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Design, Control and Validation of Two-Speed
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Abstract—Two-speed or multiple-speed automatic transmissions
can obviously improve the overall manipulating performance in
terms of shifting quality and energy efficiency when equipped in
electric vehicles (EVs). This study details the design of a two-speed
clutch-less automatic transmission (2AT) for EVs and the motor
controlled shifting mechanism. Firstly, a novel two-speed clutch
automatic transmission is devised with a motor-controlled shifting
mechanism, which enables the shift motions and the speed control
of the driving motor for synchronization during shifts. Secondly, a
coordinated control strategy of the driving motor and controlling
motor for shifting is detailed during different shifting processes to
achieve fast and smooth shifting. The torque trajectory
optimization during synchronizing process is attained by applying
the Pontryagin's minimum principle. The simulation and
experimental results verify the shifting mechanism design and the
shift control algorithm in terms of shift response and smoothness
for the designed 2AT.

Index Terms—Coordinated control, electric vehicles (EVs), gear
shifting control, two-speed automatic transmission (2AT).

. INTRODUCTION

OWADAYS, electric vehicles (EVs) have attracted wide
attention due to their mitigation of environmental
pollution and greenhouse gas emission. Compared to internal
combustion engine (ICE) driven vehicles, EVs feature the
advantage of faster torque response and higher operating
efficiency [1]. The powertrain system of EVs is mainly
composed of battery, driving motor, transmission and reducer.
Nowadays, most of EVs are equipped with a fixed ratio
transmission, since the electric motor is able to operate in a wide
speed range [2]. Electric motor features constant torque
characteristics, which can provide maximum output from zero
to a turning speed and consequent constant power as the speed
increases [3]. However, the driving motor cannot operate in the
high-efficiency region in both high and low speed range with a
fixed gear ratio transmission, thus leading to lower energy
transmitting efficiency [4].
To improve the driving performance and powertrain
efficiency, the multi-speed transmissions are introduced for
EVs [5]. Ref. [6] compares energy consumption of EVs with
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respect to the varied and fixed ratio transmission over a standard
driving cycle and highlights that the overall energy efficiency
can be improved by 5 to 12% when equipped with a multi ratio
gearbox. Moreover, a multi-speed transmission also provides
certain room of downsizing the motor power and reducing
powertrain cost [7]. Currently, design and control research of
multi-speed transmissions have been widely performed. To
improve the operating efficiency and avoid the defect of
massive size and weight, a three-speed transmission combining
two motors and one clutch is introduced in [8]. Moreover, a
four-speed automatic transmission (AT) with dual motors is
applied in electric buses, and the shifting scheme is resolved by
dynamic programming [9]. In addition, dual clutch
transmissions (DCT) for EVs have been widely investigated in
[10-12], where the driving motor, clutch, hydraulic clutch
actuator and multi-body dynamics of powertrain are modeled.
The corresponding power-on and power-off control strategies
are designed for both up and down gear shifts.

Nonetheless, the multi-speed transmissions discussed above,
to the authors’ knowledge, are equipped with clutches or with
more than two gears, indicating they include a complicated gear
system and require multiple actuators [13]. Due to the high
fabricating cost and complicated control strategy, it is difficult
to be widely equipped in cost-sensitive EVs [14], such as
commercial EVs including electric trucks and electric buses. In
this context, two-speed clutch-less automatic transmissions
(ATs), which originate from manual transmissions and are
equipped with electric shifting mechanism, have been widely
investigated and adopted. Unlike the DCT and AT with
planetary gear deployed in passenger vehicles, the shifting
process of the two-speed clutch-less AT needs to be power-off;
however, this type of transmission has great advantages of low
cost, simple structure and high transmission efficiency [15]. In
[16], the performance comparison of EVs when equipped with
different transmissions is discussed, and the results reveal that
the two-speed AT can lead to a preferable energy consumption
economy. Ref. [17] verifies that by employing proper control
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strategies for the shifting mechanism and the driving motor, the
gear shifting performance of clutch-less AT outperforms that of
the traditional ones for EV applications. In summary, by
deploying a two-speed clutch-less AT to EV, particularly
commercial EVs, the size, weight and cost of the driving motor
can be reduced, and the efficiency of EVs can be improved,
only with the slight, or even neglectable, price of cost increase.

Different from EVs with fixed ratio transmission, EV with
AT entails fast and smooth shifting operations [18]. Currently,
studies in terms of shift of AT can be divided into two main
categories: design of shift mechanism and optimization of
control method. To reveal the influences of driving motor and
shift mechanism on the gear shifting performance of AT, a
multi-body dynamics model is introduced in [19] to depict the
transient behavior of the AT system during gear shifting. In [20],
a novel dual-wedge shift actuator is introduced for attaining the
self-reinforcement by choosing proper working slopes. By this
manner, the self-weakening effect is avoided, and consequently
the shifting duration is shortened.

Actually, proper control of driving motor and shift
mechanism can facilitate fast and smooth response of shifting
[21]. For revealing the requirements of proper shifting control
for a clutch-less transmission in EVs, Ref. [22] indicates that
the driving motor with the capability of rapid mode-switching
and shift mechanism with the robust position control are
indispensable in shift operation. In [23], the calculus of
variation is applied to determine the optimal angular-velocity
schedule of driving motor during gear shifting, thereby leading
to the optimal trajectory of transmission angular velocities. In
[24], a hybrid automation model is put forward to optimize the
shift force and relative rotational speed of different gears in gear
engagement process for attaining smooth shifting. In short, the
current shift control optimization focuses on optimizing the
speed of the driving motor and the force of shift control motor.

