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Abstract: Mobile machines using a hydrostatic transmission is highly efficient under lower working-
speed condition but less capable at higher transport velocities. To enhance overall efficiency, we
have improved the powertrain design by combining a hydrostatic transmission with a dual-clutch
transmission (DCT). Compared with other mechanical gearboxes, the DCT avoids the interruption
of torque transmission in the process of shifting without sacrificing more transmission efficiency.
However, there are some problems of unstable torque transmission during the shifting process, and
an excessive torque drop occurring at the end of the gear shift, which result in a poor drive comfort.
To enhance the performance of the novel structural possibility of powertrain design, we designed a
novel control strategy, which maintains the sliding in the torque phase and reduces the difference
before and after the engagement, for the motor torque and the clutch torques during the shifting
process, and then validated the control effect with model-based simulation. As a result, the control
strategy employing clutch and motor torque control achieve a smooth shifting process since the
drive torque is well tracked, and highly dynamical actuators are not required. As another benefit,
only two calibration parameters are designed and actually needed to adjust the control performance
systematically, even for any different sizes machines. Our research indicates the possibility to adopt
dual-clutch in the field of construction machines.

Keywords: primary torque control; dual-clutches control algorithm; mobile construction
machines; powertrain

1. Introduction

The combination of a hydrostatic transmission and a mechanical gearbox can improve
not only the system efficiency but also the usability of mobile machines. The reason is
the shiftable mechanical gearbox can produce better working conditions for hydraulic
components. Currently, a commonly used structure is the combination of a hydrostatic
transmission (HST) with a summation gearbox, which has at least two hydraulic motors
to propel the construction machinery. However, the additional cost of the second motor
limits the scope of using of this structure in the market of medium-sized mobile machines.
By contrast, we propose a novel structure that combines the HST with a dual-clutch
transmission, see Figure 1. With this novel combination, we only need one hydraulic motor
and thus reduce the total transmission costs compared with the one with a summation
gearbox. However, such a drivetrain solution did not have a considerable market share in a
long time. One of the reasons is the fluctuation of output torque during the shifting process.
Based on the primary torque control concept from Bosch Rexroth [1-3], we developed a
controller to optimize the shifting process of a dual-clutch transmission, resulting in a fast
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and smooth shifting process. As a basic idea of this algorithm, the hydraulic motor and the
clutches should cooperate with each other to accurately track the desired drive torque.

In this paper, we will first reveal the mechanism of the problem mentioned above
and then introduce the algorithm which can optimize the performance of the HST+DCT
drivetrain. In addition, the algorithm has an easy calibration process since only two
calibration parameters are needed.
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Figure 1. HST+DCT drivetrain.

Energy-saving is important in the field of mobile machines since current systems are
far from satisfactory [4,5]. Except for the well-known energy-saving methods mentioned in
the review paper [5-9], such as hybrid system and machine learning, combining a mechani-
cal gearbox with a hydraulic drive and the corresponding optimization has raised more and
more attention. Apparently, a hydrostatic drivetrain can decouple the vehicle speed and
the engine speed so that it can achieve better engine efficiency. However, it does not always
indicate better overall efficiency since the hydraulic pump or motor may work in a worse
condition to guarantee the required transmission ratio. Thus, the introduction of a mechan-
ical gearbox after the hydraulic drive system to avoid the unsuitable operating conditions
has become a consensus [3]. Although the combination of HST and a mechanical gearbox
is widely used in industry, it is rarely mentioned in research papers. We conjecture that
this concept might not be published in the scientific papers in the databases “Sciencedirect”
and “Scopus”. A comprehensive description and the advantages of HST plus a mechanical
gearbox can be found in [1]. Although the hydrodynamic solution is also used in mobile
machines, the hydrostatic solution has more potential in terms of efficiency. Thus, we focus
on the previous works about the introduction of HST plus a dual-clutch gearbox, as shown
in Figure 1.

