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Abstract — The electric vehicle industry is rapidly developing because of enforced environmental regulations,
and several studies have been conducted on the multispeed transmission to improve the fuel efficiency of electric
vehicles. Among these studies, research on the power density improvement of electric vehicle transmission is
critical. Thus, the optimal design of the gear train is necessary to enhance transmission efficiency. In this study,
an optimal design methodology for the lightweight two-speed transmission of electric vehicles is proposed.
Because a multispeed transmission has many operating conditions and equality and inequality constraints, a new
gear design method that combines analytical and iterative methods is applied without using complex optimization
algorithms. Sets of possible design variables are generated considering the operating conditions and various
design variables. The modules and face width ratios of each stage gear that satisfy the corresponding operating
conditions are analytically calculated. The volume of the gear train is calculated, evaluated, and arranged using
these values to determine the optimal solution for minimizing the volume, and the proposed methodology is
applied to the actual model to verify its effectiveness. The design of a two-speed transmission with multiple oper-
ating conditions and constraints without complicated optimization algorithms can be optimized.
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Tip diameter of pinion and gear (mm)
(o]llo A 75])

Base diameter of pinion and gear (mm)
71x49 A7)

Tip diameter of 1st and 2nd pinion (mm)
cled 47)

Tip diameter of 1st and 2nd gear (mm)
clEd 84)

Reference diameter of pinion (mm)
@ 9219 473)

Face width ratio (f,= ﬁ—) (HZH))

Nominal tangential load "(N) A=)
Length of addendum path of contact (mm)
ClE =49 Zol)

Dedendum of the standard basic rack tooth
profile GE= AJAX|3Q 9] oliftE]so])
Application factor (22 715)

Dynamic factor (52 Al57)

Transverse load factor for contact stress
(99 3k sk 22 A

Face load factor for contact stress

(1% 9T % BB AP)

Transverse load factor for tooth root stress
(99 ek sk 2 Al

Face load factor for tooth root stress

KF 3 sk 22 A

Normal module (mm) (X2]Z} &)
Transverse module (mm) (5212} &5&)
The number of revolution of pinion (rpm)
YA 31

Power (W) (&)

Tip radius (mm) (°]EY ®HY)

Base radius (mm) (7]%¢ ¥H3)

Minimum safety factor for contact

FHAa A= ks

Minimum safety factor for bending

Hx =9 ks

Gear ratio (7]¢19])

Linear velocity on pitch circle (m/s)
@A 2ol e A&

Minimum profile shift coefficient

&2 A9

Profile shift coefficient of pinion and gear
A1A)

Form factor (37 7<)

Stress correction factor (3-8 1l
Helix angle factor (&2} A7)
Rim thickness factor (HF7 Al5)

o

71)

YST
YNT

lei‘elT
YRIEIT
Yx
Zy
Zg
Z;
Zs
ZB.D
ZNT
Z
Zy
Zr
Zw
Zx
%

Chip

Ot 2

Bio

Otilim
Oiip
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OrG

OFlim

Orp
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Stress correction factor relevant to the reference
gear (&8 w4 7Al5)

Life factor relevant to the reference gear
&8 AT

Relative notch sensitivity factor (=] Z|5)
Relative surface factor (2 A7)

Size factor (A1 A7)

Zone factor (& A7)

Elasticity factor (A& Z157)

Contact ratio factor (EHE A1)

Helix angle factor (Z=27F Al57)

Single pair tooth contact factor (3% Z17)
Life factor (=8 A7)

Lubricant factor (&2 Z15)

Velocity factor (5% Z157)

Roughness factor (X =% A5~

Work hardening factor G2 73} 7Al57)
Size factor (A}o]12= A1)

Normal pressure angle (deg.)

147} ke

Transverse pressure angle of 1st and 2nd
gear pair (deg) 27 ¢4E7h

Working transverse pressure angle of 1st and

2nd gear pair (deg.)
&3 E47} ez

Helix angle of 1st and 2nd gear pair (deg.)
@2z

Transverse contact ratio (3% EHE)
Overlap ratio (33 EHE)

Nominal contact stress (Mpa)

@4 1% 22)

Contact stress (Mpa) (35 53)

Pitting stress limit (Mpa) (S A% $3)
Allowable stress number for contact (Mpa)
EFE A= 28 A5

Permissible contact stress (Mpa)

E18 A5 e9)

Nominal tooth root stress (Mpa)

@3 79 22

Tooth root stress (MPa) (w3 52))

Tooth root stress limit (Mpa)

@ #2 9)

Linear velocity (m/s) (&%

Permissible bending stress (Mpa)

G 79 28

Allowable stress number for bending (Mpa)
@18 F2 5 4)
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Fig. 1. Two-speed transmission for electric vehicle.
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Table 1. Input parameters

