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Abstract—Some studies indicate the potential of multi-speed as Hytruck, Motiv Power Systems, and Smith Electric Ve-
transmissions (MSTs) in improving performance of electric hijcles, have dispensed with mechanical transmissionsein th
vehicles (EVs), which has led to many developments of MSTS g\v1yTs on the basis that EMs have a wide range of operation
in this context. However, comprehensive dynamics analysésave . o o '
not been reported yet. For this reason, a mathematical model &5 required by .trucks, thereby_ ob_watlng transmlss!on$s Th
for MSTs in EVs is being deve|oped, as reported in this paper. IS, therefore, St|” a ControverSIal ISsue because It |S|QHTC
This model will be beneficial to support the design and contrb whether a transmission in EMHTs, or EVs in general, is
of EV-oriented MSTs. The transient dynamic response of the pecessary at all [11].
transmission is of interest in this study. Therefore, backhsh, Many works have confirmed the contribution of a transmis-

flexibility and dissipation of the gear mesh and connecting arts . .
between two planetary gear sets are studied, while taking bl SION t0 the improvement of EV performance [12-17]. From

these items into account. The system topology variations duced €Xperiments conducted to verify transmission performance
upon gear-shifting are given due attention. Simulation reslts are  EVs, Roberts [14] found that MSTs could keep the EMs

validated with experiments. The results show that the modetan gperating at the most efficient region with an efficiency

provide a realistic dynamic response of the transmission. higher than 90%. Besides, Roberts’ tests demonstratethihat
Index Terms—Mathematical model, multi-speed transmissions, transmission increased the efficiency by 15% under the New
dynamic response, electric vehicles, gear-shifting. European Driving Cycle (NEDC). Other researchers [15-18]
reported the significant contribution of transmissions ¥ E
|. INTRODUCTION performance under simulation.

LECTRIC vehicles (EVs) appear as the best alternativ ghlthough many research eﬁo_rts in MSTs for EVs have
to internal-combustion-engine vehicles (ICEVS) [1, 2]'een reported, thorough dynamics analyses that support the

R&D of EVs began since they were first commercialized b esign and control of MSTs for EVs are still to appear in

the end of the 19th century [3]. The main purpose of tH e literature. These analyses represent an importane stag

R&D work in this context is to replace fossil-fuel engineén transmission design and development to understand the

with electric motors (EMs), in order to reduce greenh0Uz'i;sa-gtjl_ynam'_C response of the transrr_1|s_5|on a_nd to determ|_ne, by
|E‘nulat|0n, whether the transmission will work effectivel

emission and improve efficiency [4]. Developments have nd{ - . . .
P y 4] P thin the intended operation range and under given con-

only occurred in the vehicle system [5-8], but also in energy. . D . : hi imal MST desi
consumption [9, 10]. The main focus in this study is electri ftions. Dynamics analyses _to achieve op.tlma . esign
trucks, especially in the medium- and heavy-duty categorigave been conducted extensively since the inception of KCEV
i These analyses could be a reference for the analyses of MST in
(EMHTSs)
' Vs, but not entirely, because MSTs for ICEVs and those for

Trucks in general have been utilized widely for short- an _ ] . .
long-haul delivery. Consequently, electrification anditigiza- . Vs are inherently d'ﬁer?”t’ mainly because .Of the d'm
the energy source. This leads to several different featur

tion have been attractive options due to the high ener Ts for BV h tive braki lutch/®
consumption and gas emission in trucks. There are more t S Tor EVS, Such as regenerative braking, no clutch/terqu

; : ; onverter between motor and MSTs, and no reverse gear. For
eight companies all over the world manufacturing EMHTSs. lﬁ’uis reason. the dvnamics analvsis of MSTS in EVs undger oar-
the same way, R&D of EMHTs has been conducted to i ' y y 9

prove their performance, particularly the application afltia shifting ne_eds to b_e i_nvestigated on its own merit. The “TSt
speed transmissions (MSTs). Carrying heavy loads EMHSIEP of this analysis is to develop the system mathematical
' odel. This model can provide the dynamic response of the

need to be equipped with large EMs, which may not L . o
feasible economically. Application of MSTs can solve th%ystem, which is important to support optimal transmission

situation by downsizing the motors. Several companiesh su esign, gear-shlftlng_ analysis and V|brat|o_n_ analysig.[19
\;aeddmon, these are intended to be beneficial for reseascher

as EMOSS, Electric Vehicle International and Balgon, ha Y ) tor the devel t and validati fiahif
produced EMHTSs with a transmission. Other companies, su ﬂq orengineers forthe development and validation o g
schedules and control systems. The major research challeng