There are a series of research papers that deal with the control of dual clutches gearbox
in the automobile industry. Fischer demonstrates the typical problem by using a dual-clutch
gearbox [10]. While upshifting, the torque goes down first and then goes up. At the end
of the shifting process, there is a sudden torque drop, resulting in a vehicle jerk [10]. To
deal with this problem, an easy but effective fashion is to increase the gear sets of the
mechanical gearbox since the transmission ratio difference before and after the shifting
process is reduced, and thus we alleviate the shifting process. As is evident, the automatic
hydrodynamic gearboxes from ZF Friedrichshafen AG usually have more than 8 gear sets.
Additionally, other international well-known automotive suppliers, such as Audi and
BMW, adopt their automatic transmission with more than 7 gear sets. In addition to the
hardware solution, many researchers propose their methods to improve the shift quality,
i.e., short shift duration and smooth shift process [11-16]. Van Berkel introduces the concept
of clutch-engagement phases so that a smooth clutch engagement to track the demanded
torque without a noticeable torque dip precisely is accomplished [13]. Moreover, Kim
develops an effective upper-level controller based on the optimal control allocation to
produce the most suitable torque trajectories of the engine and clutches [16]. Both of them
have a similar basic idea: the whole process should be divided into a series of subprocesses
since they have different characteristics. Additionally, Oh proposes an original approach
for the driveline modeling so that a complex clutch friction model can be avoided [17].
The purpose of his work centers on accurately estimating the torque transmitted through
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each clutch of the dual-clutch transmission. Based on his research, the comprehensive
or very detailed modeling of a drivetrain is not always necessary to achieve accurate
control. Additionally, as the review paper from Gatta [18] points out, simpler models could
sometimes be preferable to more complex ones, to provide real-time torque estimation.
Although optimal control techniques obtain good shifting quality and reject disturbances,
the computational cost can be quite large for the onboard system and thus limits its usage.
According to the literature review, kiss-point detection [19], temperature influence [20],
clutch actuators [21], transmitted torque estimation [22,23], and engagement controls [24]
are the main topics in the dual-clutch control strategy.

In the fields of mobile machines, the drivetrains using clutches to output continu-
ous drive torque are called power shift transmission since they might have more than
two clutches [25]. Unlike the automotive industry, precisely controlling the hydrostatic
drivetrain torque was a challenging thing before about 2017 [2,26]; therefore, many mobile-
machines researchers still use different concepts to design their drivetrain control strategy
due to the absence of torque control. Bugusch shows that a powershift-hydrostatical driv-
etrain with three gears, developed by Gollner [27], can improve the vehicle efficiency by
selecting the gear appropriately [28]. In his research, the control strategy of the shifting
process is not shown. In another research paper, Mérsch has pointed out, in a patent,
the need to improve the drive comfort during the shifting process: at least one variable
should be used [29] without pointing out which variable in detail. As a backbone of our
algorithm, the concept of torque control in construction machines should be explained
clearly. The torque control can be divided into primary torque control [2] and secondary
torque control [26,30-32]. Although both control the output torque on the hydraulic motor,
the basic ideas behind them are quite different. Compared to the secondary torque control,
which controls the torque by a variable displacement motor under constant pressure, the
primary torque concept adapts the pressure inside the circuit to achieve the desired output
torque. Obviously, the primary torque concept has a much quicker response, especially
by a large difference between the desired and actual torque, thus being selected as our
algorithm’s cornerstone.

2. Problem Statement

Most researchers try to increase the number of gears so that they can decrease the
transmission ratio difference between each gear, which undoubtedly relieves the difficulties
of the control algorithm. Secondly, for the cost reason, precise measurement of the signal
is still challenging, and thus the actuator dynamics should be taken into account while
designing the controller. Last but not least, although many companies in the field of mobile
machines show great interest in using power shift transmission, they did not propose a
concrete algorithm to achieve good shift quality. Consequently, the drive comfort during
the shifting process of the HST+DCT drivetrain was never satisfying; no wonder it has only
a small market share. We conjecture it might be that it is impossible to adopt the easiest
method that increases the number of mechanical gears on a hydrostatic mobile machine.

