2 M processes

Article

An Integrated Control App

roach for Shifting Process of

Single-Axis Parallel Hybrid Electric Vehicle with a Multi-Speed

AMT Gearbox

Cheng Huang 12

check for
updates

Citation: Huang, C.; Du, C. An
Integrated Control Approach for
Shifting Process of Single-Axis
Parallel Hybrid Electric Vehicle with
a Multi-Speed AMT Gearbox.
Processes 2023, 11, 2710. https://
doi.org/10.3390/pr11092710

Academic Editors: Ying Wu,

Chaoran Liu and Linyun Yang

Received: 28 July 2023
Revised: 1 September 2023
Accepted: 7 September 2023
Published: 11 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Changqing Du

1,2,%

Hubei Key Laboratory of Advanced Technology for Automotive Components,

Wuhan University of Technology, Wuhan 430070, China; heibaishayoudi@126.com

Foshan Xianhu Laboratory of the Advanced Energy Science and Technology Guangdong Laboratory,
Foshan 528200, China

*  Correspondence: cq_du@whut.edu.cn; Tel.: +86-27-8765-8437

Abstract: When a single-axis parallel hybrid electric vehicle (HEV) equipped with a multi-speed
AMT gearbox is in its shifting process, the superposition of dynamic characteristics of multiple power
sources and the intervention and withdrawal of AMT transmissions can easily cause significant
vehicle longitudinal jerk. To achieve rapid and smooth output changes during the shifting process,
this paper proposes an integrated multi-stage robust shifting control method for a single-axis parallel
hybrid electric vehicles with a multi-speed AMT gearbox. First, models of key driveline components
are constructed, and the shifting process is divided into five stages to provide a clear description of
the control problem. Subsequently, we reproduce an integrated multistage robust control method
to achieve favorable switching performance and control robustness under external disturbances.
We propose a data-driven model predictive control strategy based on additional constraints in the
torque unloading and recovery phases. Simultaneously, we present a joint control algorithm that
integrates the optimal control and disturbance suppression in the speed synchronization phase. In
addition, we develop a sliding mode auto-disturbance rejection control algorithm to achieve accurate
position tracking of the shift actuator in the pickup and engage phases. Finally, simulations and bench
tests are carried out to verify the effectiveness of the robust control method under different driving
conditions. The results demonstrate that the proposed control method can not only coordinate the
torque across different power sources and clutch while minimizing vehicle longitudinal jerk, shift
time, and friction work, but also provides apparent robustness to model uncertainties and external
disturbance. Therefore, the proposed method may offer a theoretical reference for the actual vehicle
controller during shifting.

Keywords: parallel hybrid electric vehicle; multi-speed AMT gearbox; shifting process; integrated
multistage control; robust control

1. Introduction

As the social economy and transportation logistics continue to develop, the demand
for heavy commercial vehicles is steadily increasing. Since heavy commercial vehicles are
massive, have high fuel consumption, and cover long distances, the need for energy savings
and emissions reductions has become even more pressing. Hybrid system technology rep-
resents an important and breakthrough method for achieving energy savings and emissions
reduction [1-3]. Recently, the single-axis parallel hybrid powertrain based on the automated
mechanical transmission (AMT) has emerged as one of the mainstream hybrid powertrain
configurations. This configuration has been widely adopted in heavy commercial vehicles
due to its cost-effectiveness and outstanding environmental protection performance.

The reliability and drivability, which significantly affect the application of the system,
are gaining increasing attention in practical engineering [4,5]. Among these aspects, shift
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control stands out as the core technology for dynamic coordination. It has a direct impact
on the smoothness of vehicle output and greatly influences the driving experience for
both the driver and passengers [6,7]. Improper control of torques from power sources and
the clutch during the shifting process can lead to torque fluctuations in the output shaft,
resulting in longitudinal jerk in the vehicle [8]. Therefore, ensuring the drivability of a
single-axis parallel hybrid electric vehicle with a multi-speed AMT gearbox requires the
design of an appropriate shift control strategy.

The shifting process is complex and involves multiple stages with short durations, as
well as multiple objectives [9-13]. The controlled components encompass both the electric
motor (EM) and the shifting motor, while the control objectives include jerk, shifting time,
and the tracking accuracy of the angular displacement for the shifting motor. Numerous
studies have been conducted to deal with the shift control problem. Qin et al. designed a
shift control strategy based on the system’s structure and working modes. They adopted a
motor/engine’s electronic throttle combined speed control strategy for engine drive mode,
and a shift control strategy involving motor speed regulation without clutch disengagement
for hybrid drive mode [14]. Wang et al. proposed a time-optimal shifting actuator control
method. Experimental results demonstrated that this method can reduce shifting time
and minimize shifting impact [15]. Sun et al. applied the theory of partial constant speed
to segmentally process the engagement process of the clutch. They increased the clutch
engagement rate when there was a significant speed difference between the master and
slave clutch plates, and slowed down the engagement when the speed difference was
small, thus reducing frictional losses [16]. Xia et al. presented a clutch control strategy
to enhance the shift quality of power shift transmission and address the power cycle
phenomenon during the shifting process. Test results showed that the proposed control
strategy consistently maintains the driving disk’s rotational speed higher than that of the
driven disk during clutch sliding and wear states [17]. Li et al. proposed a coordinated
control strategy for both the combined clutch and the motor, utilizing linear quadratic
optimal control to optimize the shifting process. This approach significantly reduces shift
jerk and sliding friction work compared to pure clutch control [18]. Zhang et al. designed a
multi-variable combined controller based on shifting actuator position, speed, and force
control. They also developed a load torque observer to estimate system interference. This
method can achieve both centralized and distributed coupled driving, minimizing the
impact of shifting [19]. Wang et al. introduced a dual-loop self-learning fuzzy control
method. In the inner loop control, they designed a fuzzy controller with a model reference
self-learning algorithm. In the outer loop control, a self-learning rule based on fuzzy logic
was designed to adjust the desired trajectory of the shift motor. This method enables
smooth and rapid control of the shifting process [20].

