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ABSTRACT The shifting process of a hybrid electric vehicle (HEV) could be implemented by a motor
to simplify the control requirement when the clutch is engaged. In order to reduce the vehicle jerk and
simplify the clutch control requirement during the shifting process, this paper introduces a 3-speed dedicated
hybrid transmission (3DHT) with P1/P3 configuration and a power shift control strategy. A finite-time linear
quadratic regulator (LQR) is proposed to smoothly transfer torque and suppress driveline oscillations during
the torque transfer process with a maximum jerk of 5.6 m/s3. Since the clutch stays engaged, a predictive
sliding mode control (SMC) is proposed to track the speed of the sleeve quickly and precisely during the
synchronization process, which takes 0.18s and maintains a speed difference of around 1 rpm. Furthermore,
a Kalman Filter is utilized to overcome the difficulties associated with side shaft torque measurement
and low wheel speed resolution. A simulation is performed in MATLAB/SIMULINK, and the powershift
(2nd -> 3rd) is compared with other methods. The comparison indicates that the proposed power shift
strategy can reduce the maximum jerk from 14.8 m/s3 to 5.6 m/s3, while the entire shifting process lasts
for 0.71s. Therefore, the proposed power shift control strategy effectively improves the shift quality.

INDEX TERMS Hybrid electric vehicle, power shift, dedicated hybrid transmission, linear quadratic
regulator, sliding mode control.

I. INTRODUCTION
In response to governmental regulations requiring energy
savings and reduction of emissions, an increasing number
of automobile manufacturers have reduced the production
of traditional combustion engine vehicles and increased the
production of all-electric vehicles [1], [2]. However, they are
limited by the high costs of research and development, inad-
equate battery life, and the lack of charging facilities [3]–[5].
OEMs prefer hybrid vehicles to transition from combustion
engine vehicles to all-electric vehicles [6]–[8]. The transmis-
sion of a hybrid vehicle integrates a motor, an inverter, and
a control unit based on a traditional transmission. Per the
location of the motor in the transmission system, a hybrid
transmission is divided into 5 categories: P0, P1, P2, P3, and
P4 [9], [10]. The hybrid transmission studied in this paper is
a 3DHT with a P1/P3 structure. A motor-generator (MG1) is
installed along with an engine via a pair of gears positioned
before a clutch and is primarily used for series charging and
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for starting the engine. Another motor-generator (MG2) is
connected to the ring gear of the final drive at the output shaft
and is used for low-speed all-electric and parallel driving,
and energy recovery and torque compensation during gear
shifting.

Since the 3DHT incorporates a clutch and an MG1,
it can shift like a conventional automatic manual transmis-
sion (AMT) or a clutchless automatic manual transmission
(CLAMT). The clutch should disengage and engage the driv-
eline in a traditional shifting process, which takes approxi-
mately 0.5s. Also, since the clutch is nonlinear, its actuation
system should be accurately controlled to achieve the desired
clutch torque [11]. However, during the shifting process of
a CLAMT, speed synchronization of the clutch gear and
the sleeve is performed by a motor without the actuation of
the clutch. Therefore, the shifting process in a 3DHT can
be similarly completed by the MG1 and the clutch stays
engaged without actuation throughout the shifting process.
This process can simplify the clutch control requirement
and improve the clutch’s service life. Various studies have
been performed on speed synchronization during the shifting
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process without a clutch. Mo et al. [12] introduced an innova-
tive bilateral Harpoon-shift synchronizer for a CLAMT, and
Tseng et al. [13] proposed an advanced shifting control
of synchronizer mechanisms for a CLAMT. Both of these
studies employed a proportional-integral (PI) controller for
regulating the clutch gear and sleeve speed. However, the
PI controller achieves a slower speed synchronization and
lower tracking accuracy than the SMC. Yu et al. [14] pro-
posed an SMC for speed synchronization in a CLAMT dur-
ing the shifting process, suppressing external disturbances
and ensuring rapid convergence of the synchronization speed
error. Fu et al. [15], [16] proposed a double SMC control
scheme for a motor in an electric bus, which resulted in
faster torque responses and reduced the steady-state error of
speed control during the shifting process. Zhu et al. [17]
proposed a robust optimal speed synchronization control
scheme for a CLAMT based on LQR, which regulated speed
synchronization precisely when subjected to a perturbation.
Zhong et al. [18] introduced a coordinated control strategy
based on feed-forward, bang-bang, and PID control for the
speed synchronization of the engine in a CLAMT.

Another feature of the 3DHT is the integration of an MG2
with the final drive ring gear, which allows the 3DHT to shift
without torque interruption. During the power shift process,
the driving torque is transferred between the engine and
MG2. The control of torque release and restoration is very
important, since poor torque control may cause oscillations
in the driveline system. Liang et al. [19], [20] introduced
a novel clutchless power shift transmission system with a
shifting control strategy and a power-sharing control strategy,
which enabled power shift without torque interruption and
greatly improved driving comfort. Li et al. [21] proposed
an optimal control system for the power shift process of a
dual-clutch transmission. A finite-time LQR was introduced
for the optimal control of a clutch, which lowered the jerk
during the shifting process. Nguyen et al. [22] studied the
shifting strategy and energy management of a two-motor
drive powertrain for extended-range electric buses. Modified
bump functions were recommended to profile motor torque
during the shifting process. However, the method for torque
transfer only involved feedforward control, and robustness
could not be guaranteed. Yang et al. [23] devised three
alternative empirical polynomials to control torque reduction
and reinstatement during the shifting process in an electric
vehicle. However, the torque control in this case was also
feedforward control, hence robustness could not be guaran-
teed. Teufelberger et al. [24] introduced an optimized control
strategy of a DHT based on the calculation of quasi-stationary
hybrid modes for torque and powertrain configuration.
Zhao et al. [25] proposed a coordinated control strategy of
a DHT based on a dynamic programming (DP) algorithm,
which could shorten the shifting time and improve the shift
quality. But it would lead additional slipping work on the
clutch. Tao et al. [26] introduced a hybrid control strategy
of a DHT which could optimize the fuel consumption and
improve the drivability.

