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Abstract

:

This work presents a study of the performance of prime mover and hydraulic implement electrification in a backhoe loader. The results are validated through simulation and experimental tests. The construction and agriculture sector has grown in recent years with the aid of compact non-road mobile machines. However, as is common in fossil fuel-powered vehicles, they significantly contribute to increasing emissions. Previous research has primarily relied on powertrain electrification to address the low-efficiency drawbacks. Notably, compact off-road vehicles comprise implements less discussed in the literature. A hybrid series topology is employed, where the rear implement is driven by an electrical drive and the Diesel engine is coupled to a generator. A rule-based energy management strategy is applied. The operation of the Diesel engine and electrical machines in optimal points of the efficiency maps are the basis of the analysis. The design is validated using simulations and experimental tests in a commercial backhoe loader as a benchmark. Experimental and simulation results obtained from the hybrid series backhoe loader applied to the hydraulic implement show a 33% reduction in fuel consumption, demonstrating the effectiveness of electrification in reducing emissions and fuel consumption of compact non-road mobile machines.
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1. Introduction


Worldwide transportation has grown significantly over the last few years. For instance, in the United States only, from 2001 to 2019, the total number of registered private and commercial vehicles increased by 20%, from 226.6 million to 272.4 million [1]. Internal combustion engines (ICEs) propel these vehicles, typically fueled by fossil fuels. Pollutant emissions from these engines contribute significantly to increased air pollution by emitting carbon monoxides (CO), hydrocarbons (HC), nitrogen oxides (NOx), and particulate matter (PM) to the atmosphere [2].



Non-road mobile machines (NRMM) also contribute to these emissions. A study conducted in Poland compared the fuel consumption of farming machinery between 2012 and 2013. The findings indicated that emissions from agricultural non-road machines had a higher impact on the total emissions of CO (39.837 tonnes), NOx (42.281 tonnes), hydrocarbons (8072 tonnes), and PM (3947 tonnes) [3]. An alternative for reducing these emissions is through the electrification of the powertrain of these machines.



Compact non-road machines experience distinct torque and speed demands in contrast to the profile presented by road vehicles, with constant speed and few torque variations. Due to their operations on high torque and low speed, conventional combustion engines operate at low efficient points. Electrical drives offer higher torque density at lower speeds. Additionally, they exhibit improved efficiency across a wider range of operating speeds and require less maintenance due to fewer mechanical components [4].



Common electrification technologies used in compact non-road machines’ design include fully electric or hybrid systems. Brenna et al. discuss crucial design aspects for electrifying heavy-duty farm tractors, emphasizing the complete replacement of the Diesel engine with an electric motor to achieve optimal operation [5]. However, drawbacks are associated with this architecture, such as the size of the battery pack and the need to halt operations for recharging [6]. Therefore, combining a hybrid series architecture with a downsized internal combustion engine led to a 33.4% reduction in fuel consumption when applied to a snowblower [7]. Similarly, the application of a hybrid parallel topology to an agricultural tractor resulted in a decrease of 24.77% in fuel consumption during the heavy cultivation cycles [8]. Both works relied on simulations and experimental tests to validate the proposed vehicle design changes.



The literature on compact non-road machines predominantly focuses on the electrification of the powertrain [9,10,11,12,13,14,15,16,17,18,19], with limited exploration beyond traction systems. However, there are models of off-road machines in which the hydraulic system is activated more frequently during the operation profile, like excavators and wheel loaders [20]. Mendes et al. present a project for sizing and analyzing the hybridization of the implements of a backhoe loader but fall short by not providing the development of the proposed simulation model and by not conducting experimental tests to validate the approach [21]. In contrast, Do et al. present a model for the full electrification of the implement of a hydraulic excavator [22] but do not carry out experimental validation. Also, the study lacks a fuel consumption analysis.