The literature mentioned above provides important references for this study. However,
the AMT examined in this article is a clutch-less and synchronizer-less system. Due to the
absence of a synchronizer’s effect during the pickup and engagement stages, rapid motor
unloading or poor motor speed synchronization ability can lead to shifting jerks [21,22].
A feedforward-feedback controller is introduced in [23] to achieve speed synchronization.
Nevertheless, this controller necessitates extensive parameter calibration work, and its
adaptability is limited due to the nonlinear constraints in response characteristics of core
components. Alternative control methods, such as the flatness-based control approach [24],
fuzzy control algorithms [25], genetic algorithms [26], and neuro-adaptive controllers based
on radial basis function networks [27], have been employed to design adaptive control
strategies. These methods often exhibit good robustness to the dynamic characteristics of
nonlinear systems, but their application is constrained by the numerous required parame-
ters. Quadratic optimal control, a widely-used approach, can address different optimization
objectives under various control input constraints [28-30]. However, this optimal control
algorithm is primarily open-loop, making it less adaptable to system changes [31]. Further-
more, this control method heavily relies on the model, which may not fully account for
uncertain factors prevalent in actual industrial applications.
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In fact, several factors, including time delays, overshoot in the actual power source,
clutch and gearbox behaviors, parameter perturbations, and uncertain disturbances during
the shifting process, can readily affect the accuracy of optimized control. In severe cases,
these factors can even prevent the achievement of control objectives. Therefore, solving the
problem of target trajectory for the power source and actuator under uncertain conditions is
crucial for improving the practical control effectiveness of the optimal algorithm. Zeng et al.
designed a state-feedback controller based on MPC theory to mitigate system jerk during
the shifting process. The robustness of the control effect can be further enhanced through
online rolling optimization, achieved by integrating feedback control and the predictive
model [32]. Wu et al. presented an adaptive neural network control law with a sliding mode
robust term and an adaptive neural network control law with a Hamilton-Jacobi inequality.
The stability of the closed-loop system can be achieved based on the Lyapunov theory [33].
Hu et al. proposed a model-based nonlinear gearshift controller using the backstepping
method to enhance the shift quality of vehicles equipped with a dual-clutch transmission
(DCT). The robustness of the closed-loop error system is examined within the framework
of input-to-state stability (ISS) theory, where model uncertainties are treated as additive
disturbance inputs [34]. Shen et al. unified modeling errors, parameter perturbations,
and external disturbances into a single disturbance term. They designed a sliding mode
variable structure controller to achieve coordinated control of the engine, motor, and gear
shifting actuator. This approach significantly reduced gear shifting shocks [35].

However, the aforementioned studies primarily concentrate on the control of single
shift stages, lacking systematic research on the torque variation issue across the entire
process, spanning from the torque reduction phase to the recovery phase. These findings
are challenging to directly apply to the subject of this study. On one hand, the gearbox
and clutch exhibit complex torque variation characteristics during the combination and
separation process, with differences in torque control characteristics between the engine
and motor, as well as variations in pressure control characteristics of the actuator. It
is particularly challenging to develop an effective collaborative control mechanism for
multiple power sources that enables the achievement of active compensation optimization,
considering both smoothness and economy. On the other hand, in the actual vehicle
operation process, whether it involves multiple working operations (such as starting,
accelerating, and climbing) or encounters interference effects (such as model variations),
these factors negatively impact the vehicle’s control performance. It is evident that these two
issues constitute key factors affecting shifting quality and limiting shifting performance,
representing the central challenges that require our attention. Enhancing the vehicle’s
adaptability to cope with various working conditions and external interferences at each
shift stage is a central issue in shift control. The primary focus of this study is to address
these two problems, and the research holds significant importance and engineering value.

Motivated by the analysis above, this paper focuses on developing an integrated
multi-stage robust shift control method for a single-axis parallel hybrid electric vehicle
equipped with a multi-speed AMT gearbox. The objective of this method is to address
the two problems mentioned earlier and ensure the robustness and adaptability of the
shifting process. Firstly, we establish a dynamic model of the parallel hybrid powertrain
and divide the shifting process into five stages, revealing the jerk problem arising during
the shift. Subsequently, we propose an integrated multi-stage robust control method
aimed at achieving smooth switching performance and control robustness even in the
presence of external disturbances. Various targeted robust control schemes are introduced
for different shifting phases, combining control methods such as model predictive control,
sliding mode control theory, automatic perturbation rejection control, and perturbation
observer techniques. Furthermore, we conduct simulations and bench tests to validate the
effectiveness of the control method under different driving conditions.

The proposed integrated multistage robust control method in this paper incorporates
several key features:
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(1) The data-driven model predictive control method is designed to combine system input
and output data, enhancing anti-interference capability during the torque unloading
and recovery phases;

(2) Additionally, a P control and disturbance observer are employed to achieve reference
speed tracking in the speed synchronization phase, even in the presence of external
interference;

(3) Furthermore, a new sliding mode active disturbance rejection control method is
applied to improve the tracking accuracy and robustness of the sleeve displacement
during the pickup and engage phase.

Opverall, the research method in this study is highly relevant to addressing key issues.

The contributions of the study mainly include the following aspects:

(1) The development of a comprehensive driveline model, with special attention to the
shift actuator, to enhance the accuracy of describing shifting problems.

(2) In consideration of external disturbances and uncertainties in model parameters, a
novel multistage control architecture integrating robust control methods is devised for
each shifting stage. This architecture enables coordinated control of different power
sources and clutches while reducing jerk in various driving conditions.

(3) Simulation and bench tests are conducted to validate the effectiveness of the control
method under different driving conditions. Various experimental results indicate
that the proposed integrated robust control method effectively enhances vehicle
adaptability across multiple working conditions and in the face of external interference
at each shift stage. This research holds significant reference value for improving
shifting robustness in similar vehicles.

2. Models and Problem Formulation

The design process studied in this article is shown in Figure 1.

1. Introduction 2. Models and .problem
formulation

Research Powertrain Powertrain
Background . ) .
status configuration modeling
Problems and . Dynamic
. Contributions < .
key issues analysis

Fundamentals
Key issue .
of analysis

3. Methods and materials ‘

Torque unload and recovery phase Speed synchronization phase  Pickup and engage phase

Data-driven model P control and :_lldmg el gctl_ve
S e isturbance rejection
predictive control disturbance observer .
control in
Control algorithm
input

| 4. Results and discussion |

. . Simulation results and Test results and
Basic settings . N - -
discussion discussion

Figure 1. The design process studied in this paper.