3. Goal of This Research

The goal of our study is to find out a suitable control concept that guarantees a fast
and smooth shift process of HST+DCT drivetrain for the whole shifting process. Concretely,
we control the actual tractive effort so that it is almost the same as the desired tractive effort
during the shifting process, as in Equation (1):

/ttH[Tuct(t) — Tdes(t)]zdt —0 (1)

where t; and t, denote the shifting start and end time, T, (t) is the actual Torque at the
time t, and T, (t) is apparently the desired torque.
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4. System Modelling
4.1. Powertrain

In order to obtain more insight into the control algorithm, we greatly simplify the dual-
clutches model according to [10]. The dual-clutch gearbox has primary parts (subsystem 1)
and secondary parts (subsystem 2), corresponding to the part before the reduction gears and
the part after the reduction gears, separately. Figure 2 illustrates the simplified powertrain
model we use.
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Figure 2. Simplified powertrain model: w1 is the rotation speed of primary part of the first gear, T,
is the output torque of hydraulic motor, T} is the drive torque on the wheels, T;, is the resistant force,
and [y, is the rotational inertia of the hydraulic motor.

The driving torque Tj; in the transmission chain is completely transmitted by the
torques on both clutches T, and T,,. Moreover, the transmission loss is given by the final
drive, while the damping and stiffness of the drive shaft are not taken into account.

The power train dynamic is described as follows: if both of the two clutches are not in
an engagement state, the transmission chain is a 2DOF system. Regardless of upshifting or
downshifting, we produce a positive drive torque on the wheels. Thus, the 2DOF system
can be drawn as

]m'wm - Tm_Tcl _TC2 (2)
]U'dJU:Td_TU

where the value of driving torque depends on the values of the two clutch torques and the
transmission parameters:

Ty = (Ta-it+ T i) ifina - 3)
Ta = p-Fna 4)
To = p-Fne ®)

where the additional parameters Fy 1 and Fy > denote the normal force applying on the
first and the second clutch, separately.

When the vehicle runs stably in gear 1, i.e., the clutch 1 is in engagement, the degree
of freedom of the system is reduced by 1 because the rotational speed of motor shaft, the
secondary side of the first clutch, and final-drive shaft must satisfy the following kinematics
constraints. Considering the shifting process is either from the higher gear to the lower
gear or in reverse, we define subscript L as the lower side and / as the higher side. For
instance, wy is the rotation speed of the lower side because the system we use in this paper
has only two gears; the lower gear is always the first gear.

Wy = wp,
W = WL (6)
WL, = Wy * Ifinal * 11
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Although the final-drive shaft rotates at an unidentical speed, the ratio is fixed. In
order to simplify the expression, the other clutch is set to be entirely disengaged without
sliding, T.» = 0; thus, system equation is rewritten to

(Jo+ Jm - 13-t 1) o = T+ i1 dginar -7 — T )

and the torque on the first clutch is calculated as follows:
T Jo+ Jm - To - ifinal - 11
Jo+ i < a1+ Jon
If the first clutch is in the engagement state, its torque is no longer controlled only by
the pressure acting on it. The result obtained by Equation (8) is the clutch torque required

to meet the dynamics and kinematic constraints. The pressure on the clutch friction plate
represents the maximum torque that the clutch can transmit.

®)

Tcl,d =

u- FN,cl = Tcl,Max )

Only when the following conditions are met, i.e., the maximal transmittable torque
is larger than the desired transmit torque, the clutch maintains the engagement state;
otherwise, it will start to slide.

TeMax = Tcl,d (10)

Normally, the driving resistance of the vehicle is more difficult to measure or estimate.
From another perspective, the desired clutch torque can be calculated from the torque
balance on the motor side.

(Tm - Tcl,d) = ]m CWy = Im “Wyp - ifinal . Z.1 (11)
Taag = Tw—Jm- Do ifinal 11 (12)

It can be seen from Equation (12), in the case where the motor output torque and the ro-
tational acceleration of the drive shaft are known, that the value of the clutch torque required
to maintain the stable running of the vehicle in gear one can be calculated, wherein the first
derivative of vehicle speed can determine the rotational acceleration of the drive shaft.

It can be concluded that because the moment of inertia of the motor torque exists,
the torque acting on the clutch is unidentical to the torque output by the motor, i.e., the
driving torque acting on the transmission shaft cannot be directly converted from the motor
output torque. It is also necessary to consider the torque required to accelerate the motor’s
moment of inertia.

