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Abstract

This paper proposes a novel synchronizer ‘Harpoon-Shift’ aiming at improving the comfort and
efficiency of gearbox, meanwhile, simplifying the shifting control strategy for multi-speed electric
vehicles. It will overcome one of the biggest shortcomings of traditional synchronizer system with
frictional cone clutch.

Experiment is established to investigate the torque and speed responses during the engagement of gears
pairs. Then, based on previous testing results, the relationship of the peak torque and minimum speed
difference to implement gear shifting with various spring coefficients is investigated. In addition, a
mathematical model of the Harpoon-Shift system is developed to simulate the engagement process. The
simulation results of system transient responses are validated against the data measured on testing rig.
The model is then improved to study the impact of the rotating inertia, speed and speed difference on
the torsional vibration and required time of engagement. Both of the simulation and experimental results
show the significant improvement of proposed synchronizer to conventional cone clutch synchronizer.

Keywords: Harpoon-shift; Synchronizer; Electric vehicle; Shift control; Engagement dynamics;
Torsional vibration.

1. Introduction

The application of multi-speed transmissions in electric vehicles (EVs) continues to grow as a result of
improved performance and driving efficiency in comparison to single speed EVs [1]. Traditionally,
shifting and gear selection is performed with the use of friction clutches, a result of both limited
controllability and high inertia of combustion engines. These friction elements are a major source of
inefficiency in multi-speed gearboxes [2-4]. As electric motors are significantly more controllable that
their conventional counterparts, as evidenced by paper such as [5-7], reliance on inefficient friction
elements can be reduced, and even eliminated. This has resulted in the development of shift control
strategies that rely on motor control rather than friction based strategies [8-10]. However, as shown in
[11] these strategies cannot entirely eliminate the need for torsional vibration absorption during clutch
lockup.

As established by a number of comprehensive studies on integral control of multi-speed electric vehicle
(MSEV) platforms [6,12-14], and in particular those with clutchless automated manual transmissions
(CLAMT) [6,12,15-16], the need for friction clutches for speed synchronisation in EV shift control is
reducing. Whilst these are still necessary for AT [13] and DCT [14] based platforms, CLAMTSs can, in
theory, achieve functional control without the use of friction clutches [5,7].



To minimize losses, the design of synchronization mechanisms is critical in applications substantially
affected by system efficiency, i.e. electric vehicles [17]. Energy in an open synchroniser clutch is
consumed as viscous drag. In papers such as [2,3] it is demonstrated to have a significant impact on
powertrain operating efficiency. This is undesirable for multi-speed electric vehicle platforms that need
to minimise any power losses [18]. The use of dog clutches alone, however, has limitations with “clash”
type failures that occur when there is a high relative speed during engagement [4,19,20]. In [11], a
controllable one-way-clutch was developed to free the use of friction elements. However, it
demonstrated that substantial transients resulted from engagement as a friction clutch was used to
absorb any transient shock.

This paper presents a novel gear engagement mechanism, which only consists of a torsional shock
absorber and a dog clutch. It is designed to overcome any speed difference within the engaging gear set
and to minimize transients during the gear shift process. Ultimately, it provides a means to select and
engage gears without the use of friction clutches. The prototype demonstrated in this research offers a
unique technique for overcoming issues arising from high relative speeds during engagement. This
mechanism relies on relative speed difference between sleeve hub and target gear and must ensure the
hub is faster than the target gear to achieve engagement. Fig. 1 presents a cross-section view of the
proposed novel synchronizer in this study. It consists of input and output shafts (No. 8 and 1), sleeve
(No. 6) and sleeve hub (No. 7), and guide ring (No. 2) and springs (No. 9) as the main components for
actuation. As detailed extensively in the remained of this paper, this actuator relies on the use of the
primary traction motor to synchronise its speed toward designed threshold. It use the integral torsion
springs to absorb residual relative motion followed by locking the target shaft to the transmission,
engaging the desired gear and allowing the delivery of traction load to the wheel.

Fig. 1. Section view of ‘Harpoon’ shift gear engagement mechanism: (1) output shaft, (2) guide ring, (3) needle
bearing, (4) deep groove ball bearings, (5) retaining ring, (6) sleeve, (7) sleeve hub, (8) input shaft, and (9) springs.

In summary, this study proposes a novel actuation device for the gears engagement in multi-speed EVs.
The remainder of this paper is divided into (ii) details of the proposed synchronizer, gear shift control,
(iii) mathematical model of engagement (iv) simulation results, and analysis of rotating inertia, speed
and speed difference on torsional vibration, (v) rig setup, variables analyzing, and experimental results,
and finally, (vi) conclusions drawn from these results.



2.  Prototype Concept

In MSEV platforms where speed control of the traction motor is possible for gear synchronizing, the
gear engagement process could be significantly simplified. A conventional synchroniser mechanism
requires (i) matching speed between a freewheeling gear and shaft by using a cone clutch, (ii) physically
interlocking the gear to the shaft by using a dog clutch, and (iii) seeking no premature engagement
leading to the damage of mechanical parts via the design of dog and cone clutches [4,19]. Through the
application of electrical speed synchronization in MSEVS, the engagement process can be simplified.
For this type of transmission, the mechanism must (i) absorb any residual relative motion between gear
and shaft and (ii) physically interlock the system.