The configuration of single-axis parallel hybrid powertrain is illustrated in Figure 2.
As shown in Figure 2, the EM is mounted between the clutch and AMT gearbox, and two
power sources (engine and EM) can output the power on the same shaft during the driving
process. The AMT can improve the adaptability of hybrid systems by adjusting the speed
and torque of the EM, and the hybrid system can operate in the following driving modes
based on operating conditions: electric driving mode, engine on driving mode (engine
driving mode, hybrid driving mode, and engine active charging mode).
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Figure 2. Configuration of single-axis parallel hybrid electric powertrain.

2.1. Driveline Modelling

Combined with the characteristics of single-axis parallel hybrid powertrain, the drive-
line model can be simplified as shown in Figure 3.

,

e Weym o,

veh

T
I <—> ‘]AMT_> ‘]veh ‘Mé

TAMT

e

.
[
—> Je %

Figure 3. Simplified driveline model.

Models of the main components in the single-axis parallel hybrid powertrain involved
in the shifting process are given in this section.

The engine is modeled by an inertia J, in which two torques act, the engine output
torque Te, and the engine load torque Toyte. The engine dynamic is modeled as:

]ewe = Te - Toute (1)

where J,, we, Te and Toute represent the inertia moment of engine, the engine speed, the
engine output torque and the engine load torque, respectively.
Similarly, the EM dynamics can also be modeled as:

JEmweM = Tem — ToutEm )

where Jgyv, wem, Tem and Ty represent the inertia moment of EM, the EM speed, the EM
output torque and the EM load torque, respectively.
The transmitted torque of the wet clutch in the sliding state is expressed as [36]:

C2RP—RY

T,—= <221 772
cl 3R127R22

zpFasign(wem — we) 3)

where Ry, Ry, z, yy, F represent the internal and outer radius of the contact surface between
the master and slave plates, the numbers of clutch plates, the dynamic frictional coefficient,
the pressing force on the clutch plates, respectively.

The torque transmitted by a wet clutch needs to be less than the maximum friction
torque:
2R® - R?
3 ﬁzﬂoﬂl 4)

where ) represent the static frictional coefficient.
When the gearbox is in gear, the output torque of the AMT gearbox is shown as:

cl,max =

Tamt,y = (Toute + TemM — JaMT@WEM) X iamT )
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where Jamt and iamT represent the moment of inertia and transmission ratio of the
AMT gearbox.

According to vehicle longitudinal dynamics, the load torque T}y,4 can be described
as follows:
(mgfcos Aipe + MG SIN Wjye + O.SCDAfpVZ) Ry
wherem, g, f, ainc, Cp, Ag, p, V, Rw, and i¢q represent vehicle mass, gravity, rolling resistance

coefficient, incline angle, drag coefficient, vehicle frontal area, air density, vehicle speed,
wheel radius, and final drive ratio, respectively.

(6)

Tload =

2.2. AMT Actuating Mechanism Model

In this paper, the dynamics characteristic of AMT actuating mechanism is taken into
consideration. The schematic diagram of electric actuating mechanism is shown in Figure 4.

nut *— screw

|angu|ardisplacement | | Shift fork
1 Sleeve

________T___ sensor
S|

hifting motor

Figure 4. AMT actuating mechanism.

The basic principle of the shift actuator is as follows: The transmission controller TCU
adjusts the voltage of the shift motor to control the rotation of the shift motor to generate
the required torque. The nut screw mechanism enables the conversion of shifting torque to
shifting flat force, driving the shifting fork to move in a straight line, thereby achieving the
separation and combination of the sleeve and gear ring. TCU collects the motor angular
displacement in real-time through a shift angle sensor, thus closed-loop control of the
displacement of the shift motor is achieved.

The voltage balance equation and torque balance equation of the shift motor are shown
as [37]:

Um = Ryim + Lm% + KemwaC
Tingr = Kiim = T ‘ @)
mgr = Kmtm = I1¢r + Jmwpe + bmwpc

where 6pc, Um, Rm, L, Kemf, Wpc, Tmgr, Km, im, Jm and by, represent angle, input voltage,
internal resistance, equivalent inductance, induced electromotive force coefficient, speed,
torque, torque coefficient, current, inertia moment, and rotational damping coefficient of
shifting motor, respectively; Trg, represents the load torque of shifting motor.
The screw drive nut to generate flat power. The kinematics relationship between the
nut and the screw is shown as: ) ,
{ woc = o ®)

2
kL= TnTLgr

where Fy, h and v represent flat power, and lead axial movement speed, respectively.
The relationship between the angular displacement of the shifting motor and the

displacement of the sleeve is:

- 27T .. 27 ..
bpc = S-is = S-0s ©)

where Opc and xs represent the angular displacement of the shifting motor and the dis-
placement of the sleeve.
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The output shifting force by the nut is:

Fshift = (1 - ,unut)FL (10)

where p,,; represents the resistance coefficient between nut and screw.

2.3.

Control Problem Formulation

To describe the driveline model during the shifting process, this paper divides it into

five phases, as shown in Table 1.

Table 1. Phase division of the shifting process.

Item Definition Descriptions

Phasel Torque unload Clear the torque of the EM

Control the voltage of shifting motor to adjust the
Phase2 Pickup shifting force, and separate the sleeve and gear ring in
the meshing state

Phase3 Spee.d . Motor controller controls the EM for speed regulation
synchronization
Phased Engage The shift actuator pushes the sleeve tq move axially
and enter the target gear position
Phase5 Torque recovery Restore power according to the shift control strategy

until the vehicle returns to normal driving mode

Combined with the stage division described in Table 1, the schematic diagram of the

shifting process is shown in Figure 5, which using the torque variation process of an EM
motor as an example. The key control issues for the different shifting phases are as follows:

@

@)

®)

EM torque(Nm)

o

During the torque unloading and recovery phase, it is necessary to coordinate and
control the engine torque, motor MG torque, and clutch torque to prevent significant
vehicle jerk.

During the speed synchronization phase, the AMT is in neutral and the connection
between the EM and the transmission system is cut off. The control objective is to
design efficient speed control algorithms to improve the speed accuracy of the EM
and shorten the speed synchronization time.

During the pickup and engage phase, the shift actuator mainly functions, and the
control core is to quickly track the target displacement of the sleeve to reduce tracking
error of displacement. Therefore, it is necessary to adjust the shift force generated by
the shift actuator to achieve closed-loop control of the sleeve displacement.

|
|
|
|
I
1
I
1
I
|
Torque unload |
|
|

|

|

I

| Pickup Torque :

: recovery |

| I

| 1End

| Speed o |

| synchronization :
|
|
I
!

