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Abstract: As one of the effective and crucial ways to achieve the energy saving and emission reduction
of loaders, hybrid technology has attracted the attention of many scholars and manufacturers.
Selecting an appropriate energy management strategy (EMS) is essential to reduce fuel consumption
and emissions for hybrid loaders (HLs). In this paper, firstly, the application status of drivetrain
configuration of HLs is presented. Then, the working condition characteristics of loaders are analyzed.
On the basis of this, the configurations of HLs are classified, and the features and research status
of each configuration are described. Next, taking the energy consumption optimization of HLs as
the object, the implementation principle and research progress of the proposed rule strategy and
optimization strategy are compared and analyzed, and the differences of existing EMSs and future
development challenges are summarized. Finally, combining the advantages of intelligent control
and optimal control, the future prospective development direction of EMSs for HLs is considered.
The conclusions of the paper can be identified in two points: firstly, although the existing EMSs can
effectively optimize the energy consumption of HLs, the dependence of the strategy on the mechanism
model and the vehicle parameters can reduce the applicability of the strategy to heterogeneous HLs
and the robustness to a complex working condition. Secondly, combining the advantages of intelligent
control and optimal control, designing an intelligent EMS not depending on the vehicle analytical
model will provide a new method for solving the energy consumption optimization problem of HL.

Keywords: energy management strategy; hybrid loaders; rule-based strategy; optimization-based
strategy

1. Introduction

Loaders are the important equipment for modern engineering construction. Traditional
loaders are generally driven by internal combustion engines, which have the defects of
high energy consumption and emission. Under the traction of double carbon policy, more
stringent requirements have been presented on the carbon emission levels of road and non-
road vehicles. Therefore, it is imperative to develop new energy loaders with low-carbon
environmental protection [1].

In recent years, the successful application of hybrid technology in new energy vehi-
cles [2,3] has provided effective technical reference for the development of new energy
loaders. Since Hitachi first applied hybrid technology to wheel loaders in 2003 [4], hybrid
loaders (HLs) have made great progress in power configuration design [5] and energy-
saving technology [6].

In general, the existing energy mixing types of HLs mainly include oil-electric hybrid,
oil-hydraulic hybrid [7], and fuel cell hybrid [8]. The corresponding drivetrain configura-
tions include series, parallel, and series—parallel types. The application status of drivetrain
configuration of HLs at present is shown in Table 1. Different energy combinations and
configuration topologies bring different energy-saving effects. Energy management strate-
gies (EMSs) [9] are one of the important ways to achieve energy saving and consumption
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reducing of HLs, and control various types of energy or power sources through energy
optimal distribution, to achieve high-efficiency utilization of vehicle energy.

Table 1. Application status of drivetrain configuration of HLs.

Configuration Manufacturer Product Year Configuration Characteristics Oil-Saving Ref
Type Mode Power Chain Storage Mode Rate '
644k 2012 Engine — generator — single N/A 259% [10]
assembly driving motor
JOHN DEERE e ;
944k 2013 ngine — generator — four N/A 30% [11]
wheel motors
Series - P 1 S
oil-electric HITACHI ZW220HYB-5 2014  [ngine = generator — frontan uper 26% [12,13]
hybrid rear ax.le assembly driving motor capacitor
VOLVO LX1 2016 Engine — generator — four N/A 50% 6]
wheel motors
XCMG XC9350 2020 Engine — generator — four Battery 20% [14]
wheel motors
Super o
VOLVO L220F 2008 Engine + integrated capacitor 10% (6]
Parallel starting/ generating motor (coaxial S
oil—electric LIUGONG CLG862 2010 parallel) — driving axle CapL;IZietror 10.5% [15]
hybrid
g Kawasaki 65ZV-2 2011 Engine + generator/motor Super 35% [16,17]
(planetary parallel) — driving axle capacitor ? !
Parallel . C g .
oil-hydraulic XCMG ZL50GS 2010 Engmf :'1 hydraulic dré".m.g m"t‘fr Hydralllhc 10% [18]
hybrid (coupled gear set) — driving axle accumulator

Some researchers have recently reviewed the overall research status of hybrid tech-
nology in construction machinery [1,5,6], but little work has focused on the status analysis
of EMSs for HLs. Considering that the working condition of the loaders is obviously
different from that of excavators, bulldozers, and other construction machinery, and EMSs
has a direct impact on the parameter matching and configuration design of HLs [1], the
configuration and EMS research status of HLs are reviewed on the basis of the analysis of
the working condition of the loaders. The current development status of EMSs for HLs is
summarized here, and its prospective development trend is considered.

The rest of this paper is organized as follows: in Section 2, the configurations of HLs
are introduced. The EMSs of HLs are classified and compared in Section 3. In Section 4,
the development and trend of EMSs for HLs from different perspectives are discussed and
analyzed. In Section 5, the conclusions of this paper are drawn.

2. Configurations of HLs

As a typical representative of earth—rock vehicles, the loaders complete operations
through the cooperation of shoveling and driving, and their working conditions are com-
plex and changeable. Correspondingly, the loaders are generally composed of a driving
system and a hydraulic system. The drivetrain configuration of a traditional loader is
shown in Figure 1. The driving system mainly includes power system, transmission system,
front-rear axle, and wheels. Based on the analysis of Figure 1, the power relation between
the driving system, hydraulic system, and power source of the traditional loader can be

expressed by:
Py ()

PE(t) = Tg(t)-ng(t) — Pyn(t)

T%??)- o in(t) ' ina(t)
Pyn(t) = ~Mgss5™ = Fun(t) - o(t) ¢))
Pp(t) — Tp(;)sgg(t) — Qp(t)égpp(t)

where Pg, Tg, and ng represent the output power, torque, and speed of the power source,
respectively; Pyn, Twh, Hwh, and Fy;, denote the power, torque, speed, and driving force
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of the wheel, respectively; v is the vehicle speed; Py, Ty, np, Qp, and App, show the power,
torque, speed, displacement, and pressure of the hydraulic system, respectively; iy, is the
energy transmission efficiency between the wheel and power source; and 7,4 is the energy
transmission efficiency between the hydraulic pump and power source.
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Figure 1. The drivetrain configuration of a traditional loader.