According to these requirements, a new concept synchronization mechanism is proposed. It
incorporates a synchroniser groove and a sleeve to lock the gear and shaft after speed matching, and a
guiding component capable to match gear and shaft speed. The speed synchronization between gear
and its respective shaft is implemented by radial flexible components. The interlocking of the
mechanism is implemented by angled chamfers on the synchroniser groove and the sleeve, or the
locking of the shifting actuator. Fig. 2 presents the assembling drawing of the Harpoon-shift concept,
comprising of constant mesh gear, dog gear, torque springs, sleeve, hub and shaft.
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Fig. 2. Exploded view of the Harpoon-Shift concept.
The functions of the main components for the Harpoon Shift mechanism are as follows:

e Constant mesh gear: these are common gears in lay-shaft type transmissions. Typically, the
gears are supported on the primary shaft with a needle bearing to allow relative rotation when
freewheeling and secured against axial movement to the shaft.

o Dog gear: matches the speed of the gear with the speed of the Harpoon-shift hub and output
shaft. The external groove interlocks with the internal prong of the Harpoon-shift sleeve.
Internal circular grooves retain the torque springs.

e Torque spring: one end contacting with the step of the dog gear and the other side remains in
contact with the guide ring. Typically, the guide ring compresses the spring, providing a torque
to counteract residual relative speed between the hub and constant mesh gear before the sleeve
completes engagement.



e Guide ring: this ring has chamfers on one side to guide the sleeve to insert the synchroniser
groove smoothly. Once the sleeve has mated with the guide ring, relative motion between sleeve
and dog gear will compress the spring. To do so, tabs on the other side for ring engage the
torque spring.

e Harpoon-shift sleeve: this could be engaged by using an actuator via the gearshift fork. It has
internal splines that are in constant mesh with the Harpoon-shift hub external splines, so it can
only move axially from the neutral position to an engaged position. The main function of the
prongs is to engage with the guide ring during speed matching and interlock with the dog gear when
engaged.

e Harpoon-shift hub: is mounted on the rotating shaft via a spline.

e Shaft: It has an external spline that constantly mesh with the internal splines of the Harpoon-
shift hub and supports the idle constant mesh gears through bearings.

Compared with the conventional synchronizer, the advantages of the new mechanism are as follows:

Q) No friction elements for speed synchronisation. This can reduce power losses during gear
shifting.

(i) Requiring only a small thrust load for engagement. The actuation force can be supplied by
a small motor rather than by a heavy and complicated hydraulic system. This is desirable
for electric vehicles.

(iii)  Simpler actuation process. Harpoon-shift relies on mechanical system (i.e. limiting
mechanism) to control the axial motion of sleeve during engagement. Thus it could use
open loop control instead of closed loop control to accomplish engagement.

(iv) Fewer components than traditional synchronisers. This can improve the reliability and
extend the service life of synchronisation mechanism.

The limitation of this design, however, is the need to use an electric drive to complete the
synchronisation process. Such actuation methodologies are suggested in a number of research articles
focused on AMTSs for electric vehicle applications [6,7,10]. For a traditional synchroniser, there is a
requirement of using relatively high force based (typically 500 ~ 1000N) actuators to both engage the
frictional cone clutch and perform ring unblocking and indexing in the dog gear [3,4,19,20]. The
proposed design overcomes these issues, and instead relies on kinetic energy in the relative motion
between engaging gear and shaft to perform these guide ring realignment duties. Thus, the control
process is simplified and actuation load is significantly lowered. In testing discussed in Section 5.1, a
peak load of 47 N is required for actuation of the sleeve. The simplified control process is stated as
follows:

De-energise prime mover (i.e. electric motor).

Release engaged gear.

Use prime mover to synchronise input shaft to a speed greater than the target gear.

Engage the Harpoon-shift actuator according to Section 3.

Re-instate drive load.
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The key operating principle for this mechanism is to apply the stored kinetic energy in the target gear’s
reflected inertia to compress the torque spring and rotate the guide ring into an open position enabling
engagement of the dog clutch on the sleeve. For example, if the spring stiffness is too high, there will



not be sufficient energy stored in the system to realign the guide ring and complete engagement. In
contrast, if the stiffness is too low, the insufficient absorbed energy will result in undesirable transients
in the powertrain. The spring stiffness can be designed with reasonable accuracy to ensure successful
engagements over a range of differential speeds.

For a torsional spring the stored energy is:

1
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where Eg is the spring energy, Kj is the spring stiffness and & is the angular rotation. The kinetic
energy stored in the rotating elements of the powertrain upstream of the mechanism is:
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where E, isthe kinetic energy, Jg is the inertia of the powertrain upstream of the target gear, @, is

the rotational speed of the gear, @y is the rotational speed of its respective shaft. Noting particularly

here that the spring is required to absorb only the energy needed to reduce the gear speed to the target
speed through a particular compression of the spring. Then it is possible to arrive at a solution for the
spring stiffness as follows:
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This simple calculation allows for the design of a range of functional speeds where the mechanism will
successfully engage. However, it is the ideal load and does not account for energy consumed by losses
in the system. Such issues will increase the minimum speed required for engagement. Therefore the two
main issues requiring investigation are (1) variation of the spring stiffness and its impact on
engagement, and (2) determination of minimum differential speed for a given spring stiffness.

3. Actuation process and modeling

The model of Harpoon-shift prototype used in the test (see Section 5.1) is shown in Fig. 3. Since two
mechanical couplings are used in the test to absorb the torsional oscillation, two linear spring dampers
(k &c,k, &c,) are applied in the model to represent the elasticity and damping of the rubber inserts of

the couplings. Additionally, the clearance between the insert and mechanical components is not taken
into consideration in the study.

Motor 2

Harpoon-shift
Motor 1
——

Input shaft Output shaft

Sleeve & Dog gear
C hub [s]

Fig. 3. The model of the Harpoon-shift prototype.



For a clear demonstration of the working process, the Harpoon-shift is simplified to four main important
components, i.e. two external grooves of the dog gear, two guide blocks of the guide ring, two prongs
of the Harpoon-shift sleeve as shown in the sketch of Fig. 4 and torque springs which are not shown
due to the fact that they are installed inside the assembly [21].
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Fig. 4. Working components and angular parameters of Harpoon-shift.

