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1
SEAMLESS TRANSMISSION SYSTEMS AND
METHODS FOR ELECTRIC VEHICLES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application also claims the benefit of U.S.
Provisional Patent Applications 62/056,710 filed Sep. 29,
and Canadian Patent Application 2,893,535 filed Jun. 3,
2015, the entire contents of which are incorporated herein by
reference.

FIELD OF THE INVENTION

This invention relates to transmission systems and more
particularly to two-speed seamless transmissions designed
specifically for electric vehicles.

BACKGROUND OF THE INVENTION

Increasing fuel cost and environmental concerns have
pushed the automotive industry to gradually replace internal
combustion engine (ICE) vehicles with hybrid electric
(HEV) and fully electric vehicles (EV). However, the energy
density of electric batteries is much less than that of fossil
fuels. Thus, by changing the source of power from internal
combustion engine to electric motor, it is necessary to
minimize the losses in the driveline in order to maximize the
range of EVs. Pure electric vehicles in the market are mostly
equipped with a single ratio transmission with a trade-off
between efficiency and dynamic performance, such as maxi-
mum speed, acceleration, and gradability.

Research indicates that using a multi-speed transmission
for EVs can reduce the size of the electric motor and provide
an appropriate balance between the efficiency and the
dynamic performance. Currently used multi-speed transmis-
sions for EVs such as Automated Manual Transmission
(AMT), Automatic Transmission (AT), Dual Clutch Trans-
mission (DCT), and Continuously Variable Transmission
(CVT) were initially designed for ICE vehicles. Since ICEs
cannot operate below certain speeds and their speed control
during gear changes is not an easy task, the presence of
clutches or torque convertors is inevitable for start-ups, idle
running and gear changing. This, however, is not the case for
EVs as electric motors are speed-controllable in a wide
range of operating speeds.

Accordingly, it would be beneficial to exploit the char-
acteristics of electric motors to design novel transmissions
for EVs.

Other aspects and features of the present invention will
become apparent to those ordinarily skilled in the art upon
review of the following description of specific embodiments
of the invention in conjunction with the accompanying
figures.

SUMMARY OF THE INVENTION

It is an object of the present invention to mitigate limi-
tations in the prior art relating to transmission systems and
more particularly to two-speed seamless transmissions
designed specifically for electric vehicles.

In accordance with an embodiment of the invention there
is provided a two-speed transmission for a vehicle compris-
ing:
an input shaft
an output shaft
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2

a first planetary gearbox including a first sun gear, a first ring
gear, first planet gears interconnecting the first sun gear
and the first ring gear, and a second planet carrier inter-
connecting the first planet gears and the input shaft;

a second planetary gearbox including a second sun gear, a
second ring gear, second planet gears interconnecting the
second sun gear and the second ring gear, and a second
planet carrier interconnecting the second planet gears and
the output shaft;

a sun gear brake allowing the first and second sun gears to
be prevented from rotating; and

a ring gear brake allowing the first and second ring gears to
be prevented from rotating; wherein

the first and second sun gears are interconnected, the first
and second ring gears are interconnected, and control of
the sun gear brake and the ring gear brake allows the
control on the speed ratio of the transmission.

In accordance with an embodiment of the invention there
is provided a method of shifting gear for a vehicle compris-
ing:
providing a transmission comprising:

an input shaft

an output shaft

a first planetary gearbox including a first sun gear, a first

ring gear, first planet gears interconnecting the first sun
gear and the first ring gear, and a second planet carrier
interconnecting the first planet gears and the input
shaft;

a second planetary gearbox including a second sun gear,

a second ring gear, second planet gears interconnecting
the second sun gear and the second ring gear, and a
second planet carrier interconnecting the second planet
gears and the output shaft;

a sun gear brake allowing the first and second sun gears

to be prevented from rotating; and

a ring gear brake allowing the first and second ring gears

to be prevented from rotating; and

providing a controller for controlling the sun gear brake and
ring gear brake to set the speed ratio of the transmission;
wherein

the first and second sun gears are interconnected and the first
and second ring gears are interconnected.

Other aspects and features of the present invention will
become apparent to those ordinarily skilled in the art upon
review of the following description of specific embodiments
of the invention in conjunction with the accompanying
figures.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will now be
described, by way of example only, with reference to the
attached Figures, wherein:

FIG. 1 depicts schematically the driveline of an EV
equipped with a two-speed transmission according to an
embodiment of the invention;

FIGS. 2A-2C depict an exploded 3D view schematic of a
two-speed transmission according to an embodiment of the
invention;

FIG. 3 depicts the achievable gear ratios by varying the
radii of the first and second gear sets for a two-speed
transmission according to an embodiment of the invention;

FIGS. 4A and 4B depict schematically the power trans-
mission path in both configurations for a two-speed trans-
mission according to an embodiment of the invention;
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FIG. 5 depicts a driveline model MATLAB/Simulink by
utilizing SimDrivelLine components for a two-speed trans-
mission according to an embodiment of the invention;

FIG. 6 depicts an experimental testbed for a two-speed
transmission according to an embodiment of the invention;

FIG. 7 depicts ring and sun gears mounted on the sets of
ball bearings for a two-speed transmission according to an
embodiment of the invention;

FIGS. 8A and 8B depict normalized brake force profiles
applied to both experimental and simulation tests during the
upshift and downshift operations for a two-speed transmis-
sion according to an embodiment of the invention;

FIG. 9 depicts motor and output speeds for an upshift
operation for a two-speed transmission according to an
embodiment of the invention;

FIG. 10 depicts ring and sun speeds for an upshift
operation for a two-speed transmission according to an
embodiment of the invention;

FIG. 11 depicts the variation in the gear ratio (GR) during
an upshift operation for a two-speed transmission according
to an embodiment of the invention;

FIG. 12 depicts the output torque during an upshift
operation for a two-speed transmission according to an
embodiment of the invention;

FIG. 13 depicts the motor and output speeds for a down-
shift operation for a two-speed transmission according to an
embodiment of the invention;

FIG. 14 depicts the ring and sun speeds for a downshift
operation for a two-speed transmission according to an
embodiment of the invention;

FIG. 15 depicts the variation in gear ratio (GR) for a
downshift operation for a two-speed transmission according
to an embodiment of the invention;

FIG. 16 depicts the output torque for a downshift opera-
tion for a two-speed transmission according to an embodi-
ment of the invention;

FIG. 17 depicts simulated brake friction torque and motor
torque for an upshift operation for a two-speed transmission
according to an embodiment of the invention;

FIG. 18 depicts simulated brake friction torque and motor
torque for a downshift operation for a two-speed transmis-
sion according to an embodiment of the invention;

FIGS. 19A to 19F depict the effect of engagement and
disengagement intervals of the oncoming and off-going
brakes on the shifting time and energy dissipation for a
two-speed transmission according to an embodiment of the
invention;

FIG. 20 depicts estimated and actual speed of the sun gear
(upshift) established with an observer according to an
embodiment of the invention;

FIG. 21 depicts estimated and actual speed of the ring
gear (upshift) established with an observer according to an
embodiment of the invention;

FIG. 22 depicts estimated torque of the input shaft (up-
shift) established with an observer according to an embodi-
ment of the invention; and

FIG. 23 depicts estimated torque of the output shaft
(upshift) established with an observer according to an
embodiment of the invention.

DETAILED DESCRIPTION

The present invention is directed to transmission systems
and more particularly to two-speed seamless transmissions
designed specifically for electric vehicles.

The ensuing description provides exemplary
embodiment(s) only, and is not intended to limit the scope,
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4

applicability or configuration of the disclosure. Rather, the
ensuing description of the exemplary embodiment(s) will
provide those skilled in the art with an enabling description
for implementing an exemplary embodiment. It being under-
stood that various changes may be made in the function and
arrangement of elements without departing from the spirit
and scope as set forth in the appended claims.

1. Overview

Automated Manual Transmission (AMT) is of great inter-
est because of its lower weight and higher efficiency in
comparison with other types of transmissions such as Auto-
matic Transmission (AT), Dual Clutch Transmission (DCT),
and Continuously Variable Transmission (CVT). However,
the torque interruption during gear changing operation,
which comes from the disengagement and re-engagement of
the transmission to the electric motor or engine, reduces
passenger comfort and lifetime of the synchronizers. Gear
shifting and drivability improvement of a clutchless AMT
for EVs have been addressed within the prior art via a sliding
mode controller that reduces the gap of torque interruption
(shifting time). An alternate approach within the prior art
exploits a combination of state-feedback and H, robust
controllers to provide an optimal speed synchronization. A
comparison between a fixed-ratio transmission and a novel
two-speed [-AMT (Inverse Automated Manual Transmis-
sion) with rear-mounted dry clutches was made by Gao et al
in “Gear Ratio Optimization and Shift Control of 2-Speed
I-AMT in Electric Vehicle” (Mech. Syste. Signal Process.,
Vol. 50, pp. 615-631) where dynamic programming is used
to design the optimal gear ratios for the first and second
gears in order to minimize the energy consumption for urban
and suburban drive cycles. It is indicated that efficiency and
dynamic performance of a two-speed AMT transmission
with optimal gear ratios are much better than those of a
single speed transmission.