A comprehensive analysis of pertinent state-of-the-art works is presented in Table 1. The works were classified into machinery types and electrification technologies. Furthermore, the table also illustrates the research gaps covered in this work, such as the modeling of efficiency maps of combustion engines and electrical machines, whether they address fuel consumption, and whether there is experimental validation of the results. It also shows that major works focus on powertrain electrification. Among them, only one study carries out an experimental validation of the results. To the best of the authors’ knowledge, there are no works in the literature on the hybridization of compact non-road mobile machines focusing on implements and carrying out an experimental validation of the results. This work aims to present a study on this topic.



The main contribution of this paper is to present a study on the hybridization performance of the rear implement of a commercial backhoe through simulation and validation through experimental results. The improvements are evaluated through the machine’s fuel consumption during operation. The hybrid prototype adopted a series topology, where the internal combustion engine was disconnected from the hydraulic pump and linked to a generator. Meanwhile, an electric motor powered the hydraulic implements. Real trenching cycle experiments were conducted to gather data on ICE performance, fuel usage, and energy consumption. This information was then used in simulations based on quasi-static efficiency maps to validate the results.




2. Electrification of Non-Road Mobile Machinery


2.1. Classification by Usage


In this work, the definition of non-road mobile machinery is also presented as mobile working machines on wheels or tracks suitable for operating in off-road environments. Adopting this concept makes sense when considering that the definition of vehicles per se is associated with transporting passengers and goods on land in machinery with an engine and wheels [24].



Hagan et al.’s classification categorizes non-road mobile machines based on their usage characteristics, as detailed in Table 2 [3,25]. For instance, various vehicles exhibit distinct purposes and configurations within the agricultural sector alone, illustrated in Figure 1.



Construction machines comprise the largest group among non-road mobile machines, and agricultural machines constitute the second largest group [26]. Therefore, this study will be focusing on construction machines.




2.2. Classification by Power Demand


Non-road mobile machines exhibit variability based on their intended application. The design of their major components, such as the powertrain, hydraulic system, and electrification architecture, is tailored to suit specific applications and the demanded power. In instances where off-highway vehicles serve specialized purposes, the power requirements differ among types. The dynamics of the operational cycle and the materials manipulated by the machine play a significant role in determining these characteristics.



A single type of non-road machinery can exhibit a wide range of power ratings. Therefore, for design purposes, the classification by function becomes less relevant. Table 3 presents the classification defined in this work for off-road mobile machines according to the rated power. According to Dallman and Menon, the most common power class for construction equipment has a range of rated power from 56 to 75 kW [27]. Given that compact machines fall within this power rating classification, they will be the primary focus of this study.



Table 4 showcases examples of commercially available machines categorized by their nominal power range [28]. Upon analysis, it becomes evident that the backhoe loaders are the construction compact non-road vehicles with the smallest range of power ratings, making them easier to analyze and the case study of this work.




2.3. Electrification Strategies: Current Achievements and Challenges


The initial stages of the design involve the definition of the constraints that guide the cost–benefit considerations. The starting point begins with the determination of vehicle specifications, drive cycle requirements, and analyzing the machine’s power profile. Subsequently, attention shifts to the definition of the optimal architecture to implement these specifications effectively. The main architectures presented in the literature are battery electric and hybrid electric, with topologies including series, parallel, and series–parallel.



Full electrification would be the most advisable option in this case because it proves itself capable of achieving the ideal operation concerning emissions and fuel usage during machinery operation. As an example, Caterpillar designed the world’s first small-scale electric excavator, CAT-323F Z-line [29], with a battery capacity of 300 kWh and autonomy of five to seven hours. Another model is the CASE 580EV backhoe loader, which is coupled with a pack of batteries powering the transmission and hydraulic motors [30].



The necessity to ensure at least an equivalent autonomy to combustion engine-powered equipment becomes a challenge because of the size of the pack of batteries to ensure it. Packing this system into a vehicle in the available space without considerable modifications to the chassis is complicated. In this way, the hybrid path becomes attractive.



A machine is defined as hybrid if, to perform its functions, it has at least two distinct sources of energy, one of which is potentially reversible [31]. From this definition, numerous solutions exist when opting for a hybrid architecture. In the work of Brandão et al. [32], the main advantages and disadvantages of series, parallel, and series–parallel topologies are analyzed. When the maintenance of the internal combustion engine is a project premise, the focus should be on reducing fuel consumption. With this in mind, series and series–parallel topologies are the ones that allow for a greater degree of freedom to place the engine at an optimal operating point.