In general, a complete operation cycle of the loaders mainly contains four stages [19]:
empty-load shoveling, full-load returning, full-load unloading, and empty-load return-
ing. Each stage includes at least an acceleration process and a deceleration process. The
corresponding cycle types are mainly classified into “Y”, “1”, and “V” types, as shown in
Figure 2, and the “V” type operation cycle is the most typical among them [20].
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() “Y” operation cycle (b) “1” operation cycle (c) “v” operation cycle

Figure 2. Typical operation cycle schematic diagram of a loader.

Different from on-road vehicles, loaders generally operate under low speed, high
torque, and strong load impact conditions. The intermittency/low-efficiency operating
points for the engine do not change much whether the cycle type is “Y”, “1”, or “V”, so only
the operating conditions of the “V” cycle are described in detail. Accordingly, taking a 5 t
traditional loader as an example, its power system output torque and vehicle speed curves
under a complete “V” operation cycle are indicated in Figure 3a,b, and the efficiency point
distribution of the engine is expressed in Figure 3c. It can be seen that the working process
of loaders has obvious periodicity and strong repeatability. In addition, the low-speed and
high-torque operating conditions make the engine operating points mainly concentrated in
the low-efficiency area, where it is difficult to exert the best working performance of the
engine. The frequent start—stop of the loaders with high torque during operation not only
brings greater load pressure to the engine, but also easily causes a large amount of braking
energy loss.
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Figure 3. Operation characteristics of a loader under “V” cycle.

For this reason, inspired by the application of hybrid technology in automobiles,
researchers have carried out in-depth research on hybrid technology for loaders [5-9],
making the application of hybrid power systems on loaders possible. At present, according
to whether the engine directly drives the vehicle and the energy types [5,6], the mainstream
drivetrain configurations of HLs mainly contain oil-hydraulic hybrids, oil-electric hybrids,
and fuel cell hybrids.

2.1. Oil-Hydraulic Hybrid

The oil-hydraulic hybrid technology has the characteristics of strong energy release
and storage capacity, and high power density [7,21], which is applied to HLs earlier. In
accordance with the power coupling mode of engine and hydraulic drive motor, the oil-
hydraulic hybrid configurations mainly include series, parallel, and series—parallel types [6].
Considering the operation purpose and working condition characteristics of the loaders, the
series and parallel oil-hydraulic hybrid configurations [22] are the most typical currently.

2.1.1. Series Oil-Hydraulic Hybrid

In the series oil-hydraulic hybrid system, the engine directly drives the hydraulic
pump, and then the hydraulic pump drives the loading operation by the hydraulic system
and chassis driving through the hydraulic drive motor. The specific configuration is
represented in Figure 4. The running of the engine is independent of the vehicle speed and
load, which makes it easier to operate near the optimum operating points, avoiding the
low efficiency of idling and low-speed working conditions, and reducing emissions [23].

For example, in [24-26], a series hydraulic hybrid powertrain is presented, which is
composed of the engine, variable displacement pump, four quadrant variable displacement
pump-motor, high and low pressure hydraulic accumulators, and charge pump. The engine
does not drive the vehicle directly, avoiding damage to the engine caused by frequent start—
stop and the large torque output of the loader. The high-pressure accumulator can recover
braking energy, and assists the engine power when the demand torque is large, improving
the utilization rate of energy. In [27], a series oil-hydraulic hybrid wheel loader, which
includes a hydrostatic transmission, two hydraulic accumulators, and a hydraulic load-
sensing working circuit, is regarded as the research object. Then, to make the engine
operate in high-efficiency areas, the engine speed can be dynamically adjusted by means of
EMSs, achieving a fuel-saving rate of the system of 6.36%. Two main hydraulic pumps are
applied in [28]; one of them is a load sensing pump, and the other one is the hydrostatic
transmission. In this system, the 4/3 proportional control valves fitted with a pressure
compensator are used to control the lift and bucket cylinders hydraulically. The energy
between the pump and motor in the hydrostatic transmission is transmitted by hydraulic
energy, avoiding the damage of load impact to the engine.
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Figure 4. Typical configuration of series oil-hydraulic hybrid system [26,27].

However, for the series oil-hydraulic hybrid, the engine does not drive the vehicle
directly. Its energy transfers to the hydraulic pump and hydraulic motor, resulting in
energy loss and low system efficiency, so the parallel oil-hydraulic hybrid system has
been proposed.

2.1.2. Parallel Oil-Hydraulic Hybrid

As shown in Figure 5, different from the series oil-hydraulic hybrid configuration, in
the parallel oil-hydraulic hybrid system the engine not only drives the HL through the
hydraulic torque converter and transmission but also drives the hydraulic cylinder through
the hydraulic pump to realize the steering and loading work [29,30]. Meanwhile, the excess
power of the braking and driving system is reabsorbed by utilizing the characteristics
of rapid energy absorption and release of the hydraulic accumulator. When the vehicle
needs a large torque output, the accumulator releases this part of energy to drive the
hydraulic motor, and then assists the engine to drive the vehicle to start and accelerate
through the power coupling device, to achieve the purpose of saving fuel and reducing
consumption [22,31].

Hydraulic
system
A

: Hydraulic | y, | Hydraulic

’ Engine — pump }% drive motor
Hydraulic torque Transmission Coupler Driving
converter assembly

Figure 5. Typical configuration of parallel oil-hydraulic hybrid system [22,31].

Accumulator

» Mechanical energy transmission
----- » Hydraulic energy transmission

In [22,30,31], the hydraulic regeneration system consisting of the hydraulic pump/motor,
hydraulic accumulator, and relief valve is represented, and forms a dual power drive with
the engine. During braking, the hydraulic pump/motor works in the pump condition and
recovers the braking energy of the vehicle. It is stored in the high-pressure accumulator
for the restart and digging conditions of the loader, to ensure that the engine works
in the best fuel economy zone and reduce the overflow loss of the hydraulic working
system. Wang et al. [32,33] introduce a power-split hydraulic hybrid drivetrain, including
a planetary gear set, two variable displacement pumps, and a hydraulic accumulator. It not
only decouples the vehicle speed from the engine speed, making the engine operate more
efficiently, but also eliminates the operation interference between different subsystems
in the traditional loader. In [7,34], the structure of a parallel hydraulic HL is illustrated,
which involves the hydraulic system, hydrodynamic-mechanical transmission system, and
energy regeneration system (ERS). The engine drives the hydraulic system via gears. The
ERS can recover the braking energy of the HL, and reuses the energy to assist the engine to
drive the chassis driving system while the vehicle needs large demand output.