Obviously, the significant influence of driving motor control
and the shift force control on shifting performance for EV has
been a consensus. However, the structural design of the shift
mechanism and shift force trajectory planning still need to be
further investigated through analyzing the dynamic
performance during the shifting process. Moreover, seldom
research is focused on the coordinated control between the
driving motor and shift mechanism, which can play a critical
role in promoting the shifting performance. Motivated by this,
this study designs a novel two-speed clutch-less automatic
transmission (2AT) for EVs, and it only needs to control a
single motor to rotate the camshaft unidirectionally through the
worm gear mechanism, so as to facilitate fast and smooth
shifting operation. Furthermore, the shifting process is
optimized by conducting the coordinated control on the driving
motor and shift mechanism. To this end, firstly, the camshaft,
as a key component of the shift mechanism, is elaborately
designed according to the detailed shift force analysis, and the
parameters of the control motor of camshaft and the gear ratio
of worm gear are optimized. Then, the coordinated control
strategies of the driving and control motors are designed with
the target of fast and smooth shifting by dividing the shifting
process into three stages, i.e., before-gear-disengagement, gear-

disengagement and gear-engagement. For the gear-engagement
stage, the working process of the synchronizer is investigated,
and the torque trajectory of the shift control motor for
synchronization is optimized by applying the Pontryagin's
minimum principle (PMP). Finally, the simulation and
experiment validation verify the feasibility of the novel 2AT
mechanism and the consequent control strategy.

The remainder of this paper is arranged as follows. Section
Il elaborates the detailed design of the proposed novel shift
mechanism, which is mainly comprised of a camshaft, a control
motor and a worm gear. Next, the shifting process of the
designed 2AT is analyzed, and the control strategy of both the
driving and control motors during different shifting processes
is illustrated in Section Ill. In addition, the synchronizing
trajectory of torques of control motor is optimized by the PMP.
Section IV presents the simulation of the upshift and
downshifting processes with the integrated vehicle control
model, followed by an experimental validation. Finally, the
conclusions and future work are drawn in Section V.

Il. DESIGN OF TWO-SPEED NON-CLUTCH AUTOMATIC
TRANSMISSION

As well known, manual transmissions feature simple
structure, high efficiency, easy fabrication and low cost [25].
By incorporating advantages of manual transmissions, a 2AT is
developed for EVs, of which the mechanical structure is
depicted in Fig. 1. The power output of the driving motor is
transmitted to the driving shaft through the designed 2AT. The
transmission adopts a clutch-less design, which is equipped
with an electric shift mechanism. Table | lists the main

parameters of EV in this paper.
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Fig. 1. Structure of the two-speed clutch less automatic transmission.

TABLE |

MAIN PARAMETERS OF EV
Parameters Value
Air drag coefficient 0.8
Frontal projected area 3.76 m?
Roll resistance coefficient 0.0235
Mass 3650 kg
Rolling radius 0.375m
Final drive ratio 5.375
Gear ratio 2.54/1.00

The main components of shifting mechanism, shown in Fig.
2, include a worm gear reducer, a synchronizer, a shifting fork,
a control motor and a cylindrical cam that connects the control
motor and the shifting fork.

Among them, the key component is the cylindrical cam,
which converts the rotational motion of the control motor into
linear motion of the shifting fork to engage or disengage a gear.


http://www.sciencedirect.com/science/article/pii/S0888327016302692#s0105
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Compared with conventional designs, where gear selecting and
gear engaging are respectively controlled by a motor, the
devised topology is simpler and more space-saving. Moreover,
the worm gear reducer enables one-way lock, which will not
transmit power in reverse direction during shifting. The
synchronizer in this study is a single cone ring-type inertia
synchronizer, of which the structure is shown in Fig. 3.

Cylindrical cam

e
* | Shifting fork shaft
and shifting fork

Fig. 2. Structure of the shift mechanism.
Positioning pin - Sliding sleeve
Synchronizer ring Synchronizer ring

Cone of 2" gear Cone of 1% gear

Fig. 3. Structure of the synchronizer.
A. Shift Force Analysis

In the gear-engagement process, the shift force provided by
control motor needs to overcome the maximum synchronization
resistance, including the self-locking resistance of the sleeve,
axial friction, synchronizing resistance and inertial resistance
during gear-disengagement [26]. To eliminate the influence of
unnecessary nonlinear factors and simplify model construction
[27], some assumptions are made in this study, as follows:

1) The vehicle is supposed to drive in a straight and flat road
without wind, and the shifting is normally finished within 1 s.
Hence, the road condition and vehicle speed are supposed to
remain the same before and after shifting.

2) The resistance coefficient of the friction cone and
synchronizing resistance are considered as constant.

3) The stiffness of the transmission is ignored.