In contrast to AMT, DCT has the special feature of
eliminating the output torque interruption during gear shifts,
but also has lower efficiency and higher weight. A two-speed
DCT transmission for electric vehicles was presented by
Zhu et al. in “Two-Speed DCT Electric Powertain Shifting
Control and Rig Testing” (Afv. Mech. Eng., Vol. 5, pp. 1-10)
where an open-loop shifting controller was presented. The
results demonstrate that the vibration of the output torque is
not considerable and the torque hole is almost eliminated.

Continuously variable transmissions (CVTs) provide con-
tinuous change of the gear ratio. The principle used by CVT
transmission is to keep the source of power (electric motor
or engine) at the most efficient point while changing the gear
ratio in order to get different combinations of the torque and
speed. However, since the set of efficient operating points
for electric motors is rich enough, a multiplicity of gear
ratios or a continuously variable transmission are not nec-
essary for EVs.

Similar to DCTs, planetary-gear-based ATs have the abil-
ity to eliminate the output torque interruption during the gear
shift operation. However, due to the existence of torque
convertors and hydraulic systems in ATs, they generally
have lower efficiency in comparison with other types of
transmissions and they are not of great interest for EVs.
Although the presence of a torque convertor provides pas-
senger comfort and increases drivability, the output power of
the transmission can be decreased due to internal slippage
inside the torque convertor when it is not completely locked-

up.
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In contrast to these prior art approaches, the inventors
propose a compact two-speed clutchless seamless transmis-
sion to meet the conflicting requirements of efficiency,
performance, and drivability for EVs. Transmissions accord-
ing to embodiments of the invention may exploit a dual-
stage planetary gear set with common ring and common sun
gears. The ratio of the pitch diameter of the ring gear to the
sun gear in the input and output sides are different in order
to provide two different gear ratios. Beneficially, the plan-
etary gear trains within embodiments of the invention sup-
port high power density due to the torque being distributed
over several gears which provides a compact design.
Embodiments of the invention also exploit a pair of friction
brakes to direct the flow of power during gearshift through
the control of the speed of the sun and the ring gears such
that a fast and smooth gear change can be achieved. Embodi-
ments of the invention provide for a transmission that is
perpetually connected to the electric motor and final drive
and, accordingly, embodiments of the invention may be
implemented without a clutch or torque converter to discon-
nect this mechanical coupling.

Embodiments of the invention may exploit gear shift
control through torque and inertia phases via conventional
control strategies such as those employed for ATs and DCTs.
The control of the proposed transmission through these
phases has been studied by the inventors, see for example
Rahimi Mousavi and Boulet in “Modeling, Simulation and
Control of a Seamless Two-Speed Automated Transmission
for Electric Vehicles” (IEEE Am. Control Conf., 2014, pp.
3826-3831). As a result of the perpetual connectedness of
the power transmission paths in transmissions according to
embodiments of the invention, torques and speeds are
always dependent on each other through the transmitted
power. Accordingly, the control strategy may be further
enhanced such that the control strategy would not be
required to be distinctly separated into the torque and inertia
phases. Accordingly, this basis forms the design criteria for
controller designs according to embodiments of the inven-
tion described within this specification.

Now referring to FIG. 1, there is depicted a schematic
view of the driveline of an electric vehicle equipped with the
proposed two-speed transmission. As can be seen in FIG. 1,
the input shaft 130 of the transmission is the carrier of the
first stage input planetary gears 180 of the two-stage, two-
speed seamless transmission 140, which is attached to an
electric motor 110. The output of the mechanism is the
carrier of the second stage output planetary gears 185 which
are connected to the final drive 160 and therein the wheels
120 by the output shaft 150. Two different gear ratios can be
obtained by braking the sun or the ring gears with either the
sun brake 170 or ring brake 175. As will become evident
from the description, below the control of the brakes can be
implemented in a manner that the gear shifting would be
seamless and without any torque interruption.

Now referring to FIGS. 2A-2C there is depicted an
exploded three-dimensional (3D) assembly a two-speed
seamless transmission (2SPST) according to an embodiment
of the invention. Within the following description, for brev-
ity, the terms sun, ring and planet(s) are used instead of sun
gear, ring gear and planet gears, respectively, within the
planetary gear set(s). Accordingly, as depicted the 2SPST
comprises:

Input carrier 210;

First stage (or input) planetary gear set 220;

Common ring gear 230;

Second stage (or output) planetary gear set 240;

Band brake 250;
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Common shaft for sun gears 260;

Output carrier 265;

Outer hub for sun brake 270,

Friction plates 280; and

Inner hub for sun brake 290.

The kinematic analysis of the two-stage planetary gear set
is discussed below in Section 2 wherein the achievable gear
ratios of transmissions according to embodiments of the
invention are presented as a function of the ratios of the first
and second planetary gear sets. In Section 3, a dynamic
model of the driveline of an electric vehicle equipped with
transmissions according to embodiments of the invention is
developed for subsequent use in the controller design in
Section 4 wherein control problems are formulated and the
Pontryagin Minimum Principle (PMP) is employed to
design controls for minimizing the shifting time and the
energy dissipation caused by the internal brakes during the
gear change while keeping the output torque and the output
speed of the driveline constant. Based on the results of these
controllers according to embodiments of the invention, a
back-stepping method is applied to design a closed-loop
asymptotically stable controller which copes with the actua-
tor limitations. Finally, simulation and experimental results
are provided in Section 5 to validate the performance of the
controller and the seamless behavior of the transmissions
according to embodiments of the invention.

2. Kinematic Analysis and Gear Ratios

2.1. Kinematic Equations

In this section, the kinematic equations of the dual-stage
planetary gear set and the achievable gear ratios are studied
in order to be utilized in the dynamic modeling of the
proposed transmission. The kinematic relations between the
components of a single stage planetary gear set, such as
Carrier (C), Sun (S), Planets (P), and Ring (R) are given by
Equations (1) and (2) where rg, 1, I are the pitch radii of
the sun, planet, and ring, respectively. The parameter r.. is
the radius of the circle on which the planets are mounted and
the variables wg, 5, My are the angular velocities of the sun,
planets, ring, and carrier, respectively.

YRWR = Fpwp +Fcwes Fr =Fp +rc

®

Fewe = Fpwp +rsws, rc =rp +rs (2)

(rr +rs)wc = rsws + rRWR 3)
R R 4

Ry = (— 3Ry = (—) @
¥s ' 1st_Stage ¥'S "2nd_Stage

By eliminating m, and r, from Equations (1) and (2), the
kinematic relation between the ring, the sun, and the carrier
is given by Equation (3). For simplification of the formula-
tion, the ratio of the pitch radius of the ring (rz) to the sun
(r) for the first and the second stages of the planetary gear
sets are defined by Equation (4). It is obvious that R, and R,
are greater than 1 since the pitch radius of the ring is always
greater than the sun’s.

During the gear changing process, the transmission has
two degrees of freedom, and accordingly it is required to
select two generalized coordinates to derive the equations of
motion. The generalized coordinates are chosen to be
q=[048,]%, where 0 and 0, are the angular displacements of
the sun and the ring, respectively and accordingly, all the
angular velocities are expressed as functions of wg and wy.
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From Equations (1) to (4) the angular velocities of the input
carrier (0. 5), the output carrier (w o), the input planets
(wp ), and the output planets (wp o;77) can be expressed as
angular velocities of the sun () and the ring (wy) as given
in Equation (5).