However, the storage capacity of the hydraulic accumulator is restricted by the spatial
arrangement of loaders, which limits its practical application range. For this purpose, some
researchers have presented the oil-electric hybrid system.
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2.2. Oil-Electric Hybrid

Different from the oil-hydraulic hybrid, the oil-electric hybrid system uses the battery
or super capacitor as an energy storage device, which have higher energy density. Accord-
ing to the powertrain configuration, the oil-electric hybrid system can also be classified
into serial, parallel, and serial-parallel types [35].

2.2.1. Series Oil-Electric Hybrid

In the series oil-electric hybrid system, the engine drives the generator to generate
electricity, and then provides power for the motor, together with the battery pack or the
super capacitor [36]. The specific configuration is described in Figure 6. Compared with
the traditional loaders, firstly, the series oil-electric hybrid system can improve the fuel
utilization rate of the vehicle by controlling the engine to operate in the high-efficiency
area [36]. Secondly, the engine does not directly drive the vehicle, which can effectively
avoid engine damage caused by high-frequency impact of load in the operation process
and prolong the service life of the engine. Finally, the motor can be used not only as a
driving motor, but also as a generator, so that the braking energy of the vehicle during the
cycle operation can be recycled to the energy storage system for reuse.

Hydraulic | Hydraulic
pump system
A
[ nverter & Power | Driving
Generator Circuits <—» Motor assembly

— Mechanical energy transmission

----- » Hydraulic energy transmission
=P Electric energy transmission

‘ Engine >

A

Super capacitor
or battery pack

Figure 6. Typical configuration of series oil-electric hybrid system [36].

Specifically, in [36], a heavy series oil—electric hybrid power scheme is given, cancelling
the hydraulic torque converter. A part of the energy of the engine is used to drive the
hydraulic system, and the remaining energy is utilized to drive the generator. The electric
energy of the generator drives the motor, and the excess energy is stored in the super
capacitor. When the load is large, the super capacitor discharges and drives the motor,
together with the generator. The system improves the energy utilization rate and torque
converter transmission efficiency of HLs. In [37,38], a series electric hybrid powertrain is
proposed, which consists of the engine—generator set, super capacitor, motor, and hydraulic
pump. Combined with EMSs, the energy efficiency of the system makes a great improve-
ment compared with the conventional loader. In [39], for improving energy efficiency for
HL, a series oil-electric hybrid system including an electric load-sensing working system
and electric drivetrain is given, whose power source contains the engine, generator, and
battery pack. In the system, the driveline, engine operation, and lift and tilt functions are
decoupled to reduce the energy consumption of the vehicle.

In addition, the engine of the configuration shown in Figure 6 drives the generator
to produce the electric energy, and then drives the motor, causing some energy loss and
reducing the power transmission efficiency of the engine. Therefore, some of the literature
has improved the configuration from the following two aspects:

(1) The hydraulic pump directly driven by the engine is changed to be driven by the
motor, to improve the energy utilization rate of the hydraulic system [39].

(2) For improving the electric energy utilization of the driving system and the vehicle
controllability, the centralized driving of the chassis driving motor is replaced by a
distributed wheel-driven system [14].
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2.2.2. Parallel Oil-Electric Hybrid

Different from the series oil-electric hybrid system, in the parallel oil-electric hybrid
power system the engine and motor can drive the vehicle simultaneously or separately. The
assistance of the motor makes the engine always operate in a high-efficiency area under
low-, medium- and high-speed modes [40], improving the energy utilization of the vehicle.
Its configuration is represented in Figure 7. In this process, the motor can drive the vehicle
in different modes according to the working state and demand torque of the vehicle, which
can be used as both a driving motor and a generator [40].

Hydraulic | Hydraulic
um system
Engine L Coupler l«—» Driving
assembly
3 s

Su%ertcapacitci(r Inverter & Power | 1\ oovor | »Hydraulic energy transmission
or battery paci Circuits —p Electric energy transmission

Figure 7. Typical configuration of parallel oil-electric hybrid system [40—43].

In [40-43], a parallel oil-electric scheme for HLs is introduced. The engine and motor
are connected in parallel, and the super capacitor modules are used as the energy storage
device. The energy from the engine and motor is divided into two parts. One part is
transferred to the hydraulic torque converter, transmission, and driving axle, and finally
reaches the wheels, and the other part is transmitted to the hydraulic system to drive
the working device and control the vehicle steering, meeting the power requirements
of complex conditions and improving the efficiency of the engine. In [13,44], the system
structure of a coaxial parallel HL is proposed. The engine and motor are coaxially connected,
and the super capacitor is used as an energy storage device.

Although the energy conversion efficiency of the parallel oil-electric hybrid is high,
the engine and the driving wheel are mechanically connected. Thus, the engine working
points cannot always be in the high-efficiency area, bringing higher fuel consumption.
Therefore, some scholars have presented a series—parallel oil—electric hybrid configuration.

2.2.3. Series—Parallel Oil-Electric Hybrid

The series—parallel oil-electric hybrid system combines the advantages of series and
parallel oil-electric hybrid systems and optimizes the fuel utilization rate of the engine by
controlling the working states of the engine, generator, and motor [45], the system topology
of which is mentioned in Figure 8. Coupler 1 is used to control the power coupling on-off
between the engine and generator, and coupler 2 is utilized to control the power coupling
on-off between the engine and motor. In the driving mode, the engine and motor can drive
the driving assembly together or separately. In the energy recovery mode, the generator
and motor can recover the excess power of engine and the braking energy of wheel together

or separately.
Hydraulic | ____ Hydraulic
pump system
. Coupler Coupler Driving
Engine 2 assembly

A

1
Generator —» Mechanical energy transmission

----- » Hydraulic energy transmission
— Electric energy transmission

Invertgr&.Power —» Motor
Circuits

Super capacitor
or battery pack

Figure 8. Typical configuration of series—parallel oil-electric hybrid system [45].
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In [45], an input—coupled output—split series—parallel oil-electric HL is proposed.
The mechanical coupling between the engine and generator is jointed to the sun shaft,
and the motor is connected to the ring shaft. The generator and planetary gear are not
coaxially connected. The configuration usually can serve as a series structure to keep the
engine operating in the high-efficiency area when the power demand is low. Meanwhile,
by means of the planetary gear unit, the engine can also directly drive the vehicle while
the power requirement is high. The Toyota hybrid system [46,47] is one of the most
famous series—parallel configurations because it has excellent performances at all power
requirements of a car driver. XU et al. [48] proposed a two-axis real-time series—parallel
drive system. By controlling the front mechanical bridge clutch and the rear electric wheel
clutch, it can quickly realize different combinations of series and parallel, and can arbitrarily
switch between series and parallel modes according to the requirements of the vehicle
working state.

