG
technique which explicitly shows the power flows within
the system. The case of open phase fault of a multi-phase
machine has been considered occurring during the operation
of the vehicle. Simulation results are provided showing
the effectiveness of the model and control. The modular
POG modeling approach adopted in the paper can be used
to simulate also different electric and hybrid architeetur
Therefore this work is the starting point for future studies
on new architectures of electric and hybrid vehicles which
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exploit the advantages of multi-phase synchronous motors?
Moreover new and safer control strategies can be developed
and tested using the proposed simulation model which [&0]
suitable also in fault condition.
APPENDIX: POWER-ORIENTED GRAPHS BASIC 1y
FEATURES

The Power-Oriented Graphs (POG) [11]-[12] is an energy-
based modeling technique suitable to graphically desthibe [13]
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and the real power sections of the modeled systems: t
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