Based on these assumptions, a simplified dynamic model for
the synchronizer when upshifting from 1% to 2" gear is
established by adopting the method in [15], as shown in Fig. 4.
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Fig. 4. Synchronizer dynamic model.
The synchronizer driving part is connected to the
transmission input shaft including the driving motor, the
transmission input shaft, the 1t driving and driven gear, and the

2" driving and driven gear; and the synchronizer driven part is
connected to the gearbox shaft and to the differential, half axles
and wheels. The frictional torque can be calculated, as:

Ts = :uo rs I:&‘.Ieeve /Sin 2 (1)
where T, denotes the friction torque during synchronization,
Fyeere is the shift force applied to synchronizer ring, , is the
friction coefficient of the friction cone, r, denotes the friction
radius of the synchronizer ring, and ¢ is the inclination angle

of the cone of synchronizer ring. The force of the synchronizer
can be calculated, as:
J.o, =-T
{ se"s S (2)

Jeo, =T, -T,

where J, denotes the equivalent rotating inertia of the
synchronizer driving part, J,, is the equivalent rotating inertia
of the synchronizer driven part, o, is the angular velocity of
the synchronizer driving part, o, is the angular velocity of the
synchronizer driven part, and T, denotes the resistance torque
at the synchronizer driven part. The friction torque of the
synchronizer gradually eliminates the speed difference between
the driving and driven part of the synchronizer. Thus,

T,=d.., A, | At 3)
where J,,, represents the equivalent rotating inertia of the
synchronizer driving part on the 2" driving gear, At is the

synchronization time, and Aw, equals:

Aw,=7An /30 4)
where An is the speed difference between the driving and
driven part of the synchronizer. By combining (1), (3) and (4),
the shift force for upshifting from the 1% to 2" gear can be
calculated, as:

J.,.,77ANnSIn
Foo= et ¢ (5)
30;uorsts
where t,=At denotes the synchronization time. Similarly, the
shift force for downshifting from the 2™ to 1% gear can be
obtained, as:
J,,,7ANSIn
Fou = e ¢ (6)
30;uorsts
where J,,, denotes the equivalent rotating
synchronizer driving part on the 1t driven gear.

inertia of

B. Design of the Shift Mechanism

By assuming the synchronization time is 0.2 s, the maximum
shift force can be calculated, as listed in Table I. According to
the analysis of the shifting process of 2AT, the requirement of
the shift mechanism to accomplish the shifting process includes
that the shifting displacement is 18 mm, and the shift force
should be not less 250 N. Fig. 5 describes the force analysis on

the shifting fork pin in the expanded view of cylindrical cam.
TABLE Il
MAXIMUM SHIFT FORCES

Gear Rotating inertia (kg-m?) Shift force (N)
1% to 2™ 0.0598 87.6
2" to 1% 0.1403 205.5
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Fig. 5. Force analysis on the shifting fork pin. T, is the camshaft torque,

N, is the resistance from the camshaft groove, f_, is the friction resistance

cam

from the camshaft groove, N
shifting fork shaft, f,
A isthe helical angle of the cylindrical cam, and S is the required displacement

of the shifting fork pin.
The forces on the shifting fork pin can be formulated, as:

is the pressure of the shifting fork on the

lever

is the friction resistance as the shifting fork moving,

lever

T, .
—0 — N, SinA+f . cosA =J_. D O]
rcam
where r,. is the camshaft radius, J, is the equivalent
rotating inertia on the camshaft, @, is the angular

acceleration of the camshaft, and

feam = Heam Nean ®)
where . is the friction coefficient of the camshaft groove.
Since the shifting fork shaft is fixed on the transmission case

and cannot move along the horizontal axis, the force on the x-
axis can be balanced, and we can get:

Nlever - Ncam sind— fcam cosA=0 (9)
The shifting fork moves on the vertical axis to achieve the shift,
and we can get:

NomCOSA - T SINA - Fypre = Trover = Moo @ (10)
where m,,. is the total mass of sleeve and the shifting fork.
The friction resistance as the shifting fork moving f,,,, and the
axial acceleration of the sleeve @ can be calculated as:

A= Dy @A (11)
flever =Hiever Nlever (12)

where g, is the friction coefficient of shifting fork shaft. By
combining (7) to (12), the relationship between F,,. and T,

can be yielded, as:

sleeve

I:sleeve cam (Sln ﬂ' + /'lcam Cos ﬂ’)

- (13)
(L= Hcam Hiever ) COS A = (Ll + Higyer ) SIN A
Then, the constraint of control motor can be formulated, as:
Fyeeve loam (SIN A + 22, COS A) (14)
a7 (L= Lcamn Hiever ) COS A — (Lo + Fheyer ) SIN ]
is the torque of the control motor, i, denotes the

cam —

sm —

where T,

gear ratio of worm gear, and 7, is the worm gear efficiency.
Here we assume that the time required for gear-engagement is
0.4 s, thus the relationship between the speed of the control
motor and the angle of the shifting cam can be calculated, as:

nSITI :60Fcam w / (Zﬂ-tcam) (15)
where N, is the speed of the control motor, and I, is the
rotation angle of the camshaft as:

=S/(r,,tan 1) (16)

The power of the control motor P,, can be calculated as:

T.n

_Sm_sm

PSI'n
9550
By combining (13) to (17), the power requirement of the control
motor can then be attained:

> 0 0018 Fsleeve (tan ;L + /ucam) / (nw cam)
e tan /1 |:1_ /ucam:ulever - (:ucam + :ulever )tan ﬂ“:l
From (18), except F,

sleeve

are available now. Table II shows that F,,, >250N . If F

sleeve

(17

(18)

and A, all the remaining parameters

equals the minimum value, i.e., 250 N, the relationship between
the control motor power and the helix angle of cylindrical cam
can be calculated and presented in Fig. 6. As can be seen, when
the helix angle of camshaft is 32.23°, the power of control motor
is minimum and equals Ps»=0.031 kW. Moreover, the selected
power of control motor is generally greater than the minimum
value. In this study, we choose a brushless DC motor as the
control motor, of which the parameters are shown in Table Il1.
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Fig. 6. Relationship between the power of control motor and the helix angle of
cylindrical cam.