“Y. D. Sefiawan, M. Roozegar, T. Zou and J. Angeles are witin this context is that the system topology changes durirg-ge
the Centre for Intelligent Machines (CIM) and Department Méchan-  shifting; models with time-varying topology are thus nedgde
ical Engineering, McGill Unviversity, Montréal, QC, H3AO3 Canada R : : :
e-mails: dedy@cim.mcgill.ca, roozegar@cim.mcgill.cag@cim.mcgill.ca, The objectlve of thIS_ research is to develpp a mathematical
angeles@cim.mcgill.ca model for the dynamic response of MSTs in EVs under gear-

TManuscript received XXX; revised XXX.


jinnes
Typewritten Text
This is an Accepted Manuscript of an article published by IEEE in IEEE Transactions on Vehicular Technology in January 2018, available online: DOI:10.1109/TVT.2017.2744604.


jinnes
Typewritten Text

jinnes
Typewritten Text


IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. XX, NO. X, XX 2

shifting. graph representations of the MST are shown in Figs. 2 and 3,
Transmission models consist of inertial elements, gesgspectively. The first and second underdrive sun gears are
meshing, and elements that are capable of either storicmnnected via a common sun gear shaft; those in the overdrive
or dissipating energy. Transverse-torsional models h@en b are connected likewise. A long common carrier connects the
developed for planetary gear sets (PGSs) [20-25] and #&wer PGS from underdrive to overdrive. A graph represeoiati
proven effective for representing the PGS dynamic responsé the transmission, shown in Fig. 3, is used to give a better

However, transversal motion may be dispensable for vitmatiunderstanding of the system topology. The mechanism dsnsis

analysis when the supporting-bearing stiffness is teffoiger of 11 inertia elements (IE), four revolute pairs, eight geairs

than mesh stiffness [26], meaning that gears are not alléaedmeshings), two carrier clutches, and four ring clutchese T

float. Another way to model planetary gear sets is by meansl&s are numbered from 1 to 11. The IEs and the kinematic

Finite Element (FE) models [27-30]. However, for the pugogoints are represented as nodes and edges, respectively, th

of this study, FE models are not needed, as lumped-parametear pairs represented by dashed lines and the revolute pair

models have been proven effective for representing PG3s [2dy solid edges. These figures show the system condition when

Therefore, our study is based on torsional lumped-parameadl clutches are open. When a clutch is closed, the system

models. topology and its mathematical model change accordinglg. Th
Kahraman [31] formulated a set of torsional-dynamics modspology change can be seen from the representations for the

els of compound gear sets using a Lagrangian formulationficst operation mode, as depicted in Fig. 4.

predict free-vibration characteristics under differeansmis-

sion topologies. To account for backlash in the gear system,

Al-shyyab and Kahraman [32] developed further Kahraman'’s

model by including a periodic variation of gear backlash.

Torsional springs were then added to represent the componen

coupling between two adjacent gear sets [33, 34]. Furthexmo

Inalpolat and Kahraman [35] applied Kahraman’s model [31]

to automatic transmissions where a generalized model for

its multi-stage planetary gear trains is developed. Howeve
backlash is not included in this study, while the mathenaatic
models were not validated experimentally. Fig. 3: Graph representation of the transmission
A mathematical model is developed in this paper for MSTs
in EVs, based on Inalpolat and Kahraman’s model, with the
addition of dashpots and backlash to account for dissipatio

and backlash in the gear mesh. The model is developed for a

specific MST, but the approach can be applied to other kindsFirst, generic models will be formulated for gear sets.

of MSTs as well. A Simulink model is then built to validateWith reference to Kahraman’s work [31, 35], an initial model

the effectiveness of the model. The dynamic response duriwgs formulated under the assumptions below:

gear-shifting is predicted and analyzed. A testbed is lantt 1) Sun gears, planet gears, and ring gears are modelled as

developed to later confirm the simulation results. rigid disks with teeth in their periphery, which mesh by
means of linearly viscoelastic elements;