W

Start

Enga

Lo

Time(s)

Figure 5. Schematic diagram of the shifting process.

Furthermore, the controller should not only achieve stability control while considering

different performance index constraints but also account for external disturbances from the
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actual transition system and uncertainties in the model structure and parameters to meet
anti-interference robustness requirements.

3. Methods and Materials

This section proposes a multi-stage robust control algorithm for the key control prob-
lems in different shift phases, in order to achieve orderly and coordinated control of the
engine, EM, and AMT gearbox. The schematic diagram of the proposed multi-stage robust
shifting control method is shown in Figure 6.

[ Sliding mode auto disturbance rejection control ]

Original
gear

i
>

o ———

1
i
1
maintain i %
- — 1 . |r
0 -F -
Torque . Speed ) Torque
unload APlcl.. “pr\s_\'m‘hmuinllinn’,\l"“"!"ge ~Tecovery
~ S S ) 9, P

Figure 6. Block diagram of the multi-stage robust shifting control.

3.1. Data-Driven Model Predictive Control in Torque Unload and Recovery Phase

In the torque unloading and recovery phase, the system input and output data are
combined to perform the subsystem identification to obtain the accurate model of the
controlled object, which is combined with the model predictive control to form a data-
driven model predictive control method. The principle of the method is shown in Figure 7.

Data-driven MPC

Predictive
equation

\Control subspace
Law Input and | identification
output data

Optimal
problem
construction

Plant

Optimal
problem

solving

output

Figure 7. Principle of data-driven model predictive control method.

First, the engine output torque, clutch torque, and motor output torque are used as
control inputs, and the speed difference between the master and slave plates is used as the
target output, the state space expression is written as follows:

x(k+1) = Ax(k) + Bu(k)
y(k) = Cx(k) + Du(k)
Te (k)
u(k) = | Ta(k)
Tem(k)
y(k) = Aw = we — we

(11)

where x(k) is the state variable; A, B, C and D are the coefficient matrices of state space
expression.

Establishing a predictive model is crucial for designing the MPC controller [38,39].
The purpose of the prediction model is to forge the output trajectory similar to the reference
output by solving the optimal control sequence at each moment. The derivation process of
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future state variables of the predictive model and subspace identification is referred to in
Appendix A.
Next, to reduce stability static difference, the discrete model is converted into an
incremental model:
Ax(k+1) = AAx(k) + BAu(k)
Ay(k) = CAx(k) + DAu(k)
Ax(k) = x(k) —x(k—1)
Au(k) =u(k) —u(k—1)

(12)
The incremental prediction output expression is as follows:

AYy =TNXf+ H{Us
{ AY, = T'nX, + HYU, (13)
AYy = LuAW, + LuAUy
Finally, the objective function part establishes the corresponding constrained optimiza-
tion problem, and obtains the optimal control variable through the quadratic programming.
The constrained objective function can be converted to a standard quadratic programming
problem, as shown in Equation (14).

T
minJ = min{(Ref(k +1)—F— LuIAuf) (Ref(k +1)-F— LMIAuf) + Au}LaAuf]

Aug Aug .
— min {Au}(LLLul + Lo) Aty = 2(Reg(k+1) ~ F) LuIAuf] (14)
Auy
— i T T
= rﬁ?[AufHAuf + GT Aug|

The system constraints are expressed as follows:

—Aumin(k+j) < Au(k+j) < Aumax(k+7j),j=0,1,--- ,N, — 1 (15)

{ umin(k+j)§”(k+j)S“max(k+j)/j:0/1/"'/Nufl
Ymin(k+7) < y(k+j) < Yymax(k+j),j=0,1,---,Np—1

where other matrix symbols are defined in Equation (16).
H=L}Ly+Ls,G=Re(k+1)—F

AMmin(k) umin(k) - u(k - 1)
Atipin(k+1) Umin(k+1) —u(k—1)
L] == . !L2 - .
Aumm(k+Nu_1) ”min(k+Nu _1) _u(k_l)
Autmax (k) Umax (k) —u(k—1) Ymax(k+1)
U — Aumax.(k + 1) Uy = umax(k + 1). - u(k - 1) Us = ymax(.k + 2) (16)
Aumax(k“l‘Z\’u _1) umax(k+Nu _1) _u(k_l) ]/max(k+NP)
]/min(k + 1) 10 0
ymm(k+2) 1 1 0
Lz = . —FR=
: Do 0
ymin(k + Np) 1 1 1

3.2. P control and Disturbance Observer in Speed Synchronization Phase

During the process of speed synchronization, the shaft where the motor is located is
not mechanically connected to the wheel. The core goal of this process is to achieve tracking
of the target speed. To ensure the tracking robustness of the controller, we designed an
optimal control law design of the state space model with disturbance, the principle of the
method is shown in Figure 8.
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Equation =—
z I P
i
D
.
A . q Motor | . Shift Dvnamics
® kR & i dynamics u ¥=Ax+Bu+D
svn nn i
a Disturbances D
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Figure 8. Principle of P control and disturbance observer.
The system model is set as:
x=Ax+Bu+D (17)

The cost performance function can be expressed as:

]—/ool Y= 12+ iR, |ar (18)

- to 2 q 2 syn

where r is the reference signal, usyn is the control variable, q, R is the weight coefficient matrix.
Based on the derivation in Appendix B, the control law can be expressed as follows:

~ ~ a
Usyn = —\/g(x —r)—Dy — ' (19)

3.3. Sliding Mode Active Disturbance Rejection Control in Pickup and Engage Phase

The shift actuator plays a major role in the phase of pickup and engage, and the control
core is to quickly track the target displacement of the sleeve and reduce tracking errors.
However, the uncertainty in internal parameters and external disturbances of the shift
actuator increase the difficulty of system control, and even make the control ineffective in
severe cases. To improve the tracking accuracy and robustness of the sleeve displacement,
this section proposes a new sliding mode active disturbance rejection control algorithm,
the principle of the method is shown in Figure 9.

E Sliding mode Plant
controller output

Z),25523,2,

Extended state «— (7} fjm" . (;D("
observer

T optinization

genetic
algorithm

Figure 9. Principle of sliding mode active disturbance rejection control.