Riwg + wg Rywpg + wg (5)
WCIN = —5 7 WCOUT = —H5—7—
’ R+ 7 (R +1)
Riwg —ws Rywg — ws
wpiN = s Wpour =

R -1 (R -1)

2.2 Gear Ratios

According to Equation set (5), the gear ratio of the
transmission (the ratio of the input speed to the output speed)
can be expressed by Equation (6). According to Equation
(6), three different gear ratios are achievable as given by
Equations (7) through (9) for the conditions that the ring is
completely grounded (wz=0), the sun ring is completely
ground (w,=0) and if neither the sun nor ring is grounded
(wz=0 and w=0).

we (R + D(ws + Riwg) (6)

wcour (R + 1){ws + Rywg)

wey  (Rp+l) M

wcour (Ri+1) !

wey _ (Ra+ DR (3)
. = =GR,

wcour  (Ri+ DRy ?

weiw (R + Dlws + Riwg) (©)]

= = GRs
wcour (R + 1{ws + Rywg)

Here, GR, and GR, are considered as the first and the
second gear ratios where GR  is the transient gear ratio from
the first gear ratio to the second one during the gear shifting
process. Although the gear ratios are dependent, it is pos-
sible to solve Equation (7) and (8) for R, and R, in order to
get the desired GR, and GR,. Referring to FIG. 3, there are
depicted achievable GR; and GR, by varying R, and R,
from 1 to 10, and the selected gear ratios described within
this specification.

Within the prior art the effect of gear ratio selection on the
efficiency and dynamic performance was presented in
respect of genetic algorithms in order to determine the
optimal range of gear ratios for a pure electric vehicle with
a 75 kW permanent magnet AC motor and equipped with a
two-speed transmission. These results showed that the
dynamic performance was highly dependent on the gear
ratio selection whilst efficiency was not considerably
affected by the transmission gear ratios. Improving the
dynamic performance of EVs is an advantage of multi-speed
transmissions compared to single speed ones.

From FIG. 3 it can be seen that except for the line R,=R,,
one of the gear ratios expressed in Equations (7) and (8) is
always overdrive and the other one is underdrive. Within this
specification the inventors selected R,=2 and R,=4 to pro-
vide GR,;=1.667 and GR,=0.833 which are used in both
simulation and experimental analyses within this specifica-
tion. These gear ratios are multiplied by the final drive ratio
izp to give the overall gear ratios of the driveline in the
vehicle. Hence, the desired overall gear ratios can be
obtained by appropriate selection of R;, R,, and i.,=5 the
resulting overall gear ratios are GR,=8.333 and GR,=4.167,
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which lie within the optimal ranges for the two-speed
electric vehicle reported within the prior art.

3. Dynamical Modeling of the Driveline

As evident from FIG. 1, the driveline is comprised of an
electric motor 110, an input drive shaft 130 (which is
considered to be a flexible input shaft), a two-speed seamless
transmission (2SPST), an output drive shaft 150 (which is
considered to be a flexible output shaft), a final drive 160,
and wheels 120. In this section, the dynamic model of the
driveline is presented in order to be employed for the
controller design purposes.

3.1. Electric Motor and Flexible Input Shaft 2

The electric motor is the only source of power in this
driveline. The dynamics of the motor can be expressed by
using the torque balance equation given by Equation (10)
where J,, and T,, are the inertia and the electromagnetic
torque of the motor, respectively. Here, T , is the drive torque
which can be considered as the load on the motor and can be
calculated using Equation (11) where K, and B, are the
equivalent torsional stiffness and damping constants of the
flexible input shaft and 6,, and 0., are the angular dis-
placements of the motor and the input carrier. By differen-
tiating Equation (11) with respect to time and assuming the
damping term to be negligible, the torque rate of the drive
torque can be established from Equation (12).

_Tu-T4 (10)

Iy

Wy

Ta = Kg(Oum — Ocun) + Balwm — we,iv) (1D

Ty~ Kalwy —we ) 12

3.2. Two-Speed Seamless Transmission

By considering the generalized coordinates to be
q=[048,]%, where 0 and 0, are the angular displacements of
the sun and the ring gears, and by considering the gears as
rigid bodies, the principle of virtual work can be applied to
derive the dynamic equation of the two-speed transmission.
The principle of virtual work states that for a system with in
number of generalized coordinates q,, ke{1, . . ., m} then
we obtain Equation (13) where L=T-V is the Lagrangian, T
and V are the total kinetic and potential energy of the system
respectively. Q,PP"¢ and 8q, are the non-conservative
applied torques and virtual displacements, respectively.

SL (13)

d (8L
applnc
——|—|+=—10g: =0
[Qk dr(éqk] 6qk] o

2

m
k=1

By considering the center of mass of the system as the
reference point for the gravitational energy and by consid-
ering all the mechanical parts inside the transmission to be
rigid, the total potential energy of the system remains
constant (V=0). The kinetic energy of the system consists of
the kinetic energy of the input and output carriers, the ring,
the sun, the four input and four output planets and is given
by Equation (14).

! , 1 ) (14)
T= EICJN(”C,IN + EIC,OUT(”C,OUT +
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-continued

2 1 2 1 2 2
EIR(”R + 4 ZIP'INwP'IN + zmplerCJNwC',N +

L » 4 1 2 1 2 2
zlsws + EIP,OUT‘UP,OUT + 5MPOUTTCoUTWE 0UT

In Bquation (14) I ;n, Ie.ovr Lss 1y 1w 1p oo are the
moment of inertia of the input carrier, output carrier, sun,
ring, input planets, and output planets, respectively and
My g, and Mp o7 are the mass of the input and output
planets. In terms of the generalized coordinates introduced
earlier, the kinetic energy is written as Equation (15).

w§+wa%+2R1was]+ (15)

1
T==(cw+4 2
2( CIv mP,INrC,IN)( R Ip

1 W2 + RAw% + 2Ry wpws
=, +4m, rZ B S
5 Ucour P.OUT c,our)( ot 12

4 11 W} + R3w% — 2R  wrws 1
R T —

2
® 17 + z[sa)s +

1 W} + R3w% — 2Rywrws 1
4 21P,0UT —_— s

2
(R2—1)2 + EIR(”R

By using the principle of virtual work in Equation (13),
the equations of motion for the two generalized coordinates
q=[048,]” can be written as Equation (16) in which the
coeflicients are listed in Table 1. Within Equation (16) C,
Cg, Tgp and T, are the coeflicients of the viscous and
Coulomb friction of the transmission measured from experi-
mental tests and T, is the output torque of the transmission.

1 (16)
s = E(TBST — TprA —wsCsT +

WRCRA + Ty —dTp + Tspt — Tred)
1
R = ;(TBRY = TgsA + wsCsA —

WRCRy +eTy — fTo + Tred — Tgpd)

It should be noted that T and T are the braking torques
of the sun and ring gears.

TABLE 1
Coeflicients of the Dynamic Modelling of the Two-Speed Transmission
(e, +4mp niz ) _ Meour
T R+L? R, - 17
_ _ a2
_ Ueour +4mp ourTE ur) a=(r- )
h R +17?
Y=[s+a+Bro+y] _-RA
CTR+1
T=[Ig + (@ +OR? + (B +P)R;] de T-RyA
TRy +1
h=[a-PR; + (B - P)R;] YRy —A
e =
Ry +1
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10
TABLE 1-continued

Coeflicients of the Dynamic Modelling of the Two-Speed Transmission

Alp v

_ _)/Rz—l
TR -17

- R2+1

In the inventive transmission system established by the
inventors within embodiments of the invention, the brake of
the sun may be of the multi-plate brake type. Thus, the
relation between the normal applied force on the plates and
the resulting torque is given by Equation (17) where 1 is the
coeflicient of friction between the plates, N is the applied
normal brake force to the plates and n is the number of the
friction surfaces. The inner and outer radii of the multi-plate
brake are denoted by R, and R, respectively. The brake of
the ring within embodiments of the invention may be of the
band brake type, resulting in the relation between the applied
normal force at the end of the band and the resulting torque
in the form of Equation (18) where N is the force applied
at the end of the band, R, is the radius of the drum brake,
I is the coefficient of friction between band and drum and
0, is the angle of wrap.

. N (2](R%—R?]‘ (s} Nas = 0 1n
BS = —MpiNBsh| 3 || —5——> |s1gn(ws); Nps =
3AR, - R

(18)

Tpg = —NprRp(€D?D — 1); g = 0, Ngg 2 0
Tpg = NprRp(1 — e P ), wp < 0, Npg = 0

For the band brake, the positive direction of rotation is
considered as the energizing mode of the band brake in order
to avoid the undesirable drag torque in both brakes, particu-
larly in the multi-plate brake. These may be designed to be
of the dry type as known in the prior art.

Now referring to FIGS. 4A and 4B there are depicted
schematically the engaging and disengaging of the brakes of
sun (Tz¢) and ring (T4y), thereby changing the path of power
transmission and consequently the gear ratio.