Accordingly, compared with the series and parallel oil-electric hybrid systems, the
series—parallel oil-electric hybrid system has a more flexible power combination mode
when realizing the energy optimization of the vehicle, but it also increases the difficulty of
design and control. Currently, it is rarely used on loaders.

2.3. Fuel Cell Hybrid

Different from the oil-electric and oil-hydraulic hybrid systems, the traditional engine
is cancelled in the fuel cell hybrid configuration, whose power is replaced by the power of
fuel cells and energy storage system [6]. In general, the fuel cell hybrid system contains a
fuel cell stack, a super capacitor or battery pack, and motor driving powertrain [8], whose
typical configuration is described in Figure 9. It takes the fuel cell as the main power source,
and super capacitor or battery pack as the auxiliary energy, to meet the power requirements
of the load hydraulic system and driving system through pure electric drive.

_____ Hydraulic
Motor system

A

Fuel cell Inverter & Power Drivi
— T & I riving
stack Circuits <+ Motor [«—» assemb]y
t — Mechanical energy transmission
Super capacitor | » Hydraulic energy transmission
or battery pack = Electric energy transmission

Figure 9. Typical configuration of fuel cell hybrid system [49-51].

In [8,49-51], a fuel cell hybrid system for HLs is given, which mainly includes a
fuel cell stack, a super capacitor pack, a motor-driven powertrain, and a motor-driven
hydraulic system. The fuel cell stack is cascaded with a direct current (DC) bus through a
boost converter, and the super capacitor pack is jointed to the DC bus via a bidirectional
converter. In this system, as an auxiliary power supply, the super capacitor pack cooperates
with the fuel cell system to meet the requirements of various working conditions of the
loaders. Through the “peak cutting and valley filling” of the super capacitor, the efficient
and stable operation of HLs is guaranteed, and the life of the fuel cell system is extended.
Taking a fuel cell/battery hybrid system as the research object, LI et al. [52] combined multi-
objective optimal model predictive control (MPC)-based energy management, reducing
hydrogen consumption and prolonging the service life of the battery. In [53,54], the battery
packs are used as an energy storage system, which can recover the braking energy by the
load feedback and reduce the energy loss of the system. The output side of the battery
packs is cascaded with a bidirectional DC/DC converter, directly controlling the charging
and discharging power of battery packs. A unidirectional DC/DC converter is connected
in series at the output side of the fuel cell stack to stabilize its output voltage.

As mentioned above, compared with the traditional loader, the hybrid configuration
has the effect of saving energy and reducing emissions. However, the ability of energy
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saving and emission reduction for different hybrid configurations is different. In order
to improve the energy consumption optimization effect of hybrid power configurations
further, researchers have proposed various EMSs.

3. Energy Management Strategies of HLs

According to the configuration analysis, HLs belong to a nonlinear system with
mechano—electro-hydraulic strong coupling features. The essence of its energy consump-
tion optimization problem is to solve the optimal control problem of the nonlinear system
with constraints. The general form of mathematical model is as follows:

N-1
min 109 = " L0, u(6),)}
u k

st. x(k+1) = f(x(k),u(k),k),k=0,1,2...,N—1 (2)
G(x(k),k) <0
u(k) € u(k)

where k represents discrete time or distance point; (k) denotes the performance index of
HLs; the cost function L(x(k),u(k), k) characterizes the specific optimization indexes such
as fuel consumption, equivalent fuel consumption, or energy utilization rate of the vehicle,
which can be generally abbreviated as L(k); x € R" represents the state variables set of
HLs, mainly including speed, state of charge (50C) of energy storage system, and speed
of hydraulic pump; # € R™ is the control variables set of the drive system, which can be
composed of engine output torque and motor output torque; f(-) expresses the state space
equation of HLs system; G(-) is the constraint conditions of x; and u is the control variables
set of u allowable input.

In order to achieve the optimal solution of (2), researchers have proposed rule-based
(RB) EMSs and optimization-based (OB) EMSs for HLs in recent years [5,6].

3.1. RB EMSs

RB EMSs solve the energy consumption optimization problem of HLs by following
the principle of power balance, not relying on the specific mathematical analysis model
of (2). Namely, the output power or torque combination of the power system through
EMSs must be equal to the vehicle demand. The strategy rules are mainly formulated by
the designer’s experience to optimize the engine operating point, and then determine the
torque combination of the engine and motor. In other words, # obtained by RB EMSs is
essentially an empirical solution, whose pros and cons depend largely on the experience of
the designer. Nowadays, RB EMSs are divided into deterministic RB EMSs and fuzzy RB
EMSs according to whether the relevant parameters in the strategy rule base are determined.

3.1.1. Deterministic RB EMSs

When formulating the rule base of deterministic RB EMSs, based on the historical
working condition data and power system parameters of the vehicle, the rule parameters
need to be calibrated offline, to adapt the corresponding vehicle system and working
condition [55]. Taking the parallel oil-electric HL shown in Figure 7 as an example, the
strategy design principle is presented in Figure 10.

As shown in Figure 10, Treq is the total demand torque of the hydraulic system and
drive assembly; SOCpin and SoCmax represent the minimum and maximum values of SoC,
respectively; Te_max and Te_min show the upper and lower boundaries of the engine output
torque; respectively; and Tm_max and Tm_min indicate the upper and lower boundaries of
the motor output torque, respectively. It can be seen that, when the power system of HLs
is determined, the boundary value of the power component can be determined. If Tieq
and SoC of the current time are known, the working state of the engine and motor can
be clarified. Then, the output torque combination (T, Tmm) of the engine and motor can
be determined through the rule base shown in Figure 10 to realize the energy real-time
management of the vehicle.



Energies 2023, 16, 3018 10 of 23

T Engine MAP ] —— -
| ! Operati Mod
I ‘ | | perating ode T T |
} 1000 kse.@& 9843002 | i mode conditions e " 1
= | .
‘ 2: b \ | : Pure electric SoCe(SOCmm,SOCW] . I -
| g 00 [: . N 25gyy | mode T, e (0,min(T, Ty )] 0 req | — Engine output torque T,
| & .2395\,\‘ 1 ; SoC (0,50C |
L0 Pure engine ~ S°C&(0.80C,; ] |
I 6.9394 \ \
i ()‘r - I — i ! mode Tea [T Te o | “ 0 1
\ 1000 1500 2000 \ i Oil electric soC (soC,,,,S0C,,] 1
e - hybridmode 1, (1, 1, 0T, ] e T | —» Motor output torque T,
. _ - - m
Vehicle demand torque T, —p| Regeneralive  SoCe(0.50C,,) 0 T |
q ! braking mode T, <0 req i
| Charging SoC & (0,S0C,,,,) |
—> —
Battery SoC ! mode T.c(0T) Temoe  Tig — Temax i
L e |
Rules

Figure 10. The design principle of deterministic RB EMSs [22,34].

