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Motivation

* Overall objective

— To develop a gear shifting controller for a two-speed transmission
for electric vehicles (EV)

— Output torque of the transmission is to be kept constant during
shifting

* Background

— Most EVs in the market are equipped with reduction gears
providing merely one fixed speed ratio

— The use of transmission will improve both the power efficiency and
the drivability of the vehicle
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Motivation

Hiah speed Motor maximum
Company Powertrain | Speed ratio | 0-100 km/h (s) gn sp speed
(km/h) (rpm)

Nissan Leaf Reduction 7.94 11000
Renault Zoe Reduction / 8.1 140 /
Tesla Motor Model S Reduction 9.73 54 225 20000

BMW i3 Reduction 9.665 7.2 150 12000
GM Chg‘(’)ﬁf'et St 7.05 6.5 146 9100
Exagon Furtive- 3-speed
Motors eGT transmission / o2 250 10000
SGMW RO e / / 100 /
e100
BAIC Motor EC Reduction / / 100 /

BYD eb Reduction / / 140 /
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Motivation o

* 2-3 speeds are sufficient for transmissions for EV, Firs ‘
because of the high efficiency of modern traction e/
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* Most of applications of transmissions for EV are
based on AMT with single input, which causes
power interruption during gear shifting

shift mechanism

—to wheels

* Power interruption is generally unacceptable for
high-performance models like Model S by Telsla

output
shaft
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counter
shaft

transmission

AMT with single input
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* What can be done to avoid power interruption during gear shifting on
transmissions for EV?

— For AMT-based powertrains, equip the vehicle with two or several

propulsion sources.
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° . Low Gear Clutch
Dyn a m IC m Od el Recommended for PG modeling: T
the autoEQ function H Ii
cL1 cL2 Q KTEIL.'" Tera KTout {Tera
.#“‘ llﬁ f,;n 1 jﬂ’ut
R1 R2 e T
K
c1 c2 FD Wheel Tin/Terz 4"7 Ktout/Terz
Mot s1 S2 L
oror High Gear Clutch

Schematic of the two-speed transmission Generic dual-clutch model

(“FD” is for “Final Drive”)
Ignoring the inertias not connected with inputs/outputs
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Constant-output-torque shift control
* The shifting process of 1-2 upshift is considered

* General requirements
— Duration of the whole process can be easily manipulated
— Jerks on both the input and output shaft are small enough
— Output torque of the transmission is constant during shifting
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Torque phase

* In the torque phase, the load on the motor shaft is gradually transferred
from the off-going clutch to the on-coming one

* Requirements

— The off-going clutch should be kept engaged during the torque phase
and no slip occurs

— The load and the effective pressure on the off-going clutch should be
reduced to zero at the same time



| =
'EVS32  INTERNATIONAL @

L_EEH!E:'_E' ELECTRIC VEHICLE SYMPOSIUM & EXHIBITION  %5®

CL1 cL2
--------------------------- : ' &
_ : Simplified dual-clutch model '
CL1 is locked : ) . : R1 R2
. ¢ _ L Qg = ]_Ti T Tk Tep1 — Terork Terz | - - i Wheel
51 = (1 + ky) oy : 5152 s1s2K1 s152K2 : Motor &1 s
: Wrn = L + ﬂ + kz_+1 T :
: 2 Jerez ™ Jercaks M Joicaka P | s,
________________________________________________________________________________________ E Sz
8 s
2 I _ 2 : |
0= g o= g T+ T | T (0 g %

output shaft)

temp = Jc1c2k5 + Js152(1 + k1) 2k
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Simplified dual-clutch model

1
Tepr = Tinky — Tepz k_z

| |
| |
| 1 1 |
L0 Js1s2 fin = Js1s2Kk1 Tea = Js1s52K2 Terz : U
: : * Load on the motor shaft is constant
I 1 ki +1 ky, +1 I * Assume constant input torque
' wep =Tt Tern + 77— Tz !
: Jeicz Jeiczka Jeiczka |
CL1 CL2
k. —k))k ky + 1)k? ll‘-ﬁ‘ lryﬁ
Tarip = _ (ky ~ka) S . (ks + 1) 2T, |=> (the driving R1 R2
temp temp
torque on the o o
output shaft) Fb Wheel
temp = Jc1c2k3 + Js152(1 + kq)?k5 Motor s1 52
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Torque phase
o (kg —kp)k, (ky + 1)k§T
driv — temp CL2 temp in
k1

Terr = Tinkl - TCsz_Z

Initial values (should be determined carefully
to avoid sudden change):
Tcapl(tO) = Tin(tﬂ)kl
Ter1(to)  Tin(to)ke
Y |4
Tariv(to) = (k1 + 1)T;(t0)
Ter2(to) =0

Tcapl(tO) =
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T4riv 1S the required driving torque on the output shaft

Ti, 1s the input torque from the traction motor

Tcp1 @and Tgp, are the transmitted torque by CL1 and CL2

Control strategy for the torque phase:
to: start of the torque phase t,: end of the torque phase

1(to)
Tcapl(t) = Tcapl(t[]) - :,tllp_ to

Tep1 =9 Teap1, 0 <y < 1toensure T¢py < Teyp1 @nd avoid
slipping of CL1

(t—=ty)ty <t<tg

kel + 1) k.
CL2 — k] (kz + 1) CLl (kz + 1) driv
k, — k;