3.3. Vehicle Dynamics and Flexible Output Shaft

By using a lumped mass method and the torque balance
equation, the dynamics of the vehicle can be expressed as
given by Equation (19) where J,-is the inertia of the vehicle
and wheels, i, is the final drive ratio and T, is the resisting
torque on the vehicle that can be calculated from the relation
given by Equation (20) where R;;, 0, .. K, m v, p,C,
and A, indicate wheel radius, road angle, tire rolling resis-
tance, vehicle mass, vehicle velocity, air density, aerody-
namic drag coefficient and vehicle frontal area, respectively.
Slip of the tires is neglected so the geometric relation
v,=R - can be considered between the angular velocity of
the wheels and the speed of the vehicle for straight motion.
The output torque of the transmission, denoted T, can be
calculated from Equation (21), where K and B are the
equivalent torsional stiffness and damping constants of the
flexible output shaft and 0. o, and 04 are the angular
displacements of the output carrier and the wheels, respec-
tively. By differentiating Equation (21) with respect to time
and assuming the damping term to be negligible, then the
torque rate of the output torque of the transmission is given
by Equation (22).

_Toig-Ty (19)

Ow
Jy
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-continued
r, i 20)
Ty = RW(EPVXCdAf +myg Sin(Oroea) + Krmyg COS(Oroad)]
To = Ko(Oc.our = ifabw) + Bo(wc,our = ifaww) 2D
To = Kolwcour — imww) 22)

By collecting Equations (10), (12), (16), (19) and (22)
together, the full state dynamics of the system are given by
Equations (23A) to (23F) respectively.

U PR (23A)
Wy T at—im
) Ky K4R, (23B)
Ty = Kawnr — et
4 awu R +1 R +1 wR
g = (23C)
-Cs7 CrA c d T A
ws+——wp+ =Ty — =To + —=(Tps +Tss) — = (Tpr + Tgs)
a a a a a
Vg = (23D)
CsA Cry e f A Y
—ws ———wrp+ =Ty — =T — —(Tps + Tsy) + =(Tpr + Trr)
a a a a a
Fo o —inK N Ko KoR» (23E)
0= "lulkoww R2+1ws Ry +1wR
1 i (23F)
ow = ——Ty + =—T,
ww 7 v 7y 1]

4. Controller Design

As described supra, the 2-speed seamless transmission
according to embodiments of the invention has the ability to
change the gear while transmitting the power from the motor
to the wheels without any torque or speed interruption in the
output. This goal, together with the minimization of the
shifting time and the energy dissipation caused by internal
brakes of the transmission during gear changing, is formu-
lated in the control frame-work in Sections 4.1 and 4.2
which forms the basis for the general control strategy in
Section 4.3.

4.1. Preliminaries for the Controller Design

For simplicity of notation, the problem is formulated for
the case when the resisting torque from the road (T}) on the
vehicle is constant during the gear shifting and accordingly
the output torque and output speed of the driveline are
desired to remain constant during the gear changing. These
requirements are interpreted as m,=0 and T,=0 and hence
from Equations (5) and (23) these control requirements are
expressed as Equations (24) and (25). The constant value for
¢, opyr I Bquation (25) necessarily requires Equations (26)
and (27).

24
To=+—Ty ey
i
we,our = pw (25)
Ra+17, 1 26)
wR :( s ]zfdww - R—zwg
. . -1 27
dcovr =02 g = R—zws
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The objective of the control is to go from an initial gear
into a target gear (i.e., from Equations (7) to (8) through
Equation (9) and vice versa) by means of engaging and
releasing the brakes. For the states mg and w, in Equation
(23) the initial and terminal conditions can be expressed by
Equation (28).

0 i e Py
= — =
wWR 0 WR WR(e GR2)

From Equations (27) and (23) we can derive Equation
(29) which when re-arranged yields Equation (30).

28

ARy = )(Csws = Tps) = (YR — M Crep = Tpr) + (29)
(c+eR)Ts— ARy = )Tsr + (yR2 = )Ty — (d + fR)To ~
(ARy = T)Tps + (A = yR2)Tpg + (T — YRy )Cstws + (30)

T;= (yR2 = \)Crwpg + (AR = T)Tss — (yR2 — M)Trs +

(d+ fRy)To

c+eRy

The controllability of Equation (23) implies that there
exists a motor torque T,, such that Equation (30) is satisfied
for all instants, see Section 4.3. Thus, among the control
inputs, the motor torque T, is reserved for satisfying Equa-
tion (30), and hence the number of independent control
inputs is reduced to two, i.e., the brakes of the sun and ring
Tys and Tgg, respectively. Substituting T, from Equation
(30) and w from Equation (5) into the equation for wg in
Equation (23) results in Equation (31A).

(B1lA)

—[(et + cA)CsR2 + (ed + ¢y)Crlws — (de — cf )R To

! (1 + Rz)(@l + CV)CR(UC,OUT + (ET + Cl)RzTBS -

alc+eRy)
(ed + cy)R,Tpr + (e + cA)Ry Ty — (eA + cy) Ry Try

For the ease of notation, the coefficients in Equation
(31A) are denoted by Equation (31B).

Ao (e + cA)CsRy + (eA + cy)Cr (31B)
5= a(c +eRp)
(eT+ cA)Ry (eA+cy)Ra
s1= a(c + eRy) P2 = alc +eRy)

B 1 ((1 + Ry)(eA + cy)Criwcour — (de = cf )Ry To +

" alc+eRy) (et + cA)Ry Tsp — (e7 + ARy T,

Accordingly, Equation (31) is represented by Equation
(32) with the initial and the terminal conditions from Equa-
tion (28) given by Equation (33) for the upshift and Equation
(34) for the downshift process. The times t,, and t,indicate
the initial and terminal instances of the gear changing
process.

U.JSZAS(DS"'BM Tps—Bs2Tpr+Gis (32)
Wslo)Os@cr1y Vs(h=0 (33)
W5(t0)=0;05(1)=0s@cr2) (34)

It is assumed within this analysis that during the gear
changing process the ring and the sun are rotating in the
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positive directions and hence according to Equations (17)
and (18) it can be concluded that the conditions defined by
Equation (35) apply.

=T " |=T56=0; —|T g™ =T <0

4.2. Control Problem

The Pontryagin Minimum Principle states that for a
system with the dynamics defined by Equation (36) and the
cost function defined by Equation (37) there exists an adjoint
process p* for the control input u* and along the corre-
sponding optimal trajectory x* such that the conditions
established by Equation (38) apply for all admissible u(t),
where the Hamiltonian H is defined by Equation (39) and the
terminal boundary condition defined by Equation (40) is
satisfied.

€D

X(0) = f(x(0), ult), 1) (36)
'f (37)
Jw) = f (D), (D), Ddr+ hx(ts), 17)
0
" oH (38)
0= 5—(26* @, w0, p*@, 1)
p
sk _ 0H * * *
PUD = - (@, w0, p1@), 1)
H* (@), u*(2), p*(0), 1) = HX" (@), ult), p* (), 1)
A T 39)
H(x(D), ulp), p(o), 1) = i(x(0), u(D), 1) + p* (0 f (x(2), (), 1)
(40)

Sh
Hx"(15), u'(t5), p*(1p), 1) + E(x* (r5), tf)]étf +

oh . r
[E(x (l‘f), l‘f)—p (l‘f)] 5Xf =0

4.2.1 The Minimum Shifting Time Problem

The cost functional for the minimum time control prob-
lem can be written as Equation (41) where t, being the first
time after t,, that the terminal condition in Equations (33)
and (34) occurs. According to Equations (32) and (39), the
Hamiltonian is formed as defined in Equation (42). Based
upon the Pontryagin Minimum Principle, the dynamic of the
adjoint process p* is governed by Equation (43) and the
Hamiltonian minimizations condition results in Equation
(44) where —ITzM*¥|<T, <0 and Equation (45) for all
—IT 5" *¥|<T 32=0. Since this is a fixed terminal value
problem, from Equation (40), the terminal value for the
adjoint process is free and Equation (46) results at the final
time t, This also gives Equation (46) for all te|tt, |. Hence,
according to Equation (42) we obtain Equation (47) for all
te[tot, |. Solving Equation (43) results in Equation (48).