For example, Zhang et al. [9] analyzed the energy flow of the power system of HLs in
cruise, loading, acceleration, and braking modes, and developed an RB EMS with demand
torque, accumulator SoC, and vehicle speed as inputs, and motor torque and hydraulic
pump torque as outputs. Compared with the pure-electric loader, this strategy can increase
battery life by 15.64%. Bertini et al. [55] illustrated a dual-mode RB EMS for an oil—electric
HL, which controlled the start-stop of the electric pump by judging the working state of
the arm and the driving state of the vehicle. In comparison with the traditional loader,
the fuel-saving rate of the strategy could be increased by 25%. Sun et al. [22] calculated
the required torque and power of the system by judging the loading and shoveling state
of the vehicle, and proposed a logic threshold control strategy based on the SoC size of
the hydraulic accumulator. The energy recovery rate of the strategy could be achieved
by 60.03% under typical working conditions. Wen et al. [24,25] designed an RB EMS in
accordance with mixed weighting factors, which dynamically adjusted the working state
of the engine via adjusting the factor K and selected the best working points of the engine
by means of the engine MAP. Contrasted with the hydrostatic loader, this strategy saved
fuel (18.9%) under short-cycle conditions. In [34], according to the relationship between the
maximum output torque of the pump/motor and the system demand torque, a dynamic
RB EMS was introduced, which took the real-time demand torque and the accumulator
SoC as the inputs, and the torque of the engine and pump/motor as the outputs. This
strategy could reduce fuel consumption by 13.5% compared with the traditional loaders,
and improve the fuel-saving performance by 40.6% in comparison with the static logic
threshold strategy.

Based on the analysis of the existing work, on the premise of following the energy
balance principle, the design methods of rule base of deterministic RB EMSs are various,
bringing different optimization effects. However, the advance determination of the rule
base parameters not only limits the application object of the strategy, but also reduces the
adaptability of the strategy to stochastic conditions. For this reason, researchers proposed
fuzzy RB EMSs that do not depend on fixed parameters.

3.1.2. Fuzzy RB EMSs

Fuzzy RB EMSs fuzzify the vehicle state and control variables, and the fuzzy rule
base is formulated through the expert experience. The logical relationship of the rules no
longer points to the specific parameters [56]. The fuzzy rule base not only improves the
ability of the strategy to solve the energy consumption optimization problem of HLs, but
also improves the adaptability of the strategy to heterogeneous vehicles and stochastic
conditions. The implementation principle of the fuzzy RB EMSs corresponding to the
strategy described in Figure 10 is shown in Figure 11.
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Specifically, for the energy consumption problem of series and parallel oil-electric
HLs, Zhao et al. [36,40] successively presented fuzzy RB EMSs, which fuzzified the demand
torque, super capacitor SoC, and output torque of engine and motor. Contrasted with
the traditional loader, under the same working condition, the fuel consumption of the
developed strategies reduced by 16.6% and 7.8%, respectively. In [43], taking the parallel
oil-electric HL as the object, the system demand torque and vehicle speed were obtained
by online estimation. Then, a fuzzy RB EMS was proposed, which took the required
torque, super capacitor SoC, vehicle speed, throttle opening, and hydraulic torque converter
efficiency as inputs, and the engine operating point, motor operating point, and system gear
as outputs. Compared with the traditional loader, it saved fuel (9.56%). Wang et al. [57]
put forward a double fuzzy PID control method to identify and modify the unknown
load and power parameters of the drive system, improving the efficiency of the power
transmission system. In order to improve the optimization effect of fuzzy rule base, in [49],
taking the demand power of the vehicle and SoC of the super capacitor as inputs and the
system power of the fuel cell as the output, a fuzzy logic EMS was given. Then, the particle
swarm optimization algorithm (PSOA) was used to optimize the membership function
of the strategy, which made the average output power of the fuel cell decrease by about
5%. In [20], taking vehicle speed, SoC of energy storage system, and braking strength as
input signals, and braking torque as the output signal, a combined braking control strategy
on the basis of fuzzy control system was designed, which used genetic algorithm (GA) to
optimize the optimal control rules of different working cycles offline. The experimental
results showed that the strategy improved the recovery rate of braking energy under the
premise of ensuring the safety and stability of the vehicle.

Fuzzy RB EMSs avoid the dependence on fixed parameters when designing strategies.
In addition, the rule base of fuzzy RB EMSs is more suitable for different working scenarios
with the assistance of artificial optimization algorithms (such as PSOA and GA), further
improving the energy consumption optimization effect of the strategy. However, RB EMSs
formulated by subjective experience limit the optimization effect of the strategy, especially
for loaders with complex working conditions and random states. Therefore, researchers
presented further OB EMSs.

3.2. OB EMSs

Different from RB EMSs, strictly taking the mathematical model of the HL optimization
problem as the object, the OB EMSs solve the optimal control variable of the system by
designing analytical algorithms from the perspective of system mechanism evolution. At
present, according to the optimization degree and real-time performance of the strategy,
the OB EMSs mainly involve global optimization EMSs and real-time optimization EMSs.

3.2.1. Global Optimization EMSs

The goal of global optimization EMSs is to achieve the global energy consumption
optimization of the loaders in the whole operation process. Currently, considering the high
nonlinearity of energy consumption optimization problem of HLs, the solution methods
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of its optimal strategy mainly include analytical and numerical methods. The analytical
method is mainly represented by Pontryagin’s minimum principle (PMP) [58], and the
numerical method is mainly represented by dynamic programming (DP) [59].

Using PMP to solve (2) needs to establish the Hamiltonian function H(-) of the problem
in accordance with the system states and optimization objective,

H(k) = L(k) + AT (k) f (x(k), u(k), k) ©)

namely, the solution of (2) is transformed into the extreme value solution of (3). Based on
the PMP principle, combining x(0) and x(N), using the co-state equation is to determine
the value range of the co-state variable A, to obtain the optimal control law u*, that is,

JoH

A= oy 4)
where the dimension of A is the same to x.