Firstly, the state equation of the shift motor is established. The detailed process is
provided in Appendix C.

Next, we design the extended observer. As the extended state observer incorporates
external disturbances affecting the controlled object’s output as new state variables, for the
third-order system in this paper, its extended observer form is of fourth order:
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e =21 — X1
21 = 23 — Pore
2y = Z3 — ﬁozfﬂl(e, o, (5) (20)

z3 = 24 + f(22,23) — Poafal(e, a2, &) + bu
Z4 = —ﬁo4f£ll(€, o3, (5)

where z,4 is the observed value of the external total disturbance.

Since the variables z1, z,, and z3 are estimates of the state variables x;, x», and x3,
when designing the sliding mode controller, x1, X2, and x3 can be replaced by z3, z, and z3,
that is, the sliding mode controller can be redesigned using the state variables observed
by the extended state observer and the external total disturbance, which can significantly
enhance the robustness of the control algorithm.

For the fourth-order extended state observer, the four core parameters 1, Pg2, Bos,
and (4 need to be selected. To improve the tuning efficiency of core parameters, this section
conducts optimization research on observer parameters based on genetic algorithms [40].
The design process is as follows:

(1) Encode the initial population of key parameters Bg1, Bo2, Bz, and Pog-

(2) Evaluate the individual fitness value in the population, and set the objective function
as the fitness function. To obtain a good observation effect, this paper selects the
integral of time weighted absolute value of the error as the fitness function:

ITAE:/ Herso(t)|dt 1)
0

where eggg is the error between the estimated value and the actual value.

(3) Select the best individual from the initial population for crossover and mutation
operations to determine whether the iteration termination conditions are met. If
satisfied, the optimal parameters are output. If not, continue to select regenerated
individuals and perform crossover and mutation operations with a certain probability
to generate a new generation of population, and return to step (2).

Finally, we design a sliding mode controller. Define the angular displacement tracking
error of the shift motor as:

aT
E=2Zy—Xpa = [e,6,6] =[e1,e2,¢3 (22)
where Zp, is the observed state variable, Zyn = [z1,2p, Z3]; Xig is the set value of motor

angular displacement, X4 = [x4,0,0].
The sliding surface function is set to:

d 31 -
51 = (dt + Ns> e = N2e 4 2Nge + ¢ = NZe; + 2Nsep + e3 (23)

The output of the sliding mode controller is solved by combining the equivalent
control law with the arrival control law.
Taking the derivative of the sliding surface function yields:

51 = Ni%es + Nyes + é3 (24)
Bringing Equation (A21) into Equation (24) yields:
$1 = Nsep + Nsez + bpuzo + amzz + Uy + dpzg = 0 (25)

The equivalent control law ueq of sliding mode control is:

1
tegt = Uy = — (*stez — Nyez — bmzz — amz3 — 24) (26)

Cm
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Inverter

Innovate switching control law ugy,; to stabilize the system trajectory on the sliding
mode surface.

To solve the chattering problem caused by symbolic functions, hyperbolic tangent
functions are used instead of traditional symbolic functions:

Ugpl = —Hptanh(sy) (27)

Combining the equivalent control law with the arrival control law, the sliding mode
control law is:

1
Uy = Uegl + Usyl = - (—stez — Nses — bzp — amzs — dmz4) — nztanh(s3) (28)
m
Finally, the stability of sliding mode active disturbance rejection controller is validated.
The detailed process is described in Appendix D.

4. Results and Discussion

This section analyzes the control method results in simulation and bench test, and
discusses the contribution of the results.

4.1. Basic Settings

The diagram of the co-simulation platform is shown in Figure 10. The AMESim model
includes engine, clutch, EM, AMT gearbox, final drive, and longitudinal dynamic model.
The robust shift control strategy is established in the MATLAB/Simulink environment. The
AMESim and MATLAB/Simulink co-simulation platform achieves information interaction
through simulation interface.

AMESim-Simulink
i interface

Longitudinal
dynamic model

Figure 10. Co-simulation platform.

The co-simulation of AMESim and MATLAB/Simulink is conducted based on the
parameters of the studied hybrid powertrain (Table 2).

The test bench for the single-axis parallel hybrid electric vehicle with a multi-speed
AMT gearbox in the shifting process was built as depicted in Figures 11 and 12.
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Table 2. Parameters of the simulation model.

Parameter Value Parameter Value
Je 1.52 kg m? Af 6.5 m?
JEM 0.047 kg m? o 1.2258 kg/m?3
Ry 0.071 m Ry 0.528 m
Rz 0.035 m ifd 2.87
z 6 Ry 0.330)
Mg 0.095 Ly 0.022 H
JaMT 0.37 kg m? Ko 0.04 Vs/rad
m 25,000 kg K 0.02 Nm/A
g 9.8 m/s? Jm 0.002 kg m?
f 0.004 b 0.0054 Nm /rad
Cp 0.5 h 0.005 m
Low CANHub-AS4
Battery Battery | pressure[  Test bench ! CANH i
’ (highvoltage) [~ | (lowvoltage) | line ﬁ controller ‘ { !
I ‘ : ! TR JECANL o
E : CAN
R a—
‘ Lg)ﬁ:gﬁ::r F = { EMT controller % - ¢ \CLNUﬂ
! I A I A

. ! | [ (- Cooling || Hydraulic
Coolingi i Signal i usB
circuit i : : line : : tank system line
i v
v # : Joint # : A | Host
R ! computer
’ Load motor % EMT ST ]
s x actuator Hyd raulic
ST pipeline
Sahvaliace Low voia e« > TCooling  Hydmulc  CAN | cqio
High voltage Low voltage ; ; ooling ydraufi i
line line Signal line circuit pipeline line USB Line

Figure 11. Test bench architecture for single-axis parallel hybrid electric vehicle.

Figure 12. Test bench layout for the single-axis parallel hybrid electric vehicle.

