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1. 

SEAMILESS TRANSMISSION SYSTEMIS 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 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

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 SimOriveLine 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 I-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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6 
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 rs, r, r 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 (0s, (), () are the angular velocities of the Sun, 
planets, ring, and carrier, respectively. 

FROR = p(up - COC; R = P -- C (1) 

rCoC = pop + sus, C = p + is (2) 

(rR + rs)COC = rs. CoS + rRCOR (3) 

R (4) 
S 2nd Stage 

By eliminating (), 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 (r) to the Sun 
(rs) for the first and the second stages of the planetary gear 
sets are defined by Equation (4). It is obvious that RandR 
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-0.0", where 0s and 0 are the angular displacements of 
the Sun and the ring, respectively and accordingly, all the 
angular velocities are expressed as functions of ()s and (). 
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From Equations (1) to (4) the angular velocities of the input 
carrier (cow), the output carrier (cocor), the input planets 
(coex), and the output planets (coor) can be expressed as 
angular velocities of the Sun (cps) and the ring (()) as given 
in Equation (5). 

Rico R + Cos R2COR + Cos (5) 
(CIN = - : (COUT = - 

x (R, + 1) (R2 + 1) 
Rico R - (us R2CdR - (us 

(OPIN = ; (opouT = - - (R - 1) (R2 - 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 (co-0), the Sun ring is completely 
ground (cos 0) and if neither the Sun nor ring is grounded 
(coz0 and cosz0). 

coc. IN (R2 + 1)(cus + RicoR) (6) 
(OCOUT (R1 + 1)(cus + R2CdR) 

coc. IN (R2 + 1) R (7) 
(OCOUT (R1 + 1) 

CoCN (R2 + 1)R (8) 
x = GR 

cocouT (R1 + 1)R2 2 

Cocin (R2 + 1)(cus + Rico R) (9) = GRs 
(OCOUT (R1 + 1)(cus + R2CdR) 

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 
it 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, R2, and it 5 the 
resulting overall gear ratios are GR-8.333 and GR-4.167, 
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8 
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 0 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). 

TM - T4 (10) 
(Of JM 

T = K, (6M - 6ciN) + Bd (co M - (ociN) (11) 

Td s Ka (CoM - (ociN) (12) 

3.2. Two-Speed Seamless Transmission 
By considering the generalized coordinates to be 

q-0.0", where 0s 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, ke1, . . . . 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.'" and Öq are the non-conservative 
applied torques and virtual displacements, respectively. 

(13) 

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 1 2 2 (14) 
T = 5lc, Nc6. IN -- 5lc.OUTcPCOUT -- 
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-continued 
1 1 1 2 2 2 2 5 Iror -- 4 tenoir -- imprison) -- 

1 1 2 2 2 2 slso: -- 45 pouriour -- imporrioriour) 

In Equation (14) Icity. Icourt, Is, IR, Ipiv, Iport are the 
moment of inertia of the input carrier, output carrier, Sun, 
ring, input planets, and output planets, respectively and 
mery and mory 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). 

citie): (15) T = -(I- a +4 2 2 C.IN metri, (R, + 1)? 

co; + Rico + ise) ( + 4n r2 5 (ICOUT POUT ar (R2 + 1)? 
1 co; + Ricoi -2R (orces 1 4 - Ip in + is co? { r (R - 1)? | 51s as + 

1 co; + Ricoi -2R (orces 1 4 - I + Irco; { tour (R2 - 1)? -- 2 R(OR 

By using the principle of virtual work in Equation (13), 
the equations of motion for the two generalized coordinates 
q=0.0 can be written as Equation (16) in which the 
coefficients are listed in Table 1. Within Equation (16) Cs. 
C, Tsa and T are the coefficients of the viscous and 
Coulomb friction of the transmission measured from experi 
mental tests and T is the output torque of the transmission. 

(16) 
dos = (Test - TBR - Cos Cs+ 

(or CR + cT4 - dTo + Tsfit - TRf.) 

dR = (Tery - TBS -- (OSCS - 

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

TABLE 1. 

Coefficients of the Dynamic Modelling of the Two-Speed Transmission 

(IC.IN +4mp. Nrity) POUT 
a = is (R2 - 1) 

= frt - 2 p3 = (ICOUT +4mpouTrout) C = (YT - , ) 
(R2 + 1)? 

