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ABSTRACT

This paperdeals withdesign ofan energyefficient emotor speed contrdtrategy which is
employedduringe-motorconnect and disconnetansients witn electric vehicle powertrains
with multiple emotors and disconnect clutch&ke proposedontrolstrategyconsists obpen
loop feedforward controhctionsaimed to trackenergyoptimal speed and torqueference
profiles andaconventionabpeedeedback contréér intended to enhance transient atehdy
statecontrol accuracy.The optimal feedforward controprofiles are derivedffline by using
dynamic programming (DP) optimizaticand targeting different connect/disconnect motor
speedsThe proposedcontrol strategy idirst evaluatedhrough computesimulationsagainst
the conventional, timeoptimal baseline feedback controler, where the emphasis is on
evaluating the energy savindsring theclutchconnect and disconnect transiefise strategy
is then incorporated into a previously developed optimal fronthelartorque vectoring
control wandexecuted over different certification driving cyclesorderto assess the overall
energy savings gaindxy energyefficient emotor connect/disconnect control.
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INTROD UCTION

Electric vehicles(EV) with multiple eemotors exhibit actuator redundancy, which can be
exploited by means of torque vectoritogreduce thenergy consumptiofl]. Equipping the €
motors with disconnect clutches introduces a room for additional energy savings due to
avoidance of electromechanicaldrag of inactive electric motord2, 3]. Prior to
activating/connecting an inactiveneotorthrough locking correspondydog clutchthe motor

speed needs to be synchronized to the wheel speed referred to the motor shaft, which requires
energy drawn fronthebattery. On the other hand, when disconnedtiege-motor, the related
clutch is first opened which is followed leymotor stopping in a regenerative braking mode,
which recuperates energy back to the battery. It is requireédbbof these transigaend up

within a single sampling time step tife superimposetbrque vectoring control strategix.
conventional apmrach ofrealizing e-motor synchronization/stoppingontrol is to apply a
proportionalintegral (Pl)speedccontroller tuned according tbhesymmetrical optimum, which
yields well damped and fast transient respori8es. However, such a timeptimal speed
control solutionprovokes higktorque transientswhich are typicallyunnecessarily fast and
energy inefficient To improve the energy efficiencyhe transient speed resporsan be
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extendedowards the end of the torque vectoring sampling interval vandperly shaping the
motor speed/torque time profil6][

Thereferencd 6] designs the energgfficient connect/disconnect transient control law based
on offline emotortorqueinstantaneousptimization for a wide range speeds andtores the
obtained results ianappropriatéookup tableDuringtheonline operationthe optimal enotor
torque isretrieved fromthe respective lookup table dependencen the current/measured
motor speed Although this instantaneous optimizatibasedopenloop approach is optimal
for torque vectorings@ampling time of sufficient duratioit may fail to reactthe target end
speedor a reduced sampling time duratiand may be sensitive thsturbance (e.g.,varying
friction torque)

To exploit the fullpotential ofenergy efficiency improvementhis paper employs an offline
dynamic programming (DFjased optimization of -motor speed trajectory for
synchronization and stopping taslend different synchronization and initial motor speed
respectivelyUnlike the instantaneous optimizatibased approach, the dynamic programming
method accounts for the inherently transient synchronization/stopping process, thus providing
globally optimal control trajectories fbooth long and shotbrque vectoring sampling intervals.
The globally optimal results afertherused forestablishing realistigqonline)energyefficient
e-motor speed control strategyhich consigs of (i) feedforward controthat sets théP-
optimal speed and torque timeofites and(ii) feedback control ensuringansient andgteady
state accuracyagainst the disturbancelThe proposed strategy is verified against the
conventional,symmetrical optimurbased strategy in terms of energy consumption and
transient response dti@n. Finally, the related optimal synchronization and recuperation
energies, calculated and stored in the form of maps for a wide rasgeabironizatiofnitial
speeds, are plugged intbe overall front/reaaxle torque vectoring control systeand
simulated overdifferent certification driving cycleswith the goalto assesghe energy
consumption reduction potential in realistic driving conditions.