2) All clutches are modelled as rigid, passive elements,
capable of dissipating energy only at the inception of
Most automatic transmissions are composed of planetary closing or opening;

gear sets; therefore, this type is chosen for this studygbimk ~ 3) The relative displacements of the planet gears in a plan-

reference, a simple PGS is illustrated in Fig. 1(a). In geher etary gear set with respect to their common sun gear are

simple PGS has four components: a sun gear; a planet gear; a identical;

ring gear; and “the carrier”. The MST considered in this work4) Only one tooth pair is assumed to be in contact;

comprises an input motor, a load, and two identical playetar5) Radial deflection of bearing supports in the sun gear, ring

gear trains connected by the carrier [18]; the train coretbt gear, planet gear, and the carrier are negligible;

the motor is referred to amderdrive, whereas that connected 6) Mesh stiffness is constant.

to the load asoverdrive, with the whole MST depicted in

Fig. 1(b). Furthermore, two kinds of clutches are utilizad, The generalized coordinates are the angular displacements

ring clutch and a carrier clutch. The former is used to st@p tlof the IEs (sun gears, planet gears, carrier, and ring gears)

ring gears, the latter to connect the carrier to the sun shaftthe underdrive and overdrive gear trains. Gear mesh coistact
Multiple PGSs can be installed in both the underdrive andodelled with {) springs, to account for the potential energy
the overdrive gear trains. The number of speed ratios ofstored in the deformed gear teeth amd ashpots, to account
transmission depends on the number of PGSs installed in fbe dissipation, as depicted in Fig. 5. Moreover, torsional
transmission. A MST consisting of two in-parallel-conregtt springs are used to represent the flexibilities of sun sleafts

PGSs in both underdrive and overdrive is considered in thiarrier; the latter is located between the planet gearsedsnl

study. Each PGS carries three planet gears. Functional arlerwise specified, subscript@&nd; stand for the gear train

IIl. M ATHEMATICAL MODEL

II. TRANSMISSIONSYSTEM
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Fig. 1: (a) A simple PGS; (b) a diagram of the MST
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Fig. 2: Functional representation of the transmission
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Fig. 4: The first operation mode: (a) functional and (b) gragbresentation
and the stage, respectively, with the former being eithfar Furthermoref is the 16-dimensional vector of generalized

overdrive oru for underdrive, the latter either or 2. The forces, whereadl, C andK are the 16x 16 mass, damping
parameter definition is given in Table 1 in the Appendix. Thand stiffness matrices, respectiveM. is calculated as the
equations of motion can be expressed in array form as:  Hessian matrix of the kinetic ener@ywith respect taj, C as
. ) the Hessian matrix of the dissipation functidnwith respect
M¢+Cq+Kq=f @ to q, andK as the Hessian matrix of the potential enefgy
whereq is the 16-dimensional vector of independent generéAﬁith respect tag.

ized coordinates, with the definitions below: The kinetic energy of the system is the sum of those in the
q q two subsystems, underdrive and overdrive.
— u Rlﬁ = 71 RS P
q |:qo:| < ’ qz |: i2:| < ! "o T = Tu + To (2)
Qsij where
_ | 9pij R4 _
qij_ Geis € Tu— u1+Tu2
ctgy
Qrij The first and second ternTs,; andT,» describe the kinetic

energies of the first and the second planetary gear sets in the
underdrive gear train, which stem from translation of thenpt
gears and rotation of the sun gears, planet gears, carrier an