The engagement of the Harpoon-shift has several stages as the guide ring is engaged and the sleeve
slides forward along the shaft, rotating and compressing springs to match speed of shaft and idle gear
before completing gear engagement. In practice, the alignment at the start of engagement could be
different, because the time at which a shift occurs in the driving of vehicle is random. As a result, the
relative position between the holes of the guide ring and the prongs of the sleeve is random at this stage
of the engagement process. The whole working process can be divided into seven stages according to
the displacement of the sleeve and the angle of rotation. The start and end of each phase are detailed
below:

Stage 1 (0<6, <0 & X, <X,):

The first stage is illustrated in Fig. 5. This phase starts with the Harpoon-shift sleeve at the neutral
position. At the beginning of this phase, the gear to be engaged is determined. The shift fork begins
to push the sleeve forward to the selected constant mesh gear. There is a speed difference between
the sleeve and the dog gear during this phase, and the relative position between the prongs and the

block of the guide ring decides the number of phases during the process of the engagement. In this
research, the actuation force, F, , is supplied by a pneumatic cylinder. If the prong touches the front face of
the guide ring, its axial movement is blocked immediately. Otherwise, it moves axially until it contacts the
chamfer of the guide ring or the flat head face of the dog gear, which indicates that the engagement process

enters the stage 2 or 3.
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Fig. 5. The position of the Harpoon-shift components during the first stage.

The equations of motions referring to this stage are expressed as follows:
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where

Fa = Apc _Cxxs (10)

k (1=1,2) are equivalent stiffness coefficients, and C, (i =1,2,5,9) are damping coefficients. Keg
is the equivalent stiffness coefficient of the integral torque springs. Here krg = nskisf, where n, is
the number of the springs, K., is the linear stiffness coefficient of the springs (see Table 3), R, is the
mean distribution radius of torsion springs. ¢, is the equivalent damping coefficient. J! is an
equivalent inertia, which includes the inertias of the sleeve, hub and coupling, Je'q is an equivalent
inertia, J; =J/, + igz\]m2 , Where J éb represents the equivalent inertia of gearbox on the output shaft,
I, is the gearbox ratio, Jp, s the inertia of motor 2. Jy is the sum of the inertia of dog gear and
coupling. Jr;l is an inertia taking into account the inertias of the motor 1 and coupling. J, isthe inertia
of guide ring. m, is the sleeve mass. The angular displacement, velocity and acceleration of sleeve,
0, Hml and 6.

and corresponding time derivatives, while X, represents the axial displacement of the sleeve. Tml is

gearbox output shaft, dog gear, motor 1 and guide ring are represented as &, , O+

the torque of the motor 1 used as resistance torque, and Tmz is the torque applied to keep the motor 2

rotating at a constant speed. A, is the sectional area of the cylinder piston, P. is the air pressure in the

c

cylinder chamber, ¢, is the viscous friction coefficient. F,, is the force acting on the sleeve prongs

X

from limiting mechanism (the guide ring front face), which is shown in Appendix A in detail.

The differential equation for P, in Eq. 10 is given by [22, 23]

c

e

Pc :m(Qc _A:Xs) (11)

where V, is the chamber minimum volume at X, =0, /, is the bulk modulus of the air, and Q, is
the air flow computed by

_ 2 | I:)in — Pc |
Q. =sgn(P, - R)C, A”/T (12)



where C, is the discharge coefficient, P, is the supply pressure directly provided by an air pump,
Pqir 18 the air density, A is the orifice area.

Stage2 (0'<6.<6,+6"):

The second stage is shown in Fig. 6. This phase starts with the contact between the prong of the
Harpoon-shift sleeve and the chamfer of the guide ring. Under the pressure of the shift fork, the prong
of the sleeve continues sliding on the chamfer of the guide ring, and the friction on the surface starts to
increase. During the phase, the guide ring blocks the grooves of the dog gear, which thus prevents
premature locking. The phase ends with separation between the chamfer block of the guide ring and the
prong of the sleeve and the contact between the flat head face of the dog gear and the prong.

TSGfric
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Fig. 6. The position of the Harpoon-shift components during the second stage.
The equations of motions regarding this stage of the process are the following:
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where R isthe mean contact radius between the guide block and sleeve prongs. J, ischamfer angle

of the guide block. 4 is the chamfer friction coefficient. F, axial component of the normal force

a
when the sleeve prong contacts the chamfer surface of the guide ring, which is shown in Appendix A
in detail. There is a constraint equation between the axial and tangential velocities as they connect on

the chamfers [20], i.e. X, = (6, —0.)R,, cot5,, where R, is the outside radius of the dog gear.
Detailed chamfer friction calculation in Eq. 13 is shown in Appendix B.

Stage 3 (6,+60'<6,<6,):



The third stage represented in Fig.7. The stage starts with the contact between the flat head face of the
synchronizer groove and the prong of the Harpoon-shift sleeve. After slipping down from guide ring,
the sleeve prong slides on the flat top of the groove ring under the pressure of the shift fork. The friction
between the dog gear and sleeve prongs starts to increase. During this phase, the axial velocity of sleeve

is zero (i.e. X, =0). The phase ends with the contact between the flank of the sleeve prong and the flat

flank of the next prong of the guide ring.

Fig. 7. The position of the Harpoon-shift components during the third stage.

Thus, the equations referring to this phase are:
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where i, is the dynamic friction coefficient.

Stage 4 (6,<0,<6,+0'):

The fourth stage is illustrated in Fig. 8. The stage starts from the flank of the sleeve prong contacting
the flat flank of the next prong of the guide ring. Then the sleeve begins to push the guide ring to rotate
relative to the constant mesh gear and dog gear. Simultaneously, the flexible components (torque
springs) between the dog gear and the guide ring are compressed in the internal groove due to the
relative angular displacement. Under the transmission of the drive torque through the flexible
components, the dog gear and the target gear start to synchronize speeds and align sleeve and the shaft.
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Fig. 8. The position of the Harpoon-shift components during the fourth stage.

Since a collision between the guide ring and the sleeve prongs takes place due to the speed discrepancy,
the IMPACT function [24-25] is used to describe the collision dynamics. The contact force (normal
force) consists of two parts, the spring and damping forces, and it can be calculated by

F,=Kq"+Dq (25)
where K is the generalized stiffness coefficient, q is the relative penetration depth, N is the
nonlinear exponent factor, D is the damping coefficient, ¢ is the relative normal contact speed. The
damping coefficient can be computed by

D =, step(d, gy, hy, &, 1) (26)

where C_,, isthe maximum damping coefficient. The step function is given by

y, (@<qp)
step(d, Ao, o, G, 1) =1y + (0 —h)A®(3-24), (g, <a<qy) @)
h, (@=q,)

in the above expression, ¢,=0, h,=0, h=1, A=(q—q,)/(0,—0,). G, is the maximum

penetration depth, which corresponds to the maximum damping coefficient C_,, . The characteristic of
the damping coefficient is displayed in Fig. 9.
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Fig. 9. The characteristic of damping coefficient [25].