Similarly, when the vehicle is running stably at gear 2, the equation of 1 DOF system
is given without derivation as the 1 DOF system equation for gear 2:

(o T 83 i 1) + 0o = T+ 2 gt -7 = To (13)
The torque is required to ensure that the clutch 2 does not slip.

Teod = T — Jm - @o - ifinal - 12 (14)

4.2. Actuator

The input signal of the actuator is the output of the controller. Although the controller’s
instructions are correct, the system may not perform well due to the slow response of the
actuators. Thus, the controller must output the command in which the dynamics behavior
of actuators is already considered. The dynamic response of the actuator is modeled as 1st
order differential equation [13],
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Ta(t) = ;;w;lm—m(t» (15)
Tat) = 91;<T;2<t>—nz<t>> (16)
Tnlt) = o (Tu(®) = Tu(t) 17)

0, and 6. are the actuators’ time constant. The variables with an apostrophe are control
signals, while the variables without a dot or apostrophe, e.g., T¢1 (t), are the expected torque
considering the dynamic response.

5. Power Shift Controller

The power shift controller consists of two parts, the Phase Selector and the Torque
Generator. According to different shifting requirements (upshift or downshift), the phase
selector selects the corresponding control mode. Additionally, the shifting process is further
subdivided into different stages. The generator outputs a specific control signal according
to the phase signal given by the phase selector.

5.1. Control Schema

The control framework based on the torque based control consists of a target torque
generator, a powershift controller, an actuator dynamic module, and a power train model.
The schematic diagram is shown in Figure 3.

Driver’s wish Target torque Target torque
generator

Powershift controller

! i
I 1
! i
T Phase 1
| Phase selector v T,
1 »
! Torque v T Actuator
E generator LT, dynamics
! i
I 1
' i
1
__________________________________ 1
m
< T,
Sensor bus Powertrain model TLI
2

Figure 3. Power shift controller framework.

The controller outputs to the vehicle model three torque variables that affect the
shifting process: motor torque, higher gear clutch torque, and lower gear clutch torque. The
controller determines, according to the target, the driving condition, the driver’s wish, the
state variable of the vehicle as a boundary condition, and whether the vehicle can complete
the given shift command in the current driving situation; if so, it outputs the corresponding
control variable, and if not, it outputs the control variable of the closest target requirement.

For the torque control of the shifting process, it is necessary to consider the blockage of
the actuator when calculating the control variable to eliminate the influence of the dynamic
response of the actuator on the control performance in the actual process.

5.2. Phase Selector

Figure 4 shows the schematic diagram of phase selector. The shifting process is divided
into several sub-stages to distinguish different requirements of the power shift controller.
Drive mode represents the drive chain, which is in the process of upshifting, downshifting,
or maintaining the current gear. In the specific algorithm implementation, the upshift is
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divided into torque phase and inertia phase. Moreover, the inertia phase is subdivided into
fast reduction of slip speed, controlled reduction of slip speed, and forcibly engaged phase.

- - Selected gear
Driver’s wish 1

Selected gear Reset
change detector

Phase Phase signal
L ° -,
selector

Slip speed

Slip acceleration

Sensor bus
Clutch torque

Figure 4. Phase selector.

In the downshift process, there is no apparent torque phase. The cross-shift occurs
during the second inertia phase. Concretely, it begins at the time when the w; first reaches
the Qz.

The phase transition is determined according to the vehicle state. For example, in
the torque phase, when the phase selector judges whether the cross shift has ended, it
is necessary to pass the clutch torque feedback to indicate whether the clutch has been
disengaged. In the inertia phase, it determines whether the controller flows into the next
stage base on the slip speed and slip acceleration.

5.3. Torque Generator

The concept is shown in Figure 5, where the torque generator is the core module of
the torque controller. The controller’s input signals are Ty t4,¢.t, drive mode, phase signal,
and vehicle state. The tracking of target driving torque is the main task of the power shift
controller, drive mode and phase can be seen as boundary conditions, and vehicle state is
the feedback from power train dynamics.

The clutch torque generator needs to give the clutch torque and its rate of change
required to track the target driving torque according to the boundary conditions. Further-
more, the motor torque generator needs to calculate the motor torque according to the
vehicle state feedback to meet the controllable condition of the clutch torque.