In this paper, the helix angle of camshaft in the synchronizing
process is designed to be 32.5% as illustrated in Fig. 7. By
considering the structure and assembly of transmission, the
radius of shifting cam is set to 0.018 m. Based on (16), the

rotation angle of the camshaft is 45 during the gear
disengagement. However, the camshaft rotation angle should
have a margin to ensure that the shifting fork pin fits in the
groove when accomplishing gear disengagement/engagement;
therefore, the rotation angle of the camshaft is set to 50°
Considering the requirements of shifting process and operating
characteristics of driving and control motors, the rotation angle
of each process of the camshaft is shown in Table IV.

TABLE 1l

PARAMETERS OF THE CONTROL MOTOR
Parameters Value
Power rating (kW) 0.05
Peak power (kW) 0.1
Rated speed (rpm) 2000
Rated torque (N) 0.239
Peak torque (N) 0.4775

As for the gear ratio of worm gear, we can get:
F (Sin A+ 4, COSA)

sleeve cam

. (19)
T [ (1 Ham Lherer ) COS A = (fhea + Higer ) SINA]
equals to 250 N. Now, the minimum value of the
worm gear ratio can be calculated, as:
i, >31.1 (20)
Assuming that the control motor accomplishes the shifting
process at the rated speed, the total time of the gear

=

when F

sleeve
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disengagement and engagement can be determined, as:

T _ 60i,,s <04
w, 2zn,. r__tan A

cam ecam " cam

(21)

where n,. is the rated speed of the control motor. Based on
(19), the maximum value of worm gear ratio is calculated, as:
i< 0.87N,gn o tAN A 22)
60s

To sum up, the range of the worm gear ratio is 31.1<i, <52.8,
and considering the power of the matched control motor is
redundancy, the worm gearing ratio can be taken as a lower
value, i.e., 1,=32.

TABLE IV
CAMSHAFT ANGLE AT EACH SHIFTING PROCESS
Parameters Value
Torque-releasing process 48°
Gear-disengagement process 50°
Speed-adjusting process 90°
Gear-engagement process 50°
Torque restoring process 48°

In the next step, the shifting control strategy will be designed,
and the corresponding analysis will be conducted.

Ill. SHIFTING CONTROL STRATEGY OF THE 2AT

In this section, a shift control strategy is designed, including
the control of driving motor and shift control motor during
different shifting processes.

A. Shifting Process

The in-plane movement of the shifting groove is divided into
five sections, as shown in Fig. 7. As can be seen, when the
shifting fork pin moves into the first part, the transmission is
engaged in the 1% gear. Similarly, the fifth part is for the 2"
gear. The second and fourth parts represent the process of gear-
engagement or disengagement. The neutral position of the
transmission is the third part.

2ndgear < 5>

Neutral
position r\,/

<«—1—> st gear
Fig. 7. The expanded view of shifting groove.

When the shifting fork pin locates in the first, third, or fifth
part of the shifting groove, the rotational motion of camshaft
does not generate the axial movement of the sleeve. Thus, the
driving motor and control motor can work simultaneously to
reduce the shifting time in these three parts through the parallel
coordinated control.

The shifting process can be divided into five steps: torque
release, gear disengagement, speed adjustment, gear
engagement and torque restoration. In the torque release
process, the control motor is idle and waits for the torque
clearance of the driving motor, and next in the gear
disengagement process, the control motor drives the camshaft
to move the shifting fork pin to the neutral zone. Then, as the
shifting fork pin locates at the beginning of the neutral zone, the

speed of driving motor begins to be regulated to the target speed
of the next gear; and meanwhile, the control motor drives the
camshaft to cross the neutral zone. Finally, the gear engagement
and torque restoration are conducted; and after the control
motor turns the synchronizer to engage into the target gear, and
the torque of driving motor is restored. Note that in this study,
the upshifting process is taken as the example. The downshift
control process is similar to the upshift detailed in this paper.

In the gear engagement/disengagement process, the driving
motor operates in the free mode. The control strategy of the
driving motor in other processes is detailed as follow.
1) Control Strategy for Torque-Release/Restoration

The impact on shift smoothness during the processes of
torque release and restoration is caused by the output torque
variation of vehicle powertrain. To mitigate it, the torque
changing rate of the driving motor should satisfy:

dT, < jomr
dt ignlo

where T, is the torque of driving motor, & is the rotating

(23)

mass coefficient, i

, iy, isthe gear ratio, i, is the gear ratio of final

drive, m is the vehicle mass, r is the wheel radius, and j, is

the variation rate of torque on wheel, also known as shift impact,
which should be smaller than 10 m/s® according to the
engineering experience.
2) Control Strategy for Speed-adjusting Process

In this process, the driving motor operates in the speed mode,
and the driving motor speed is controlled to follow the target
speed, which can be calculated, as:

ntargat = noign + AN (24)
where n, . is the target speed of the driving motor, n, is the
speed of the transmission output shaft, and AN is the

adjustment value of the target speed, which is taken as 50 r/m
in each control period.
B. Control Strategy of the Control Motor