Y = Is + C + 3 + (p + t-R1A 
e = R 

t = I + (C + (p)R’ + (B + p)R. d = - R2 
R2 + 1 

w = (C. - (p)R + ( - )R2 yR1 - 
e 

R1 + 1 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
TABLE 1-continued 

Coefficients of the Dynamic Modelling of the Two-Speed Transmission 

4IpiN yR2 - A 
( = R, 

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 u is the 
coefficient 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, 
L is the coefficient of friction between band and drum and 
0, is the angle of wrap. 

(17) 

(18) TBR = -NBR Rd (epp - 1); (or > 0, NBR s () 
TBR = NBR Rd (1 - e PPD); a Rs 0, NBR > 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 (Ts) and ring (T), 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, it 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 
VRC) 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 or and 0 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). 

Toija -Ty (19) 
dow = Jy 
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-continued 
12 (20) T = Ru(p;CA, + myg sin(6-oad) + Kf myg cos(0) 

To = Ko(6COUT - ifié) + Bo (CoCOUT - ird cow) (21) 

To & Ko(cocouT – iracow) (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. 

bi = T, +--T (23A) 
(Of JM d JM i 

Kd KR (23B) 
T = K. d d(OM R cos R. ToR 

ws = (23C) 
- Cst CR C t A. 

cus + -t- (or + T - To + (TBs + Ts) - (TBR + TRf) C C C C C C 

WR = (23D) 
Cs CRy 8 f y 
-- cus - - - CoR + T - To - (TBS + Tsf) + (TBR + TRf) 

C C C C C C 

To = -iti K -- Ko -- KoR2 (23E) 
O = -li KO (ow R. is R2 or 

1 ird (23F) a = -- T. --- T. (Ow Jy y Jy O 

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 (), 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 
() or in Equation (25) necessarily requires Equations (26) 
and (27). 

1 24 To = -Ty (24) 
tfid 

CoCOUT = ird Cow (25) 

R2 + 1 1 (26) 
(OR =( R2 Jiaow R.'s 

-1 (27) 
(i) COUT = 0 => (i)R = R.'s 
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12 
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 ()s and () in Equation 
(23) the initial and terminal conditions can be expressed by 
Equation (28). 

C=""—C- <> 
(OR O (OR (OR(0) GR2) 

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

(28) 

(AR-t)(Csas – Tes) - (yR-A)(Cror - Ter) + O (29) 
(c + eR2)T4 - (AR-t)Ts + (yR2 - )Trf - (d+ fR)To 

(R2 - )TBS + ( – y R2)TBR + ( - y R2)Cscos + (30) 
1 

T = 
d c + eR2 

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 
Ts and Tar, respectively. Substituting T, from Equation 
(30) and () from Equation (5) into the equation for cos in 
Equation (23) results in Equation (31A). 

(31A) 

-(et + C)Cs R2 + (el + cy)Crcos - (de - cf) R. To 
1 (1 -- R2)(e. -- Cy)CRCOCOUT -- (et -- c)R2TBS 

a(c + eR2) 
(el + cy)RTBR + (et + CA) RTS - (el + cy)RTRf 

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

ate eR.) 52 at er.) 
1 (" + R2)(el + cy)CR cocouT – (de - cf)R2To + 

a(c + eR2) (et + CA) RTS - (et + CA) RTR 

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 to and t, indicate 
the initial and terminal instances of the gear changing 
process. 

6s–Ascost-Bs, TBS-BS2TBR+Gs (32) 

(0s (to)cos(agR1); cos(t)=0 (33) 

(0s (to)-0:0s(t)-(OscagR2) (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. 

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. 

(35) 

ch 
H(x" (tf), u'(tf), p" (tr), if) + (x"(tr), if) 

oh sk T (s (if), tf)-p (to Oxf = 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 to 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 -IT's Ts() and Equation (45) for all 
-IT'sTs0. 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 tetot, J. Hence, 
according to Equation (42) we obtain Equation (47) for all 
tetot, J. Solving Equation (43) results in Equation (48). 

t 

Ja) = 1 at i0 

(41) 

H (cos., p., TBR, TBS) = 1 + p(-Ascos + BSTBs - Bs2TBR + Gs) (42) 

p" = oH(cos. fe TBR) = p"As (43) 

H (cos, p", Tis, TR) is H(cus, p", TBS, TBR) (44) 

H(cus, p", TBS, TBR) is H(cos, p", Tis, TBR) (45) 

H (cos, p", Tis, TR) = 0 (46) 
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-continued 
p" (- Asco; + Bs1T - Bs2T + Gs) = -1 (47) 