The main components of the test bench include the controller of test bench, EMT, the
load motor, the EMT controller, the load motor controller, the hydraulic pipeline system,
the low-voltage and high-voltage battery, the cooling tank, etc. The test bench controller
receives CAN messages from the battery system, load motor, and the EMT, and collects
sensor signals through the I/O interface. The current state of the test bench is judged
and analyzed, and the overall control of the test bench is achieved by sending the CAN
messages and outputting electrical signals. Specifically, the CAN bus system consists of
CANUSB-II intelligent CAN card, CANHub AS4 optocoupler isolator, and twisted pair
with shielded wire. The test bench controller receives the analog voltage output by the
rotary potentiometer, converts it into the corresponding speed of the load motor, and sends
a CAN message to the load motor controller. After receiving the CAN message from the
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test bench controller, the load motor controller controls the load motor accordingly, and
feedback the state information of the load motor and load motor controller to the test bench
controller through the CAN message. The EMT system includes the shift actuator, gear
transmission system, and motor system. The motor controller responds to the commands
of the test bench controller and feedback the state information of motor to the test bench
controller through CAN messages.

4.2. Simulation Results and Discussion

First, analyze the control performance of gear shifting under 0 slope and load-free conditions.

Simulation condition 1 features the following settings: shifting from 4th gear to 5th
gear; EM starts the engine through the clutch. Figure 13 present the upshift simulation
results under simulation condition 1. The results present (a) no active control, (b) PID
control, and (c) IMSR control.

In the absence of active control, the jerk during the shifting process occurs mainly
during the torque unloading, engaging, and torque recovery phases. The maximum jerk of
the vehicle is —19.83 m /s>, slightly above the national recommended value; the shift time
is mostly consumed during the speed synchronization and torque recovery processes. PID
control is applied to the speed synchronization process, under the PID speed control of the
motor, the input shaft speed of the transmission quickly reaches the target speed value, and
the maximum jerk of the vehicle is —15.36 m/s®. Compared to the above no active control
and PID control, IMSR control takes the speed difference between the clutch master/slave
plates as the control objective, and controls input signals such as engine torque, clutch
torque, and motor torque, which can more smoothly control the engine torque and speed,
ensuring less jerk and shift time during the shift process. The maximum jerk of the vehicle
is —7.58 m/s°.

Table 3 shows the comparison results for the shift time and jerk. It can be concluded
that the PID control shortens the synchronization time and reduces the shift jerk during
the speed synchronization compared to no control. However, it achieves poor control of
the engine torque during torque recovery, with larger jerk and longer shift time; the IMSR
control has better control performance for engine torque, motor torque, and clutch torque
under the entire shift process, with shorter shift time and lower jerk.
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Figure 13. Cont.
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Figure 13. Control effects of different controllers: (a) results of no active control; (b) results of PID
control; (c) results of IMSR control.

Based on the results of simulation 1, the proposed method solves the first problem
described in this study, which achieves the entire process from torque reduction phase to
recovery phase through coordinated control of the power source, execution mechanism
control, and motor control. The method achieves active compensation optimization and
have favorable control performance.

Second, we analyze the control performance of gear shifting under climbing and load
conditions to improve the validation of different working conditions.
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Table 3. Shift time and jerk comparison.

Item No Active Control PID Control IMSR Control
ty ~ t1 (ms) 120 70 60
t ~ tp (ms) 100 100 60
tr ~ t3 (ms) 140 60 50
t3 ~ ty (ms) 370 330 170
Total shift time (ms) 730 560 340
Maximum jerk (m/s3) —19.83 —15.36 —7.58

Simulation condition 2 features the following settings: heavy and light load climbing
cycles. Under the heavy load climbing condition, the vehicle has a mass of 25,000 kg and a
road slope of 5 degree. The simulation results are shown in Figure 14. The total shifting time
is 350 ms. It can be observed that the engine output torque under heavy load conditions
is significantly higher than the standard operating conditions in Section 4.1. The speed
synchronization phase is sustained for 60 ms, and the active synchronization function of
the motor operates normally during the torque recovery phase. The maximum vehicle jerk
under heavy load conditions is 8.53 m/ s3, which indicates that the IMSR control effect can
also adapt to heavy load conditions normally.
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Figure 14. Shift transient responses in heavy load climbing cycle.

Under the light load climbing condition, the vehicle mass is 9200 kg and the road slope
is 5 degrees. The simulation results are shown in Figure 15. The total shifting time is 420
ms. Under light load conditions, the engine torque is significantly lower than the standard
operating conditions in Section 4.1. The vehicle jerks during light load shifting are greater
than in standard and heavy load conditions. The speed synchronization phase is sustained
for 60 ms, which is consistent with the standard operating conditions. The active speed
synchronization is normal, with a maximum impact of 9.56 m/s. It can be seen that the
IMSR control algorithm has similar control effect on single-axis parallel hybrid vehicles
equipped with AMT under different operating conditions.

Based on the results of simulation 2, the proposed method solves the second problem
described in this study. When the operating conditions change, it can still maintain the
expected control performance through adaptive adjustment of control parameters, and the
overall jerk is limited to the small range. It is of great significance for the stable operation
of vehicles under multiple working conditions.

Third, an interference model is added in order to further validate the performance of
the controller.
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Figure 15. Shift transient responses in light load climbing cycle.

Simulation condition 3 features the following settings: pickup; the reference value for
angular displacement of the shift motor is 10 rad. Due to internal parameter changes and
external disturbances in the shift actuator, the anti-interference performance of the control
algorithm with a given motor angular displacement expected curve will be tested under
the two simulation conditions. One is that the parameters of the shifting motor mechanism
are reduced by 10% during operation; shift resistance value is disturbed by Gaussian white
noise. Another is that the shift resistance value is interfered by Gaussian white noise.
Figures 16 and 17 present the upshift simulation results obtained for the control strategies
of PID and IMSR under simulation condition 3, respectively. The parameter values of the
sliding mode active disturbance rejection controller are: Bp; = 90, o2 = 350, Bz = 1145,
,804 = 7934, N; = 40, m = 0.68.

From Figure 16, it can be seen that the sliding mode active disturbance rejection
controller is better able to cope with the internal parameter changes, and basically maintains
the original tracking control performance, while the PID controller shows more pronounced
overshoot. From Figure 11, we can see that in the presence of adversarial noise interference,
the sliding-mode active perturbation rejection controller basically ensures stable tracking
of the target trajectory, while the PID controller exhibits oscillations of varying degrees.
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Figure 16. Simulation result of pickup (disturbance condition1): (a) angular displacement; (b) angular
displacement error.
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Based on the results of simulation 3, this method solves the second problem described
in this study. The method can ensure the stability of the entire shift process through
predictive model feedback, disturbance observer, and sliding mode control methods when
the system is subject to external interference. This provides a fundamental guarantee for
the application of the method in practical products and is a key contribution of this study.
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Figure 17. Simulation result of pickup (disturbance condition2): (a) angular displacement; (b) angular
displacement error.