The differential equations regarding this stage are
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where N is the nonlinear exponent factor (n=2.2), N is the number of sleeve prongs (N =8),
K, and c, are the equivalent stiffness and damping coefficients, respectively, which correspond to
KandDin Eq. 25.

Stage 5 (6,+0'<60,<0,+6"):

The fifth stage is illustrated in Fig. 10. The prong begins to slide along the chamfer of the synchronizer
groove and continue pushing the guide ring under the pressure from the shift fork. The collision between
the guide ring and the sleeve prongs still exists throughout this phase.

T

spring

T

SSfric
—>>

Fig. 10. The position of the Harpoon-shift components during the fifth stage.
The equations regarding this stage are:
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where [, is chamfer angle of the groove, u; is the chamfer friction coefficient, F, is axial
component of the normal force when the sleeve prong contacts the chamfer surface of the groove.

Detailed calculation of F," is shown in Appendix A. Similar to the stage 2, there is also a constraint

equation between the axial and tangential velocities, i.e. X, = (6, - 9g)Rout cot 3, . The chamfer friction
calculation in Eq. 34 is similar to the calculation process in Eqg. 13 shown in Appendix B.

Stage 6 (0, +60'<0,<6,):

The sixth stage is shown in Fig. 11. This stage starts with the prong of the Harpoon-shift sleeve
contacting the flat flank of the external groove of the synchroniser groove. During this stage, the prong
of the sleeve is pushed by the shift fork to the bottom of the external groove of the dog gear.

Fig. 11. The position of the Harpoon-shift components during the sixth stage.

Since the collision between the dog gear and the sleeve prongs takes place during this phase, the
IMPACT function is applied again to describe the dynamics of the collision. Therefore, the differential
equations are
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o N (40)
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where ksg and c,, are the equivalent stiffness and damping coefficients, respectively, which

correspond to Kand D in Eq. 25. F,, is the reaction force when the sleeve prongs contact the
surface of the groove bottom of dog gear, which is shown in Appendix A in detail.



Stage 7 (60, < 6,(6, ~0,) &0, =6, = 6,):

The seventh stage is illustrated in Fig. 12. The phase ends with the sleeve reaching the final position
of the synchronization process with the splines fully meshed with the dog gear. Positive locking
can be achieved between the prong and groove through deliberate undercutting of the two features on
the components or the constant pushing force from the shift fork. Since the Harpoon-shift is locked up,

the angular velocities of the sleeve, guide ring, and dog gear are identical, i.e.,d, = 0, = a'g :

Fig. 12. The position of the Harpoon-shift components during the seventh stage.

The differential equations referring to this stage of the process are as follows:
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mX, =0 (49)

It is worth noting that, after engagement, the compression energy in the torque spring will not be
released until next gear shifting event starts. When next shifting begins, the sleeve will move axially
from the engaged position to the neutral position. Simultaneously, the guide ring will rotate back to its
initial position under the restoring force of the compressed torque spring, where the guide ring blocks
the grooves of the dog gear to prevent premature locking if this gear is selected again.

4. Simulation results and related analysis

The engaging process of the Harpoon-shift mechanism is simulated in MATLAB/SIMULINK, and the
numerical solver ODE45 is applied during the simulation at a maximum time step of 5x10°. The main
parameters used in the simulation are listed in Appendix C.

4.1. Simulation results of engagement.

Fig. 13 shows the speed responses of all the rotating degrees of freedom (DOFs) of the model and the
status (stage 1 ~ 7) of the Harpoon-shift during the engaging process. Particularly, in the stage 4, the
sleeve prongs start to rotate the guide ring and the speed of the latter increases dramatically. The torque
spring then is compressed due to the relative angular displacement between the guide ring and the dog



gear. It can be observed that the motor 1 is static, even though the springs are being compressed by the
guide ring during the stage 4 and 5, and this results from the fact that the torque generated by the torque
spring compression is less than the resistance torque provided by the motor 1. However, when the torque
due to collision between the sleeve and groove ring in the stage 6 is larger than the resistance torque,
the dog gear will be accelerated quickly, starting from point B. Then, the sleeve speed matches the dog
gear speed, indicating that the engaging process enters stage 7 (locked-up stage). During this phase, the
dog gear, guide ring, and sleeve (including the sleeve hub) rotate at the same speed. Thus the curves of
these three DOFs merge into one curve as shown in Fig. 13. The acceleration discrepancy between the
sleeve and the dog gear prior to the locked-up phase causes torsional oscillations to the whole
mechanical system, but then the speed amplitudes reduce quickly because of the damping in the system.
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Fig. 14 displays the torque response of the input shaft. There are two crucial points during engagement:
point A is the local torque peak (-2.4 Nm) when the torque spring is being compressed to accelerate the
output shaft up to the target speed, and point C is the torque peak (-3.6 Nm), indicating that the speed
synchronization is finished. After engagement, the torque vibration is damped by the damping in the
system.

The speed responses of Harpoon-shift under the speed difference of 300 rpm and 500 rpm are shown in
Fig. 15. It is obvious that the amplitudes of the speed response will increase as the speed difference
increases, but the engagement duration reduces significantly.
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Fig. 15. Simulated speed responses of engagement under two speed differences: (a) 300 rpm, (b) 500 rpm.

4.2. Influence of rotating inertia, speed and speed difference

In this section, further study is carried out to quantitatively investigate the impact of the rotating inertia,
speed and speed difference on the torsional oscillation, based on the dynamic model established in the
previous section. As illustrated in Section 1, the Harpoon-shift mechanism relies on relative speed
difference between sleeve hub and constant mesh gear. The sleeve rotates the guide ring to compress
the spring, which provides a torque to eliminate the residual relative speed before the sleeve finishes
engagement. For the cases of low speed difference, the input side of Harpoon shift cannot supply
sufficient energy to open the guide ring. However, as the rotating inertia of the input side increases,
engagement can be successfully completed at much lower speed difference due to the fact that the input
side with larger inertia stores more kinetic energy to push the guide ring to the open position.