Multiple energy conversions carried out in the series topology reduce the system’s overall efficiency. However, the series–parallel topology has more components (e.g., planetary gear) that increase the costs of the solution. Since there will be no changes to the vehicle’s chassis, mechanical parts, or downsizing of the internal combustion engine, the series topology is the most suitable for this application.



Figure 2 presents the hybrid series topology [32]. It allows the internal combustion engine to be placed in an optimal efficiency region (unlike parallel topology). It has fewer components than the series–parallel topology, facilitating the integration of new parts into the existing chassis.



Considering the ongoing efforts to enhance the machine’s overall efficiency, another crucial factor pertains to the comparatively low efficiency of hydraulic drives. When contrasted with electric drives, electric machines generally exhibit lower losses than those encountered in hydraulic systems [31]. For instance, the hydraulic drive responsible for the rotation of an excavator can experience losses of 50%, contingent on component types and operational conditions. In contrast, an electric drive can achieve comparable performance with a minimum efficiency of 60% [33]. However, this topology introduces complexity and project costs due to the additional components, posing a challenge within limited space constraints.




2.4. Simulation Strategies: Current Methodologies


Experimental tests are a logical path to follow in achieving the proposal of analyzing the electrification project of a compact non-road machine, concerning operational efficiency, emissions, and fuel consumption. Vu et al. compare the operation of the traditional vehicle and the prototype of the electrified machine [7]. Even though this is the best approach to analyze important modifications and their impacts on vehicle performance, the possibility of prototyping and testing it does not always present itself.



The work developed by Mendes et al. [21] is one of the first to focus on backhoe loaders. It presents a vehicle hybridization methodology applied to a backhoe loader. The main focus is on the design and sizing of the components of the hybrid vehicle—hydraulic power, energy storage system, and control methodologies. However, there is little emphasis on how to simulate and achieve the desired results.



Taherzadeh et al., for instance, present the advance vehicle simulator (Advisor) as the simulation tool to validate the proposed control strategy [34]. Advisor is a widely used tool in the design and analysis of road vehicles. Adapting this tool can be complicated, considering that non-road vehicles have greater specificities, especially concerning their work cycle. Furthermore, Do et al. simulate power management strategies for a proton-exchange membrane fuel cell electric excavator with a supercapacitor/battery hybrid power source with AMESim 15.2 and MATLAB R2021b [22]. A negative point of this work is that it is a purely electric excavator simulation, so the modeling of the combustion system is not covered.



When seeking to analyze the system’s performance as a whole, there is no need to simulate in detail all the components, couplings, and energy flows necessary for the machine’s functionality. Mainly, a graphical depiction of subsystem interactions regarding energy flowing in the hybrid non-road mobile machine is sufficient [7]. This approach focuses on lookup tables, and it combines reliability, when considering known characteristics, to a necessary computational simplicity, while evaluating the behavior of the vehicle operation. Troncon et al. present a backward-facing model, also known as the quasi-static approach, which is more suitable to apply when duty cycles are translated as torque request [8]. As agricultural tractor operation cycles are very diverse, the work cycles covered in the study do not resemble the backhoe loader. Notwithstanding, the approach adopted by Troncon et al. is the most appropriate for the proposed analysis.





3. Backhoe System Description


In this section, an introduction to the combustion and hybrid architecture for the analyzed hydraulic backhoe implement is reported. In particular, details regarding the combustion-tested equipment and the hybrid prototype are given.



3.1. Traditional Architecture


Figure 3 exhibits the diesel-powered systems of the backhoe loader, and the highlighted equipment are going to be the electrified system in this work. In Figure 4, a block diagram depicting the traditional machine is provided. This diagram illustrates the operation of the implements by activating the cylinders. The diagram commences with the drive cycle block, which represents hydraulic power (  P  h y d    [kW]) during operation. Given that the pump operates at a constant rotational speed (  n  n o m    [rpm]), the reference torque (  T  R e f   ) is then defined.