Finally, further discussion will be conducted on the simulation results. In this study,
the core issues that need to be addressed include two points:

(1) How to develop an effective collaborative control mechanism for multi power source that
enables active compensation optimization that considers both smoothness and economy.

In response to this challenge, we have analyzed the characteristics of the shift process
and designed appropriate methods to solve the problem. The purpose is to verify the good
control effect of the method in this section through reasonable simulation assumptions.

(2) Inreal-world vehicle operations, factors such as various working conditions (start-
ing, accelerating, climbing, etc.) and interference effects (model uncertainties) can
negatively impact vehicle control performance.

To address this issue, we have considered the adaptability and robustness in the design
of the method. In this section, Simulation 2 involved assumptions and validations under
changing operating conditions, while Simulation 3 dealt with assumptions and valida-
tions when the shift actuator’s parameters were altered. The results of both simulations
consistently demonstrate the method’s effectiveness.

4.3. Test Results and Discussion

The IMSR control test results under acceleration and deceleration conditions are shown
in Figure 18.

The results show that the IMSR control strategy can meet the vehicle control require-
ments. During the starting process, pure electric drive mode is adopted, and when the
vehicle speed rises to a certain value, it switches to engine drive mode; The shifting time
during the acceleration process is greater than that during the deceleration process. The
jerk during the acceleration and deceleration process is less than 10 m/s®.

The statistical indicator results of different control algorithms are shown in Tables 4—6.
The PID control can accelerate the synchronization of input shaft speed, shorten the syn-
chronization time, and reduce vehicle jerk. However, due to the lack of engine speed
control, the torque recovery process still takes a long time, and the improvement of jerk and
friction work is not significant. The IMSR control results indicate that by controlling input
parameters such as engine torque, the engagement time of the clutch during the torque
recovery process can be effectively shortened, and the improvement of vehicle jerk and
friction work is significant. The maximum jerk is 8.13 m/s%, and the average friction work
is reduced by about 96.7%.
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Figure 18. IMSR control test results under acceleration and deceleration conditions: (a) velocity, input
speed and gear; (b) torque and jerk.

Table 4. Statistical indicator results of no active control.

Item Gearl to 2 Gear2 to 3 Gear3 to 4 Gear4 to 5 Gear5 to 6 Gearb6 to 7 Gear7 to 8

ty ~ t1 (ms) 100 115 102 120 105 115 110

t1 ~ tr (ms) 107 115 115 112 106 115 112

ty ~ t3 (ms) 155 160 137 165 178 165 158

t3 ~ ty (ms) 342 352 335 350 330 342 335
Total shift time (ms) 704 742 689 747 719 737 715
Maximum jerk (m/s%) 17.50 8.48 19.82 15.35 11.56 14.27 16.62

Friction work (J) 9453.20 9885.36 8999.76 8750.96 9940.74 8867.32 9263.12

When compared to simulation environments, bench tests closely resemble real vehicle
conditions, presenting greater challenges for verifying the effectiveness of the control
method. Unlike previous simulation studies, the bench test involved a more extensive
number of shift processes and conducted a comprehensive evaluation of shift time, jerk,
and friction work. This comprehensive testing provided a more thorough verification of
the method.
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Table 5. Statistical indicator results of PID control.

Item Gearl to 2 Gear2to 3 Gear3to 4 Geard to 5 Gear5to 6 Gear6 to 7 Gear7 to 8
tg ~ t1 (ms) 102 115 100 112 102 115 102
t ~ tr (ms) 65 62 60 60 58 60 70
t) ~ t3 (ms) 46 51 50 50 48 52 56
t3 ~ t4 (ms) 340 338 329 353 320 365 330
Total shift time (ms) 553 566 539 575 528 592 558
Maximum jerk (m/sS) 11.36 11.55 13.50 10.60 15.38 9.85 9.58
Friction work (J) 9352.58 9016.18 8540.13 9469.58 8562.67 9003.98 8563.28

Table 6. Statistical indicator results of IMSR control.

Item Gearl to 2 Gear2 to 3 Gear3 to 4 Geard to 5 Gear5 to 6 Gearb6 to 7 Gear7 to 8

tg ~ t1 (ms) 110 100 108 100 120 120 107

t1 ~ tr (ms) 82 65 60 66 68 62 67

ty ~ t3 (ms) 50 52 55 46 52 51 50

t3 ~ t4 (ms) 227 205 215 237 205 220 220
Total shift time (ms) 469 422 438 449 445 453 444
Maximum jerk (m/s%) 6.65 7.78 7.60 8.09 6.88 7.81 6.78

Friction work (J) 434.88 300.96 243.36 207.32 399.16 305.46 320.18

Based on the test results, the proposed control method, in contrast to traditional PID
control, consistently delivers shorter shift times and reduces jerk and sliding work across
various shift processes. Consequently, the method exhibits enhanced adaptability and
robustness under diverse working conditions during different shift processes, forming a
crucial foundation for its potential application in real vehicles.

5. Conclusions

To mitigate the negative impact of multiple operating conditions and external distur-
bances on vehicle smoothness during the entire shift process from torque reduction phase
to recovery phase, an integrated multistage robust control method is proposed in this paper.
First, First, we analyze the dynamic plant model and formulate the control problem to
enhance the accuracy of describing different shifting phases. Subsequently, we introduce a
data-driven model predictive control strategy based on additional constraints at the stage
of torque unloading and recovery phase. The combined control algorithm that integrates
the optimal control and disturbance suppression has been presented at the stage of speed
synchronization phase. The sliding mode auto-disturbance rejection control algorithm
is developed to achieve precise position tracking of shift actuator at the stage of pickup
and engage phase. Finally, the results and relevant discussion are presented. Compared
to the case with no active control, the jerk produced by the proposed method decreases
from —19.83 m/s® to —7.58 m/s?, resulting in a substantial improvement of 61.8%, and
the improvement of anti-jerk is 22.5% under PID control. Additionally, the total shift time
resulting from the proposed method is also significantly smaller than the no active control
and PID control, with the significant improvement of 53.4% and 39.3%. Furthermore, under
different loading conditions, the maximum vehicle jerk can be reduced to less than 10 m/s?,
and the speed synchronization time can be shortened to 60 ms, which reflects the strong
robustness of the method. This finding signifies that the control effect is consistent and that
the controller is suitable for the common operating conditions of commercial vehicles.