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. XX, NO. X, XX

4
C"rul Fﬁ/ Cru2 Fﬁ/
Tul Tu2
Crpu
[\ . Clrpul Jl:l ékrpul /\q 2P 2 + g krpqu
pu pcu pu pc
Pu1 Pu2 \/\/\/—@
Cpcu |_L| U U
Cspul LJ|:‘ % kspul Cspu2 LJ|:l % ksqu
Tin 4sul deul Grul| Sul k' qsu2 qgu2 Qru2 | Su2
C’rol Fﬁ/ Cro2 FE‘/
Tol To2
Crpol + $ krpol CTP02+ %kTpL)Q
O [\ Gpol pco [\ dpo2
A Po2
Y iy, ne”
Cspol LJ|:‘ % kspol CSPOQLJE % kspoQ
ﬂ Gsol n Qcol Qrol| S k ﬂ dso2 ﬂ Geo2 Gro2| So2 /\ Tload
VARV VIRV VA
Fig. 5: The iconic model of the transmission
ring gears about the system centerline, as illustratedgn-i system centerline, as shown below.
Since three planet gears are used in each gear set, theckineti 1 ) 3 )
energies associated with the planet gears are multiplies, by Th = 515014501 + 3Ipo1Gpo1deor + §Ip01(1p01
as shown below 1 5 1 5
1 9 ) ) 3 9 +§Ipcolqcol + ijrolqrol
Tul = §Isu1qsu1 + 3Ipu1qpu1(JCu1 + §Ipulq;uu1
1 . 1 . 1 . . 3 .
+§Ipculqgu1 + Ejrulqzul T02 = 51502(]502 + 3Ip02qp02q002 + §Ip02q12702
1 . 1 .
1 5 ) ) 3 5 +§Ipc02q302 + 51r02q302
Tu2 = §Isu2qsu2 + 3Ipu2qpu2qcu2 + §Ipu2un2
+%Ipcu2q§u2 + %Imﬂﬁuz Thus, the mass matrix is readily found as
with the inertia of the planet carrier being M = {OI“ OISX8] (4)
8x8 o
Ipeij = Ioij +nlyij + nmpijrgij ) where
wheren is the number of planet gears amd,;; the planet Ig; 0O 0 0
gear mass. I — ILi  Ouxs L. — 0  3Ipy 3lp; O
! Ouxa L |7 7Y 0 3l Ipei;j O
Likewise, the kinetic energy of the overdrive is 0 0 0 I

To=To1 +To2 with O,,«, denoting the them x n zero matrix, and all

whereT,; andT,, describe the kinetic energies of the firshon-zero entries of;; defined in Table 1 in the Appendix.

and the second planetary gear sets in the overdrive gear trai

which stem from translation of the planet gears and rotation The system potential energy is the sum of all individual

Of the sun gearS, p|anet gearS, Carrier and ring gears ahmutnotential energies of elements that are Capable of Storing
potential energy. The potential energy of the system iddui
into two parts: potential energy in the underdrive geanteaid
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that in its overdrive counterpart, namely, respectively:

The above term_s come from two sources: contact betwgen §k 52 ék 52 ék 52
the gears and flexibility of the sun shafts and the connecting +2 rpu20ru2 o vspolUsol + o rpolfrol
parts of the carrier. Since three planet gears are used in
each gear set, the potential energies of the gear contact are
multiplied by 3. Changes in the potential energy due to gravity
are assumed to be negligible because the components only 1 - 2 1 B 2
revolve around the system centerline, and all are assumed to Vi = 2k5" (Gsur = suz)” + 2kpcu (Geur = Geu2)
be statically balanced. As well, the three planets are laid o
symmetrically, at equal angles of 120°, the center of mass
of the three planets thus remaining fixed. Relative gear mesh
displacement$ are usedp, accounts for relative gear mesh
displacements between sun gear and planet gear, wh&reas
for that between p|anet gear and ring gear. Hence, The total stiffness matrix, which Comprises the stiffness

matrix due to gear contack ., and that due to the flexibility

3 3
+ 5 kspoQ 6302 + 5 kT;DOQ 57%02

1 1
+§kpc (QC'U,Q - QCOI)Q + §kso (q.sol - q502)2

1 2
+§kpco (QCol - QCOZ)

Vu = ‘3/u1 + Vi 3 ) of the carrier and the sun shafisy, is thus readily calculated,
Vul = §k5pu16§u1 + Ekrpul(sful + iksu (QSul - qsu2)2 namely’
1 2 _ CAZNCAY 16x16
+§kpcu (qcul - q::uQ) K= Kc + Kf - 8—q2 + 8—q2 eR (7)