In [53], for the hydrogen fuel consumption problem of fuel cell HL, H(-) aiming at
minimizing hydrogen fuel consumption was established with battery SoC as the state
variable and output power of the fuel cell as the control variable. Its A was optimized and
selected under offline conditions to obtain optimal control law, optimizing the hydrogen
consumption of the vehicle. In [54], taking the minimization of hydrogen fuel consumption
and the durability of the fuel cell as the optimization objectives, a PMP EMS based on
multi-objective optimization was introduced, which used offline working condition data
to select the optimal value of A. Under the premise of ensuring that SoC reached the
target value, it achieved less hydrogen fuel consumption. For series oil-hydraulic HL,
Zhang et al. [60] designed a PMP EMS, and compared its fuel consumption with a DP EMS
and an RB EMS under long-load and short-load conditions. The results showed that the
fuel consumption of the PMP EMS was close to that of the DP EMS, and less than that
of the RB EMS, while significantly improving the strategy calculation. In [61], taking the
energy consumption and battery life of HLs as optimization objects, the optimal strategy
was solved by PMP. In order to realize the differentiability of H(-) to x, the battery model
was equivalently processed to obtain the value range of A. The influence of different A on
energy consumption and battery life was also analyzed.

It can be seen that the core of using PMP to solve the energy consumption optimization
problem is to find the appropriate A, and the differentiability of H(-) to x is the premise of
solving A. However, in the actual situation, because of the high nonlinearity of the state
space equation of HLs, it is difficult to guarantee that H(-) to x is always differentiable.
Thus, the optimization problem usually needs to be equivalently processed, leading to the
poor control effectiveness of the solved strategy on the actual system.

Different from PMP, DP does not need to consider whether the problem is differentiable
when solving the energy consumption optimization problem of HLs. On the contrary, DP
uses the Bellman optimality principle [59] to solve the optimal solution of the problem. The
algorithm principle is as follows:

N-1 N-1

J* (k) = min,) _un-1eq & L(k) = minu(k)eQ{L(k) + MmN, 1), L u(N-1)eQ 1 L(k)} = min,ge{L(k) +J*(k+1)}  (5)

k=k+1

where [*(k) describe the optimal value of J(k) from k to N time.

Specifically, in [62], considering the periodicity of the loader operation cycle, the HL
operating condition curve in the spatial domain was built on the basis of historical data.
The optimal strategy that could minimize the energy consumption and maximize the
operating efficiency of the vehicle was solved by using DP. Wang et al. [32,33] used the
transmission chain torque and hydraulic system torque obtained in advance to design a DP
EMS offline. Compared with the RB EMS, the experiments showed that the DP EMS saved
fuel (15% and 9.2% under long-load and short-load conditions, respectively). In [63], a DP
EMS based on a fixed operation cycle was presented for the optimal energy efficiency of
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series and parallel oil-electric HLs. Contrasted with traditional loaders, the results showed
that a DP EMS could improve the fuel efficiency of parallel HLs and series HLs by about
5% and 23%, respectively. UEBEL et al. [64] established the short-term loading condition
and long-distance transportation condition curves of HL, and solved the optimal energy
consumption strategy by using DP under the two conditions. The results indicated that,
although the energy consumption optimization effect of the DP EMS was better than that
of the RB EMS, it could not be applied in real-time. Mikko et al. [28] established a “Y” type
operating cycle, and used DP to solve the energy consumption problem of HLs with three
hybrid configurations. The experimental results showed that a DP EMS could save fuel
(14-17%).

In summary, the solution of A optimal value of PMP and the realization of the DP al-
gorithm need to determine the global working condition information of loaders in advance.
However, in the actual situation, although the loader operation has a strong periodicity, its
state information is random and changeable. Therefore, it is difficult to obtain the future
working condition information of the loaders accurately in advance, making the global
optimization strategy difficult to be used directly for real-time optimization of the energy
consumption, and can only be used to evaluate the energy consumption optimization effect
of other strategies. For this reason, real-time optimization EMSs have been introduced.

3.2.2. Real-Time Optimization EMSs

Nowadays, considering both the real-time performance of strategy control and target
optimization effect, the real-time optimization EMSs for HLs are mainly classified into
instantaneous optimization EMSs and local optimal EMSs.

1.  Instantaneous optimization EMSs

Instantaneous optimization EMSs aim to achieve the optimal energy consumption
of HLs in the current state. Currently, the equivalent consumption minimization strat-
egy (ECMS) [8,65] is the most typical, and the corresponding problem model can be
expressed as:

min{j (k) = L(K)}

st. x(k+1) = f(x(k),u(k),k),k=0,1,2...,N—1 ©)
G(x(k),k) <0
u(k) € U(k)

For further explanation, taking the parallel oil-electric hybrid configuration shown in
Figure 7 as an example, L(k) will be expressed as:

Pe(k)  s(k)p(SoC(k))Py (k)

L(k) = mg(k) + rmee(k) = 7o) O Qihv

@)

where 11 and m represent the instantaneous fuel consumption of engine and the equiva-
lent fuel of instantaneous power consumption of the battery, respectively; 11 is a function of
engine output torque T and speed 1, directly related to engine power P; 11 is a function
of motor output torque Ty, and speed 1y, directly related to battery power B; 77 denotes
the instantaneous efficiency of the engine; Qyy, is the low calorific value of fuel; s describes
the equivalent factor between electric energy and fuel; and p indicates a penalty factor,
which generally changes with the change of battery SoC. Obviously, on the premise of s
given in advance, if the total demand torque Tyeq and SoC at k moment are determined,
several torque combinations of engine and motor can be obtained, according to (7). On this
basis, the optimal torque combination (T, Ty ) of the engine and motor that makes L(k)
minimize at this time can be selected in accordance with (6). In other words, the key of the
ECMS is to determine the appropriate s.