During the torque transfer phase in the driveline system,
oscillations can be suppressed actively to improve vehi-
cle drivability. Some studies have proposed active damping
control strategies to improve drivability. Walker et al. [27]
proposed an approach for actively suppressing transient
responses in a motor via a PID controller, which suc-
cessfully suppressed oscillations in a hybrid powertrain.
Templin et al. [28] proposed an anti-jerk LQR controller
for a traditional vehicle, which asymptotically followed the
driver’s demand torque to suppress driveline oscillations.
However, the engine’s response time was very long, while
its torque control accuracy was low, and could not be eas-
ily implemented in an actual vehicle. Fredriksson [29] pro-
posed an active damping LQR controller in a mild hybrid
vehicle to damp out oscillations during vehicle acceleration.
Syed et al. [30] proposed an active-damping-capable
transaxle controller with a feedforward active compensator
in an HEV, which significantly improved drivability by sup-
pressing driveline resonance.

Energy management plays an essential role in an HEV
and affects the vehicle’s drivability and fuel economy. Model
predictive control (MPC) has been widely utilized for energy
management of HEV [22], [31], [32]. In [31], a DP algorithm
was employed to solve the optimal solution problem based
on pre-defined complete drive cycle information. In [32],
a continuation/generalized minimal residual algorithm was
proposed to obtain an optimal solution for engine power,
MG power, and battery power. The temperature and state of
charge (SOC) affect the battery discharge and charge power.
Besides, the property of the MG is influenced by the temper-
ature and the SOC of the battery. Therefore, the energy man-
agement of an HEV can influence the behavior of the shift
quality. However, in this paper the energy management is not
the main work, so the following assumptions are made during
the shifting process: 1) the SOC of the battery is around 50%;
2) the temperature of battery is around 40◦; 3) the MG can
work in the maximum power for 5s.

This paper introduces a 3DHT system, including one
engine and twomotor-generators. Since the DHT has anMG1
before the clutch, there are two possible ways to achieve
powershift. The first way is to shift based on the clutch
actuation [21], [24], [25]. Due to the clutch’s nonlinearity and
hysteresis, it needs additional control requirements [11]. The
second way is to shift with the clutch staying engaged like a
shifting process of a CLAMT [12]–[14] which could simplify
the control requirement of the clutch in the 3DHT. However,
the driving modes of the studied 3DHT are much more
complicated than a CLAMT. Coordinated torque control of
the engine and MG2 should be established in the 3DHT to
achieve a power shift. Besides, an active synchronization
process is necessary when the clutch is engaged during the
shifting process. The engine and MG1 are coupled
with the input shaft due to the engaged clutch. It will increase
the inertia at the clutch gear, and a significant speed difference
can result in large frictional work between sleeve and clutch
gear during mechanical synchronization. In [12], [13], the
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speed synchronization relied on a PI controller. It had a
longer duration and a higher static error than a conventional
SMC [14]. A predictive SMC can obtain an optimal solution
to balance the shift duration and the static error during an
active synchronization process. The jerk should be consid-
ered to achieve a good shift quality in the shifting process.
In [22], [23], a feedforward torque control was applied
to reduce the jerk, which could not guarantee robustness.
In [25], a low jerk was achieved through a forward discrete
DP during power shift based on the clutch activation. Since
the clutch is a nonlinear system with hysteresis, the control
effectiveness could not be guaranteed. In [27], [28], the
engine output torque was utilized to damp the driveline
oscillations actively through an LQR control. Due to the
low control accuracy of the engine, an admissible control
effectiveness could not be guaranteed. In the 3DHT, an MG2
is located at the final drive ring gear with a fast response
time and a high control accuracy, which can be employed
as a damper to suppress the driveline oscillations.

In order to solve the mentioned problems, a novel power
shift strategy is proposed to achieve coordinated torque con-
trol for the MG1, MG2, and engine, which leads to a fast and
smooth shift for the 3DHT. The main contributions of this
paper are summarized below:
1. In order to achieve a shift without torque interruption,

a finite-time LQR is proposed to smoothly transfer torque
and suppress driveline oscillations during the torque trans-
fer process. In this process, the engine output torque tracks
the reference torque while the MG2 acts like a damper to
suppress the oscillations in the driveline.

2. In order to simplify the clutch’s control requirements,
a predictive SMC is proposed to track the sleeve speed
quickly and precisely during the synchronization process.

3. A novel power shift strategy is proposed based on the
3DHT structure to improve the drivability.
This paper is organized as follows. Section II presents

the powertrain system and control requirements. Section III
designs a novel control strategy for power shift. Section IV
presents the simulation results and a discussion. Finally,
Section V includes the conclusions.

II. POWERTRAIN SYSTEM AND CONTROL
REQUIREMENTS
Fig. 1 shows a schematic of the 3DHT system. The engine
and MG1 are arranged before the clutch, the fixed gears of
1st gear, 2nd gear, and 3rd gear are located on the input shaft,
and the loose gears and synchronizers are located on the
output shaft. MG2 is connected with the ring gear of the final
drive at the output shaft.

