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Hybrid Construction Machinery (HCM), known as an effective and crucial solution for the issues of environment pollution
and energy shortage. Central feature is the drive system of the construction machinery consists of two or more
independent drive systems that can work simultaneously.
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| 1. Introduction

Originally conceived by the automobile industry, hybrid power technologies have become increasingly mature through
decades of development. In the field of construction machinery, hybrid power technology is considered an important
candidate to address the issues of high energy consumption and high emission. According to the development of hybrid
construction machinery (HCM) in Figure 1 [, the research of HCM had a relatively late start. With the introduction of
hybrid technology from the automotive field and a large number of researchers that have devoted themselves to related
research, HCM has developed rapidly over the past decade.
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Figure 1. Development history of HCM (hybrid loaders and excavators) 4.

The classification and structural characteristics of energy storage systems were introduced in [&. Based on the above
works, hybrid electric excavator, loader, forklift, bulldozer and crane systems were introduced in Bl. The existing review
papers have mostly analyzed and compared the structural characteristics of HCM systems and subsystems. In addition,
there has been no systematical and comprehensive overview of energy management strategies in HCM hybrid
technology.

Compared with common automobiles, construction machinery is characterized by lower travel speed, more obvious
periodicity, higher amplitude and load change rate, more complex systems and structures, as well as more frequent start-
stop operations L4, as listed in Table 1.

Table 1. Difference betweem construction machinery and automobile 4],

Characteristic Construction Machinery Automobile
Travel speed Low High
Periodicity v x
Load Changes sharply and frequently Changes smoothly
Weight There may be huge differences between products or The difference is relatively

models small.



Mechanical system;

; Mechanical system;
Hydraulic system; echanical system

System X Electrical system;
Electrical system;
Control system.
Control system.
Complex Simple
Struct . .
ructure (Existence of different actuators) (No actuator)

Start-stop Very frequent Not so frequent

(Including travel device and actuator)

Fuel consumption and
emission

High Low

Besides, the duty cycle (defined as the proportion of high load status to total period) of actuators is low (e.g., under typical
operation cycle, the duty cycle of a wheel loader is only about 60%, and the remaining time is in a low load or non-load
state ). A large number of actuators participate in the operation process, making the working conditions, systems and
structures of construction machinery more complex than those of automobiles. Besides, there are many differences
between different construction machineries, further increasing the complexity of the problem. Accordingly, the
characteristics of construction machinery should be fully captured and hybrid power systems suitable for construction

machinery should be developed.

| 2. Configuration of HCM

HCM, as a composite system, integrates knowledge about machinery, electricity, heat, liquids and chemistry. During its
operation, complicated power flow, energy flow and information flow are generated, transmitted and transformed.
Configuration is the basis of hybrid power system design, determining the development and selection of energy
management strategy. Thus, it is necessary to differentiate the configuration of hybrid power systems in a reasonable

manner before studying the energy management strategy for HCMs.

According to the structure, the hybrid electric vehicle (HEV) transmission system is split into series, parallel and series-
parallel (power split). Due to the existence hydraulic actuators in HCM, the system configuration topology is a two-
dimensional matrix, consisting of drive train and hydraulics, as shown in Figure 2. However, in a HCM system, this two-
dimensional configuration expression is not only cumbersome, but also lacks any description of the energy characteristics
of the system. Besides, it is not clearly expressed because of the lack of description of the energy characteristics of HCM
system. Accordingly, applying the classification concepts of HEVs directly to HCMs may complicate the accurate

expression of the configuration.
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Figure 2. Combination matrix of hybrid topologies [,

To deal with the classification problem of HCMs, according to the type of hybrid power-energy source, they are classified
into three types, including Diesel-hydraulic hybrid (DHH), Diesel-electric hybrid (DEH) and fuel cell hybrid (FCH). This
classification method reflects the ways and characteristics of energy conversion, storage and utilization in each HCM
system. In a HCM system, the energy generating device covers ICE and fuel cell, and the energy storage system (ESS)
primarily includes storage batteries, super capacitors and hydraulic accumulators. The performance characteristics of



energy storage devices (as shown in Figure 3) lay a solid basis for HCM to formulate energy management strategy
constraints. Thus, the combination of energy-based and structure-based classification in Table 2 can help to achieve a
more accurate and reasonable description of HCM system configuration.
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Figure 3. Specific energy and specific power of ESS .