“4D

i
Ju) = ffldt
10
H(ws, p, Tpr, Tps) = 1 + p(-=Asws + Bs1 Tps — Bs2 Tpg + Gs) 42)
" 0H(wg, p*, Tps, Tpr) 43)
=T s
wWs
H(ws, p*, Tgs, Tpp) < H(ws, p*, Tps, Tgg) (44)
H(ws, p*, Tps, Tgp) < H(w, p*, Tgs, Tpr) (45)
H(ws, p*, Tgs, Tgr) =0 (46)
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-continued
p*(—Asw§ + Bsi Tgs — BsaTpg + Gs) = -1 47
b0 = pr(pest) 48)

Since the angular velocity of the sun is decreasing in the
upshift process (w¢=0), Equation (47) requires that p*(t,)>0
and hence p*()>0 for all te[t,t, |. Thus the Hamiltonian
minimization Equations (44) and (45) yield T*5=—IT 5~
and T*;,=0, respectively. In a similar way it can be argued
that the Hamiltonian minimization Equations (44) and (45)
yield T*,=0 and T*5,=—IT;z***| for the downshift pro-
cess.

4.2.2. Minimum Energy Dissipation Controller

For the system (Equation (32)) with the initial and ter-
minal conditions (Equations (33) and (34)), the minimum
energy dissipation control problem is equivalent to Equation
(49). Replacing w, from Equation (5) gives the cost func-
tional as given by Equation (50) that results in the Hamil-
tonian in the form of Equation (51). Based on the Minimum
Principle, the dynamics for the optimal adjoint process p* is
given by Equation (52). The Hamiltonian minimization
condition with respect to Tz gives Equation (53) for all
—IT 5" ¥1=T 3s=0 and the Hamiltonian minimization with
respect to T gives Equation (54) for all =IT 51T 0.
With the fixed terminal values specified in Equations (33)
and (34) the terminal condition in Equation (40) results in
Equation (55) which, similar to the minimum shifting time
case, also holds for all tet,t . Noting that w*g=0 for all
te|tot,] and using Equation (56), the optimality conditions
(Equations (53) and (54)) result in T* ,=—IT 5, T* ;=0
when p*z(w*/By,) for the upshift operation and T* =0,
T* o= T 5" when p*=(wz/Bg,) for the downshift pro-
cess. The existence of the adjoint process Equation (52) and
lying within the region determined by p*z(w*¢/Bg,) and
p*=(w*z/Bs,) for the downshift process verifies that the
minimum energy dissipation controller is equivalent to the
minimum shifting time controller.

. ! 49)
min —(Tps + Tsp)ws — (Tpg + Trp)wg di
* i
o 1 (50)
min (—(TBS + Tsf — —(Tpg + TRf)]wS —
* Jig, Ry
t
1
(1 + R_](TBR + TSf)wC,OUT]dl
2
H(ws, p, Tgs, Tgr) = (S
p(—Asws + Bs1 Tgs — BsaTpr + Gs) —
1 1
(TBS + Top — = (Tpr + TRf)]wS - (1 + _](TBR + Tsr)wcour
R %
.. OH(ws, p*, Tgs, Tpr 1 (52)
= =p'A 7 Tsr — — (T, T
s p S+( Bs + Tsr R2(3R+ Rf)]
(p*Bs1 —wi)Tgs < (p*Bs1 — wi)Tps (53)
Fmes -l e
—_ —_ = —_— =<
p bs2+ i + 7 weour |Tpr <
. W 1
-pP'Bs + R (1 + R—z)wc,our Tpr
H(ws, p*, Tgs, Tgr) =0 (55)
5 ! . (56)
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4.3 Back-Stepping Controller Design

Implementation of the optimal control law designed in the
previous section is rigorous in practice due to sudden
engagement and disengagement of the brakes which even-
tuate in sudden variation of the motor torque. Therefore in
this section, based on the results of the optimal controller, a
feasible controller is designed by replacing the sudden
engagement and disengagement of the brakes with smooth
variations of the braking torques that can be provided by the
actuators. The back-stepping approach is utilized due to the
non-linear and cascade structure of dynamical Equation
(23). The back-stepping technique provides a stabilizing
feedback law with the simultaneous proof of the stability.

In order to start the recursive procedure of the back-
stepping controller design, the dynamic equations of w,,and
T, in Equation (23) are rewritten according to the kinematic
Equation (5) yielding Equation (57).

6D

To = —-iuKoww + Kowc,our

Choosing the first Control Lyapunov Function (CLF) as
that given in Equation (58) and the virtual control as
Equation (59) then the time derivative of Equation (58)
becomes Equation (60) which is clearly negative definite
and implies asymptotical stability of w. Now considering
the first back-stepping change of variables as follows (the
back-stepping variables appear in higher order terms by
exploiting the modularity of the method) in Equation (61)
this yields Equation (62).

1 » (58)

Vilow) = z(ww — Ww,pES)

Jy( 1 (59)
® = Toprs = .—(—Tv - Ki(ww —(UW,DES)]

ig\Jy
Vi(ww) = —Ki(ww — ww,pEs)* 60
w:TO—To,DES =To—® (61)
To=w+P=To=w+® (62)

In Equations (57), (61) and (62) the first back-stepping
variable can be seen in the equations as given by Equation
(63).

. ig (63)
ww = —Kj(0w — ww,pEs) + ﬁw

w= —ideoa)w + Koa)cyour -9

By incorporation of w in the Lyapunov function, then we
obtain Equation (64) and then considering a CLF for the
second order sub-system of Equation (63) as that in Equa-
tion (65) then the Lyapunov function time derivative
becomes negative definite in Equation (66) and clearly
ensures that (@,)=(0y, Hxs0) is asymptotically stable.

1 1 64
Va(ww,@) = z(ww - wwpes) + 5@)2 ©
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-continued
ift . - Ky (65)
Q= wcourpEs = — Koly (ww — ww pEs) + igww + K_o(b - K—ow
Valww, @) = —Ki(ww — ww,pes)? — Ky (66)

In order to proceed with the second back-step, the second
change of variable is considered as given by Equation (67).
Accordingly, Equations (23), (63), and (65) give Equation
(68) with Equation (69).

0 = Wc,0UT — WC,0UT,DES = We,ouT — £) (67)
X ifg_ (68)
ww = —K(0w — ww,pes) + JLw
v
- i
W= —Kuwx(ww —ww,pgs) + Koo
0 =Ag +BeTy+ Co(@+0) - 0
(69)

1
PN, ((Ryy —y)Tpr + (T — RoA)Tps + (RoA — 7)Csws +

(A= Ryy)Crwp + (Ryy — MNTge + (T = RpA)Tsy)

A =

Rye+c
TR+

Rof +d
TTuR+ D

A candidate Lyapunov function to ensure the stability of
the system Equation (68) is given by Equation (70) wherein
applying the virtual control law yields Equation (71) which
makes the Lyapunov derivative negative definite as evident
in Equation (72) and clearly ensures the asymptotical sta-
bility of the system Equation (68) around the point (w,w,
0) (W pEs,0,0). Now considering the next back-stepping
change of variables as given by Equation (73) then the
system Equation (68) becomes according to Equation (23)
that given in Equation (74).

Vs = %(ww - ww,pEs)” + %@)2 + %(0')2 oo

¥ =T, pes = Bi(—ALT—Kow—CLT(w+(I>)—Q—K,,,o—) )
-

V3 = —Kj(ww - ww,pps): — Ky(@)? - Kii(o)? 72)

E=Ty—Toges =Ty -¥2¢=Ty-¥ (73)

if (74)

. fd__
wy = —K(ow — ww,pEs) + Ew

. it
w=-Kyo- J—(ww — ww,pes) + Koo
v
& = Ko — Kow+ Bl

¢ =Kawy - Kgwey -

Choosing the CLF as given by Equation (75) for the
candidate Lyapunov function in Equation (76) ensures the
stability of the system Equation (74) by making the deriva-
tive of the Lyapunov function Equation (76) negative defi-
nite as evident from Equation (77).

1 . s
['= W ges = K_d(deC,IN +¥ - foo—Kys)
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-continued
1 1 1 1 76
Va = (0w - owprs) + 5@ + 5@ + 507 e
Vi = —Ki(ww — 0w pEs)® - K@ - Km(@)? - Ky (2)* an

The last back-stepping change of variable is considered as
Equation (78) which transforms the systems of Equations
(23) and (74) to Equations (79A) and (79B).

E=wy - opas=wy —T3E=ay -T 78
. i (79A)
wy = —Kj(0w — ww,pes) + JLw

v
. g
w=-Kyw- E(ww - ww,pes) + Koo
& = — Ko — Ko@ + Bo
{=—Kyl-Byo+K € (79B)

&= J—(TM—(‘]‘+§))—F
M

If we now consider the motor torque as being given by
Equation (80) then this makes the derivative of the candidate
Lyapunov function Equation (81) negative definite as fol-
lows from Equation (82A) which clearly ensures asymptotic
stability of the dynamical system Equation (79) as evident
from Equation (82B). Accordingly, the motor torque in
Equation (80) is equivalent to Equation (83).