According to the position of the synchronizer, the control
strategy of the control motor is detailed in two shifting
processes: the gear-disengagement and gear-engagement.
1) Control Strategy for Gear-Disengagement Process

Once the torque of the driving motor is zero, the control
motor drives the shifting fork pin to move from the 1% gear zone
to the neutral zone. When the driving motor conducts the speed
adjustment, the control motor will drive the shifting fork pin to
the end of neutral zone. The axial movement of sleeve in this
process should be subjected to the inertial resistance, as:

F Jeza| @]/ T (25)

is the inertial resistance during the gear-

|nertia=
where F ...
disengagement process, @, is the angular velocity of
synchronizer driven part, and r,,, is the reference radius of the
synchronizer ring. The dynamic equation of the camshaft can
be obtained by (7), (9) and (25), as:

‘]e2»1rcamluring |wv| (tanj'+lucam) (26
Foyn (L= o iover — (lcam + Hieyer tANA]
where ;.. s the friction coefficient between the sleeve and

e =
J camrcam

= Tsmiwﬂw -

the synchronizer ring, " is the angular acceleration of the

am
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camshaft rotation angle, and the equivalent rotating inertia of
the camshaft J¢  can be calculated, as:

cam
sleeve cam tanl (tanﬂ’ + :ucam )

l /ucam :ulever (lucam + lulever )tan/i
since the torque of the driving motor has been reduced to 0 Nm,

|,| is a determined value. Thus, the resistance torque to
camshaft T, can be calculated, as:
J

m (27)

J::Eam :J cam

|a')v | (taﬂ/1 + HMecam )

= e2-1Vcam Hring (28)
Ton (1= eam Hiever — (Ucam + Hieer 1ANA]
then, eq. (26) can be expressed as:
T sm wnw = ‘Jcamrcam (29)

Eq. (28) can be used to estabhsh the optimum control model
for the gear-disengagement process. The rotation angle of the
camshaft I',,, and its changing rate I, are set as state
vectors, as shown in (30), the output torque of the control motor
is set as the control vector, as shown in (31), and the boundary
condition is set in (32).

cam

X
F . . 2
X :[MJZK‘CEM],X :().(1]: Tsmiwnw_Tf (30)
X2 1—‘cam X2 e
‘]cam
u=T, (31)
x(t) =T, (32)

where t, and I', denote the end time and the angular

displacement during the gear-disengagement process. In
addition, an admissible condition of T, is defined by:

_Tsm max — Tsm STsm _Mmax (33)

where T denotes the maximum output torque of the

sm_max
control motor. The optimal time of gear-disengagement is taken
as the performance function to ensure the gear-disengagement
process to be finished as quickly as possible, as:

J=min| " 1dt (34)

The optimal control trajectory for the torque of control motor
during the gear—disengagement process can be formulated as:

(t) sm max (35)
2) Control Strategy for Gear—engagement Process

Before applying the control strategy of control motor during
the gear-engagement process, the synchronizing process is
analyzed in detail.

(a) Analysis of the Working Process of Synchronizer

According to the relative position among the sleeve,
synchronizer ring and gear ring, the synchronizer working
process is divided into four phases: before-synchronizer-
locking phase, synchronizer-locking phase, after-synchronizer-
locking phase and engaging-target-gear phase [28]. Fig. 8
shows the synchronizing process of the 1% to 2" upshift.

Phase 1: Before-Synchronizer-Locking Phase.

As shown in Fig. 8 (a), the sleeve drives the slider to move
towards the gear ring to eliminate the gap between the
synchronizer ring and the gear ring. By respectively assuming
that the rotational speed of the sleeve, the synchronizer ring and
the gear ring are n,;, n,,and n;, wecanget n, >n, =n,.

. . Synchronizer sleeve
Synchronizer ring

Gear ring

© @
Fig. 8. Synchronizing process of the synchronizer.
Phase 2: Synchronizer-Locking Phase.
As shown in Fig. 8 (b), the sleeve cannot move any further
because of the conflict with the ring. The synchronizer is locked,

and a force Fy is generated on the synchronizer ring and is

decomposed into an axial force F, and a tangential force F,,
which respectively generate a friction torque T, , trying to
reduce the speed difference between the driving and driven
parts of the synchronizer ring, and a torque T, attempting to

reverse the rotation of the synchronizer ring.

Phase 3: After-Synchronizer-Locking Phase.

As shown in Fig. 8 (c), when n; is equal to ns, there is not any
speed difference between the synchronizer ring and the gear
ring, and thus the friction torque T, disappears. At this moment,

T, will drive the ring to rotate to the half tooth of the spline

teeth, and the sleeve will continue to move towards the gear ring
under the shift force; however, the sleeve spline tooth is still not
aligned with the gear ring tooth space.

Phase 4: Engaging-Target-Gear Phase.

As shown in Fig. 8 (d), as the sleeve tooth is not aligned with
the gear ring tooth space, a torque would be generated to rotate
the gear ring. At this moment, the sleeve will continue to move
to the left, and then engage completely with the 2" gear. A
control strategy is adopted to improve the synchronizing quality,
which is shown in Fig. 9. In the next step, the four phases of the
synchronizing are divided into two parts: non-synchronizer-

locking phase and synchronizer-locking phase.
[ Start the selecting gear |

Calculate the synchronizer
displacement S

Algorithm of
phase 1
Algorithm of
phase 2 d
Algorithm of
phase 3 g
Algorithm of phase 4 ]
End the shifting gear

Fig. 9. The control strategy of the synchronizing process. S is the synchronizer
displacement, S; denotes the displacement before-synchronizer-locking phase,
and S, means the displacement after-synchronizer-locking phase.