Table 2. Combination of energy-based and structure-based classification 82,
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2.1. Diesel-Electric Hybrid

According to the definition of the International Electrotechnical Commission, a HEV is a vehicle with two or more forms of
energy reserves, one of which can be converted into electric energy 9. Like HEVs, DEH adopts a battery or
ultracapacitor as ESS 4. The use of fossil energy is reduced in DEH by combining hydraulic energy and electric energy
during operation. The DEH structure consists of ICE, generator, battery /ultracapacitor, motor and hydraulic actuator.
Under this structure, the ICE converts the energy of diesel oil and charges the ESS 111,

In the recent decades, the continuous development of HEV technology has stimulated the use of DEH in HCM. The hybrid
excavator has been outfitted with the capacitor to balance the fluctuation of the power required by the hydraulic system
and to store the regenerative energy of the hydraulic motor-generator and the swing motor 2. However, due to the low
capacity, capacitors cannot easily satisfy the requirements of HCM systems. Referencing the design idea of HEV 3], the
series and parallel topologies of DEH are shown in Figure 4 and Figure 5, respectively 141[15],



ICE EL o NV =M HYDS ICE EG CON Ny EM HYDS
L CON e CON
BT CON

ICE EG CoN NV EM HY DS ICH EG CON + ANV EM HYDS
uc CON BAT

BAT

Figure 4. Schematic structures of series hybrid excavator 121,
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Figure 5. Schematic structures of parallel hybrid excavator (6],

In 3 by combining test and simulation, the performance of excavator in series, parallel and conventional structures is
compared, in which the series structure adopts Figure 4d and the parallel one follows Figure 5d. The comparison results
of 12 reveal that the ICE in series structure performs better under heavy load mode, because ICE is not coupled with
actuators or affected by load fluctuation. Furthermore, if the economy is further considered, the current in the series
structure changes more dramatically than in the parallel one, which negatively affects battery life and increases
maintenance costs. It is considered that parallel structure is more applicable to hybrid excavators. Accordingly, the
structure of Figure 5d is presented in relevant studies 2811171,

However, the impact of the frequent changes in HCM load on battery-based ESS may be greater than expected. For
instance, it only takes 2—3 sec. for the excavator boom to descend, during which the electrochemical reaction process of
the battery is slow (typical response time ranges are 2—3 s [18l), and the high power charging is difficult [&. Thus, frequent
high-power and fast impulse/discharge of energy is a problem to be solved for battery as ESS in HCM. Compared with
batteries, ultracapacitors possess the characteristics of fast response (with a response time of milliseconds 19), higher
power density and better temperature adaptation 2%, Ultracapacitors are more efficient than batteries because there is no
chemical reaction during energy storage. The progress of the preparation technology of mesoporous materials improves
the performance of ultracapacitor 21 and promote the structures in Figure 4b and Figure 5c applied in engineering [22123],

In view of the problem of low energy density and high cost of ultracapacitors, a scheme combining battery and
ultracapacitor was proposed 2425 in which the battery and ultracapacitor were connected in parallel on DC bus like
in Figure 4a. The energy allocation of the system by thw ultracapacitor can decrease the battery cycle and power ramp
rates, thus improving the comprehensive performance of ESS, but in this case, the limitation of voltage change from
battery affects the energy recovery of the ultracapacitor. Hredzak 28! et al. adopted two bidirectional DC/DC converters.
Ultracapacitor and battery can be charged and discharged independently, enhancing the flexibility of the energy
management control strategy. The ultracapacitor is regarded as an energy buffer to ensure stable battery charging and
discharging 2. The combination of ultracapacitor and battery is complementary and reduces the capacity requirement of
the ultracapacitor, thereby reducing the cost. Nevertheless, some problems remain regarding installation space and
weight, and the addition of different energy storage devices may increase the difficulty of energy management.

In the design of ESS for DEM, several aspects (e.g., capacity design, charging and discharging power and voltage
design) should be considered. Given the corresponding characteristics of ESS, the total capacity should match the
requirements of continuous charging and discharging. Besides, the system voltage should be matched with the motor and
transformer used. The maximum charging and discharging power required can be obtained from the power spectrum
analysis of working conditions and ensured when designing the charging and discharging current of battery packs or
ultracapacitor. Then, according to the requirements of capacity and charging and discharging current, the battery or
ultracapacitor can be selected reasonably.

2.2. Diesel-Hydraulic Hybrid

Considerable electric power and electronic equipment have been added to DEH systems, increasing the difficulty and cost
of system transformation. In engineering applications, DHH systems were used in the initial stage of technology
introduction. The difference between DHH and DEH lies in the types of ESS and energy flow, i.e., hydraulic system,



hydraulic pump/motor and hydraulic accumulator act as auxiliary power source components. As a type of hydraulic energy
storage device, an accumulator is also used as the hydraulic counterbalance of the boom to balance the gravity of the
working device 28, In DHH systems, hydraulic energy can be converted into mechanical energy through a hydraulic
pump/motor and couple with the energy output from the ICE to form a "torque coupling structure” (TCS) similar to a
parallel DEH [22 as shown in Figure 6. On the other hand, the hydraulic energy between accumulator and main pump
can also be coupled directly, which is termed as a "flow coupling structure” (FCS) BY, as shown in Figure 7.
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Figure 6. Torque coupling structure 29,
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Figure 7. Flow coupling structure B9,