3 3 1
Vu2 = _kspu26§u2 + ripu263u2 + §kpc (QCu2 - qcol)2 and

2
Kc _ |: Kcu 08><8:| ,Wlth Kci _ |:Kci1 O4X4] , =u,0
Vo, = Vo1 + Voo Osxs Ko Ouxs Koo
3 3 1
Vol - §k5p015§01 + §krp016201 + §kso (qsol - q502)2
1 ) Moreover,
+§kpco (QCOI - qCO2) kl kg kg 0
3 9 3 9 ko kg ks kg
V02 - 2ksp025502 + 2k7‘p026r02 ch - k3 k{) k7 kS (8)
0 ke ks ko
Eachd for the whole system is stored in arrdyas where
5 =Rq 6) k1= 3kspijriis ko = BkepijTsijTpij,
where k3 = —3kspijTsij Erpij + rsijia ky = 3(ks(pij + kTPij))rZij’
ks = =3rpijkspij (Tpij + Tsij) — 3rpijkrpis (Tpij — Trij),
6= [6su1 6ru1 5su2 5ru2 6501 57"01 6502 57"02]T kG _ _3kp J_ _Tp _J_T Z_)_J ’ reTr !
— rpijlpighrig,
R — [ORU OSXS] € R¥*16, k7 = 3kapij (rpij + 7si)> + 3krpij (rpij — Trij)°,
48 ¢ ks = 3krpijTrij (Tpij — Trij)s ko = 3kpijToi;
R; = Ri Oz € R**8, and all parameters defined in Table 1 in the Appendix.
O2x4  Riz
R |:rsi1 it —(rein +1pi1) 0 Further,K s is readily obtained as
Tl 0 =i Tpil — Tril Tril K, Ky
. A . . Kp= [ 0" 9
with all parameters defined in Table 1 in the Appendix. ! [K?l Kro ©

. . where
In order to clearly express the stiffness matrix, the total

potential energy in Eq. (5) is decomposed into two pdalts, Ky = [ K fur _Kful] L K= { K fo2 —Kfol] :
andVy, denoting the potential energy due to the gear contact “Kpur Kiuz ' —Kjor Kyor
and that due to the flexibility of the carrier and the sun shaft
K= |:O4><4 Krul — Kfu2:|
O4><4 O4><4
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and where

o~
&

2
Cc1 = 305Pijrsij’ Cy = 305pijrsijrpij7

[N}
oo oo
=
<
Q

Kri = _ C3 = —3CapijTsij (Tpij + Tsij)s 4 = 3(Capij + Crpi )i
0 C5 = —=37pijCspij (Tpij + Tsij) = 3pijCrpij (Tpis = Trij),
C6 = —3CrpijTpijTrij
Foi 0 0 0 c1 = 3cspij (Tpij + 7sij)? + 3erpi(rpij = 1vij)?,
K fio = 8 8 Fipes 3_ e 8 , i=u,0 €8 = 3CrpijTrij(Tpij — Trij)s  Co = 3CrpijTry
0 0 0 0 The entries of the damping matri€ exhibit the same

with all parameters in the foregoing arrays defined in TablePAttern as those &f.; therefore C is symmetric and positive-

in the Appendix. definite as well.

A motor is coupled to the underdrive sun shaft of the first .
gear set to supply power, while a load is coupled to tﬁ% Backlash Modelling
overdrive sun shaft of the second gear set. Moreover, eaclBacklash in the gear pair can be described with a simple
ring gear has a resisting torque to hold the ring gear. Thes, gear pair, as shown in Fig. 6. The pinion in Fig. 6(a) has
generalized forcé is expressed in (10), shown at the bottoran input torquel;,, and angular displacement, whereas the
of the page. gear has angular displacemept and an output torqué’y,.
Contact between gears dissipates power. The power disHie backlash in the gear tooth is illustrated in Fig. 6(b),
pated due to contact is represented by dashpots at each paiere the deadband is representedbbyFigure 6(c) shows
of meshing gears. The power dissipated in the underdrive aheé characteristics of the backlash. Thexis represents the
overdrive gear trains yields the total power dissipated: gear mesh displacement= ¢, v, — g, 7p, Whereas thef ()
axis the backlash model. The slope in Fig. 6c is the gear ratio
A=Aut o Au=Ru+Au Bo=2Ro1+8a ek is lower than 1.0 for a simple gear pair, in general,

where as the purpose of a gear train is, generally, to operate as a

3 : 3 .
2 2
Aul = _Cspu155u1 + _Crpul(srul

2 2
Ayp = §Cspu25fu2 + §Crpu253uz
Aoy = 50511015?01 + ECTP016201
A02 = 50313026502 + 5@‘;)026302

The damping matrix is readily identified as

with

Moreover,

Cy  Osxs
C= ,
|:O8><4 Co :|
1 G Ogxe -
C, = {04% C. ] , i=u,0 (12)
C1 (6] C3 O
e P (12)

€3 €5 C1 (8

speed reducer.
The backlash model is best described byn@malized
backlash function bck), with a dead zone at1 < x < +1,

of unit slope, namely,
bek(z) = —p(—x — 1) + p(z — 1)

wherep(d) represents the unit-ramp function [36].