A. DYNAMIC MODEL OF THE 3DHT
The dynamic model of the 3DHT can be simplified as an
integrated multi-degree of freedom system with the side shaft
being a spring-damper system as shown in Fig. 2.

The engine and MG2 torque output through the final drive
ring gear to the side shaft can be expressed by a torque balance

FIGURE 1. 3DHT schematic diagram.

FIGURE 2. Simplified driveline model.

equation as follows:

TEngiGiFD + TMG2iMG2 − Jeq1ω̇FD − b1ωFD = Tsf (1)

where TEng, TMG2, and Tsf are the engine output,MG2 output,
and side shaft torque, respectively. iG, iFD, and iMG2 are the
ratios of the current gear, final drive, and MG2, respectively.
ωFD is the angular speed of the final drive ring gear, and b1 is
the equivalent viscous damping of the driveline before the
side shaft. Jeq1 is the equivalent inertia of the driveline before
the side shaft, which can be expressed as follows:

Jeq1 =
[(
Jeng + Jins + JMG1i2MG1

)
i2G + Jos

]
i2FD

+JMG2i2MG2 + JFD (2)

where Jeng, Jins, JMG1, Jos, JMG2, and JFD are the inertias of
the engine, input shaft, MG1, output shaft, MG2, and final
drive ring gear, respectively.

Since the side shaft is considered as a spring-damper sys-
tem, the torsional torque, accounting for torsional compli-
ance, can be expressed as follows:

Tsf = keq (θFD − θwheel)+ ceq (ωFD − ωwheel) (3)

where keq and ceq are the torsional stiffness and damping
coefficient of the side shaft, respectively, θFD − θwheel is the
torsional angle of the side shaft, and ωwheel is the angular
speed of the wheel.

The torque balance equation between the side shaft and the
wheel can be expressed as follows:

Tsf = Tload + Jeq2ω̇wheel + b2ωwheel (4)
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FIGURE 3. Schematic of power shift.

where b2 is the viscous damping of the wheel, and Tload is
vehicle load, Jeq2 is the equivalent inertia at the wheel, which
can be expressed as follows:

Jeq2 = Jwheel + mr2 (5)

where Jwheel is the inertia of the wheel,m is the vehicle mass,
and r is the tire rolling radius.
The vehicle load can be expressed as follows:

Tload = r
(
ρAcdv2/2+ mgfcosϕ + mgsinϕ + ma

)
(6)

where ρ is the air density, A is the equivalent front area of
the vehicle, cd is the aerodynamic resistance coefficient, v is
the vehicle velocity, f is the rolling resistance coefficient, and
ϕ is the road gradient angle, a is the vehicle acceleration.

B. CONTROL REQUIREMENT
According to the 3DHT structure, a shifting process without
clutch actuation can be implemented, which is beneficial
for simplifying the control requirement and extending the
clutch’s service life. The current gear is the first gear, and the
clutch is engaged, taking the power upshift from the first gear
to the second one as an example. The driving torque at the
wheel is supplied only by the engine. Fig. 3 shows a schematic
of the entire shift process, which is divided into six stages:
1. Torque transfer: After receiving an upshift command from

the TCU, the engine output torque drops to 0Nm within a
specified time, and MG2 simultaneously increases from
0Nm to the target torque to maintain a constant driving
torque for the wheel.

2. Coast torque elimination: The engine enters into a coast
state and generates a coast torque after completing stage 1.
Since the clutch remains engaged, the engine’s coast

torque increases the drag torque at the input shaft,
resulting in a large shifting force that disengages the sleeve
from the clutch gear. Therefore, the drag torque of the
input shaft should be eliminated by MG1.

3. Disengagement: The shift fork provides the shifting force
required to disengage the sleeve from the active clutch
gear. After disengagement, the shift fork continues to
move the sleeve towards the neutral position. After that,
the sleeve stops moving forward and awaits speed regula-
tion by the target clutch gear.

4. MG1 synchronization: When the sleeve arrives at the neu-
tral position, MG1 actively regulates the clutch gear to
reduce the difference in speed between the clutch gear and
the sleeve to a value lower than a particular range.

5. Engagement: The shift actuator continues to push the
sleeve forward towards the target gear. After the sleeve
passes the edge of the tooth, it engages with the clutch
gear.

6. Similar to stage 1, the output torque at the wheel is trans-
ferred from the MG2 to the engine.
There are many indicators available for evaluating the

quality of the shifting process, such as shifting time, jerk
amplitude, interior noise level, and acceleration characteris-
tics. Previous studies have found that jerk and shifting time
play a decisive role in shift quality [33]–[36]. The control
requirements of this study are fast shift time, low jerk, and
smooth output torque at the wheel. Therefore, stages 1, 4,
and 6 are the main stages that need to be studied for analyzing
the shifting process of the 3DHT. In stage 1, the control
objective is to maintain the output torque at the wheel con-
stant and minimize oscillations in the driveline during torque
transfer. In stage 4, for active speed synchronization, the
control objective is to regulate the clutch gear to track the
speed of the sleeve quickly and precisely. In stage 6, driveline
systems may oscillate due to gear engagement of stage 5. The
control objectives are to suppress driveline oscillations and
smoothen torque changes at the wheel.

III. CONTROL DESIGN
Considering the power upshift with a constant pedal position
as an example, a strategy of power shift has been developed in
this study. The entire shift process is divided into six stages.
As discussed in section 2, the quality of the shifting process
depends heavily on stages 1, 4, and 6; hence, these stages are
studied in detail.