If the torque balance is destroyed during the shifting process, a completely different
control performance will be produced; thus, a precise torque control is required. It is
necessary to pre-consider the effect of the actuator delay, i.e., the inversed actuator dynamics
will be taken into account when designing the control signal. In this way, after the actuator
delay the control signal can still complete the control tasks.

Torque generator

1 1
1 1
. ! !
Target drive] H
torque ! Clutch torque LTy
! generator H
1 1
Phase H Inverse actuator 1 T’
! dynamic ,
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
. I
! Hydraulic motor ! T
—
! T, T, T,y torque generator '
Sensor bus ! Primary part speed and acceleration '
! Slip speed Inverse actuator H
' dynamic !
1 1

Figure 5. Torque generator.



Energies 2022, 15, 2095

8 of 15

6. Control Algorithm
6.1. Torque Phase

In the upshifting process, the first torque drop happens in the torque phase [33] when
the cross shift occurs. The core idea of the solution is to let the hydraulic motor rotate
faster than the primary part of dual-clutch transmission so that the system is decoupled
and can be controlled separately. In the case of upshifting, at the initial point of the torque
phase, there is no slip, i.e., ws = 0. The concrete control idea can be illustrated with the
following equations.

Ty = Ta-ir+Ta-iz (18)
Tw = Tcl + TC2 + ]m “ Wy (19)

Equation (20) shows the necessary condition to achieve the control algorithm. Oth-
erwise, the Equations (18) and (19) will have a different sign, which makes the control
dramatically difficult. According to Equation (18), the transmitted torque of the second
clutch Ty can be calculated based on T; and T;;. Since T; goes to zero while upshifting
with a specific slope given by the designer, we can acquire T;. After we obtain T, the
desired hydraulic motor torque can be acquired. For the purpose of the robustness of the
controller, the @; s+ should be selected carefully to guarantee the slip w; is always positive.
However, it might lead to an unnecessary additional friction loss of the clutches. Therefore,
this safety value should be as small as possible from the respective of energy loss. Taking
the actuator dynamics into account, we describe the control signal of hydrostatic motor
torque as Equation (21),

Ty =T + %—"j : (Tél - Tc) + %—T - (Téz - Tc2>

+ 9111 : Im : ifinal : Z'current ' CDU + Cas,set : 9711 . ]m

(21)

6.2. Inertia Phase

In the inertia phase of the upshifting process, the hydraulic motor rotation speed must
slow down to the corresponding upcoming gear. In this case, the slip between hydraulic
motor and primary part of the dual-clutch absolutely exists. Thus, the output torque on
vehicle wheels is further controlled by clutches. However, the challenge of implementing
a control algorithm on a vehicle is dealing with the transmit torque when the clutch has
just been engaged. At this time, the system will lose one degree of freedom, i.e., from 2
DoF to 1 DoF system, resulting in the last torque dip. Thus, the driving force might change
immediately. The following equations illustrate the solution to this problem.

The drive torque before engagement T¢ () is demonstrated as Equation (22),

1
= ; ; '(]U'Tm(t_)+
Jo+ T~ iy + B 1 (22)
Jm Tv(t_) “ltar * Ifinal — CUs,tar(f_) Jm ]v)
In contrast, the drive torque after engagement T¢ 1, (") is demonstrated as
Equation (22),

Tc,tur (t_ )

]v ' TM(F) + ]m ) Tv(ti) “dtar - ifinal

Te tar (t+ ) = . . (23)
Jo+ T - iy + iy 11
Since the motor torque and the driving resistance is continuous,
Tu(t) = Tu(t)) (24)

To(t") = To(t") (25)
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The drive torque, i.e., the difference between the drive chain output beforeT,;(+~) and
after T;(t") the engagement are the object of the controller to minimize:

Td(t+) — Td(t_) :Tc,tar(t+) “dtar - Z'fimll N
- Tc,tar<t7) “tar - ifinzzl )
After Te1qr (1) is substituted into the Equation (26), the torque drop is interpreted as:

(26)