(13)

Therefore, the backlash model of Fig. 6¢c can now be
represented as

f(0) =1 bek(8;0) = r[=p(=6 = b) + p(6 — b)]  (14)

B. Friction Modelling

Friction coming from bearings and the gearhead must be
taken into consideration. All friction sources are lumped a
represented by a combination of Coulomb and viscous frictio
models. The characteristics of Coulomb friction, illugticin
Fig. 7, is modelled by aaturation function [37]. The Coulomb
friction T, equals the applied torqug,,, when the latter is
smaller than the static frictiof,. WhenT,,, is equal to or
larger thanT,, T. equalsTs. The Coulomb friction is thus

modelled as:
T,
T. =T, sat | =22 15
sa ( T, ) (15)

f: [Tin 0

007 000000 75 -7 00 7"

(10)
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dp, Tp qg; Tg f(5)
/_\A 7N ag, Ty

L ///// T

b bZ‘ —b /Al/
KQ/@ 1 b )
/ S S —r

dp; Tp

(@) (b) (c)
Fig. 6: (a) a simple gear pair, (b) backlash in the gear tge)hhacklash model

T D. Modal Analysis

Natural frequencies and natural modes are important in-
T, formation to avoid powertrain resonance [20, 21]. For this
\ reason, they are predicted for the system in Fig. 9 during
~T, } the first speed ratio; an undamped system is first considered.
\ T, 7 The system is assumed to be amenable to a lumped-parameter
app model; therefore, the number of natural frequencies equals
/T, the degree of freedom (dof) of the system. In addition, in
the interest of predicting natural frequencies, the urdoiad
planetary gear set acts merely as a load and, thereforegfits d
is not taken into account. Thus, the system has four dof but
when one of the ring gears is fixed, the dof reduces to three.
The natural frequencies of the system were computed as,61.55
213.864, and 1022.118 kHz. The normalized natural modes of
where T, is the Coulomb friction/7,,, the applied torque, the system are given below, thith column corresponding to

Fig. 7: Friction characteristics

and T, the static friction. the ith natural frequency, foi = 1, 2, 3.
Furthermore, viscous frictiori, is proportional to the _0.0043 —0.0132 1
angular velocity, namely, Fagof = 1 1 0.002

T, =ky ¢ (16) 0.0067 —0.9491 —0.0005

. . . . . first second third
wherek, is the viscosity coefficient.

IV. SIMULATION RESULTS

C. Topology Changes in the Model A simulation of the underdrive gear train of the transmissio
illustrated in Fig. 9 was conducted to validate the model.
The mathematical model in Eqg. (1) undergoes topologickl order to show the influence of backlash in the model, a
changes, i.e., changes in dimension of veejoand, conse- sinusoidal input torque, depicted in Fig. 10, was applidte T
quently, in the dimensions of the matrices occurring in thaput torquer;,, was transmitted to the first sun gear and the
model, as the topology of the mechanical system, describaatput torque was delivered through the carrier in the sgcon
by its graph in Figs. 3 and 4, changes upon gear-shifting [38t. No load is considered at this point. The gear ratios ®f th
To describe how topology changes affect these matrices dirdt and the second gear sets are 2.67:1 and 4:1, respgctivel
vectors, representations of the 16-dimensional veeipés g, The simulated time span &5 s. The first ring clutch,C,...1,
andfy, and the 16x 16 matricesM, C, andK are shown was closed for the firsi2.5 s. After that, the clutch was
in Fig. 8. The matrix entries that are eliminated when theleased and the second ring clutehi,,», was closed for
ring clutch is closed are highlighted by the rectangles, thied another12.5 s. The parameter values for the simulation are
notation of the four ring clutches 4, rus, 701 andros). For listed in Table Il in the Appendix.
example, the first underdrive ring gear needs to be fixed toSimulation results are plotted in Figs. 11 and 12, desagibin
obtain the first operation mode of the transmission. Theegfothe component angular velocities in the first PGS and those
the generalized coordinate of the ring gear and its matiix the second PGS, respectively. The results show that the
entries are eliminated. The same is true for the overdrivg risystem moved at the desired speed ratios. The maximum
gear. For the carrier-clutch, the corresponding sun gedr a@nput speed indicated by is 267 rpm, whereas maximum
carrier columns will merge when the clutch is closed. output speed indicated hy is 100 rpm; thereby proving the
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Fig. 9: The underdrive gear train of the transmission
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Fig. 10: Input torque

other way around for the second ring gear. The impact of gear-
shifting can also be observed in both figures, where the angul
velocities of the ring gears affected those of other comptme
Moreover, the system had to stop for around 0.2 s each time
it reversed direction. This stems from backlash and frictio
because the applied torque was not sufficient for overcoming
the static friction. These results were validated expenialéy,

as detailed in Section V.