(b) Control Strategy for Non-Synchronizer-Locking Phase
The non-synchronizer-locking phase includes phase 1, 3 and
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4. The phase 1 is considered as an example to detail the control
strategy, whose target is to regulate the torque to move the
sleeve quickly for shortening the phase time. However, to avoid
the tooth collision between the sleeve and synchronizer ring
before the synchronizer locking, it is imperative to guarantee
that the time t, for the synchronizer ring to rotate one tooth
width should not be longer than the time t, for the sleeve to
move a tooth length of the synchronizer ring, as:
60 o
t=—<——=t, (36)
Anz vsleeve

where An denotes the speed difference between the driving
and driven part of the synchronizer, z is the number of teeth on
the synchronizer, & is the tooth width of the synchronizer ring,

and V.. IS the sleeve speed. The sleeve speed can be obtained
from (37), as:

Vyeee < 0ANZ /60 (37)

In this phase, a proportional-integral (P1) controller is
employed. The control algorithms of phases 3 and 4 are similar
to that of phase 1.

(c) Control Strategy for Synchronizer-Locking Phase

A multi-objective optimization problem among shift impact,
sliding-friction work and locking time of synchronizer is built
in the synchronizer-locking stage during the gear-engagement
process. According to (2), the state vectors and control vectors
can be established. The angular velocity o, of the synchronizer

driving part, the angular velocity o, of the synchronizer driven
part and its changing rate are employed as the state vector, as:

X @,
X=X |=|o, (38)
X3 a.)v

The synchronizing friction torque T, and its variation rate T,

are considered as the control inputs, as:

(o))

Combining (2), (38) and (39), the state equations are obtained:
Xlzd)s: _Ts / ‘]se =-U; / ‘Jse

(39)

X, =, =X (40)
%=, = (T, -T,) 1, = (U, -T,)/ J,,

Based on the assumptions made previously, the torque variation
T, for synchronizer driven part is 0. Thus, we can get:

X = f(X,U,t) (41)
On the basis of the parameters of the shift actuator detailed
previously, a maximum synchronizing friction torque can be
yielded, that is T, =10.11 Nm, therefore

0<T,<10.11 (42)

The torque variation rate of control motor should meet the same
requirement of the shift impact according to the engineering
experience, which is from 0 to 10 m/s®, and the range of the
torque changing rate can be:

o< <10 (43)
‘]veIO
And the initial condition can be defined as:
X(t,) =X, (44)

where t, is the initial time of the synchronizer-locking phase.
The terminal constraint is:

G[X(t,).t |=0 (45)
where t, isthe end time of the synchronizer locking phase, and

G denotes a differentiable function. The sliding-friction work
and shift impact are taken as the optimal performance function
to improve the shifting quality, as:

tf -
J :LO [KT, (@, —,) +K, | Jot
where J is the performance function, K, and K, are the

weight coefficients of the sliding-friction work and shift impact,
respectively. J can be expressed as:

=] {KM(& —%,)+K, (ﬁ] uildt (47)

(46)

ve'0
The following function is defined as:

2
L(X,U,t)= Klul(xl_X2)+K2 ELJ Uz2 (48)
ve'0
It is known that finding the minimum value of (47) is a typical
optimal control problem. Consequently, PMP is introduced for
solving the optimal value of L(X,U,t) [29]. According to
PMP, the Hamiltonian function can be formulated with a co-
state variable A , as:
H(X,U,A4,t)=L(X,U,t)+ A7 f(X,U,t)

Then, we can get:

(49)

2
H =Ku, (X —x)+ Kz[ r- j u§+ﬁ1 [_Jijlh +,% +J£U2
ve'0 se ve
(50)
The necessary conditions of finding the minimum J is to

enable H(X,U, 4,t,) to satisfy the following set of equations:

: oH
%=—a=—K1U1
. oH : oH
A=——= =——=Ku 51
x % ox, - (51)
: oH
Ay = o, Z

The Hamiltonian function defines the minimum value on the
optimal state X * and the optimal control variables U~ as:

H[ X", 270" t|=minH[ X", A", U,t] (52)
The control equation, boundary condition and transversely
condition are given as:
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M Ky —x) -2
aH aul ‘]se (53)
U |oH 2K,rr A
o _ch L8
auz ‘]vzeloz 2 ‘]ve
H(t;)=0 (54)
At;) =0 (55)

Then, the optimal trajectories of each control vector and state
vector can be obtained as:

T - T.(t,)e*"™  0<T, <10.11
* 1011 T, 21011
T, =aT,(t,)e*"™
Ts(to) a(t-ty)
o, = ——22 (39 _1) 4 g (t 56
o= | )+ o.(t) (56)
Ts(t ) a(t-ty Tv
o, :?;(e “”—1)—J—Ve(t-t0)+a)s(to)
) =i(T (t,)e* ™ -T,)
S Jve s\ 0 \

where @ is one of the characteristic root of the co-state variable
and is defined by:
K J i2 1/3
a= 1% ve'0
[ 2K, r? J

Finally, by combining (1), (14) and (56), the optimal
trajectories of the torque and its variation rate can be found, as:

(67)

a(t-ty)
T - Ton ()€ 0<T,, <0.4775 (58)
0.4775 T, =0.4775
Tsm = Tsm (to)ea(l_to) (59)

The optimal trajectory T, ofthe control motor and its variation
rate T, are related to @ and (K,/K,)"*, of which the latter
(K, /K,)"*can determine the shifting quality to some extent.