The remaining part of the paper is organize five sections Section 2 providesan EV
powertain model. Section 3 pressrthe offline control trajectoryoptimizationproblem and
corresponding results. Section 4 proposesathiene energyoptimal e-motor speed control
strategy The simulation results are given in Sectiombile concluding remarkare drawrin

Section 6.

EV POWERTRAIN MODEL FOR SUPERIMPOSED TORQUE VECTORING

The consideredolur-wheel drive (4WD) EV powertrainconfiguratiort is shown in Fig. 1a
Eache-motor (M/G) is connectedo the correspondingrheelvia a singlespeed transmission
with gearratio h anda dog clutchrepresented by its binary statg’® phchotft [3, 5] (equal
e-motors case)lhe clutches enabllisconnection of inactive-eotors e.g.,when operating in
two-wheel drive (2WD) mode$o avoid dradoss.

A controloriented backwartboking (BWD) modelling approach is utilized talerive
respective powertrain modg@ee [5] including validation results with respect to more accurate
forwardlooking model) The total wheel torque demandf j is calculated based othe
longitudinal vehicle dynamics equation

! The methods presented are fully applicable in the more often/practical case of single front and rear motors
connected to front and rear axl&eels via opeuwlifferentials(a duaimotor powertrain)
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whered is the vehicle mass) is the vehicle speedQis the gravity acceleratiqn is the
effective tire radiusUis the road slopeY is the rolling resistance coefficierit, is the air
density,Cq is the aerodynamic drag coefficieft, is the vehicle frontal areand & |
"0Qji B wwp T10Oji isthe guivalent mass related to the mot@rand wheel inertis
"0. Theclutchstateis denotedby a binary variablen, “® phchoft , which takesthevalueof

0 if the respective clutch is open, aife value of 1ptherwise(i.e., for locked clutch)The
clutchdynamicss described by the state equation

O Q p ®©Q @ Qh )

wheredy; represents clutch state referenset by the torque vectoring strategy [3, Spte
thatEg. (2) incorporatesnestep delaymeaning thaa singlesamplinginterval is deemed to
be sufficientfor the clutch tachange itstatefrom open to locked, and vice versa the case
of clutch connectransienti.e., wheno 'Q = 0 andoy, Q p, therespective enotor should
first be started up (in idling conditions) teynchronizewith the wheel speed referred to the
motor shaft, after which the dog clutch is allowed to be lodketthe case of clutch disconnect,
i.e., whenwo 'Q =1 anddx; Q T thedogclutch is firstopenedandthenthe respective-e
motor is stopped(again in idling conditions)by means of regenerative brakinghile
recuperating energy back to the battery.

For the considered straiglme driving, only torque distributioramong front and rear wheels
determned by a dimensionless parametas performed to satisfy B T g

Tt ti ™,TH

V ©
tg T mMp , Tgh

whereequal distribution among left and right wheels on both axles is asqop@dal in the
case ofconsidered straigHine driving [4]). The torque vectoring control determinitige
torque distribution parametgris meant to be performed in a discrétee mannerwith a time
discretizatioreel set to 1 sheren.

The emotor torqued j are calculated to covérerelated wheel torquels ;, thetransmission
torqueloss accounted for vi@rquedependentfficiency—  (Fig. 1d), andtheidle power loss
v (Fig. 1o):

th et th ——h )

P
Q
where'Q takesv a | ufer mbtdring cas¢t ; 1) and1 for regenerative braking caséhe
motor speedlerives from the vehicle velocity as

. . L -
1 % @5 O——~h 5)
Lp Un
wherei j isthe longitudinal sliglerived from the linearized tire modef, T §j 1°Q Oy

with 'Q beingthe tire longitudinal stiffnesand'Cy, theacceleratiordependentormal loadfor
more details sef3, 5]).
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Theelectric power of individual-drive 0, is calculated as