Tu = (¥ + 0+ du (=Kl + T = Ky&) 0

1 1 1 1 1 81
Vs = S(@w - owprs) + 5@ + 50 + 5@+ 5©° ®
Vs = —Ki(ww — ww,pgs)® = K@) — Kin(0) = K (0% - Ky(©)?  (824)
(wp > @, 0, 8, E) > (wy, 0,0,0,0) (82B)
T = Ta + Iy (= Ka (T = T des) + Ont ges — Ky (0pr — O ges)) (83)

4.4 Control Algorithm for Upshift

In addition to the control strategy presented in Section 4,
the gearshift control strategy of the transmission may be
considered as consisting of two phases, a torque phase and
an inertia phase. In the torque phase, the normal brake forces
are controlled and the brakes are switched. At the beginning
of the torque phase, the off-going brake is completely
engaged and the on-going brake is completely released, and
at the end of the torque phase the off-going brake is
completely released and the on-going brake is slipping. This
switching between brakes should be done smoothly. To have
a smooth switching between these brakes, at the beginning
of this phase a slip controller is activated on the ring brake.

This controller does not let the ring rotate more than a
predetermined negative speed or any measurable negative
speed as close as possible to zero (the ring has the tendency
to rotate in negative direction) and at the same time the
normal brake force of the sun is ramped up. Ramping up the
normal brake force on the sun decreases the normal brake
force of the ring brake which is controlled by the slip
controller. This is because the ramping up in the normal
force of the sun rotates the ring in the positive direction and
the normal force of the ring brake should be decreased to
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bring it back to the desired value. By ramping up the normal
brake force of the sun, the brake force of the ring gradually
decreases to zero and stays at zero. The ramping up of the
normal brake force on the sun should be up to the point that
the slip controller of the ring be deactivated (or a bit more
to make sure that the slip controller on the ring is completely
deactivated). In the next phase, which is the inertia phase,
the speed of the motor is matched with the speed of the
driveline in the second gear and by controlling the normal
brake force of the sun, the output speed and torque of the
transmission could be controlled. At the end of the inertia
phase, which is also the end of gear shifting, the normal
brake force is ramped up to lock the sun.

During the torque phase, the speed of the motor may be
controlled by a PID controller within some embodiments of
the invention. The input error of the PID controller is the
difference between the desired speed and the speed of the
motor and output of the PID controller is the required
electromagnetic torque of the motor.

4.5 Control Algorithm for Downshift

The downshift algorithm may be similar to the upshift
algorithm although it will typically differ in the order of the
algorithm. In the upshift, the algorithm starts with the torque
phase and it ends with the inertia phase. In the downshift, the
algorithm is generally started with the inertia phase and
ended with the torque phase. Designing the controller for the
downshift is almost the same as upshift. For example, an
H-infinity (H.) controller could be designed for the inertia
phase with a combination of a PID controller and Lyapunov-
based controller for the torque phase.

5. Simulation and Experimental Results

In the simulation analysis, the driveline of an electric
vehicle equipped with the transmission according to an
embodiment of the invention, as depicted in FIG. 1, has been
modeled using MATLAB/Simulink® by utilizing the Sim-
Driveline library. The MATLAB/Simulink® model is
depicted in FIG. 5. The experimental apparatus shown in
FIG. 6 was developed at the Centre for Intelligent Machines
(CIM) of McGill University and is composed of two plan-
etary gear sets with common ring and common sun gears.
The ratios of the first and the second planetary gears, as
mentioned in Section 2, are R;=2 and R,=4, respectively.
Two motors are connected to the input and output carriers of
the transmission, where the motor connected to the input
carrier replaces the main traction motor in the vehicle, and
the motor connected to the output carrier is used to mimic
the loads on the vehicle. The traction and load motors are
identical, with a rated torque of 2.1 Nm, rated speed of 314
rad/s and moment of inertia of 5.9x10~> kg:m*. The brake
actuators are linear solenoids for which the relation between
the applied current to the solenoid and the resulting force in
5 mm air gap was measured experimentally and the fitted
curve to the experimental data is given by Equation (84)
where F is the magnetic force of the solenoid in newtons and
1 is the applied current in amperes.

F=8.097P+47.73P-21.131 (84)

The brake of the sun is designed to be of the multi-plate
brake type with 4 friction surfaces illustrated in FIG. 7A.
The brake of the ring gear is designed to be of the band brake
type with the wrap angle 4.014 (rad) which is shown in FIG.
7B. For the experimental apparatus depicted in FIG. 6, the
values of the mass and moment of inertia of the components,
the Coulomb and viscous friction models, and the coeflicient
of the friction of the brakes are estimated based on the time
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domain input-output data in MATLAB System Identification
Toolbox. The stiffness and damping parameters of the input
and output shafts are acquired from the datasheets and the
radii of the drum of the band brake, the brake plates and the
gears are obtained by direct measurements. The mass and
moment of inertia of the components were verified with their
3D CAD models. The obtained parameters are listed in Table
2.

TABLE 2

20

This delay corresponds to the time reserved for the prepa-
ration of the oncoming and off-going brakes. In other words,
this delay is related to pre-fill the oncoming brake and to
bring the off-going brake to slip mode. By considering the
time of preparation of the oncoming and off-going brakes in
the shifting time, the respective duration of the upshift and
processes was approximately 0.6s and 0.8s in the simulation,
and about 0.8s and is in the experimental tests.

Parameters of the Experimental Apparatus for Embodiment of the Invention

TR v (M) 6e-2 I (kg - m?) 3e-3  up

TR our (M) 6e-2 Is (kd - m?) 8e-4 up

s, v (M) 3e-2 I (kg - m?) l4e-3 n

Is.our (M) 15¢-3 Ieour kg - m’) 6e-3  Op (rad)
Ip gy () 15¢-3  Ippy (kg m?) 6.08e-6 R, (m)
tp our (M) 22.5¢-3  Ipoyr (kg - m?) 3.12e-5 R, (m)
Cg (Nm - s/rad) 0.0024  mpyy (kg) 0.0512 Rp(m)
Cg (Nm - s/rad) 0.00105  mp g7 (kg) 0.12113  Tg,(Nm)
K, (Nm/rad) 161.84 K, (Nm/rad) 150 Tgr(Nm)
Tur 59e-5 T, (kg m?) 3.17e-4 iy

0.14
0.18

2
4.014
0.054
0.0675
0.0755
0.33
0.13

1

The simulation and experimental tests were carried out for
a sample drive cycle with a duration of 50 s which has one
upshift at t=16 s and one downshift at t=26 s. The resisting
torque of the load motor is considered to be a quadratic
function of the angular velocity with the equation
T,=0.0004w > Nm in order to mimic the aerodynamic drag
torque on the vehicle which is the dominant resisting load at
high speeds.

The designed back-stepping controller with the param-
eters given in Table 2 is applied to both experimental and
simulation tests to maintain the output torque and the output
speed constant. The applied brake forces for both experi-
mental and simulation tests are shown in FIG. 8 with
Nggma—110N and Ngp . =30N. For practical reasons,
instead of direct measurement of the torques on the input and
the output shafts, a stochastic observer was employed in
order to estimate T, and T, from the dynamical Equation
(23) using the measured values of the states w,, and wy-and
the known values of the input torques T,, Tz, and Tjz.

For clarity of the figures, the results of the mathematical
model are not shown because they exactly fit the simulation
results from the SimDriveLine model. The simulation and
experimental results for the upshift process are illustrated in
FIGS. 9 to 12, respectively, and the results of the downshift
operation are demonstrated in FIGS. 13 to 16, respectively.
The frequency of data acquisition for both experimental and
simulation tests are 1 kHz. The motor (w,,) and output (w,)
speeds during the upshift and downshift operations are
illustrated in FIGS. 9 and 13, respectively. It is evident that
during the synchronization of the motor with the speed of the
driveline in the target gear, the designed controller effec-
tively maintained the output speed at a point where the
oscillation of the output speed at 511 rpm is suppressed in
the simulation analysis, and in the experimental test it
remains less than 10%. It should be noted that, unlike the
torque and inertia phases in controlling DCTs and ATs, in the
transmission according to an embodiment of the invention
the synchronization of the motor speed and switching the
brakes happens simultaneously as discussed in Section 4.