Based to the above consideration, some parameters and initial conditions in the simulation need to be
modified in the study. For instance, the rotating inertia of the two motors will be increased and there is
an initial speed for the dog gear before engagement starts. Besides, the output torques of the two motors
are set to zero during engagement. In this section, research focuses on the Harpoon-shift with the spring
of 1. mm wire.

4.2.1. Impact of rotating inertia
In this section, the rotating inertia of motor 2 is increased by a factor of ten, while the motor 1 inertia
increases to 2.5, 5 and 10 times as compared with the initial value. In the simulation, the initial speeds

of the motor 1, dog gear and the guide ring are 1000 rpm (i.e. 6, =6, =6, =1000rpm) and the speed
difference is 10 rpm (i.e. 95 = égb =1010 rpm). The variation of torque transmitted by the mechanical
coupling 2 is displayed in Fig. 16. As the inertia of motor 1 increases, the peak-to-peak amplitude of



the torque vibration rises accordingly; the figure also intuitively shows that the engagement duration
increases. Table 1 presents the overall engagement duration of Harpoon-shift with different inertia of
motor 1. The simulation results show that the rotating inertia significantly influences the torque
oscillation and engagement duration.
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Fig. 16. Simulation results: torque responses under various rotating inertia of motor 1.

Table 1
Engagement duration under various rotating inertia of motor 1
Inertia Whole duration (ms)
253, 288.26
5J m 327.89
10J m 389.62

4.2.2. Impact of rotating speed
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Fig. 17. Simulation results: torque responses under various rotating speeds.



In this section, research is conducted to study the influence of rotating speed on the torsional vibration.
The motor 1 speed is varied at 500 rpm increments from 500 rpm to 2000 rpm and engagement
simulation of Harpoon-shift is performed under the same speed difference (50 rpm). In the simulation,
the rotating inertia of motor 1 is increased by a factor of 100 and motor 2 by a factor of 10. The torque
variation during engaging phase is shown in Fig. 17. These results lead to a conclusion that the rotating
speed has almost no impact on the torsional vibration.

4.2.3. Impact of speed difference

Study in this section focuses on the influence of relative speed difference between sleeve hub and target
gear on the torsional oscillation of the Harpoon-shift mechanism. In the simulation, the rotating inertia
of motor 1 is increased by a factor of 100 and motor 2 by a factor of 10, and the rotating speed of input
side is 1000 rpm. Fig. 18 shows the torque responses of Harpoon-shift engagement under speed
reference of 10, 30, and 50 rpm. As the relative speed between the dog gear and sleeve increases, torque
amplitude increases, but the engagement duration reduces significantly. This indicates that the post
lockup vibrations as well as the duration of engaging process are significantly affected by the speed
difference. In particular, for the case of 50 rpm speed reference, the Harpoon-shift is open during the
stage 4 and 5, and the torque vibrates at 123.8 Hz, while in the locked-up phase, the vibrational
frequency is 21.7 Hz.
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Fig. 18. Simulation results: torque responses under various speed differences.

Fig. 19 displays the sleeve axial displacement during engagement under various speed differences. It is
found that the sleeve movement is blocked at 5 mm and 10 mm, corresponding to the positions of front
faces of the guide ring and dog gear, respectively. In addition, it is worth noting that the prong does not
always contact the front face of the guide ring. Under some circumstances, the prong directly contacts
the guide ring chamfer or the front face of the groove ring, depending on the relative angular alignment
between the sleeve and the guide ring; in these cases, the sleeve axial movement will be blocked only
at 10 mm.

Additionally, it should be noted that the prongs touch the groove bottom (engaged status) before the
Harpoon-shift finishes the speed synchronization. This indicates that when the sleeve reaches the
maximum engaging distance (18 mm), there is still speed discrepancy between the dog gear and sleeve.



When the speed synchronization completes, the engaging process enters the locked-up phase (stage 7).
The total engagement duration of Harpoon-shift under different speed differences is presented in Table
2.
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Fig. 19. Simulation results: axial displacement of sleeve during engagement under various speed differences.

Table 2
Engagement duration under various speed differences
Speed difference (rpm) Whole duration (ms)
10 778.67
30 436.08
50 304.88
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Fig. 20. Simulation results: spring compression rate under various speed differences.



Fig. 20 presents the spring compression rate. While the speed difference increases, the spring
compressing rate increase correspondingly. Especially, when the speed difference reaches 50 rpm, the
maximum compression speed is up to 0.163 m/s. Nevertheless, if the spring is compressed too fast,
spring fatigue phenomenon will occur, leading to the engagement failure of the Harpoon-shift
mechanism. Hence, taking into account the factors of extending the spring durability and declining the
torsional vibration during engagement, lower speed difference would be preferred, but this will increase
the overall engagement duration. It should be noted that there is negative rate of spring compression in
the simulation results, which occurs during the stage 2 due to the collision between the guide ring and
the limitation mechanism of dog gear. The negative speed thus denotes the relative normal contact speed,

similar to the parameter  in Eq. (25).

5. Experimental results of typical engagement

5.1. Experimental setup

The purpose of these tests are to evaluate the functional requirements of the mechanism, particularly
studying the impact of varying differential speed and spring stiffness on system capacity to successfully
engage. Fig. 21(a) presents the assembled Harpoon-shift prototype used in testing, with the sleeve
shown in the disengaged position. Fig. 21(b) presents the functional layout of the test rig, including
drive motor, inertial components, shift mechanism, resistance load, and speed and torque sensors. Fig.
21(c) shows the integrated testing rig.