O0r TA s O0& g1 wAF A (68
whered  j representshe edrive power loss calculated frothe efficiency map-  (Fig.
1b) when the motor is enablgdndthe power drag loss map (Fig. 1c) when the motor is
disabled (i.e., freely rotates)

- at B — R s ht h E¥#E;
Dﬁﬁ?hhThThvhp,rjv (6b)
h E¥E, mh

The exponent e q u a | smoioring(f g r ) and1 for regenerative braking ).
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Figure 1. Schematic o#WD EVpowertrain configuratior(a), M/G machine efficiency map
(b), eemotordrag and gearbox idle power loss characteristics (c), madsmission efficiency

(d)

CONTROL TRAJECTOR Y OPTIMISATION

This section deals withoffline optimization of e-motor torque control trajectory (and,
correspondinglye-motor speedstate trajectoryfor clutch connect and disconnect transient
intervals. As thenethodholds for each emotor, the subscripti denotingindividual e-motorsis
omitted from the variablef®r the sake of brevity

Problem formulation

The cumulative energy lossselected as a cost to be minimized

0 Ofr 1 ©QRF @@ 071 Q s3oh (7)
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wherez0is the emotor speed control sampling tini@et to 5 ms here), whilé  3"W30is
the total number of discrete time steps overdpgmization horizors"Ythat correspond to
superimposedorque vectoringsampling time As explained in the previous sectian,is
assumed that the-motor speedransientduring the connect and disconnect transigsts
finished withinthe superimposed control sampling interg&l The power los® ; s
calculated according &xpressior(6b), while the idle power los§ is given bythe mapshown

in Fig. 1c. The motor torque variableé is optimized as a control input (not calculated from
the wheel torquebased onEq. (4) since the clutch is disconnectddring the motor
connet/disconnect transient intervglsvhile the motor speed variable is obtained from the
motor rotational dynamics equatioas described below (not determined from the vehicle
velocity, Eq. (5), as if the clutch were connected).

Thee-motorrotationaldynamicsaredescribecdas

O—'Qc‘) T th 8
wheret relates taheidle power los®) ast OCI @1 (see Eqg.4); sgn(.) is a
signum function). The corresponding discretene state equation, after applyirguler

discretizationreads

. .. T Q t 7
1T Qp 1 0 - 308 9
O
Thee-motorspeedand torquevariablesareconstrainedvithin theirlower andupper limits
TR T 5 h (10)
tr 8 s T tr g sh (11

wherel | issettoOangd { to 625 rad/s for the particularraotor and control task
(unidirectional motion) while the minimum and maximum torques are defined by speed
dependent maximum torque cur¥e;  shown inFig. 1b. Note thatthe fast mototorque
dynamicsareneglectedn optimizationto reducehe computational complexityAdditionally,

the emotor speed is requested to end(apthe end of optimization horizpm a predefined
speed referenge j:

1 0 1 h (12)

which equalslno,: and 0 for the cases of motor connect and disconnect, respectively.

Optimization algorithm

The above optimization problem ({)12) is solved by using dynamic programming (DP)
optimization algorithm, whiclgives globally optimal solutios for general nofconvexand
discontinuous optimization problemm [7]. Since the DP algorithm requires amplitude
discretization ofstate and control variableshe emotor speed and torqueariablesare
discretizedwith theresolutiors of 5 rad/s and Nm, respectively

The DP optimization procedure firséxecutesbackward in time, by recursively minimizing
(stepby-step)the following cosfor eachdiscretizedspeed value

01 & [ ETO1 Aty VI 8 (13)
where he subcost Orepresentshe subintegral cosfrom Eq. (7)
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O 0y 1 § HFoi 30 0 1 § aoh 14
while 0 is the optimal cumulative cost function from the previous optimizationstéfhe
speedn the following time stei  Q p,i.e.] , heededor deriving the costh

is calculated from the state equationl{@$ed on the current speedp, and torque j
If the speed falls in-between discreted grid values, a linear interpolatioruised to

getd . The nitial cumulative cost fof = 0, i.e.,i.e., for the final time stefQ 0 (see Eq.
(12)), is obtainediy penalizingheendspeed deviation from the target speed:

01 & VT R T . (15)
where the penalization factor is set to a relatively high valuerfiarce the final condition

satisfaction(here set t@ p ). The speednd torque constraint4@ and (11) are strictly
enforced byteratingonly over alloweddiscretizedvalueswhile minimizing (13).