T; T, +—T
mn 1(k2+1) CL1 ( 2 1) driv
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Inertla phase

+ At the end of the torque phase: —

* Tep = + deriv
1
* Tin = t a1 Lariv This means that at the end of
the torque phase, the torque
* During normal driving (2" gear —
url %( Iving (2" gear): transmitted by CL2 is the same S
Terz = k, + 1Tdrw as that of normal driving 'S
92
T;, = ! T |
in kz +1 driv - i
g
ka Output node Input node

2nd Gear
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Inertia phase

This means that at the end of the

+ At the end of the torque phase: — torque phase, the torque conCIusI!lonl:d .
ks transmitted by CL2 is the same * Tewp Should be kept
* Te = + oy Tariv y g constant during the inertia
2 as that of normal driving phase
1 .
* Tin = t a1 Lariv —— =
« Duri | driving (2nd : act: N + Elimination of the speed
uring normal dr iving (2" gear): — |During the inertia phase, the difference on CL2 should
2 v .
Tepp = mT ri output torque is solely determined be fulfilled by the motor
é by Tcro
1
Tin = deriv Requirement:

— The output torque should be kept
constant during gear shifting AI |7

CL2
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Inertia phase

* Speed synchronization through feedforward-feedback control

— The reference speed is a 3-4-5 polynomial

— Feedforward control law:

. k, —kq )
T. — T. . _
in =+ 1 driv T+ ®s1 [Jr1 K2(ky + 1) + Js152| — Wg2
1
Tin = k2 +1 Tdriv

1
Tin(ty) = derEv
wp(t;) =0

1 ky(k, +1)]
Jr2g, Hmiza, Ty

g,(for continuity and simplicity)
1 k,(ky+1)]

Aw(ty)

£y

— Gz |Jr2 7+
R2 - R2 k2 R1 k% (’fz + l)d
[N
R1 R2
c1 c2 FD — Wheel

Motor 51 52

Reference speed

—-

CL2
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Inertia phase

* Speed synchronization through feedforward-feedback control

— Feedback control law At 1
Ufeedback = —F(x—71) |

* x isthe state variable, namely wp,

* Fisthe feedback gain

* risthe reference signal

t ‘ ' L t
Reference speed

c1 c2 FD +—Wheel

Motor 51 52 CL2
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Inertia phase

* Integration of the disturbance observer

Unknown disturbances

Feedforward
control dy
3-4-5 polynomial Feedback Motor torque command [ motor | Actual motor torque
. > . ® " + Slip Dynamics
+ gain dynamics u
Aw
L Actual motor speed .
° z [k Z Disturbance
observer
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S e e EﬁDDD m—cpnslant-output-torgque contral | |
Imulation results 5 e
B 2500 —
33). Input shaft speed
0 - 2000 - \ . — : : i
' i I P . . edf . - 5 55 B 6.5 7 75 8 8.5 9
eedronwvar
2001 ; | . 4 feedback 1 = [ ' ' ' "
E_ 400 F engaged too early feedforward+feedback | | 2 Input shaft torque
=X ms reference slip speed Q 70F 7
T 600 : Eﬁo -
:% = < ’!\ . e 5.5 6 6.5 = 75 5 55 9
-800 \\ELz slip speed -~ fails to synchronize ' ) ’ '
e G 1 1 1 T T T T
-1000 - ! i ; | ; ; | ] E_ reference slip speed
5 55 6 6.5 7 7.5 8 8.5 9 o -S00f CL2 slip speed
g
@ -1000 1 1 e — 1 1 1 1
1500 T T T T T T T 5 55 6 6.5 7 7.5 8 85 ]
torque fluctuations | 6008 : : J ' : : : 2
E 1000 - Z 500k i
< % b = Output shaft torque
® i S 00t -
3 =
g 500 e ] BGD 1 1 1 L 1 1 L
- Output shaft torque B 55 g 6.5 L2 oD B 8.5 g
i constant output torque under . . . — — , , ;
ok | . ; ! feedforward+feedback control | 5 150 % aeeeeneei N Torque capacity i
5 5.5 6 6.5 7 7.5 8 8.5 9 glor N ; )
Time (s) s M Actual torque”’ |
- - D L - L L i
Comparison with pure feedforward and feedback controller 5 55 6 65 7 7.5 8 85 o

Time (s)

Comparison with constant-input-shaft torque control
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Simulation results

I Pl e |
—_ 00 feedforward+feedback
E_ 400 F feedforward+feedback+DO 0 _
= s reference slip speed 20
= &
% -600 - -
i -40
& -800 NLQ slip speed |
) -60
-1000 |- : 7.26 7.3 7.34 -
| 1 1 5 i 1 1 |
5 55 6 6.5 7 7.5 8 8.5 9
585 T T T T T T
e 580 s
£
< 575 ] -
o Output shaft torque
% 570 P 4 —— |
o
F 565 :
560 F 1 1 1 l 1 1 1 .
5 556 6 6.5 7 7.5 8 8.5 9
Time (s)

Comparison with non-DO-based controllers
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Summary

* A gear shifting strategy for a two-speed transmission for EV is
proposed

— Output torque of the transmission is kept constant during the whole shifting
process

— Control law for the torque phase is purely feedforward

— Feedforward-feedback control with disturbance observer for the inertia phase
is used

* Simulation results suggest significant advantages over pure
feedforward or feedback control as well as non-DO-based solutions
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Thank you!