Input parameters Ist 2nd
put-p speed | speed
Power [kW] 9425 | 17593
Input velocity [rpm] 3000 | 7000
Total gear ratio 12.50 | 6.58
Normal backlash 0.05 0.05
Minimum contact
safety factor, S 1.2 12
Minimum bending 15 15
safety factor, Sy ’ ’
Allowable stress number [Mpa] 1500 1500
for contact, oy,
Allowable stress number
for bending, G [Mpa] 920 920

Table 2. Design variables and range

Variables Min | Max | Inc
Number of teeth 17 95 1
Helix angle [deg] 20 25 1
Normal pressure angle | [deg] 20 23 1
Face width ratio 7 25 1

(1) S1Z*(Number of teeth)
(2) ¥ =7H(Helix angle)

(3) X132 &2 2zH(Normal pressure angle)
(4) X Z¥|(Face width ratio)
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(1. Input data
* Power, Input rpm, Total gear ratio, Normal backlash,
\_ Minimum safety factor, Material properties

2. Generation of number of teeth sets

i — i i i i i i
* Zser < [zpl'zglvzpz'zgzvzpl-'l)' ngD]

i=1f

3. Generation of design variable sets
(1) Bj € [Bmin,Bma.x]
@ ap € [a", are]

(3) fbl € [fbmin’fbma.xl

i max
Zset < Zset

a) 31‘ < Bmar

j=11'

4. Check on undercut
()No:x=0

zsin? .
(2) Yes: x = hyp — > cos I;

I 5. Calculation of working pressure angle

6. Check on transverse contact ratio
+ 1< e, <25

b) ltn < ap'®™

C)fb Sfmm

j=3+1

Y

7. Calculation of macro geometry
(7-1) Module of 1st gear: my,;

(7-2) Module of final drive: mgp
(7-3) Module of 2nd gear: my,>

(7-4) Face width ratio of 2nd gear: fj,»
(7-5) Pitch and tip diameter: d, d,

l

I 8. Check on teeth interference

E

I9. Calculation of volume

Y%

j=j+1

Fig. 2. Flow chart of optimal design for light weight two-stage transmission for electric vehicle.
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Table 3. Dimensional specifications of the original model
2nd Final
gear drive
Normal module [mm] 2.25 2.55 245

Ist gear

Number of Pinion 25 35 23

teeth Gear 91 67 79
Gear ratio 3.64 1.91 343

Helix angle [deg] 25 25 25

Normal pressure angle [deg]| 22 22 22

Face width [mm] 25 25.5 50
Face width ratio 11.11 10 20.41
Center distance [mm] 144.05 | 144.05 | 138.51

Volume [mm’] 4,178,136

Table 4. Strength and performance of the original
model

Ist gear | 2nd gear |Final drive
Total contact ratio 291 2.76 4.13
Permissible contact
stress [Mpal 1,646 1,619 1,774
Contact stress
1,296 1,055 1,608
[Mpa]
Permissible bending 044 930 968
stress [Mpa]
Bending stress
523 407 776
[Mpa]
Safety factor for 127 153 110
contact
Safety factor for | o 2.29 1.25
bending
™, Table 4=

70
T e 45 2w 20 VS,
==

4-2. A 2 M HE nY 24
3549 HA A HAE uet AAE FAsiEen,
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6= A% % T AEE Vet A 23E AuEd
A 2L 3728486 mm’E 71 242 4,178,136 mm’H.r}

10.76% 7Agt 2o = Vel
Table 52| 7]o] A|YS Awwm, 1, 2] 7]ofuE
kel

FREBe 371, 5t AN O ga

>

=

Table 5. Dimensional specifications of optimal model
considering volume

Ist gear | 2nd gear z:\i

Normal module [mm] 2.00 237 2.50
Number Pinion 22 29 19
of teeth Gear 69 48 75
Gear ratio 3.14 1.66 3.95
Helix angle [deg] 20 20 25
Normal pressure angle ”3 2 2

[deg]

Face width [mm] 40.40 25.93 58.78
Face width ratio 25 8.45 25
Center distance [mm] | 97.33 97.33 130.02

Volume [mm’] 3,728,486

Table 6. Strength and performance of optimal model
considering volume

Ist gear | 2nd gear |Final drive
Total contact ratio 4.11 2.31 4.67
Permissible contact
stress [Mpa] 1,770 1,591 1,620
Contact stress 1464 | 1206 | 1340
[Mpa]
Permissible bending
stress [Mpa] 971 928 939
Bending stress
640 438 450
[Mpa]
Safety factor for 121 132 121
contact
Safety factor for | 5, 2.12 2.08
bending
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