The motor control unit (MCU) is a variable speed drive to control the four-pole induction motor (i.e.
motor 2). Motor 2 drives the output side of the test gearbox via an intermediate shaft that includes a
strain gauge-type torque sensor. The intermediate shaft is connected to the input shaft of the test unit
(Harpoon-shift) via the mechanical coupling 2, and the output shaft is connected to the motor 1 through
the mechanical coupling 1. The motor 2 and gearbox provide a simulated load representing the whole
vehicle inertia, for these tests the input side of the test unit is held at constant speed and the output side
of the test unit is synchronised to the input with the Harpoon-shift mechanism. Motor 1 is a DC motor
used to provide a resistance load during testing.

The Harpoon-shift does not need a friction force to accomplish the engagement. Furthermore, it does
not require high loads that are associated with friction clutches a pneumatic cylinder is used for
actuation. The selected actuator has a 10 mm bore and 25 mm stroke; it is controlled by an on/off switch
with a nominal pressure of 600 KPa. This produces a peak force of 47 N during actuation. The
pneumatic cylinder is controlled by a flow valve to engage and release the mechanism.

For the collection of the testing results, two speed sensors are installed to record the speed of the input
and the output shafts (on the end of the two motor shafts), and a torque sensor is installed between the
reduction gear and test piece to record the variation of the torque during the engagement of the Harpoon-
shift. Data signals are collected through a Multifunction 1/0O Device from National Instruments, data
is collected through a NI-DAQmx driver and Measurement & Automation Explorer (MAX)



configuration utility to simplify configuration and measurement. Data is then logged through
LabVIEW.
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Fig. 21. Test rig: (a) The working components of the Harpoon-shift prototype, (b) Schematic of the Harpoon-shift test
rig, and (c) shows the complete assembly prior to testing.

5.2. Testing variables

Previously, both the spring stiffness and differential speed were identified as the two main variables
that will still be evaluated during testing. Test pieces for the springs are produced by bending straight
springs to be installed in the internal groove of the synchroniser groove, as shown in Fig. 22. For the
testing of the Harpoon-shift, four different spring arrangements are prepared as shown in Table 3.

| 86

Unbended straight spring

Bended spring

Fig. 22. The unbended straight spring and the bended spring.



Table 3
Spring characteristics for testing

Test specimen 1 2 3 4
Spring wire diameter (mm) 1 1.25 14 1.6
Spring coefficient k,; (N/m) 1 2500 4000 8000

For testing variation of overall speed in the system, it is assumed that as the vehicle is significantly
larger than the net inertia of the system being investigated, it is not necessary to consider the total speed
of the system, just the differential speed. A particular advantage of this layout is that this technique also
minimise the impact of losses in the actuation process, and closely represents the ideal engagement
case. For speed studies, the primary motor is varied at 10 rpm increments from 10 rpm up to 500 rpm
from rest. The output side of the rig has an initial speed of zero, and the kinetic energy change is
measured from the 500 rpm speed difference.

5.3. Typical engagement

In the beginning of the testing, the input speed of the Harpoon-shift prototype is given with a determined
value and the output shaft is kept motionless by the DC motor (motor 1). Thus, the speed difference is
equal to the value of the input speed of the prototype. After the engagement of the Harpoon-shift, the
change of the input torque and the output speed are examined by means of the torque sensor and speed
sensors. An example of engagement is shown in Fig. 23. The process of engagement is observed at
three crucial points. Point A in Fig. 23 indicates the sleeve is rotating the guide ring rapidly to compress
the torque spring, generating the local torque peak, Point B is where the sleeve prongs and guide ring
engage, accelerating the stationary shaft up to the target speed, and Point C demonstrates the final
engagement condition with speed synchronisation completed. The transition from A to B takes
approximately 200 ms and results in no appreciable change in the shaft torque, the transition from B to
C is shorter, less than 100 ms, and results in the stationary shaft being accelerated up to the target speed
of 120 rpm. The input torque results demonstrate that whilst there is a rapid synchronisation to the target
speed, there is only a minor increase in peak torque, from -1.5 to -2 Nm, indicating that there is not a
substantial load on the system as the spring torque synchronises the two shafts. Furthermore, the lack
of reduction in input torque during the engagement also suggests that the mechanism will have limited
impact in terms of vehicle noise, vibration and harshness.

It should be noted that the oscillation and damping are obvious in the simulated torque response in Figs. 17
and 18, which are different from the torque response of input shaft in Fig. 23. There are several reasons to
account for the difference between the simulation and experimental results. First, as mentioned in Section
4.2, both the rotating inertia of motor 1 and motor 2 are significantly increased to investigate the inertia
influence, leading to larger torsional vibration amplitude during engagement. Additionally, as mentioned
in Section 3, the clearance between the rubber insert and mechanical components of the mechanical
couplings, as well as the gear set clearance, is not considered in the simulation, but actually the testing
results include substantial clearance influence. Third, there is noise in the testing result shown in Fig. 23.
Although the damping effect is not obvious in Fig.23, the point C, the torque peak, is not difficult to be
identified.
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Fig. 23. Output shaft speed and input shaft torque of the Harpoon-shift during the engagement.

In addition, it can be found that there are differences in the values of the points A and C between the
simulation and experimental results shown in Fig. 14 and 23, respectively. One reason is that the
simulation is based on the assumption that the clearance effect is ignored. Thus, the simulated torque
response is ideal. Another reason may be that the sampling frequency of the torque sensor used in the
test bench is too low to capture the torque peak with high accuracy.

Fig. 24 shows the testing speed response of motor 1 under two speed differences during engagement. By
comparing Fig. 15(a) with 24(a), Fig. 15(b) with 24(b), it can be found that the speed response of motor
1 computed by the mathematic model basically matches the testing results. Also, and comparing Fig.
13 and14 with Fig. 23, the key points (i.e., A, B and C) are basically matched, despite of the difference
as discussed previously. This indicates that the model can reasonably represent the physical prototype
of Harpoon-shift.
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Fig. 24. Testing result of motor 1 speed under two speed differences: (a) 300 rpm, (b) 500 rpm.



5.4. Overall testing results for variation of spring stiffness and speed

This section presents the experimental results evaluating the use of selected spring stiffnesses against
differential speed. Using the same test rig as detailed in Section 5.1 each of the four different spring
stiffness are tested with variation of input speed.