In addition to the aforementioned contributions, this study establishes a test base
through the development of a self-developed test bench. The bench test results indicate
that the two problems mentioned in the introduction have been successfully addressed,
and the proposed method is applicable not only to the shifting process but also to unsteady
operational processes such as mode transitions.
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However, the method in this study primarily concentrates on configuring operating
conditions within the simulation environment and constructing a test bench for validation.
Nevertheless, the real vehicle verification is still pending. In the next step, experimental
verification will be conducted on prototype vehicles, and the impact of other facts (such
as driver intention, shifting rules and the power source torque change rate limit) on the
jerk of the powertrain will be investigated. This effort aims to further enhance the driving
comfort of the single-axis parallel hybrid electric vehicle.
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Appendix A

The future state variables of the predictive model are derived, as shown in Equations (A1)
and (A2).

YN YN+1 0 YUN+j-1
YN+1  YN+2 o YN+
YN+2 YN+3 0 YN+ | =
YaN-1  Y2N 0 YaN4j-2 (A1)
D 0 0 o 0 UN  UN41 ot UN+j-1
CB D 0 0 UN41  UN42 o UN4j
XN-1 o XNpj1) F CAB CB D o 0 UN+42  UN43  UN+j+1
CAN-2B CAN-3B CAN-4B ... D UpN-1 UpN Tt UaN4j-2
(xN XN-1 - xN+j—1):
uo ul DY u]71
ul uz PR u A2
AN(xp x xj_1) + (AN"1B ANZ2B ... B)| . oo ! (A2
UN-1 UN - UN4j-—2

Equations (A1) and (A2) can be further expressed as follows:

Yy = I'nX + Hi Uy
Y, = I'nX, + HiU, (A3)
X = ANX, + AL U,

where Up, Uy, Xp and X; are the input data matrices and state data matrices generated before
and after the system input excitation, which can be used to obtain subspace prediction
factors. p represents the data before the current time, and f represents the data after the
current time.

The predict output can be expressed as:

Ys = LoW, + LyUs (A4)

where Ly is the coefficient matrix of the past input output matrix Wy, and Ly, is the coeffi-
cient matrix of the future input sequence. Among them,
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") 9

Using the least squares method to solve the optimal solution of the following equation
to obtain the coefficient matrix Ly and L, of the subspace prediction, and identify the
system model:

W (12
Ln;ziqu ‘Yf — (Lo Lu) <ll;:> (A6)
Obtain the prediction factor for the subspace:
wot W -1
Lo L =Y {uﬁ =Yy {W,? u}] ({uﬂ (W, uf]> (A7)

Appendix B

The optimal control usyn consists of the optimal state trajectory x*, reference signal r,
and disturbance D, in order to minimize the Equation (18), the optimal control expression is:

u = %(x—r)—% (A8)
From the Equation (A8), it can be seen that the optimal control law consists of two

components: the first part is proportional control, and the second part is disturbance

compensation.
The tracking error and are defined as:
e=x—r
{é:k:a(e—i-r)—i-busyn—i-D:oce—i-ar (A9)
Among them, « is a constant, and its expression is:
w=a—b /1 (A10)
R

To eliminate stability errors, Equation (A8) can be modified as follows:

~ a

Usyn = Usyn — Er = — ﬁ(x —r)———=r (A11)
Although Equation (A8) has a simple and intuitive form, it is still necessary to deter-

mine the values of q and R before final application. If these two weights can be associated

with certain performance indicators, their values will be easily determined. The tracking

error of the control law is:
e(t) = ege™ (A12)

The time required for tracking error to decrease from e to a certain value of E (E > 0) is:

—— InE — Inleo| (A13)
«
Equation (A8) is rewritten as
~ a
Usyn = — %(x —r)—Dq — B (A14)
In order to estimate Dy, the observer is designed as follows:
z = —Lb(z+ Lx) — L(ax + bu)
i @13

where L is the gain of the observer.
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Define the disturbance estimation error as:

Edzjl—dl ' (A16)
éd: —Lbed—Dl

The final control law is given by the following equation:

~ A a
usyn = —\/g(x — 1’) — Dl — ET’ (A17)

Appendix C
Equation (7) is organized into Equation (A18):

R - : L - i
U = 2™ (Tigr + Jmbpe + bubpc ) + 2 (Tnbipe +bubpc) + Kengpe — (A18)
Km Km

The calculation formula for load torque is:

TR SO S (A19)
Lar 47T2(1 - ,unut) be 27'[(1 - ,”nut) f
Therefore, Equation (A18) can be reorganized as:
— Ry h
U = Kin (277(1 Vnut) f T (47[2( —Hnut) + ]m)QDC t bmeDC) (AZO)
& (Jmbpc +b 9Dc) + KemffpC
Simplifying Equation (A20) yields:
6pc = améDC + bméDC +emUm +dnTLa (A21)
Define the state variable of shift motor as:
.. 9T T
X = {GDC/ GDC/GDC} = [x1, %2, x3] (A22)
The state space equation of the shift motor is expressed as:
. . . 1T
[xll X2, x3]
0 1 0 0 0
=10 0 1 |[x,xx3]" + Up+ | 0 | T (A23)
0 bm Am Cm dm
= f(x) + Bu+h(x,t)
2
Rm( nzm‘ihl +]m)+Lmbm Rmbm+Kngm
where ay = —— = b = =T o = A = —n

T = ml—ﬂ r,h(x,t) is the unknown external total disturbance.

Appendix D

Analyze the stability of sliding mode active disturbance rejection controller and define

the Lyapunov function as:

Vi = %512 (A24)

Taking the derivative of Equation (A24) and incorporating control law Equation (28),
there is:
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Vi=5151 =% (stez + Nses + é3>
=35 (stez + Nse3 + byzo + amzs + sz + 24)
=5 (stez + Nse3 + byzo + amzz+ (A25)
(—stez — Nses — bz — amzz — z4 — 3cmtanh (51)) +2z4)
= —n1cm|s1| <0

When s1= 0, V1: 0;s1# 0, V1 < 0. Therefore, the control law of the designed sliding
mode controller meets the stability theorem, and the system can guarantee asymptotic
stability in a finite time.
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