The backwardn-time phase results BD maps of the optimaumulative cosb 1 hQ and
torquet ; 1 hQ, whichareusedfor reconstruction of the optimal speed and torque time
profileswithin theforward-in-time phase Thereconstructiorprocedure startsom theknown
initial state] 1 1 j, setto0andR for the cases of motor connect and disconnect,
respectively andretrievesthe optimal torquevaluefor that speedrom thebackward phase
storedsolutionmap 1 t ; 1 ght. Thistorque valus then fedo thestate equation
(9) to get the speed in the next time $tep p . The retrieval othe optimal torque fospeed
falling in-between grid discretizeghluesis again overcome by means of linear interpolation
The procedure is repeatedthe forward directiomntil the end of time horizgrthusresulting

in the optimalprofiles:t mht pMA 0 p,and) mWh pMBAR O .The
torque at the final stepp issetto 0t 0 T, to keepthe achievedargetspeed

Analysis of optimisation results for startup case

Firstly, the DP optimization is performed for then®tor connetcase in which the emotoris
accelerated from the zero spged,; T, toatarget speed . Fig.2 shows the DP results
for the case of setting thargetspeedeferenceo the maxinmmvalue ; ¢ ¢ O Af§and
for the case obmitted and includedlle powertorquelossesrepresented by andt in Ecs.
(7) and (8) respectivelyThe optimization time horizolengthis set taa"Y= 0.5 sresulting in
Nf = 100 optimization time stedsr the sampling timer0=5 ms Note that for the selected
horizon lengthe"Y= 0.5 s,the synchronizatiotransients can be finished within thisrizon
time interval(see [3] andFig. 2).

Figs.2aand 2b showthe optimalspeed time profiles over tH2P backward phasebtained
optimal cumulative cost and torque mapespectivelyNote that the blankegion ofFig. 2a
corresponds tmonfeasible region, meaning that ttergetspeed cannot be achievixn the
particular system ithe emotorspeedandremainingtime combinatiorfalls in that regionThis
regionreveals that the mimum time to achieve the maximuiargetspeed is around 140 ms.
Certainpuredelay inthe speed response can als®observedwvhich ispresento achieve the
target speed right at the endhairizon thusleading to theminimal energyconsumptior(i.e.,
reachingand keepinghetargetspeecearlierwould induce additionaionsumption due to drag
losses, which are higher at higher speed, Fig.Far the case dfansmissiondle power loss
included, this speed delésymore pronouncedvhich isto minimize additional idl&lragpower
losg. The optimal torque ersusspeed profilse givenin Fig. 2d follow the optimalkneepoints
of theefficiency mapmaximum efficiency points for the given speed/power) if only the motor
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power losses are concernddhis profilesomewhatleviateqlifts) from the optimalefficiency
mapkneesn the case of idle power loss included, whichesause adforementioneéxtended
responsealelay induced to minimizéhatloss The optimal torque profiles shown Higs. 2c
and 2d exhibit an initial singlstep maximurramplitude peak, which is apparentbyinitially
accelerate the motor whisvoidng thelow-efficiencylow-speedegion.This torque peak may
cause an undesired initial torque jerky with no notable improveimenergy efficiency. Thus,
it may be suppressed by imposing a constraint on torquedepuative (i.e.differencg.
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Figure 2. DP-optimal profiles of enotor speed and torque fetartupcasel( T O
andl ;@ ¢ L W w/ and w/o idle power logs )