In FIGS. 8A and 8B, disengagement of the off-going
brake and engagement of the oncoming brakes start at t=16s
and t=26s for the upshift and downshift operations as
depicted, respectively. However, the synchronization of the
motor starts later than t=16s and t=26s in FIGS. 9 and 13.
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The angular velocities of the ring () and sun (wg) gears
for the upshift and downshift operations are shown in FIGS.
10 and 14, respectively. It can be seen that during the upshift
process the sun gear is grounded and the ring gear is released
and the opposite case holds for the downshift operation.

The variation of the gear ratio for the upshift and down-
shift processes is demonstrated in FIGS. 11 and 15, respec-
tively. This variation can be used as a criterion to measure
the duration of the gear changing process.

The output torque for the upshift and downshift opera-
tions is illustrated in FIGS. 12 and 16, respectively. It can be
seen that the oscillation of the output torque during the gear
changing process in the simulation is negligible and in the
experimental test it remains less than 15%. The oscillation of
the output torque and output speed and the increase in the
shifting time in the experimental test in comparison to
simulation results come from un-modeled uncertainties in
the dynamical model of the system and actuators, such as
un-modeled uncertainties in the complex friction model of
the internal gears, the variation of the viscosity of the
transmission oil used for the experimental test by increasing
the temperature, uncertainties in the position of the sole-
noid’s plunger due to compression of the multi-brake plates,
deformation of the band which results in the deviation of T
and T from the desired values, and un-modeled uncertain-
ties in the resistance of the solenoid actuators which comes
from the variation of the temperature of the coil which
causes uncertainties in the resulting force.

Transitions between slip and stick phases at the end of
gear shifting operation in the experimental results are dif-
ferent from the theoretical results (i.e., the simulation
results) in the upshift process in FIGS. 9 to 11 and the
downshift in FIGS. 13 to 15. These differences are due to the
consideration of friction torques in simulations in the form
of Coulomb and Stribeck friction, which is not an exact
representative of the behavior of frictional torques of the
brakes in the experimental testbed.

Brake friction torque, the motor torque applied to both the
computer model and the experimental setup, and the simu-
lated output torque of the transmission are illustrated in
FIGS. 17 and 18 for the upshift and downshift operations,
respectively. As illustrated in these figures, the additional
motor torque required for the compensation of the slip
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friction on the brakes disappears at the end of gear shifting
process when the oncoming brake comes to rest in the stick
mode.

The effect of engagement and disengagement intervals of
the oncoming and off-going brakes from 0.1s to 1.5s (0.1,
0.3, 0.6, 0.9, 1.2, and 1.5 seconds) on the shifting time and
the energy dissipation for the upshift and downshift pro-
cesses are illustrated in FIG. 19. It can be seen that increas-
ing the engagement and disengagement intervals from 0.1s
to 1.5s increases the shifting time from 0.18s to 1.04s for the
upshift process and 0.46s to 1.53s for the downshift opera-
tion. The growth of the energy dissipation caused by the
internal brakes of the transmission during the gear changing
process are from 51.7 J to 96.23 J and from 18.8 J to 36.83
J for the upshift and downshift operations, respectively. This
verifies that the smallest interval i.e., the case with sudden
engagement and disengagement of the oncoming and off-
going brakes, corresponds to the minimum shifting time and
minimum dissipated energy, as indicated by the results of the
Pontryagin Minimum Principle in Section 4.

6. Observer Design

Within the state space model of the two-speed seamless
transmission system presented supra the full state dynamics
of the system are given by Equations (23A) to (23F)
respectively wherein the only measurable states are ,, and
wy-where, for practical reasons, no torque measurements are
made on the input and the output shafts and no speed
measurement is carried out on the sun and ring gears.
Accordingly, in this section a state observer is designed to
estimate unavailable states T, wg, Wz, and T, by knowledge
of the inputs Ty, Ty, Tgs Tz, and T and the outputs w,,
and wy of the system. Here, for simplicity, the state esti-
mation problem is studied for the case when 0,_,,~0.

Two different approaches are presented, including the
deterministic Luenberger observer and stochastic Kalman
filter, and used to design such an observer. The estimated
states from the two approaches are compared together in
practice.

6.1 Deterministic Luenberger Observer

Within this section, a Luenberger observer is designed for
the system with full state dynamics given by Equations
(23A) to (23F) for the case when there is no plant or
measurement noise. The Equation state dynamic set Equa-
tions (23A) to (23F) can be rewritten as given by Equation
(85), where the states x(t), inputs u(t), and outputs y(t) are
given by Equations (86) to (88), respectively.

x(0) = A x(2) + B-u(t) + ¢(y(1)) x(1) € R® (85)
y(0) =C-x(1) y() e R?

86)

x(1) =

@7

u(t) =

10

15

20

25

30

35

40

45

50

55

60

65

22

-continued

(88)
MOES

o]

The matrices A, B, C, and ¢(y(t)) within Equation (85)
these are given by Equations (89) to (92).

-1 8
— 0 0 0 0 @)
Iu
—K4 —K4Ry
K 0 0 0
d R1+1 R1+1
0 ¢ -Cst  —CgA —_d 0
A= . g/m g af
0o & st ZERY ) 0
a a a a
Ko KoR, .
00 R+l R+l 0 —iuko
0 0 0 0 E 0
1 (90)
m 0 0
0 0 0
0 T -A
B= a a
-A
o £ Y
a a
0 0 0
0 0 0
100000 [CIY)]
“loooo o1
0 92)
0
0
0
d(y(0) =
0
L o2 o
—Rw EPRW(”W([)CdAf“'Krmvg
Jy

In the Equation (85), the non-linear term ¢ is a function
of y(t), hence using linear output injection to design an
observer of the form given by Equation (93) results in linear
error dynamics of the form given by Equation (94).

§(z):A-ﬁ(z)+B-u(l)+¢(y(l))+L(y—f1) (e Re

$0=C50) 50e R2 ©3)

e()=(4-LC)e(1); e()=%(1)-x(1)

The eigenvalues of the matrix A-LC can be assigned
arbitrarily by appropriate choice of observer gain L. This
makes the error converge to zero exponentially quickly.
Hence, the problem of designing an observer for the non-
linear system given by Equations (23A) to (23F) is trans-
formed to design the observer gain L. for the pair (A,C) of a
linear system and using the identical gain (L) in the non-
linear observer dynamics in Equation (93). A sufficient
condition for the existence of such L in Equation (94) is that
(A,C) is observable. It can be shown that with the parameters
of the system given in Table 4, the observability matrix for
(A,C) is full rank and such L exists.

(94)
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6.2. Kalman-Bucy Filter

By considering the plant noise w(t) and the measurement
noise v(t), then Equation (85) can be represented by Equa-
tion (95). It is assumed that w(t) and v(t) are uncorrelated,
zero-mean, and Gaussian white-noise stochastic processes
as defined by Equation (96) where || is the expected value
of the random variable x, Q denotes the strength of the plant
noise, R is the strength of the measurement noise and 9 is the
Dirac delta function.

X(O)=Ax(O)+B-u(t)+e((2)+w(t) x(¢)e R

YO=CEDv(0) y(De B2 %)

Slw(e (1) 1=0 Vit

Siw(2)1=0
Sw(wi(©)I=0d(-7) 0=070
Sh(z)1=0

Slv(E)v (t)I=Rd(1—t) R=R™>0 96)

The goal of the optimal observer is to minimize the
expected estimation error by knowing the stochastic features
of the plant and measurement noises. Designing an observer
of the form given by Equation (97) results in the error
dynamics X=x-x as given Equation (98)
where L'=P()C'R~! and P(t) is the solution of the Riccati
equation given by Equation (99) and P(t) is an approxima-
tion of the covariance matrix given by Equation (100).

R(O=A LB u(D+OMO+LV-CF) 20 R e

Fe=C5(0) e R2 ©7
R(E=(A-L OO+ w(t)-L (D) ©8)
P@)=AP@O)+P()AT+Q-PE)CTR™'\CP(1) 99)

S[O-2)O-F0) ]

It can be shown that for symmetric positive definite
matrices Q and R when the pair (A,C) is observable, a
positive definite P(t) exists and it is the solution of the
Equation (99). It can be proven that with L' given by
L'=P(t)C"R~* the origin of error dynamics in Equation (96)
is exponentially stable.

6.3 Simulation and Experimental Results

In order to assess the performance of the designed observ-
ers, the inventors employed the experimental apparatus as
described supra and depicted in FIG. 6. Accordingly, the
experimental configuration comprises a dual-stage planetary
gear set with common sun and common ring gears, a flexible
input shaft which connects the electric motor to the trans-
mission, a flexible output shaft which transfers the output
power of the transmission to the wheels and vehicle, a band
brake mechanism to control the speed of the ring gear, and
a multi-plate brake system to control the speed of the sun
gear.