One of the contributions of this work is to outline the methodology for defining performance maps, such as the pedal map and brake-specific fuel consumption for modeling internal combustion engines. This is particularly valuable, as manufacturers often do not disclose this information to the public. These maps are integrated into the simulation as lookup tables, allowing for the calculation of fuel consumption (  F C   [g]) during a real drive cycle.




3.2. Hybrid Architecture


Figure 2 depicts the hybrid architecture schema adopted in this study for the electrification of the backhoe implement. In this configuration, the hydraulic pump is mechanically disconnected from the internal combustion engine, and the former connection is replaced by an electrical connection. The complete decoupling between the internal combustion engine and the hydraulic load is one of the benefits of this topology, allowing the ICE to operate at more efficient points of its fuel consumption map, thereby reducing fuel consumption during machine operation.



Figure 5 illustrates the block diagram of the hybrid backhoe loader. The key systems in this machine include the generator system (Genset), the drive system of the rear implement, represented by an electric motor (EM), and the energy management system.



Upon analyzing the generator system, it is observed that the internal combustion engine (ICE), connected to the electric machine shaft, receives inputs of the actual rotational speed (  n shaft  ) and the position of the acceleration joystick (  J o y s t i c k  ). Subsequently, the actual torque (  T  ( i c e )   ) of the ICE is calculated via a modeled lookup table containing the pedal map. Utilizing the torque and speed values as inputs for the brake-specific fuel consumption map (obtained experimentally), the fuel consumption (FC) of the Diesel engine during the prototype’s operation is computed as one of the model’s outputs.



The electric machine, represented as a torque converter, is modeled according to its efficiency map, whose model will also be obtained and applied as a lookup table. In applications like this, the electric machines are controlled by a frequency inverter, whose losses are minimum due to the high efficiency of power converters [35]. Thus, this equipment was modeled with a constant gain of 96%. The dynamics of the coupling shaft (  n shaft  ) were modeled, as presented by the subtraction node in Figure 5 and by Equation (1).


   n shaft  = ∫    T em  −  T load  −  (  b system  ·  n  shaft   ·  π 30  )    J system    d t  



(1)




where   J  system    is the rotational inertia of the combined system where the machine is mounted,   b system   is the viscous friction of the combined system,   T em   is the electromagnetic torque, and   T  load    is the torque load on the shaft. The electromagnetic torque   (  T  gen   )   from the generator is calculated from the reference torque   (  T  gen , ref   )  ; the electric machine’s electric power (  P gen  ) and efficiency (Eff) are outputs of the Genset system.



The energy management system uses the generator power input (  P gen  ) and motor power input (  P em  ) to calculate the electrical power of the direct current bus (  P  d c , b u s   ) and to determine in which state the machine will operate. To make this decision, the system also receives information about the bank’s terminal output voltage and state of charge (  S o C  ). As another output, the system determines which current (  i  b a t t   ) should be in the DC bus.



The mechanical power (  P mec  ) generated by the system is calculated according to Equation (2) [36], where   T em   is the electromagnetic torque and   n gen   is the generator speed. Hayes defines that the generator power output (  P gen  ), which is flowing to the battery, can be expressed by the Equation (3):


   P  mec , gen   =  T em  ·  n gen  ·  (  π 30  )   



(2)






   P gen  =  P  mec , gen   ·  η  (  gen , inv )     



(3)




where   η  (  gen , inv )     is the efficiency of the generator and inverter combined. Another subsystem present in Figure 5 is the electric drive of the rear implement. This system performs the same activity the combustion backhoe model performs. That is, it must be capable of supplying the energy necessary to operate the hydraulic circuit according to the needs of the rear implement.