A. TORQUE TRANSFER (STAGE 1)
1) COORDINATED TORQUE CONTROLLER DESIGN
As the engine desired output torque drops to 0Nm within
a specified time, MG2 simultaneously increases the desired
output torque from 0Nm to the target torque. The torque
transfer process should maintain a constant drive torque at
the wheel. At the end of this process, the desired torque for
the MG2 can be expressed as follows:

TMG2Des = T rMG2 = TDriDes/iMG2 (7)
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where TMG2Des, T rMG2, and TDriDes are the desired MG2,
reference MG2, and desired driver torque at the wheel,
respectively.

During the torque transfer process, the torque response
time of the engine is much longer than that of MG2, and
the torque control accuracy of the engine is also very low.
There is always some deviation of the actual engine output
torque from the desired engine output torque. Consequently,
the output torque of the powertrain may fluctuate during the
torque transfer process, which in turn causes longitudinal jerk
of the vehicle that affects driving performance. Therefore,
a coordinated optimal torque control strategy between the
engine and MG2 is proposed to resolve this problem based
on a finite-time LQR method.

According to (1)-(6), the state function of the torque trans-
fer process can be expressed as follows:

xa = [x1, x2, x3]T =
[
θFD − θwheel, θ̇FD, θ̇wheel

]T (8)
ẋ1 = x2 − x3 (9)
ẋ2 = 1/Jeq1 · (TEng · it + TMG2 · iMG2 − keq

·x1 − ceq · x2 + ceq · x3 − b1 · x2) (10)
ẋ3 = 1/Jeq2 · (keq · x1 + ceq · x2 − ceq

·x3 − b2 · x3 − Tload ) (11)
y = Tsf = keq · x1 + ceq · x2 − ceq · x3 (12)

The linear time-invariant state equation can be written as:

ẋa = Axa + Bua + h (13)
ya = Cxa (14)

where

A=

 0 1 − 1
−keq/Jeq1 −

(
ceq + b1

)
/Jeq1 ceq/Jeq1

keq/Jeq2 ceq/Jeq2 −
(
ceq + b2

)
/Jeq2

 ,
B=

 0 0
it/Jeq1 iMG2/Jeq1

0 0

 ,
ua= [ TEng TMG2 ]

T
,

h=
[
0 0 −Tload/Jeq2

]T
,

C =
[
keq ceq −ceq

]
.

The control objectives focus on transferring torque and
suppressing driveline oscillations to improve driving quality.
This implies that not only must the engine and MG2 output

torque approach the reference torque
[
T rEng,T

r
MG2

]
asymp-

totically, but also the time derivative of the side shaft torque
Ṫsf needs to be regulated down to zero. Therefore, the Ṫsf
is defined as the output of the state space model. To ensure
that the engine and MG2 output torque asymptotically follow
the corresponding reference torque

[
T rEng,T

r
MG2

]
, two more

states, x4 and x5 are introduced. The new states x4 and x5 inte-
grate the differences between reference torque and controller
output torque as follows:

ẋu =
[
ẋ4 ẋ5

]T
=
[
TEng − T rEng TMG2 − T rMG2

]T
= ua − ura (15)

The time derivative of the side shaft torque Ṫsf is given by:

Ṫsf = ẏa = Cẋa = C(Axa + Bua + h) (16)

The steady solution xra is defined as follows:

ẋra = Axra + Bura + h = 0 (17)

H⇒ xra = −A
−1 (Bura + h) (18)

According to (16)-(18), the time derivative of the side shaft
torque Ṫsf can be rewritten as follows:

Ṫsf = C
[
Axa + Bua + h−

(
Axra + Bura + h

)]
= CA

(
xa − xra

)
+ CB(ua − ura) (19)

Combining (13), (14), (15), (17), and (19), the linear time-
invariant state equations can be rewritten as follows:

˙̄x =
[
ẋa
ẋu

]
=

[
A 0
0 0

] [
xa − xra
xu

]
+

[
B
1

] (
ua − ura

)
= Āx̄+ B̄u̇ (20)

ȳ =
[
Ṫsf
xu

]
=

[
CA 0
0 1

] [
xa − xra
xu

]
+

[
CB
0

] (
ua − ura

)
= C̄ x̄+ D̄u̇ (21)

The cost function for the finite-time LQR should always
contain the control signals which balance performance and
control effort. To achieve a better driving quality the Ṫsf
should be minimized. Besides, during this stage, the engine
and MG2 output torque must approach the reference torque
ura asymptotically within a specified time. Therefore, the cost
function for the LQR controller can be expressed as follows:

J =
1
2
ȳT
(
tf
)
Sȳ
(
tf
)
+

1
2

∫ tf

t0
ȳTQȳ+ u̇TRu̇dt

=
1
2
ȳT
(
tf
)
Sȳ
(
tf
)
+

1
2

∫ tf

t0

[
x̄T u̇T

]
×

[
Q̄ M
MT R̄

] [
x̄
ū

]
dt (22)

where Q̄ = C̄TQC̄, M = C̄TQD̄, R̄ = D̄TQD̄ + R. It is
worth noting that the torque control accuracy of the MG2
is higher than that of the engine, and the torque response is
also faster. The MG2 should therefore take on the main role
of suppressing oscillations of the driveline. Therefore, the
weighting factor R (1, 1) should much larger than R (2, 2).

The optimal control problem can be solved by using a
matrix differential Riccati equation.