By assuming that T, (t;) =0.0239 Nm , the relationship

between the shifting time, the shift impact and the sliding-
friction work with (K, /K,)"* is gained through simulation, as
shown in Fig. 10.

03 1

\ o= Shift impact
\ = = sliding-friction work

@rmem SYnchronizing
locking time

o

N

o
=
o

o o
2 2
Shift impact (m/s%)
D

Synchronizer locking time (s)
o

Sliding-friction work (10" J/mm?)

S,

o
o
o
o

3 4 s 2

(K K
Fig. 10. Relationship between the shift quality and (K, /K,)".

As can be found in Fig. 10, with the increase of shift impact,
the synchronizer locking time and sliding-friction work are
reduced. However, the value of sliding-friction work is much

less than the allowed value. Therefore, the shifting quality
depends on the synchronizer locking time and shift impact. The
optimal performance in this phase can be evaluated according
to the limit of shift impact, which should be lower than 10 m/s®.
Therefore, (K,/K,)"”® can be determined, and the optimal

torque trajectory of the control motor is finally yielded, as:

o \U3
Jel ] (tt)

T

sm

6.8: T
=T, (t,)e (” 0<T,, <0.4775
T, >0.4775

0.4775 2
IV. SIMULATION AND EXPERIMENT VALIDATION

To test the effectiveness of the proposed shift mechanism and
shifting strategy of 2AT for EV applications, simulation based
on Matlab/Simulink and experimental validation of a prototype
are conducted. The upshift and downshift processes are
performed for evaluation.

(60)

A. Simulation Results of the Upshifting process

We assume that the upshift speed is 50 km/h for simulation
validation. Fig. 11 shows the camshaft position and the timing
of the motor in this process. Fig. 11 (a) shows the camshaft
position corresponding to Fig. 7. Fig. 11 (b) depicts the timing
of the control motor, in which “0” represents a non-working
mode, “1” represents the pre-gear-disengagement, ‘27
represents the gear-disengagement, and “3” represents the gear-
engagement. The control motor does not stop operating during
the whole shifting process, thus effectively avoiding frequent
start and stop and prolonging its working life. Fig. 11 (c) shows
the timing of the driving motor, in which “0” represents the free
mode, “1” represents the torque mode, and “2” represents the
speed adjusting mode. As shown in Fig. 11 (b) and (c), the total
duration of parallel control is 0.33 s, which means that if the
traditional serial control strategy is applied, the upshift time will
increase by 52.46%.

S~ o

@ |

BN W

(b)

N w

o

[N)

©

-

=)

o
=)

1.0 1.2 1.4 1.6
Time (s)
Fig. 11. Camshaft position and motor timing.

Fig. 12 and Table V detail the simulation results of the
synchronizing process. The sleeve speed increases first and then
decreases, according to Fig. 12 (a), (c) and (d). Moreover, the
maximum sleeve speed is lower than 0.12 m/s during the
before-synchronizer-locking phase, and the minimum speed is

Timing of driving motor Timing of control motor ~ Camshaft position
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0.032 m/s. Therefore, the PI controller may not only reduce the
gap quickly, but also control the speed well so as to avoid the
phenomenon of tooth braking and the associated impact.

TABLE V
SHIFT QUALITY RESULTS OF UPSHIFT IN THE SYNCHRONIZING PROCESS.
. .. Time of Maximum  Sliding-
Evaluation = Synchronizing . . ..
index time synchronizer- shift friction
locking phase impact work
Value 0.189 s 0.061 s 6.19 m/s® 1.257]
12 5 05===mx 50
= » ] ~< 3
E // \ / 0_10@ g 0.4 i \\ 40 g
=1 £ 2 Torque of / @
S / ) - = So03 shifting motor N 0 8
g / /‘ Drpecement | | 22 O — - spra iterence \ &
ol . /N sk 3o ]
o ; ~ - - —— | o © °
a / s @ N o
2 F g 201 08
o 088, Mo 8
1.286 1.306 1.326 1.346 1.350 1.370 1.390  1.410
Time (s) Time (s)
(a) Before-synchronizer-locking phrase (b) Synchronizer-locking phase
B N 015 _ 18 5 _
g 7z 7 s S é E e " \\ g
< N = = <
14 »7 10 En et M 0.10g
E V2 N L E 4 N =3
£ NI ’ \ @
3 / ® / \ o
S13 7 I Di 0053 Sty {005 8
x / —=== Sleeve speed Ry / Displacement | '\ 3
a / [ =) 7 ~==- Sleeve speed n
1 4 15 0
1.411 1.421 - (1 )431 1.441 1.445 1.455 1.465 1.475
ime (s] Time (s)
(c) After-synchronizer-locking phrase (d) Engaging-target-gear phase
Fig. 12. Simulation results of the synchronizing process. (a) Before-

synchronizer-locking phase; (b) Synchronizer-locking phase; (c) After-
synchronizer-locking phase; (d) Engaging-target-gear phase.