The optimaltorque versuspeed profilavould deviate from the optimal efficiency kneegen

if the idle loss is omitted, provided that teartuptime (i.e.,the optimization horizon length
&) is shot enough. This islemonstrated ifig. 3 where the initiapure delays setto 350 ms,
leaving only 150 mso finish the transienfnote thathese profiles can be reconstructed from
the same DPbackward phasebtained maps given inFigs. 1la and 1bi.e., new DP
optimizations are not needéar the new initial conditions As shown inFig. 3b, themotor
torquetrajectorynow getscloser to the maximum torque cupiee. it significantly deviates
from the maximurrefficiency knee points, particularly at lawotor speeds

Deriving the cumulave cost function from the DP mapig. 2a) for different horizon lengths
reveals the optimal tradaf between the total/cumulative energy loss consumption versus the
transient durationFig. 4). These results show ththe minimum time transient duration of 140

ms results in 43% higher energy loss when compared to thinfielltransient duration of 0.5

s. The transient duration of 0.3 s, which is 40% reduction with respect to ttienkilbf 0.5 s,

leads to only 3% higer energy loss, which may be considered as the appropriate/optimal trade
off (if there is a need for torque vectoring sampling time reduction to those levels, e.g., for faster
torque response in sporty cars).
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Analysis of optimisation results for stopping case

The DPoptimizationis alsoperformed for thee-motor disconneatase in which the emotor
is stopped fromits initial speed | sethereto the maximum value of 625 radtsthe zero
speed] i = 0. Fig.5 reveal similaspeed transiergatterngo thoseobserved in thetartup
case i.e., the torque versus speed prafégainalign with the optimalefficiency kneepoints
for the time horizon of sufficient lengflef. Fig. 2) and devige (lift) from the knee pointsor
the sufficiently shortened horizon lengtlig. 6, cf. Fig. 3). Fig. 7 reveals similar energy loss
consumption versus transient duration traffeas inthe startupcase(cf. Fig. 4).

Full set of results

Multiple DP optimizations arperformedfor e-motor startupandstoppingcases andifferent
target and initial speedegspectively, in ordeto gain practical insights support ofe-motor
speedcontrol systemdesign Fig. 8 shows the results obtainedthe case obmitting theidle
power lossPo andsettingthe optimization time horizoaf sufficientlength (heresel = 0.5 3.
These results point othatall the optimal torque versus speed profitdsely align with the

knee pointrelatedoptimal efficiencyline, i.e., they do not depend on the targeinitial speed.

Fig. 8c reveals thathe initial puredelay of the startupcase responsis thetarget speed
dependenin terms ofbeing largefor smaller target spee®n the other hand, in the stopping
casethe initialtime delay is zero, meaning that it is optimal to start braking immediately upon
clutch openingo swiftly reduce the speed and corresponding drag loss. However, a delay
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Figure 8. DRoptimal torque vs. speed profiles for different target speestamnupconnect
case (a), and different initial speeds in stopping/disconnect casae(b) (= ; ifle l&ss ¢
Po not included

drag loss is absent

Fig. 9 shows the DP optimization results for Hane scenarios and parameter setsmFig.

8, exceptfor the optimization horizon being halved @& = 0.25 s. Now, the time delay is
reduced due to the smallstiartupinterval availableso thatfor largertargetspeed the motor
startupneeds to start immediatelts € 0). The optimal torque versus spgedfiles shown in
Figs.9a and 9b now deviate from tloptimal efficiency linetowards the highetorqueand
lower-efficiency region, to reaclhe prescribedtarget speed withinthe reducedhorizon
Moreover, those profiles are not aligned altogethdike the case ofel = 0.5 s because the
profiles tend to approach the optimum efficiency line when possible (i.e., for lower speed
targets) to improve the efficiencyhe torque lift is more emphasized at lower speeds (a-pulse
shape torque profileyvhich is apparently because the power lassess with respect to
minimal kneepoint lossis smaller (in absolute sense) at lower velocities, i.e., lower powers
(for roughly comparable efficiencies).

DESIGN OF E-MOTOR SPEED CONTROL SYSTEM

Time-optimal speedcontrol

The baseline -enotor speed control system is based on a Pl contrdfigr L0), whose
parameters are tuned according to the symmetrical optir@um [

. ]
0 T RY  TYR (16)
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