Ṗ (t) = −P (t) Ā− Ā
T
P (t)− Q̄+

(
P (t) B̄+M

)
R̄−1(

B̄
T
P (t)+MT

)
(23)

K (t) = R̄−1
(
B̄
T
P (t)+MT

)
(24)

K (t)(2×5) =
[
K (t)a(2×3)K (t)u(2×2)

]
(25)

The terminal condition is P
(
tf
)
= S

(
tf
)
. The P (t) is

calculated offline and stored in a lookup table which can
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FIGURE 4. LQR control structure.

be read online. A state feedback control relationship can be
expressed as follows:

u̇ = −K (t) x̄ = −K (t)a
(
xa − xra

)
− K (t)uxu (26)

ua = u̇+ ura (27)

The LQR control structure for the torque transfer process
is shown in Fig. 4.

2) OBSERVER DESIGN
The finite-time LQR is a state feedback control that requires
full state vector information. However, not all states are avail-
able in the driveline system. The speed of the final drive ring
gear can be obtained by the speed sensor of MG2. The wheel
speed can also be measured through the wheel speed sensor
although with a low resolution. In addition, the side shaft
torque requires an additional torque sensor, which increases
the cost of the vehicle. Therefore, to control cost and reduce
the error due to the accuracy of the sensor, a state observer is
introduced in the expression for control. The measured speed
of the MG2 is the only measurement used as an input to the
observer. A Kalman filter is proposed to estimate the states of
the wheel speed and side shaft torque.

According to (13), the discrete system function can be
expressed as follows:

xa (k + 1) = (I + TKA) xa (k)+ TKBua + TKh (28)

where TK is the system sample time.
Selecting the speed of the final drive ring gear as

the measurement signal, and the measurement matrix as
H = [ 0 1 0 ]. Equation (28) can be rewritten as the following
form:

xa (k) = Ãxa (k − 1)+ B̃ua + TKh+ w (k − 1) (29)
z (k) = Hxa (k − 1)+ v (k − 1) (30)

where Ã = I + TKA, B̃ = TKB, and w (k) =
[
w1 (k)

w2 (k) w3 (k)
]T . w1 (k), w2 (k), and w3 (k) are the process

noises, and v (k) is the measurement noise. These noises are
considered as Gaussian white noises whose expected values
are zero and covariance matrices are Q and R.

The iterative algorithm of the Kaman filter is expressed as
follows:

x̂−a (k) = Ãx̂a (k − 1)+ B̃ua + TKh (31)

P− (k) = ÃP− (k − 1) Ã
T
+ Q (32)

The optimal Kalman gain K (k) can be calculated by the
unbiased and minimum variance criteria:

K (k) = P− (k)HT
[
HP− (k)HT

+ R
]−1

(33)

x̂a (k) = x̂−a (k)+ K (k)
[
z (k)−Hx̂−a (k)

]
(34)

P (k) = [I − K (k)H]P− (k) (35)

where x̂−a is a priori state estimate, P− is a priori error
covariance matrix, x̂a is a posteriori state estimate, and P is a
posteriori error covariance matrix.

According to (12), the estimate of the side shaft torque can
be express as follows:

T̂sf (k) = Cx̂a (k) (36)

The Kalman Filter runs when the vehicle starts and contin-
ues running after the vehicle starts.

B. COAST TORQUE ELIMINATION (STAGE 2)
The engine enters a coast state and generates a coast torque
after the completion of stage 1. The clutch remains engaged,
hence the coast torque of the engine increases the drag torque
at the input shaft. If the drag torque on the input shaft is large,
it results in a large shifting force that disengages the sleeve
and the clutch gear. Therefore, the drag torque of the input
shaft should be eliminated. MG1 operates in a torque open
loop mode to eliminate the drag torque of the input shaft.

C. DISENGAGEMENT (STAGE 3)
The shift fork provides the shifting force needed to disengage
the sleeve from the active clutch gear. After disengagement,
the shift fork continues to move the sleeve to the neutral
position. The sleeve then stops moving forward and awaits
speed regulation by the MG1. The shift actuator is in a
velocity closed-loop and a position closed loop. The control
at this stage has very little impact on shift quality. Therefore,
a conventional PI controller is applied in this stage.

D. MG1 SYNCHRONIZATION (STAGE 4)
During this process, the time consumed by synchronization
and the speed difference at the end of this process have a
significant effect on the shifting quality. This is because,
at the end of this stage, a speed difference can result in
large frictional work during mechanical synchronization in
stage 5, as a consequence of the very large inertia of the
input shaft. Therefore, it is necessary to quickly regulate the
speed difference between the clutch gear and sleeve, and
precisely track the speed of the sleeve. A predictive SMC
is proposed which has the advantages of fast response, and
insensitivity to parameter changes and external disturbances.
The speed synchronization process can be expressed as a
linear time-invariant, single-input, single-output system, and
the simplified system structure is as shown in Fig. 5.

ẋ = bu (t)+ f + d (37)

where ẋ = ω̇clu, b = 1/
(
Jeq3iG

)
, f = −Tf

(
θ̇eng, teng

)
/(

JeqiG
)
, and u (t) = TMG1iMG1. ω̇clu is the angular
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FIGURE 5. Simplified model of the driveline.

acceleration of the clutch gear, Jeq3 is the equivalent inertia
of the input shaft, and d is the external disturbance.
The tracking error and sliding function are defined as

follows:

e (t) = x (t)− xd (t) (38)

s (t) = e (t)+ c
∫ t

0
e (t) dt (39)

where xd (t) = ωslv, ωslv is the angular velocity of the sleeve,
and c is a constant greater than 0.

It is predicted that the sliding surface after a predictive
period TS can be expressed as follows:

s (t + TS) = s (t)+ TS ṡ (t) (40)

The predictive control target is s (t + TS) → 0, that is,
x (t + TS)→ xd (t + TS).