In the design of DHH, to meet the design requirements of the system, additional accumulators were added in the DHH
system, and different effects were generated. A TCS system with double accumulators was applied in Bl and B2 as
shown in Figure 8. High-pressure (HP) accumulator was used to recover and store excess energy of ICE, braking energy
of rotary motor and energy recovered from the cylinder circuit, which could generate the torque for the system through a
hydraulic pump/motor working in the motor mode coupled with the engine or provide oil for the rotary motor in the form of
flow coupling when the rotary motor starts. The additional low-pressure (LP) accumulator was not used for energy storage
but rather used as a low pressure flow source to achieve the balance of the flow of each cylinder. The simulation results
suggest that the system can save up to 27% of the fuel consumption compared with the non-hybrid system. In BY, a FCS
system with two accumulators was introduced, as shown in Figure 9. The two accumulators were used to recover the
potential energy of the boom and the rotating braking energy, respectively, and the flow can be shared between the
accumulators to maintain the ideal state of charge (SOC) and maximize the energy recovery. For instance, when the
pressure of the boom potential energy recovery accumulator is too large, the excess oil recovered can be transferred to
the rotary brake energy recovery accumulator. When the revolutions start and the boom rises, the accumulators will
release the stored oil to the outlet of the hydraulic pump, which attempts to supplement the power required in the
instantaneous start-up and reduce the power demand of the hydraulic pump for energy saving. The energy-saving effect
of the system could increase to 10.1% with appropriate flow distribution control strategy. In other designs, excessive
throttling of FCS hydraulic system was avoided, and throttling loss was reduced by introducing a new valve configuration
with two pressure levels of accumulator, medium pressure (MP) and high pressure (HP) 31,
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Figure 9. FCS system with two accumulators 39,

In addition to multi-accumulator systems, a hydraulic/electric synergy system composed of accumulators and batteries
was proposed B4IB5l As the boom of an excavator descends, the starting and stopping state of the engine depends on the
pressure in the accumulator and does not affected by the boom. In this process, the accumulator limits the operating point
of the ICE to an efficient field, allowing the system to apply lower power engines and motors. Furthermore, the impact of
energy flow is absorbed by accumulator, decreasing the change rate and the amplitude of charging current. The time to
regenerate energy is significantly increased from 2 sec. to 20 sec. Compared with DEH, the hydraulic/electric synergy
system further reduces the cost.

Compared with DEH, DHH technology involves less energy conversion behavior, reducing the energy losses of the
system. Besides, the hydraulic/electric synergy system can further reduce the cost. Moreover, in the trend of technology
upgrading and stricter emission standards 38 FCS, because of its low cost of system modification, has promising
applications in remanufacturing. The coupling condition of accumulator and the major hydraulic pump in FCS is that the
former pressure is greater than the latter’s outlet pressure, limiting the reuse of energy.

2.3. Fuel Cell Hybrid

As one of the alternatives to ICE in the future, the application of fuel cells in engineering machinery is also being
developed B8I37 during which the characteristics of fuel cell should be considered. Take the proton exchange membrane
fuel cell (PEMFC) as an example, in which the pressure and humidity should be controlled using the corresponding



devices. The dynamic response of PEMFC is slow due to the limitation of the reaction speed of the devices. In the case of
abrupt load change, the response delay will cause the output voltage and current of fuel cell to not change rapidly with the
energy demand of the system. Accordingly, it is necessary to consider the system response delay in the application of fuel
cell technology.

One of the effective ways to solve the mentioned problems is to compensate the response lag of fuel cell system by
exploiting the high responsiveness of ESS, which is termed a fuel cell hybrid (FCH) system. In (28], the topological system
for a FCH was given, as shown in Figure 10, and its structure is more concise than that of diesel hybrid power system.
The power of conventional ICEs in construction machinery was replaced by the power of fuel cells and ESS. Due to the
fact the working point of a fuel cell varies with the capacity of the fuel cell and ESS, the capacity of the fuel cell and ESS
should be allocated in a reasonable manner with the power demand is met. In 2, a strategy of optimal capacity allocation
for FCH excavators based on dynamic programming was proposed. The simulation results show that as the number of
cells increases, the hydrogen fuel consumption decreases, the final SOC of ESS is easier to maintain at a set value.
However, too many cells will reduce the power consumption of ESS and make the SOC unsustainable. Following this
strategy, the optimal solution was obtained from three aspects of comprehensive evaluation, including final SOC, fuel cell
efficiency and cost.
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Figure 10. Topology of the electrical system for FCH [28l,

Furthermore, the load change and start-stop cycling are the primary factors leading to the performance degradation of fuel
cells 49, The efficient use of ESS is the key to reduce the impact of variable load and start-stop cycle on fuel cell life.
Zhang 1 et al. proposed a DC bus voltage control energy management strategy and applied it in a FCH forklift. This
strategy, due to the reaction delay of fuel cells, could prevent voltage overshoot or undershoot during the charging and
discharging process of ESS, thus protecting the system and enhancing efficiency.
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