In the synchronizer-locking phase, the control motor
increases torque rapidly to the maximum output torque for
eliminating the speed difference between the driving and driven
parts, and the total time for this phase is only 0.069 s.
Simultaneously, the maximum shift impact is 6.19 m/s®, which
is less than the limit of maximum shift impact. Therefore, the
shift quality is obviously improved by the control algorithm for
synchronizing torque optimization, in terms of responsiveness
and smoothness.

As shown in Fig. 13, the shift impact during shifting process
is less than 10 m/s®, the speed fluctuation is low, and the shifting
time is 0.602 s. Besides, the vehicle speed increases and
maintains the preferable power performance. It can be found
that the novel shift mechanism and proposed shifting control
strategy can realize a fast and smooth upshift.
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Fig. 13. Simulation results for the upshifting process.
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B. Simulation Results of the Downshifting process

Fig. 14 shows the simulation results of downshifting process.
As can be seen, the time of the downshifting process is 0.675 s,
slightly longer than the upshifting process, but still less than 1
s. The shift impact during the whole downshifting process is
also within the limit. Thus, the proposed control strategy is

justified.
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o
: \ : /
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g -50 8 o0
& 18 2 22 24 26 28w 18 2 22 24 26 2.8
'2 Time(s) Time(s)
—~ 250! % 10
£ —1 &
g E 5
= 200 2
[ 0  —
: : .
= = -5
g ; 10
2 2 21 _ 2.2 23 718 2 22 24 26 28
Time(s) Time(s)
110 €%
= € 33
O i Tt <
£ 900 T
B \ 1% gear speed g,-). 29
o 700 — ——_ Transmission ® |
wn output speed § 27
<
0 52 22 24 26 28 S g 1 2 3
Time(s) Time(s)

Fig. 14. Simulation results of the downshifting process.

C. Experiment Results of the Shifting Process

A prototype including the transmission and shifting
mechanism is fabricated in real scale, as shown in Figs. 15 and
16, to evaluate the proposed design and control method. The
test bench is composed of the 2AT system with a transmission
control unit (TCU), a driving motor, a motor control unit
(MCU), an inertia flywheel and a load motor. The output torque
of the transmission is measured by a torque sensor.

»1 Control Platform
¥ CAN bus
12v > shift
Battery TCU Mechanisam !
v Flywheel
\

DC Power || Driving 2AT Load
Source —] Mcu Motor System Motor

Torque Sensor

Fig. 15. Configuration of the test bench.

Shift Mechanism

Inertial Flywheel

A :
Fig. 16. Structure of the test bench.

The experiment results of upshifting and downshifting
processes are as Fig. 17. The time of upshifting and
downshifting is 0.60 s and 0.72 s, respectively. Moreover, the
fluctuation of transmission output torque is quite low,
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guaranteeing the comfort during shifting. As can also be found
from Fig. 17, the shifting impact in the experimental result
showcases a similar trend, compared to the simulation results.
That is, regarding the torque-release/restoration process at the
beginning and end of the shifting process, the experimental
results show that the motor can quickly complete torque
adjustment in about 0.1 s and suppresses the shifting impact
under the limit of 10 m/s%. In the gear-engagement process,
which occurs from 0.46 sto 0.6 s (see Fig. 17 (a)) and from 0.57
sto 0.73 s (as shown in Fig. 17 (b)), the shifting impact caused
by the synchronizer locking is controlled within around 5 m/s®.
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Fig. 17. The experimental results for the shifting process. (a) Upshifting
process; (b) Downshifting process.

Furthermore, the system detailed in [22] is introduced for
shifting performance comparison. In this benchmark system,
the motor and transmission are also directly connected without
clutch, and an active-synchronization strategy is implemented
for the speed synchronization of the motor and transmission.
Note that the shifting time of the system in [22] is 0.79 s. Instead,
as can be found from Fig. 18, the shift time of the proposed
system is 9.8% faster than the benchmark system. Moreover,
the maximum shift impact during gear engagement process of
the proposed system is 4.6 m/s%, which is 8% less than that of
the benchmark system. Additionally, the maximum shifting
impact during the whole process is almost identical, both within
10 m/s%. In short, the designed 2AT system associated with the
advanced control algorithm outperforms the system in [22]. To
sum up, the proposed novel 2AT system for EV achieves the
anticipated shifting performance through the validation of the
comprehensive test.
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Fig. 18. The comparison results of the shifting process.

V. CONCLUSION

In this paper, a 2AT system is put forward with a special shift
mechanism, which is composed of a control motor, a worm gear
mechanism and camshaft, and features small size, rapid shifting,
and simple structure. A parallel coordination control strategy
for the control motor and driving motor is developed for the

shifting processes. The control algorithm with an optimization
of synchronizing torque based on PMP is proposed to
significantly improve the shift quality in terms of shift
responsiveness and smoothness. The validation of the shifting
processes is conducted, and the effectiveness of the novel 2AT
system was verified on test bench.

Although this research has validated the effectiveness of a
prototype for the proposed 2AT on best bench, some work still
needs to be performed to achieve its application. The parameter
design of shift mechanism is based on a flat surface, and
theoretically, there is a reasonably curved surface for force
application to maximize the acceleration of shifting fork at each
position, which can reduce the shift time. Moreover, it is
necessary to carry out tests concerning the transmission
efficiency, noise, dynamic stiffness, and fatigue life to verify
the transmission performance and durability.
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