(48) 

Since the angular velocity of the Sun is decreasing in the 
upshift process (cos0), Equation (47) requires that p(t)>0 
and hence p'(t)>0 for all tett, J. Thus the Hamiltonian 
minimization Equations (44) and (45) yield T*s--ITs' 
and T0, respectively. In a similar way it can be argued 
that the Hamiltonian minimization Equations (44) and (45) 
yield Ts-0 and T*=-|T' for the downshift pro 
CCSS, 

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 () 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 Ts gives Equation (53) for all 
-IT'lsTss0 and the Hamiltonian minimization with 
respect to T. gives Equation (54) for all-IT's Tas0. 
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 tetot. Noting that co*.s0 for all 
tetot and using Equation (56), the optimality conditions 
(Equations (53) and (54)) result in Ts--ITs', T-0 
when p>(co's/Bs) for the upshift operation and T*-0, 
T*=-|T' when ps(co/Bs) for the downshift pro 
cess. The existence of the adjoint process Equation (52) and 
lying within the region determined by pe(cos/Bs) and 
ps(c)/Bs) for the downshift process verifies that the 
minimum energy dissipation controller is equivalent to the 
minimum shifting time controller. 

t (49) 
-(TBs + Ts)cos - (TBR + TRf).coR dit 

to 

't 1 (50) 
(-(Tes -- Tsf - (TBR + Tr), to R2 t 

1 

( -- iTur -- Ts) cour)at 2 

H(COS, p., TBS, TBR) = (51) 
p(- Ascos + BSTBs - Bs2TBR + Gs) - 

1 1 
(Tes + Tsif - - (TBR + Torks ( -- i) Ter +TSF)(OCOUT R R 

... ÖH (cus, p", TBS, TBR 1 (52) 
p = — = p As +(Tes + Tsif - - (TBR + Ter) (OS R2 

(p"Bs - (us)T s (p"Bs1 - (us)TBs (53) 

(-p'Bo'+,-(+)-cour); (54) 3. p" BS2 + R -- R (OCOUT FER is 

sk cos 1 
- p Bs2 + R. (l -- recour TBR 

H(cos, p", Tis, TR) = 0 (55) 

(us (56) 1 
-(l -- recour E -cos () 
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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 co, and 
T in Equation (23) are rewritten according to the kinematic 
Equation (5) yielding Equation (57). 

-1 ird (57) 

To = -iid Kocow + KocoCOUT 

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 (). 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). 

2 (58) 
V (Cow) = 5 (cow - Cow DES) 

Jy ( 1 (59) 
d = To DES = (Ty - Kt (cow -ownes) ird Jy 

V1(cow) = -K (cow-cow.DES) (60) 

(t) = To - To DES = To-d (61) 

To = () + d = fo = i +d (62) 

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

ifd (63) 
ci w = -K (cow - Cow DES) + 'o 

E - if Kocow -- KocoCOUT - d. 

By incorporation of coin 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 (c).co)-(c)itoes.0) is asymptotically stable. 

64 
V2 (cow,(d) = 5 (cow - cow DES) + 5(a) (64) 
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-continued 
ifd 1 : KH (65) 

() = (UCOUT DES = - Kody (cow - Cow DES) + ird (ow + K. 

V2(cow, (0) = -K (cow-cow. DEs) - Kilco (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). 

C = COCOUT - CoCOUT DES = (UCOUT - O (67) 

ird (68) 
dow = -K (cow - Cow DES) + |a 

ird 
() -Knoi. (ow - Cow DES) + KOO y 

O = A + B.T. + Co.(a) +d)- () 

(69) 
c a(R, + 1) 

(A - Ry)CR (or + (Ray - )TR + ( - R2)Tsf) 
Re+c 
a(R, + 1) 
Rf +d 

Ta(R, + 1) c - 

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 (c).co. 
O) (coots,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). 

1 1 1 (70) - ... 2 . (7,2 (cry? V = 5 (cow Cow DES) + 3 (a) -- 5(c) 

1 M T M (71) = TDES = (-Air - Koo - C-(a) +d)- ()- Kuro) 
c 

V3 = -K (cow-cow.des) - Kn(a) - Kut (O) (72) 

g = Ta-Tade = T - Y = g = id – (73) 
ifd (74) 

ci w = -Ki (cow - Cow DES) + o y 

ird di) = - Kirto- i (ow - Cow DES) + Koo 

d = - Kill O - Kogo -- B 

g = Kacow - Kacocity - i. 