Wen et al. [26] proposed an ECMS for an oil-hydraulic HL, which takes the equivalent
fuel consumption as the optimization goal. The strategy utilized the average engine effi-
ciency, hydraulic pump mechanical efficiency, and volume ratio to obtain a constant value
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s. The simulation results showed that the fuel-saving rate of the ECMS was 5.4% higher
than that of an RB EMS under the “V” operation cycle. Considering the repeatability of
the working cycle of loaders, Wen et al. [27] continued to present an adaptive ECMS based
on the working cycle. s and p were continuously updated by loop iteration to determine
the optimal parameter combination that minimized the equivalent fuel consumption. The
results indicated that the fuel-saving rate of the strategy was 3.69~6.36% higher than that of

the ECMS with fixed s. In addition, when A = 0, the A solution process of PMP was similar
to the s solution process of ECMS. For this reason, Iman et al. [66] used the analytical idea of
PMP to solve s. In order to ensure the adaptability of s to different working conditions, an s
calculation method for four working conditions was designed. On the premise of ensuring
the effect of energy consumption optimization, the designed adaptive ECMS increased
the calculation speed by 43 times, contrasted with the standard ECMS, which was more
suitable for the actual working condition.

In comparison with a fixed s, s changing with the working condition is easier to
improve the optimization effect and working condition adaptability of ECMS. However,
the ECMS only considers instantaneous energy consumption optimization and does not
consider future energy consumption optimization, limiting the global optimization ef-
fect of energy consumption. Therefore, researchers have introduced local optimal EMSs
represented by MPC.

2. Local optimal EMSs

As mentioned above, obtaining the working condition information in advance is very
important to improve the energy consumption optimization performance of EMSs. MPC
with a rolling optimization mechanism provides an effective way to solve this problem [67].
The core idea of MPC is to transform the global energy consumption optimization problem
of HLs into a local energy consumption optimization problem, and approximates the global
optimal solution of energy consumption by means of an online rolling solution. The key
steps of the process are information rolling prediction and a local optimal solution. The
principle is shown in Figure 12, and the corresponding problem model is as follows:

n;n{](k) = z‘fl L(x(k+1),u(k+ i),k)}

st. x(k+1) = f(x(k),u(k),k),k=0,1,2...,N—1 ®)
G(x(k),k) <0
u(k) € U(k)

where £ indicates the prediction window size, which can represent the spatial position or
the time point.
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In [8], the Levenberg—-Marquardt neural network was used to establish the demand
power prediction model of HL, and then the MPC EMS was designed by using the predicted
power sequence. Nilsson et al. [38] presented an MPC EMS based on stochastic DP for
HL. Firstly, the strategy found the optimal control variable and energy consumption
corresponding to each state through an iterative algorithm offline, forming the MAP
relationship between the load and optimal control variable. Then, the probability matrix
p(Pgr|l) that the demand power Pg evolves with distance I was built. Finally, the optimal
control variable was estimated online using the matrix according to the real-time demand
power, realizing the optimization effect of saving fuel by 3-4% compared with the non-
prediction strategy. In [50], considering the operation repeatability and working condition
randomness of loaders, an MPC EMS was designed by using the Markov chain and neural
network, which used offline data to establish the Markov probability transfer matrix and
neural network prediction model of demand power, respectively. Then, taking each future
operation cycle of the vehicle as the window, the demand power sequence was predicted
in a rolling way. Finally, the DP algorithm was used to obtain the local optimal solution of
each window. The simulation results show that the difference of the prediction window size
can directly influence the optimization effect of the MPC. The larger the size is, the better
the optimization effect of energy consumption is, but the amount of calculation increases.
On the contrary, the energy consumption effect is worse and the real-time performance is
better. In [51], a hierarchical predictive control strategy was proposed, which used wavelet
transformation to decompose the load signal into low-frequency and high-frequency signals.
Then, taking different frequency signals as the input data of the neural network, the wavelet
transformation was used again to reconstruct and synthesize the frequency data predicted
by the neural network to obtain the future demand power of HL. Finally, the DP algorithm
was used to obtain the optimal control variable. In [52], considering the fuel economy,
fuel cell stability, and battery life of the fuel cell HL, an MPC EMS on the basis of multi-
objective optimization was designed. The strategy used a three-layer Elman neural network
to predict the demand power sequence of HLs online, and utilized the adaptive weight
method based on fuzzy logic algorithm to allocate the weight of each optimization target,
converting the multi-objective problem into a single-objective problem.

It can be seen that an MPC EMS can realize the closed-loop control of vehicle energy
consumption through rolling optimization, and improve the energy consumption opti-
mization effect of EMSs for different HL configurations and different working conditions
through dynamic adjustment of target error. In this process, the MPC EMS needs to ensure
the rationality of prediction window size selection, the accuracy of information prediction,
and the real-time performance of algorithm calculation.

3.3. Simulation Analysis of EMSs

Based on above comparative analysis, taking a series oil-electric HL as an example,
the energy optimization effect of the RB, ECMS, DP, and MPC EMSs are compared and
analyzed. Correspondingly, the system model of HLs established by CRUISE software
is shown in Figure 13. The energy consumption of four EMSs is shown in Figure 14
under 70 “V” cycles. The vehicle speed following effect of four EMSs under 1 “V” cycle is
presented in Figure 15.

As shown in Figures 14 and 15, under the premise of ensuring the speed following
effect, although the SoC thresholds of the four EMSs can reach the expected 0.3, their
fuel consumption is different due to different optimization methods. The corresponding
cumulative fuel consumption of the four EMSs is listed in Table 2. It can be seen that the
fuel consumption of the DP EMS is the smallest among them, but the simulation time is the
longest. In addition, although the fuel consumption of the MPC EMS is higher than that of
the DP EMS by 12.8%, on the premise of ensuring real-time performance, its fuel consump-
tion reduces by 30.4% and 13.3% compared with the RB EMSs and ECMS, respectively.
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Table 2. The fuel consumption of four EMSs.

EMSs RB ECMS DpP MPC
Fuel consumption (L) 3.92 3.15 242 2.73
Simulation time of single step (s) 0.0037 0.0052 600 0.0065

Calculation platform parameters: processor Intel(R) Core(TM) i7-11850H CPU @ 2.50 GHz, memory 32 GB, Win10

operating system.
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4. Discussion and Analysis

In summary, the differences in EMS design ideas make their energy consumption opti-
mization effect different, as shown in Figure 16. Firstly, although the global optimization
EMSs can achieve the optimal control of energy consumption of HLs, their dependence on
global information makes it difficult to be directly applied online. Secondly, on the premise
of ensuring real-time performance, an ECMS can achieve a better energy consumption
optimization effect than an RB EMSs by finding a reasonable equivalent factor, but the de-
sign of the latter is more simple and direct, making engineering application easier. Thirdly,
compared with an ECMS, an MPC EMS further improves the optimization performance of
the strategy, especially enhancing the adaptability of the strategy to stochastic conditions.
Theoretically, an MPC EMS is more suitable for heterogeneous HLs, but its design process is
more complex than an ECMS, and it requires sufficient hardware resources for computing
support. Meanwhile, contrasted with an RB EMS, the accuracy of the system model directly
affects the accuracy of an OB EMS on actual vehicle control.