Fig. 25 (a) presents the peak torque values at the input shaft of the prototype with the springs of 1 mm
wire in the test rig under the different speed differences. The results demonstrate a trend of increasing
peak torque with increasing differential speed. These results are consistent with fundamental theories
presented in Eq. (1) to (3), where higher speeds will produce larger spring compression and therefore
larger torques. These results also demonstrate that there is a minimum speed threshold required to
overcome the spring and complete engagement. Results at or below 80 rpm do not successfully engage.
Again, this is an expected characteristic of the system, with the guide ring not being capable of moving
to the open position. Thus, the mechanism is demonstrated to effectively engage within expected
characteristics. It shows that for lower speed events there is insufficient energy from the input side to
open the guide ring and minimal torque is transmitted through the system. This is evidenced by the low
torque readings at speeds less than 80 rpm.
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Fig. 25. (a) Torque peaks during the engagement of the Harpoon-shift with the spring of 1 mm wire, (b) Torque
peaks during the engagement of the Harpoon-shift with the spring of 1.25 mm wire, (c) Torque peaks during
the engagement of the Harpoon-shift with the spring of 1.4 mm wire. (d) Torque peaks during the engagement



of the Harpoon-shift with the spring of 1.6 mm wire. Star indicates failed engagement, circle indicates
successful engagement.

Fig. 25 (b) presents the peak values of the output torque at the input shaft of the prototype with the
springs of 1.25 mm wire in the test rig, again engagements are performed through a range of differential
speeds. The results demonstrate a similar trend to those shown in Fig. 25 (b), with a higher minimum
speed required to move the guide ring to the engagement position, the minimum engagement speed is
now 160 rpm, and the trend of increasing torque with increasing speed repeats itself. It is found that the
peak torques in Fig. 25 (b) are lower for comparable speeds than in Fig. 25 (a). Fig. 25 (c) presents the
peak values of the torque outputted at the input shaft of the prototype with the springs of 1.4 mm wire
in the test rig with the same set of differential speeds. In this case the minimum speed is 340 rpm before
successful engagement occurs. This maintains the trend where stiffer springs require higher minimum
speed to complete engagement. However, the peak engagement torque is more consistent with Fig. 25
(@) than it is with Fig. 25 (b), indicating that there is an optimal spring stiffness for the given
configuration. Fig. 25 (d) presents the peak values of the output torque at the input shaft of the prototype
with the springs of 1.6 mm wire in the test rig under the different speed differences. Results shown in
the Fig. 25 (d) demonstrate that there is not satisfied engagement at any of the available differential
speed.

5.5. Discussion of Harpoon-shift in real application

In the experimental results shown in Fig. 23 and 24, the speed differences are 120 rpm, 300 rpm, and 500
rpm, respectively. Thus the angular velocity of the motor 1 speed and the dog gear increase significantly
within a short time. However, in real application, the threshold of speed difference for Harpoon-shift to
complete engagement will be significantly reduced, which is from 10 rpm to 50 rpm (see Section 4.2). In
addition, the rotating inertia of the driving motor used in electric vehicles is much smaller than that of the
internal combustion engine (ICE). Thus the shifting jerk of EVs equipped with Harpoon-Shift will be
reduced significantly.

In order to further reduce shifting jerk in real applications of Harpoon-shift, the following methods would
be helpful:

1) Torque spring stiffness will be optimized to eliminate the speed difference when the Harpoon-shift
is locked-up, which helps to reduce the shifting shock during engagement. Particularly, for the
multi-speed electric vehicles, torque spring stiffness for each gear should be adjusted respectively
according to the equivalent rotating inertia of the powertrain upstream of the target gear since each
gear ratio is different.

2) The threshold of speed difference for Harpoon-shift to finish engagement should be selected
carefully. Larger speed discrepancy will result in larger shifting shock, while lower speed
discrepancy will reduce the shifting shock, but this increases the engagement duration. Therefore,
it is important to find the right compromise between the engaging duration and shifting shock.

3) Compared to ICEs, the driving motor is more controllable due to its much smaller inertia. Thus, it
can be controlled actively during engagement to decline the shifting shock.



6. Conclusions

A novel synchronizer, namely Harpoon-shift, for electric vehicles is presented and a mathematical
model of the synchronization mechanism is developed in this paper. The transients of the Harpoon-shift
mechanism during engagement is simulated and verified by the experiment using a full-scale Harpoon-
shift test rig. This demonstrates that the dynamic model is capable of capturing the transient
characteristics of Harpoon-shift in the engaging phase. The dynamic model is then applied to explore
the impact of the rotating inertia, speed and speed difference on the torsional vibration during
engagement. Based on the simulation results, a conclusion can be drawn that both the rotating inertia
and speed difference play a significant role on the transient responses of the Harpoon shift system, while
rotating speed has almost no influence on the torsional vibration of the system.

Results achieved from simulation and experiment demonstrate that the applied mathematical model in
this paper can be utilized to quantitatively study the impact of Harpoon-shift design parameters on the
dynamic performance during engaging process. Furthermore, by integrating the Harpoon-shift model
into a powertrain model, the gear shift transients of electric vehicles with Harpoon-shift can be studied
thoroughly, and control strategies to improve the shifting quality can be designed and validated based
on the integrated model.

Additional benefits of the proposed system have not yet been considered in detail in this paper, for
example the energy consumption during actuation. As only a small force is required to engage and
release the actuator, the energy consumed in this process does not have significant impacts on overall
energy consuming. The pneumatic actuator applied in these tests with 600 KPa pressure (47 N force)
can produce 20 mm movement in 0.2 s. It equates to an average power usage of 5 Watts which is very
reasonable for completing gear engagement. The more important is that the actuation force and energy
does not vary with speed or target gear.

Acknowledgements

The financial support for this work from Australian Research Council (Project Number DE170100134)
is gratefully acknowledged. Scholarship from the University of Technology, Sydney, and the China
Scholarship Council (CSC) for the first author is highly appreciated.