V. EXPERIMENTAL WORK

A testbed of the transmission, shown in Fig. 13, was built
and developed for validation purposes. Two Glentek brisshle
servomotors, GMBM80550-45 are utilized as the input and
the load. Each servomotor is equipped with an encoder that
produces angular-velocity readouts. A Q8 data-acquisitio
board is used to receive and send signals to the testbed. A PC
under Windows XP is employed. The control system is built
in Simulink, with an input torque signal sent to the testbed.

The underdrive gear train of the system was operated with

system rotated at a 2.67:1 ratio for the first 12.5 s. It thehe same input torque and procedure in the simulation; b loa
switched to 4:1 for another 12.5 s, indicatedihyhich shows was given by the load motor. The input and output speeds
the maximum input speed 267 rpm and byshowing the are then compared with the simulation results individually
maximum output speed of 67 rpm. The gear-shifting can Ibégs. 14 and 15, respectively. The error between simulation
observed from Figs. 11 and 12, where the first ring gear wand experimental results is also given in each figure. The
held stationary for the first 12.5 s, then released; it was tdashed lines represent the simulation results, the sokd tihe
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experimental results. It can be observed that the expetaherSimulation and experiments for the underdrive gear traimef
results confirm the simulation results. The error is retdyiv transmission were conducted for validation. The resultsvsh
small, as compared to the amplitude of the speed, of abdl topology changes of the transmission and the pertineince

10 %. the model, which can provide a realistic dynamic response of
the transmission under gear-shifting. The model is to stppo
VI. CONCLUSION the design and control of MSTs in EVs.

Dynamic analysis needs to be conducted for MSTs in EVs
for purposes of design and control. A mathematical model for
a MST comprising two gear trains and two PGSs for eachAll parameters are defined in Table I. The parameter values
train was developed, as reported in this paper. The modeliged in simulation are listed in Table II.
topology-varying because MSTs have different topologaes f
each gear ratio. Furthermore, the transient dynamic respon
is of interest in this study, which requires that the modeabe ~ The design and research work reported here was supported
detailed as possible. To this end, dissipation and flegjbiliPy @ grant under Automotive Partnership Canada Project
of the gear mesh were incorporated into the model, aloAg’CPJ418901-11. We also gratefully acknowledge the suppor
with backlash. The approach is applicable to other MST@f our industrial partners: Linamar, TM4 and Infolytica.
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TABLE [: Parameter definition

Parametern Definition

b

backlash deadband

Crpij

damping coefficient of ring and planet gear mesh

Cspij

damping coefficient of sun and planet gear mesh

Ieij

polar mass moment of inertia of carrier

Lpij

polar mass moment of inertia of planet gear

polar mass moment of inertia of planet carrier

polar mass moment of inertia of ring gear

polar mass moment of inertia of sun gear

spring coefficient of planet carrier between the underdaind overdrive trains

spring coefficient of planet carrier in the overdrive train

spring coefficient of planet carrier in the underdrive train

spring coefficient of ring and planet gear mesh

spring coefficient of the overdrive sun shaft

spring coefficient of sun and planet gear mesh

spring coefficient of the underdrive sun shaft

base circle radius of planet carrier

base circle radius of planet gear

base circle radius of ring gear

base circle radius of sun gear

TABLE II: Simulation parameter values

Parameter, Value | Units Parameter Value Units
Crp1 820 | Ns/m I 9.614x 10°° | kg m?
Crp2 820 | Ns/m Ipo 5.864x 10°° | kg m?
Copl 820 | Ns/m Ipe1 0.0026 kg n?
Cop2 820 | Ns/m Ipei 0.0061 kg n?
Te1 0.0508| m I 0.0132 kg n?
Teo 0.0508| m Lo 0.0082 kg n?
Tpl 0.0239| m I 9.614x 10°° | kg m?
Tp2 0.0119| m I 4.927x 10°* | kg m?
T 0.0716| m ksp1 2.56 x 10° N/m
7o 0.0597| m Espo 2.56 x 10° N/m
Ts1 0.0239| m krp1 3.87 x 10° N/m
T2 0.0358| m Erpo 3.87 x 10° N/m

11
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