The cost function of SMC can be expressed as follows [37]:

J (x, u, t) = s2 (t + TS) /2 (41)

To achieve optimal control, the following condition must be
met:

∂J (x, u, t)
∂u

= s (t + TS)
∂s (t + TS)

∂u
= 0 (42)

Since,

∂s (t + T )
∂u

=
∂ (s (t)+ T ṡ (t))

∂u

= TS
∂(bu (t)+ f + d − ẋd (t))

∂u
= bTS (43)

The optimal control condition is then transformed into the
following equation:

s (t + TS) = 0 (44)

Combining (37)-(40), and (44) yields the expression for con-
trol as:

u = (−ce+ ẋd − f − s/TS − d) /b (45)

The tracking problem is to find an expression for
control u (t) such that the state x (t) can approach and remain
on the sliding surface. To prevent system chattering due to the
system state frequently passing through the sliding surface
when the system state is close to this surface, the external
disturbance d can be replaced by Dsat (s), where |d | ≤ D.

sat (s) is a saturation function, which can be expressed as
follows:

sat (s) =

 1 s > 1

s/1 |s| ≤ 1
−1 s < 1

(46)

where 1 is the width of the boundary layer of the sliding
surface.
To verify the stability of the controller, a Lyapunov func-

tion is defined as follows:

V = s2/2 (47)

Combining (40), (44), and (47) yields the expression of V̇ as:

V̇ = sṡ = −s2/TS = −2V/TS (48)

The solution of V̇ = −2V/TS is:

V (t) = e−
2
TS
(t−t0)V (t0) (49)

It is apparent that V (t) and s converge to 0 exponentially,
hence, e and

∫ t
0 edt also converge to 0 exponentially, so that

the system is stable. Besides, the smaller the TS , the faster the
approaching speed of the system.

E. ENGAGEMENT (STAGE 5)
After speed synchronization, the shift actuator continues to
push the sleeve forward towards the target gear. After the
sleeve passes the edge of the tooth, the sleeve and the clutch
gear are engaged. The shift actuator is in the shifting force
open-loop mode. A constant shift force is applied on the shift
fork until the sleeve passes the edge.

F. TORQUE TRANSFER (STAGE 6)
The MG2 output torque drops to 0Nm within the speci-
fied time. The output torque of the engine simultaneously
increases from 0Nm to the target torque. After the engage-
ment, the impact between the clutch gear and sleeve causes
oscillations in the driveline system. Besides, since the active
gear has shifted to the upper gear, the output torque at the
wheel drops during the torque transfer. Consequently, the
angular acceleration will change within a short time which
could amplify the oscillations and result in poor driving
quality. The finite-time LQR proposed in stage 1 is also
suitable for this stage which could suppress the oscillations
and transfer torque smoothly.

The entire shifting process concludes after the comple-
tion of stage 6, and the control structure diagram is shown
in Fig. 6.

IV. SIMULATION RESULTS AND DISCUSSION
In order to verify the proposed power shift strategy, a simula-
tion model is established with the Matlab/Simulink based on
thementionedmathematical models. The Simulink/Simscape
and Simulink/Stateflow modules are employed for power-
train modeling and control strategy modeling, respectively.
A fixed-step Euler solver is selected to compute the model
states within a 1ms sample time. Table 1 presents the main
input parameters of the simulation model.
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FIGURE 6. Control diagram of power shift.

TABLE 1. Model input parameters.

A. COORDINATED TORQUE CONTROL
In order to evaluate the effectiveness of the proposed coor-
dinated torque control, a torque feedforward control is intro-
duced. In the torque feedforward control, the desired output
torque of the engine and motor increases and decreases lin-
early, respectively. The controller aims to keep the desired
output torque at the wheel unchanged. However, the response
time of MG2 is faster than that of the engine, and the control
accuracy of the engine is low. Since there is no feedback
control, the driveline systemmay oscillate in the torque trans-
fer process. Besides, to better observe the effectiveness of
the proposed method, the torque transfer process after gear
engagement is taken as the comparison target because the
driveline begins to oscillate after gear engagement. If the
coordinated torque control works poorly, the system oscilla-
tions may be amplified. It is assumed that these two methods
have the same simulation curves before the torque transfer
process, while differentmethods are only applied at the begin-
ning of the torque transfer process.

Fig. 7 shows stage 6 of a power shift process from the
second gear to the third one, i.e., the torque transfer process.
It is an engagement process before 1.57s, generating a jerk
around −4 m/s3 due to the clutch gear and sleeve interac-
tion, as shown in Fig. 7(b). After 1.57s, the system enters
the torque transfer process. The wheel torque fluctuates due
to the interaction in the previous stage. Therefore, the pro-
posed LQR-based active damping controller suppresses oscil-
lations by regulating the desired output torque of the engine
and MG2. The control accuracy cannot be guaranteed since
the engine output torque is affected by altitude and intake
air temperature. Besides, the engine’s turbocharger behavior
also led to a torque delay. However, MG2 has a higher torque
control accuracy and a faster response time. It plays a sig-
nificant role in alleviating the oscillations by regulating the
weighting factors in the cost function of the LQR. Therefore,
the oscillations can be suppressed by regulating the desired
output torque of the MG2, as shown in Fig. 7(a). The MG2
acts like an active damper to suppress the oscillations actively.
Since the output torque of MG2 is fluctuating, the speed of
MG2 is also fluctuating, as shown in Fig. 7(c). Meanwhile,
the torque transfer between the engine and MG2 should be
completed within a specified time. Due to the gear being
upshifted, the desired driver torque at the wheel is reduced.
In Fig. 7(b), the wheel torque decreases smoothly to the target
torque with a |Jerkmax| = 8 m/s3.
However, according to the torque feedforward control, the

desired output torque of the engine and MG2 is linearly
increased and decreased, respectively, to maintain the wheel
torque uninterrupted, as shown in Fig. 7(a). The wheel torque
fluctuates throughout the process without an active damping
control, as shown in Fig. 7(b). A |Jerkmax| = 14.8 m/s3

occurs which is 6.8 m/s3 higher than the LQR method.