Appendix A

FL. inEg.9and F,,in Eq. 45 are not constant variables. They can be calculated by

= _[0 (0<x<0005m)
" |F, (x,>0.005m) (50)

0 (0<x,<0.018m)
Fu. = (51)
F, (x,>0.018m)



When the sleeve prong touches the front face of the guide ring and the groove bottom of dog gear, its axial

movement is blocked, where X, = 0.005mand x, =0.018m, respectively.

In addition, F, inEq. 18and F,” in Eq. 39 are not constant variables, and they are given by

Fa' = Fa - ms (05 - ér)Rout cot ’81 (52)

Fa” = Fa —m; (95 - ég ) Rout cot ﬂZ (53)
Appendix B

The detailed friction calculation (Eq. 13) between the sleeve and the guide ring during the entire sliding phase is
shown as follows:

«— .

Fig. 26. The forces acting on the chamfer surface of guide ring.

Fra tFu=F, (54)

Fuw =FySing (55)

F. = F; cos B, = u,F cos B, (56)

Fysin g, + uF cos B, =F, (57)
= R

N sin g+ u, cos 3, (58)

where F is the normal force on the chamfer surface, F is the friction force.

Explanations for equations: equation (57) is determined by substituting equation (55) and (56) into (54).
Equation (58) is determined by (57).

Thus, the tangential force component Ft acting on the guide ring can be expressed as



Fo=Fy—Fq
=F, cos B, —F, sin 5,
= Fy (Cos B, — g sin f3)
_F oS f3, — u sin 3,
“sin B, + u,cos 3,
- 1-ptanfy
" tan g+ u,

(59)

The torque generated by the tangential force Ft can be calculated by

T--FR —-FR, ZAtnf
tan f, + p

The friction calculation (Eq. 34) between the sleeve and the groove of dog gear during the entire sliding phase is

(60)

similar to the derivation presented above.

Appendix C
Table A
Parameters of Harpoon-shift model
Symbol Unit Value Name
ES J General term Spring energy
Eq J General term  Kinetic energy
KS Nm/rad General term Spring stiffness
o rad General term Angular rotation
JG kg m? General term Inertia of the powertrain upstream of target gear
g rad/s General term Rotational speed of target gear
@ rad/s General term Rotational speed of its respective shaft
0 .0,,6,,0,, 9;, 0, radis - Angular parameters of Harpoon-shift determining
engagement stages
6.,6...,6,,6. .6, radls Variables The angular displacement of sleeve, gearbox output shaft,
gt et Tm dog gear, motor 1 and guide ring
X, m Variable Axial displacement of sleeve
X Axial distance between the front face of guide ring and
¢ m 0.005 "
neutral position of sleeve
BB, ° * Chamfer angle of the guide block and the groove
Fa N Variable Axial force generated by the pneumatic cylinder
Fs N General term Force between sleeve and guide ring
Fe N General term Force between sleeve and synchro groove
Tsstric Nm General term Friction torque between sleeve and guide ring
Testric Nm General term Friction torque between sleeve and synchro groove
Tspring Nm General term Torque transmitted by the torque springs



k,,K,

Nm

Nm

kg m?
kg m?
kg m?
kg m?
kg m?
kg

kg m?
kg m?
kg m?
Nm/rad

Nm/rad

Nm/rad
Nm/rad

N/m
m3
kg/m?

Pa

m?3/s

Nm s/rad

Nm s/rad

Nm s/rad

Nm s/rad

Nm s/rad

General term

Variables

2.88

0.00619

1.33221
0.00322
0.00160
0.00031
0.80541
0.001

0.15372
0.05724

*

Variable

768.3
768.3

Variable

1x10
1.225
0.61
1.01x10°
Variable
0.6x10°
Variable
7.85x10°
7.07x10°®

2

2.2
8

0.001

0.15366

0.05762

0.4
0.001

Torque due to collision between sleeve and synchro
groove

Output torque of motor 1 and motor 2

Gearbox ratio

Equivalent rotational inertia of the sleeve, hub, and
coupling

Equivalent rotational inertia of gearbox and motor 2
Equivalent rotational inertia of dog gear and coupling
Equivalent rotational inertias of the motor 1 and coupling
Rotational inertia of guide ring

Mass of sleeve

Rotational inertia of motor 1

Rotational inertia of motor 2

Equivalent rotational inertia of gearbox on the output shaft

Equivalent stiffness coefficients of coupling inserts
Equivalent stiffness coefficient of the torque springs,
related to K, .

Equivalent stiffness coefficient of collision between
sleeve and guide ring, corresponding to K.

Equivalent stiffness coefficient of collision between
sleeve and synchro groove, corresponding to K.

Linear stiffness coefficient of torque springs, as shown in
Table 3.

The chamber minimum volume at X, =0

Air density

Discharge coefficient

Bulk modulus of air

Air flow

Supply pressure provided by an air pump
Air pressure in the cylinder chamber
Sectional area of the cylinder piston
Orifice area

The number of torque springs

Nonlinear exponent factor

The number of sleeve prongs

Equivalent damping coefficient between guide ring and
synchro groove

Equivalent damping coefficient of collision between
sleeve and guide ring, correspondingto C, . .

Equivalent damping coefficient of collision between
sleeve and synchro groove, corresponding toc, . .

Equivalent damping coefficient of coupling inserts

Damping coefficients



X

N s/m 85 Viscous friction coefficient

F F N Variables Force acting on the sleeve prongs from limiting
Ly - L2 mechanism
Axial component of the normal forces as the sleeve prong
F.F N Variables contacts the chamfer of the guide ring and groove,
respectively
Mgy — 0.05 Dynamic friction coefficient
Uy, 1 — 0.05 Chamfer friction coefficient
Rs m * Mean distribution radius of torsion springs
R m - Mean contact radius between the guide block and sleeve
m prong
ROut m * Outside radius of the dog gear
K N/m General term Generalized stiffness coefficient
q m General term Relative penetration depth
g m/s General term  Relative normal contact speed
D N s/m General term Damping coefficient
Crnax N s/m General term The maximum damping coefficient

Note: ‘“—’denotes that there is no unit. ‘*’ denotes that the value is sensitive.
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