. itar - ifinal 1
- 2 2
]v + ]m : Ztar : lfz'nal : 77

As shown in Equation (27), ws is the only controllable variable since the other pa-
rameters are fixed after the vehicle is designed. Formally, if w; is 0 when the clutch is
just engaged, theoretically, there should not be a torque drop. However, to control the
ws is a difficult task in practice. First and foremost, w; is challenging to measure because
there is usually no acceleration sensor on the shaft to measure the rotation acceleration.
Besides, to measure the slip acceleration, at least two acceleration sensors must be used.
Moreover, the dynamics of actuators might be quite different, thus making the calibration
process considerably difficult. Last but not least, the acceleration sensors have higher noise
in general and surely have a negative influence on control performance. Alternatively,
we use an algorithm based on the concept from van Berkel [13], which only uses ws as
the measured term. Figure 6 illustrates the control algorithm in the inertia process for a
downshift process since downshift is the more complicated process. In order to achieve
the fast and smooth engagement, the inertia phase is further divided into five sub-phases:
the first fast phase (P0), the first smooth phase (P1), the second fast phase (P2), the second
smooth phase (P3), and the forcibly engaged phase (P4).

Td(t+) —Ta(t7) “Wstar(t7)  Jm + Jo (27)

Threshold Q; ,(t)

o ' ' Threshold Q,(t)
I I | | -
E ] I 1 I /
| N b
20 | ] | i
= I | I I q
7] | | | | time
| | I
LT I | I I
| I I I
| I, I I
| i | |
ws I | I I
] )2 I I I
/ A I I I
Sl I | |
Threshold Q;4(t) S | | |
I I I I
I | I I
I | I I
: : Boundary : :
dws/dt ! | for smooth | !
| engagement | !
§ Boundary for fast NG ! | Reason for the veicle jerk
® engagement Iy ! | ! ! ps time
% O 4 } + n $}
I I |
3 ! ! \O/‘b ,,,,,,,,,,,,
g | | |
2 I | I
= PO I pp ! P2 | p3 Boundary for smooth
: 5 : 3 : engagement I,
2, 13, _t4,

Figure 6. Algorithm explanation during the downshifting inertia phase: ()1 1 (t) and () »(t) are the
triggers for the first and second smooth phase separately.

By deriving the differential equation containing the controlled object w;, the design
method of the control variable could be obtained.

1 (1 o1 1) _a
wWs = -(Us+'<'(Tm_Tc_]m'wP)_TC>_wP (28)
O Jn  \Om

When the form of Equation (28) can be converted into

@Ws 42D - wy - Ws + w2 - ws =0 (29)



Energies 2022, 15, 2095

10 of 15

under the condition of D = 1, this equation can be described as a critical damping system.
The dynamics of slip speed should be critically dampened since the response will be fastest
without overshooting, which fits the requirement of faster shifting process.

Here, we introduce a constant offset )y, and the modified slip speed is x = ws — (.
The value of ()g is peripheral since it will be eliminated in the transformation of equations.
The equation after linearisation is

5c'+i-5C—u:0 (30)
Om

Applying the condition of critically damped dynamic system, the control variable u is
derived by comparing the coefficient of Equations (29) and (30):
1
u = _m e (31)
with the condition x () = Q(t2) — Qo = Qp — O, %(t1) = Ty; %(t2) = T'p are known, and
we can calculate x(t1) = Q4 (t;), which is the trigger for the fast phases.

O1(t) = Oy +26, - (T —ws(t)) (32)
r
u:@.(wsnﬁ)\i) (33)

7. Simulation Results

In this section, the performance of the control algorithm would be validated. The
drivetrain parameters used in simulations are based on a real wheel loader and shown in
Table Al.

Notice that, for validation the algorithm, we consciously let the drivetrain track a
constant drive force demand since it must be the most challenging use case.

As shown in Figure 7, transmittable clutch torque controls the torque on the wheels
during the whole downshifting process, while the hydraulic motor takes the responsibility
to minimize the friction loss, positive power flow, and the fast and smooth engagement
process. The next figure, Figure 8, shows how the variables vary during the shifting process,
where ws 1 denotes the slip speed between the hydraulic motor and primary first gear
part of dual-clutch transmission and w; > indicates the second gear. The torque drop due
to engagement is controllable and defined by I'; , since the ws = T'y» at the moment of
the engagement.