B. ACTIVE SPEED SYNCHRONIZATION
A PID controller is introduced to verify the effectiveness
of the proposed predictive SMC. In the active speed syn-
chronization with PID control, the output torque of MG1 is
selected as the input signal, and the sleeve speed is selected as
the reference signal. Three sets of PID controller parameters
are selected for comparison: 1) PID1, Kp = 3, Ki = 0.2,
Kd = 0; 2) PID2, Kp = 10, Ki = 0.2, Kd = 0; 3) PID3,
Kp = 10, Ki = 0.3, Kd = 0. The differential coefficient Kd
is set to 0 because the differential part of the PID will change
sharply under a step-change in the feedback signal caused
by external disturbance, which may cause the system to be
unstable.

Besides, the speed synchronization process is simulated
separately better to observe the effectiveness of the pro-
posed predictive SMC. It is assumed that the sleeve speed
is 2475 rpm at the beginning of the simulation, while the
clutch gear speed is 3470 rpm. The vehicle is in the coast state
with the torque interrupted, and theMG1 starts to regulate the
clutch gear speed at 0s, as shown in Fig. 8. In the beginning,
the speed difference between the clutch gear and sleeve is
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FIGURE 7. Simulation of torque transfer process.

FIGURE 8. Simulation of active speed synchronization process.

about 1000 rpm, and the sleeve decelerates with low decel-
eration due to the vehicle’s coast state, as shown in Fig. 8(a).

FIGURE 9. Characteristics of the Kalman Filter.

Both the SMC and PID controllers reach themaximum output
torque of the motor due to the significant speed difference
at the initial stage, as shown in Fig. 8(b). At 0.22s, after the
system state of the SMC crosses the sliding surface for the
second time, the speed difference between the clutch gear and
sleeve is within 2 rpm, and the system state runs along with
the sliding surface. After 0.28s, the speed difference is almost
eliminated.

However, the PID1 controller keeps the speed difference
around 9 rpm after 0.38s, as shown in Fig. 8(a). This is a
static error problem of the PID controller, which cannot be
quickly eliminated by adjusting the integral coefficient Ki.
The PID2 controller increases the Kp from 3 to 10. Therefore,
the convergence time of PID2 is 0.1s faster than that of PID1.
However, the static error is maintained at around 7 rpm. The
PID3 controller increases the Kp from 3 to 10 and increases
Ki from 0.2 to 0.3. Although the speed difference is reduced
to 4 rpm after 0.22s, it is challenging to eliminate the static
error of the speed difference.

C. STATE OBSERVATION
In order to verify the effectiveness of the Kalman Filter when
the initial state is inconsistent with the system state, it is
assumed that the vehicle accelerates with an initial velocity
of 10 km/h and enters a coast state after 5s. The initial value
of the Kalman Filter state is 0. Fig. 9 shows the simulation
results. The observed wheel speed and side shaft torque con-
verge to the actual value within 3.5s and then accurately track
the actual value.

D. POWER SHIFT PROCESS
Fig. 10 presents the simulation results of the proposed shift
control strategy for a power shift (2nd -> 3rd) at a vehi-
cle velocity of 80 km/h. The speed of the sleeve is about
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FIGURE 10. Simulation results (2nd -> 3rd) of a power shift strategy with
an LQR and an SMC.

2500 rpm and the speed of the target clutch gear is about
3470 rpm, as shown in Fig. 10(a). The entire shifting pro-
cess is divided into six stages, over a total time of 0.71s.
At 1.0s the hybrid control unit (HCU) receives an upshift
request, and the shifting process enters stage 1. The output
torque at the wheel is transferred from the engine to MG2

in 0.2s using the coordinated optimal torque control based
on a finite time LQR, as shown in Fig. 10(b). The amplitude
of the acceleration fluctuations is 0.05 m/s2, and the jerk is
maintained at a value close to zero during this stage, as shown
in Fig. 10(d). After completing the torque transfer, the shifting
process enters stage 2. MG1 works in a torque open loop
mode to balance the coast torque of the engine. The actual
engine coast torque can be interpolated from the engine
frictionmap based on the engine speed and temperature. After
the torque from MG1 replaces the coast torque of the engine,
the shifting process enters stage 3. The shift actuator enters
a velocity closed-loop control mode and moves the sleeve
towards the neutral position, for a target velocity of 0.1 m/s.
A shifting force of 80 N is required to disengage the sleeve
from the clutch gear due to an undercut angle between the
tooth face of the sleeve and the clutch gear, as shown in
Fig. 10(c). As the sleeve disengages from the clutch gear,
the shift actuator enters a distance closed-loop mode and
moves the sleeve to the neutral position. When the sleeve is
disengaged, the shifting process enters stage 4. MG1 works
in a speed closed-loop mode based on the proposed predictive
SMC, regulating the clutch gear speed and tracking the sleeve
speed. The initial difference in speed between the clutch gear
and the sleeve is 1000 rpm which drops to 0 rpm within 0.18s
and is maintained at approximately +1 rpm, as shown in
Fig. 10(a). The shifting process then enters stage 5, at which
the shift actuator enters a shifting force open-loop mode.
A shifting force of 200 N is applied to the sleeve to engage
with the clutch gear of the 3rd gear. MG1 enters the torque
open-loopmode and eliminates the coast torque of the engine.
Impact occurs when the sleeve reaches the tooth surface of
the clutch gear and the driveline oscillates with a maximum
|Jerkmax | = 5.6m/s3. After the sleeve crosses the edge
of the clutch gear, the engagement is completed, and this
process lasts 0.05s. The shifting process then enters stage
6. The output torque at the wheel is transferred from MG2
to the engine. Since the gear is upshifted, the desired driver
torque at the wheel is reduced. The acceleration decreases
smoothly from 0.3 m/s2 to 0.16 m/s2, and the oscillations of
the transmission system are effectively damped to zero, as
shown in Fig. 10(d). The entire shifting process is completed
after the completion of stage 6. The entire shifting process
lasts for 0.71s during which the driving force of the vehicle
remains uninterrupted.