Optimization
effect
5
4
3
Model 2 Real-time
dependency 1 " performance
| 5 ’ —RBEMS
—— Global optimization EMS
ECMS
Condition Design MPC EMS
adaptability complexity

Note: 0-5 means from weak to strong
Figure 16. Performance comparison of four EMSs.

In addition, with the electric technology continuously promoting the diversified de-
velopment of HL configurations and the continuous complexity of HL operation scenarios,
higher requirements are put forward for energy-saving level and robustness of optimization
effects of EMSs. Therefore, the research of EMSs for HLs still faces the following challenges.

1.  Asingle strategy not ensuring the optimization effect and real-time performance simultaneously

The operating condition randomness and scenarios diversity of HLs make it difficult
to take into account the optimality and real-time performance of the strategy when a
single strategy is used for energy optimization. Therefore, it is necessary to integrate the
advantages of multiple strategies and explore the complementary advantages between
strategies. Namely, the study of EMSs based on multi-method fusion will provide a new
idea to solve this problem.

2. Dependence on the analytical model weakening the universality of the strategy

With the increasing complexity of HL configurations and degree of electromechanical-
hydraulic coupling, the universality of EMSs established in accordance with the system
mechanism model will be challenged, especially the tolerance of strategy to the uncertainty
of vehicle state evolution caused by system interference. Considering that intelligent
control [68] can perform approximate optimal control on systems without mechanism
models, developing an intelligent EMS not depending on the system mechanism model
will provide a new way to meet the above challenges.

Therefore, in view of the periodicity and repeatability of the working condition of the
loaders, intelligent control is used to conduct reinforcement learning (RL) on the operation
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behavior of HLs. By means of the optimal control idea, the optimization effect of the control
strategy is continuously adjusted, to make it continuously approximate the optimal solution
of the energy consumption problem. In other words, it will be inevitable to develop an
intelligent EMS independent of the HL mechanism model by combining the RL ability of
intelligent control with the optimal control idea.

The process of intelligent EMSs to achieve energy optimization control is actually the
process of agent RL [69,70]. That is, after the control system (regarded as an agent) applies
control to the controlled vehicle (regarded as an environment), it is always hoped that the
state evaluation and process consumption of the vehicle feedback are better. In addition, the
parameters of the control system are continuously adjusted to make the process approach
optimization continuously. Therefore, the optimization effect of intelligent EMSs mainly
depends on the empirical knowledge and learning methods of control system parameters,
not directly related to the internal mechanism of the controlled object. The optimization idea
is shown in Figure 17, and the corresponding optimization problem model is as follows:

j(k) = min{Nil 7ikL(x(z'),u(i),i)},k ~0,1,...,N—1
=k

st. x(i+1) = f(x(i),u(i),i), )
G(x(i),i) <0

u(i) € U(i)

where f(k) represents the optimal energy consumption approximation of the system from k
time to N time, that is, the estimated value of minJ(k); and 7 € (0, 1] is a discount factor.
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Figure 17. Energy optimization framework based on an intelligent EMS.

At present, for hybrid electric vehicles, some researchers have conducted a preliminary
study on intelligent EMSs. For example, in [71-73], the EMS was designed by the Q-learning
method, which continuously evaluated the system state feedback and energy consumption
optimization effect, and dynamically adjusted the parameters of the strategy model to
improve its adaptability to the general working condition. In addition, considering the
heuristic dynamic programming (HDP) [68] in intelligent control, combining the ideas of
DP and RL, LI et al. [74] proposed an adaptive loop control algorithm based on execution-
dependent HDP. On the basis of this, an adaptive EMS was designed, and its energy
consumption optimization effect was very close to DP. In [75], a HDP controller according
to a back propagation neural network was given. While meeting the fuel economy of the
vehicle, the controller could make the power of the energy storage device change smoothly
and prolong the life of the energy storage device.

It can be seen that the feasibility of intelligent EMSs has been preliminarily verified
in the study of energy consumption optimization of hybrid electric vehicles, which will
provide an effective theoretical support for EMSs research of HLs.

5. Conclusions

In this paper, the application, development, and prospects of EMSs for HLs are
presented. Firstly, on the basis of the analysis of the working condition of the loaders,
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the configurations of HLs are classified, and the characteristics and research status of
each configuration are analyzed. Then, considering the particularity of loader operation,
the EMSs for HLs are classified, and the design principle and research status of various
strategies are explained. Based on the comprehensive comparison of the characteristics
of existing EMSs, the development trend and challenges of EMSs for HLs are discussed.
Finally, the prospective research direction of EMSs is considered in combination with the
development trend of HL. The conclusions are as follows:

(1) Although the existing EMSs can effectively optimize the energy consumption of
HLs, the dependence of the strategy on the mechanism model and the vehicle parameters
will reduce the applicability of the strategy to heterogeneous HLs, and the robustness to a
complex working condition.

(2) Combining the advantages of intelligent control and optimal control, designing an
intelligent EMS that does not depend on the vehicle analytical model will provide a new
universal solution for solving the energy consumption optimization problem of HLs.
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Nomenclature

Abbreviations

EMS energy management strategy

HLs hybrid loaders

ERS energy regeneration system

DC direct current

MPC

model predictive control

L(x(k), u(k), k) L(K)

SoC state of charge

RB rule-based

OB optimization-based

PSOA particle swarm optimization algorithm
GA genetic algorithm

pPMP Pontryagin’s minimum principle

Dpr dynamic programming

ECMS equivalent consumption minimization strategy
RL reinforcement learning

HDP heuristic dynamic programming

Variables and parameters
Pg

output power of the power source

Ty output torque of the power source
ng output speed of the power source
Pyn power of wheel

Twh torque of wheel

Mwh speed of wheel

Fun driving force of wheel
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References

Mt

v € (0,1]

vehicle speed

power of hydraulic system

torque of hydraulic system

speed of hydraulic system

displacement of hydraulic system

pressure of hydraulic system

energy transmission efficiency between the wheel and power source
energy transmission efficiency between the hydraulic pump and
power source

discrete time or distance point

performance index of HLs

cost function

state variables set of HLs

control variables set of the drive system
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