As aforementioned, while the mechanism of the inertia phase before the final engage-
ment is the same between upshifting and downshifting, the torque phase is the unique
phase during the upshifting process. As shown in Figures 9 and 10, after the driver gives
the upshift command, the motor shaft speed wy, is slightly increased under motor torque
control. It can also be observed in the figures, so that by increasing the slip acceleration,
the slip speed is controlled to be a small positive value. By ensuring that the clutch one is
sliding, the condition that the clutch torque is controllable in the torque phase is satisfied.

As the simulation results show, the slip is the prerequisite of this algorithm and the
correct control of w; is the core to achieve a fast and smooth shifting process. Addition-
ally, there is no sudden change of control signal, which demonstrates that high dynamic
actuators are not in need.
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Validation Result one for Power downshift
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8. Shift Management

Although the powershift with acceptable comfort is viable, the friction in the clutches
is unavoidable. In order to extend the service time of the transmission, the powershift shall
only occur when the vehicle is uphill and at a low velocity, to avoid the roll down situation.
In other scenarios, the interruption of tractive effort is not a problem, so we recommend
engaging the upcoming gear after the ongoing gear is totally disengaged.

9. Conclusions and Outlook

This article proposes a control strategy for the shifting process of construction machines
equipped with a dual-clutch transmission. We firstly conclude with the main problems
that occurred during the shifting process. First of all, although the initial intention of
using the dual-clutch is to avoid the torque interruption during the shifting process, the
torque output from the powertrain still has large fluctuations. Moreover, there is a dilemma
between the rapidity and the smoothness of the shifting.

To solve the above problems, we divide the shifting process into different stages to
break down the complex control task into sub-tasks and define a clear boundary line for
each sub-phases to realize the modular control of the sub-process. By summarizing the
characteristics of the sub-stages that appear in the downshift, we sum up the mathematical
problems with unity from these sub-stages. The shift duration and the torque drop at the
end of the shift are all affected by the slip acceleration. The first-order derivative of the slip
acceleration is related to the changing rate of the motor and clutch torques. Therefore, the
control of the shifting process is a control of the changing rate of the torque according to
the demand.

As shown in the simulation results, the control strategy by means of clutch and motor
torque control to achieve a smooth shifting process is feasible since the desired drive torque
is well tracked. In addition, the highly dynamical actuator is not required to achieve
the control performance, which shows the practical meaning of this control algorithm.
When tracking the target drive torque during the shifting process, the controller firstly
calculates the changing rate of the clutch torques; to meet the controllability condition of
the clutch torque, the controller calculates the corresponding motor torque simultaneously.
By applying this control algorithm, the systematically adjustable control performance is
possible. To adjust the contradiction between rapidity and smoothness during the inertia
phase, the controller uses two calibration parameters: I'; ; and I’ 5.

Outlook

The limitation of the research is that the powertrain model used in this paper does not
consider the stiffness and damping of the transmission shaft. If the neglected damping
and stiffness are found to have a strong influence on the control effect in actual situations,
the changing rate of the control signal needs to be constrained. The target is prevent the
excitation signal and the characteristic frequency of the system from coinciding, which may
lead to a sympathetic vibration.

Appendix A

We give the parameters of the vehicle to help the readers to reproduce the results
of our algorithm. They are based on the real parameters of the machine with acceptable
measurement error. Based on our study, the algorithm is robust and still works in case the
settings change. Note that, for commercial use, you should ask for our permission since we
have applied for the patent.
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Table Al. Vehicle model parameters.

Symbol Value Unit Description
Jm 15 kg m? Motor inertia
my 9450 kg Vehicle mass
Trad 615 mm Wheel radius
Jo 3574.2 kg m? Vehicle equivalent inertia
Cw 0.8 — Drag coefficient
Ay 0.8 m? Reference area
Oair 1.293 kg/ m3 Density of air
i 3.74 — Gear one ratio
in 1.5 — Gear two ratio
Ifinal 15.429 — Final drive ratio
Jim 1.5 kg m? Motor inertia
n 0.9 — Final drive efficiency
O 0.08 S Motor time constant
0c 0.04 S Clutch time constant
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