In order to verify the effectiveness of the proposed control
algorithms, a power shift simulation without LQR and SMC
is performed, as shown in Fig. 11. In stages 1 and 6, the
LQR is replaced by a torque feedforward control. In stage 4,
the SMC is replaced by a PI controller. In stage 1, the
desired output torque of the engine and motor increases and
decreases linearly, respectively, tomaintain the desired torque
at the wheel unchanged, as shown in Fig. 11(b). However,
the actual torque response time of the engine and MG2 are
different, which causes torque fluctuations in the driveline
system. It can be seen that the amplitude of the acceleration
fluctuations during stage 1 in Fig. 11(d) is 0.06 m/s2 higher
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FIGURE 11. Simulation results (2nd -> 3rd) of a power shift strategy with
a feedforward control and a PI control.

than that in Fig. 10(d). In stage 4, the controller in Fig. 11 is a
PI controller. The initial difference in speed between the
clutch gear and sleeve is 1000 rpm, which drops to 0 rpm
within 0.27s and is maintained at approximately −6 rpm,
as shown in Fig. 11(a). However, as shown in Fig. 10,

FIGURE 12. Simulation results (1st -> 2nd) of a power shift strategy with
an LQR and an SMC.

it only takes 0.18s to reach the target speed, while the speed
difference is maintained at approximately +1 rpm. It can
be seen that the proposed SMC is 0.09s faster than the
PI controller. In stage 6, the torque transfer process enhances
the driveline oscillations due to the engagement of stage 5.
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As shown in Fig. 11(d), a |Jerkmax | of 14.8 m/s3 occurs,
9.2 m/s3 higher than in Fig. 10(d). Besides, the acceleration
in Fig. 11(d) fluctuates throughout the process, while the
acceleration in Fig. 10(d) decreases smoothly to the target
acceleration. As shown in Fig. 11, the entire shifting process
lasts 0.9s, which is 0.19s longer than in Fig. 10. According to
the above comparisons, it indicates that the proposed power
shift strategy can reduce the maximum jerk from 14.8 m/s3

to 5.6 m/s3, while the entire shifting time is shortened from
0.9s to 0.71s.

In order to evaluate the effectiveness of the proposed shift
control strategy under different dynamic conditions, a power
shift (1st -> 2nd) with a middle pedal position at a vehicle
velocity of 50 km/h is presented in Fig.12. At the beginning of
the shift, the speed difference between the sleeve and clutch
gear is about 900 rpm which is synchronized within 0.22s,
as shown in Fig. 12(a). An engine output torque of 186 Nm is
requested from the driver before the shift. The output torque
at the wheel is transferred in 0.2s from the engine to MG2
in stage 1, and it transfers back from MG2 to the engine in
stage 6, as shown in Fig. 12(b). A |Jerkmax | of 9.2 m/s3 occurs
as shown in Fig. 12(d). The entire shifting process takes 0.81s.
According to the simulation results of Fig. 10 and Fig. 12, the
proposed power shift strategy can work well with different
vehicle dynamic conditions.

V. CONCLUSION
This paper studies the power shift process without the actua-
tion of the clutch in a 3DHT. The main conclusions are drawn
as follows:
1. A finite-time LQR is designed to smoothly transfer torque

and suppress driveline oscillations during the torque trans-
fer process. The engine output torque tracks the reference
torque, while the MG2 actively damps the oscillations
in the driveline. Comparing the simulation results with a
torque feedforward control indicates that the finite-time
LQR can reduce the maximum jerk by 9.2 m/s3.

2. An active synchronization control without actuation of
the clutch is studied in this paper to simplify the clutch’s
control requirements. A predictive SMC is designed to
track the speed of the sleeve during the synchronization
process. Comparing the simulation results with a PID
controller indicates that the synchronization time of the
predictive SMC is shortened by 0.09s, and the static error
is reduced to 1rpm.

3. A power shift strategy is designed based on the 3DHT
structure to improve the drivability. A comparison of
the simulation result with other power shift strategy
indicates that the proposed strategy can shorten the
shifting time by 0.19s and alleviate the maximum jerk
by 9.2 m/s3.
In a word, the proposed power shift control strategy effec-

tively improves the shift quality. However, there is still much
room for improvement. For example, the shift force can be
optimized to balance the engagement time and jerk during
the engagement. An adaptive learning strategy should be

designed to guarantee shift quality in the presence of paramet-
ric uncertainties and external disturbances. Moreover, a vehi-
cle test should be performed to evaluate the performance of
the proposed control strategy in the future.
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