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). 

(75) 
T = COM des = (Kaloc in + - EO - Kyô) 
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-continued 
76 

V = 5 (cow - cow,DES) -- i(a) -- i(r) -- ; (4) (76) 

V4 = -K (cow-cow. DEs) - Ku(0) - Kui (Ct) - Kry (g (77) 

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). 

g = (M - (oldes = coy - T = g = d.M -T (78) 

ird (79A) 
dow = -K (cow - Cow DES) + to y 

ird 
a = - Kirto - i (ow - (to WDES) + Koo 

d = - KHO - Kogo -- B 

g = -Kiya - B-C + Ka8 (79B) 

& = (Ty - (Y + 2)-T i 

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 = (1 + 2) + Ju (-Kag + r - Kyg) (80) 

1 1 1 1 81 
V = (cow-cow des) + (a + (r) + (g) + (g) (81) 
Vs = -K (cow-cow-des-Ku (()) - Kui (or) - Ky (g) - Ky (6) (8A) 
(co M, (v), O, , ) - (co M, 0, 0, 0, 0) (82B) 

TM = Ti + JM (-Ka (Td - Tides) + (i) M des - Ky (CoM - (to M des)) (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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18 
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/SimulinkR) by utilizing the Sim 
DriveLine library. The MATLAB/Simulink(R) 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 kgm. 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 
I is the applied current in amperes. 

F=8.097 I-47.73F-21.13I (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 coefficient 
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 

5 

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 

rRN (m) 6e-2 I (kg m) 3e-3 le. 
TROUT (m) 6e-2 Is (kd. m) 8e-4 1 
rsty (m) 3e-2 Icity (kg m) 1.4e-3 in 
rsoUT (m) 15e-3 IcoUT (kg m) 6e-3 0 (rad) 
TPIN (m) 15e-3 Ip?y (kg m) 6.08e-6 R. (m) 
rpoUT (m) 22.5e-3 Ipoti? (kg m) 3.12e-5 R. (m) 
C (Nm Sirad) 0.0024 mpty (kg) 0.0512 R. (m) 
Cs (Nm strad) 0.00105 mport (kg) 0.12113 T (Nm) 
K. (Nmrad) 161.84 K. (Nmrad) 150 Ts (Nm) 
JM 5.9e-5 Jr. (kg m) 3.17e-4 ic, 

The simulation and experimental tests were carried out for 
a sample drive cycle with a duration of 50s 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=0.0004a), 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 

Nasi-110N and No. 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 () and (), and 
the known values of the input torques T. T.s, and T. 

For clarity of the figures, the results of the mathematical 
model are not shown because they exactly fit the simulation 
results from the SimOriveLine 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 (()) and output (()) 
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 (cps) 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 
noids plunger due to compression of the multi-brake plates, 
deformation of the band which results in the deviation of Ts 
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, 5 
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 51.7J 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. 

10 
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6. Observer Design 

Within the state space model of the two-speed seamless 25 
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 
(), 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. (os (), and T by knowledge 
of the inputs T.T.s Tsa Tor, and T and the outputs (), 
and () 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. 
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-continued 

(88) 

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

-1 8 O - O O O O (89) 
JM 

- Kd - KR 
K O O O 
d R1 + 1 R1 + 1 

O c - Cst - CR -d O 

A = C ca , 
O e S RY O 

C C C C 

Ko Ko R2 
O O R2 + 1 R2 + 1 0 -iti Ko 

ifd 
O O O O 7, O 

1 (90) 
J O O 

O O O 

O - 
B= C C 

- 0 - 2 
C C 

O O O 

O O O 

C 1 O O O O O (91) 
T() () () () () 1 

O (92) 
O 

O 

O d(y(t) = 
O 

1 -R(prioi, (t)CAF + K.my) 
Jy 

In the Equation (85), the non-linear term p 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). 

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 (AC) 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 
(AC) is observable. It can be shown that with the parameters 
of the system given in Table 4, the observability matrix for 
(AC) 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 Six 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 ö is the 
Dirac delta function. 

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(t)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). 

It can be shown that for symmetric positive definite 
matrices Q and R when the pair (AC) 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=-8.097I+47.73I-21.13I 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 

C (Nm Strad) O.OO34 l 4 
Ts (Nm) O.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. 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 SimDriveLine 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 5 
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 20 
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 25 
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. 40 
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 as 
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 so 
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 ss 
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 go 
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 
r1ng. 