In the experimental apparatus, the traction and load
motors are identical with the rated torque 2.1 Nm and the
rated speed 314 rad/s. The load motor mimics the road load.
The brake actuators are linear solenoids with the relation
F=-8.0971°+47.731°-21.131 between the applied current to
the solenoid and the resulting force in 5 mm air gap, where
F is the magnetic force of the solenoid in Newtons and I is
the applied current in Amperes. The system tested has the
same parameters as defined in Table 2 except for those
defined below in Table 3.

(100)
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TABLE 3

Experiment System Parameter Variations from Table 2

Cg (Nm - s/rad) 0.0034 n 4

Tgr (Nm) 0.12

The performance of the proposed observers was verified
with experimental and simulation tests. The tests are carried
out for the sample drive cycle with an upshift operation
during acceleration at t=6.7s. The estimated speed of the sun
and ring gears is verified with experimental tests. However,
the apparatus was not equipped with a torque sensor due to
its high cost, which reflects low-cost EV deployments. The
simulation model implemented in MATLAB/SimDriveLine
was used to validate the estimated torques. The eigenvalues
of the deterministic Luenberger observer are assigned to be
p=[-400-390-450-560-500-600]7. The stochastic Kal-
man-Bucy filter was designed by knowing the stochastic
features of the plant and measurement noises.

The estimated and measured speed of the sun and ring
gear before, during, and after the upshift are depicted in
FIGS. 20 and 21, respectively. According to these figures, it
can be concluded that both the deterministic Luenberger
observer and Kalman-Bucy filter effectively estimate the
speed of the sun and ring gears, even during the sudden
transition in the states caused by gear shift operation. It can
be observed that the Kalman-Bucy filter provides a lower
level of noise than the deterministic Luenberger observer.
The estimated torque of the input and output shaft along with
the measured torques from the SimDrivelLine model for the
upshift process are illustrated in FIGS. 22 and 23, respec-
tively. According to the results, it can be observed that the
Kalman-Bucy filter provides better estimation in terms of
accuracy and noise rejection than the deterministic Luen-
berger observer. Experimental and simulation analysis
showed that assigning the eigenvalues of the Luenberger
observer further from the imaginary axis will increase the
noise in the estimation dramatically and assigning these
eigenvalues closer to the imaginary axis will increase the
error in the state estimation considerably.

7. Summary

Within the preceding description, a novel, seamless two-
speed transmission for electric vehicles is presented. Kine-
matic analysis of the transmission and achievable gear ratios
is presented. The analytical dynamic model of the driveline
of an electric vehicle equipped with the proposed transmis-
sion is derived based on kinematic analysis and by utilizing
the torque balance and virtual work principle. Thereafter, the
Pontryagin Minimum Principle is used to derive an optimal
control law to minimize the shifting time and the energy
dissipation during the gear changing process while keeping
the output speed and output torque constant. The optimal
control problem results in a bang-bang type control law for
the oncoming and off-going brakes while the corresponding
optimal trajectories for T, and T, maintain the output speed
and output torque constant during the gear change. In order
to provide a closed-loop controller based on the results of the
Pontryagin Minimum Principle and due to the recursive and
nonlinear dynamics of the driveline in Equation (23), the
back-stepping method is applied to design a controller that
tracks the optimal trajectories while relaxing the abrupt
changes in the control inputs to cope with the actuator
limitations.
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Further, the inventors have established a deterministic
Luenberger observer and a stochastic Kalman-Bucy filter
designed to estimate the unmeasured states. The simulation
and experimental results demonstrate that the stochastic
Kalman-Bucy filter provides better estimation than the
deterministic Luenberger estimator in terms of accuracy and
noise rejection. In other words, the Kalman-Bucy filter
provides an optimal observer which minimizes the expected
estimation error by knowing the stochastic features of the
plant and measurement noises.

It will be apparent to one skilled in the art that even
though embodiments of the invention have been described
and illustrated herein with respect to the use of two inter-
connected sun gears and two interconnected ring gears that
would have the adequate outer and inner diameters, respec-
tively, that alternatively a stepped sun gear and a stepped
ring gear may employed.

It would be apparent to one skilled in the art that even
though the embodiments of the invention have been
described and depicted with respect to the ring and sun gears
within the configurations shown that the ring and sun gear
may be placed internally or externally by using additional
intermediate gears. Accordingly, the two-speed transmission
can be designed in a first configuration wherein within the
first planetary gearbox each of the first sun gear and first ring
gear may be external or internal and within the second
planetary gearbox each of the second sun gear and the
second ring gear may be external or internal to the two-speed
transmission.

This would allow for the ring and sun gears to be external
or internal gears depending on the design of the transmission
and for the planet gears of each planetary gear set to have
different steps and consequently can be meshed with sun and
ring gears with different diameters. Accordingly, the planet
gears of at least one of the first planetary gearbox and the
second planetary gearbox may be stepped and can be
meshed with their respective sun gear and ring gear that are
similarly stepped with different diameters.

The foregoing disclosure of the exemplary embodiments
of the present invention has been presented for purposes of
illustration and description. It is not intended to be exhaus-
tive or to limit the invention to the precise forms disclosed.
Many variations and modifications of the embodiments
described herein will be apparent to one of ordinary skill in
the art in light of the above disclosure. The scope of the
invention is to be defined only by the claims appended
hereto, and by their equivalents.

Further, in describing representative embodiments of the
present invention, the specification may have presented the
method and/or process of the present invention as a particu-
lar sequence of steps. However, to the extent that the method
or process does not rely on the particular order of steps set
forth herein, the method or process should not be limited to
the particular sequence of steps described. As one of ordi-
nary skill in the art would appreciate, other sequences of
steps may be possible. Therefore, the particular order of the
steps set forth in the specification should not be construed as
limitations on the claims. In addition, the claims directed to
the method and/or process of the present invention should
not be limited to the performance of their steps in the order
written, and one skilled in the art can readily appreciate that
the sequences may be varied and still remain within the spirit
and scope of the present invention.
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What is claimed is:

1. A two-speed transmission comprising:

a first planetary gearbox including a sun including at least
one sun gear, a ring including at least one ring gear, first
planet gears meshed with the sun and the ring, a first
planet carrier operatively supporting the first planet
gears, the first planet carrier being an input of the
two-speed transmission;

a second planetary gearbox including the sun and the ring
in common with the first planetary gearbox, second
planet gears meshed with the sun and the ring, and a
second planet carrier operatively supporting the second
planet gears, the second planet carrier being an output
of the two-speed transmission;

a sun brake for braking the sun; and

a ring brake for braking the ring;

wherein at least one of the sun and the ring includes two
gears connected together, the two gears having different
diameters for the transmission to have at least two
speed ratios; and

wherein, a first of the speed ratios between the input and
the output is provided by actuating the sun brake and by
releasing the ring brake, and a second of the speed
ratios, different than the first speed ratio, is provided by
actuating the ring brake and by releasing the sun brake.

2. The two-speed transmission according to claim 1,
wherein the sun brake and the ring brake are coupled and are
actuated by a common actuator for providing at least one of
upshifting- and downshifting.

3. The two-speed transmission according to claim 1,
further comprising a controller operatively connected to the
sun brake and the ring brake.

4. The two-speed transmission for a vehicle according to
claim 3, wherein the controller is at least one of a minimum
energy dissipation controller, a minimum shifting time con-
troller, and a back-step controller.

5. The two-speed transmission according to claim 3,
wherein the controller has a control algorithm for upshifting
comprising an initial torque control phase followed by an
inertia control phase.

6. The two-speed transmission according to claim 3,
wherein the controller has a control algorithm for down-
shifting comprising an initial inertia control phase followed
by a torque control phase.

7. The two-speed transmission for a vehicle according to
claim 1, wherein the sun is a stepped gear having different
diameters.

8. The two speed transmission according to claim 1,
wherein the sun brake and the ring brake are actuated by
solenoids.

9. The two speed transmission according to claim 1,
wherein the sun brake and the ring brake are selected from
a group consisting of multi-plate brakes, band brakes, and
drum brakes.

10. The two speed transmission according to claim 1,
wherein the sun has two sun gears of different diameters
mounted on a common shaft for common rotation, and
wherein the two ring gears have the same diameter.

11. The two speed transmission according to claim 10,
further comprising a hub mounted on the common shaft and
rotating integrally therewith, the sun brake engaging the
hub.

12. The two speed transmission according to claim 1,
wherein the ring brake engages a radially-outer side of the
ring.