From Figure 5, the energy management system sets the reference speed   n ref   for the hydraulic drive according to the hydraulic power of the load. The speed control loop, defined in the local controller of the inverter, defines the reference torque   T  (  em ref  )   . The current speed of the machine   n em   is also determined according to Equation (1), where the electromagnetic torque (  T em  ) of the machine is subtracted from the load torque   T load  , along with a portion of the viscous friction b. Additionally, key variables include   P  h y d   , representing hydraulic power,   n  n o m   , denoting the speed of the hydraulic pump, J, indicating the rotational inertia of the system,   E f f  , representing the engine efficiency, and   P em  , signifying the power of the electric motor.



The electric machine was modeled as described earlier, functioning as a single torque source and utilizing the efficiency map shown in Figure 5 to calculate the system efficiency. Moreover, the dynamics of the coupling shaft (of the pump and EM) were modeled as presented by Equation (1). Unlike the generation system, for the electrical drive presented, a speed control loop was designed to guarantee operation under the reference of the management system: the nominal speed of the hydraulic pump.



The mechanical power (  P   mec em    ) generated by this system is also calculated according to Equation (4), where   T em   is the electric motor torque and   ω em   is the electric motor speed. The electrical power input (  P em  ) to the motor, which is flowing from the battery, can be expressed by the Equation (5):


   P  mec , em   =  T em  ·  ω  e m    



(4)






   P em  =  P  mec , em   ·  η  (  em )     



(5)




where   η  ( em )    is the efficiency of the motor. An energy management system is necessary to ensure that the power flow in the machine among different sources occurs according to the operator’s needs and will be explained in the following sections.





4. Hybrid Compact Non-Road Mobile Machine Characterization


A backhoe loader was chosen to identify the positives and negatives points in the design of a hybrid compact non-road mobile machine. This vehicle is one of the more versatile compact NRMMs, which makes it more attractive to manufacturers. For instance, the backhoe loader market is projected to grow at a healthy growth rate of 8.8% compound annual growth rate from 2023 to 2030 [37]. As mentioned, the defined architecture is a hybrid series topology. As per the working assumptions for this project, the Diesel engine will be retained, and two permanent magnet synchronous machines will be employed as the motor and generator, powered by a pack of batteries. The chosen methodology for energy management is the rule-based on/off strategy, selected for its reliability and simplicity.



4.1. Characterization of the Backhoe Loader


As previously mentioned, a commercial backhoe loader, Figure 6, is the machine defined for this work. In general terms, the backhoe is one of the most versatile types of construction equipment, as it is a tractor that has a bucket at the front and another bucket at the rear. The front bucket can perform the most diverse tasks in construction, such as: transporting various materials to construction sites, leveling the ground, loading trucks, and removing debris and other objects. The rear bucket’s main functions are to demolish walls, columns, and other types of constructions, dig ditches, and holes and lay pipes. Table 5 presents the characteristics of the analyzed backhoe loader.



Hydraulic System


The backhoe’s hydraulic system is a load-sensing and load-sharing circuit that works with a hydraulic gear pump and system flow control valves, as portrayed in Figure 3. One advantage of using this type of system is that the flow distribution for the implements in operation is proportional to the activation of the control valve spools. Furthermore, this distribution is independent of the load, enabling the operation of two or more spools simultaneously.



The Diesel engine drives the hydraulic pump, thus allowing the oil to flow from the reservoir to the system. The hydraulic pump commonly present in loaders has a fixed displacement (  D v  ), which means that the oil flow (Q) is proportional to the engine speed ( ω ), represented by Equation (6) [38]. The movement of the gears creates a pressure difference necessary to start the circulation of a fixed amount of oil between the hydraulic tank and the two control valves of the vehicle.


  Q = ω ∗  D v   



(6)









4.2. Drive Cycle


Light and heavy road vehicles have extensive literature, tests, and well-defined driving cycles, such as the FTP urban cycle, HWFET road cycle for light vehicles, and the LA92 cycle for heavy-weight vehicles [39]. Similarly, traction non-road duty cycles are also determined by the Environmental Protection Agency of the United States [40]. However, since the focus of this work is the operation of the implements, it was necessary to conduct experimental tests reproducing these operations.



During the operation of a backhoe loader, the main activities are trenching, basement excavation, loader stockpile, and roading. Trenching is one of the most frequent operations of a backhoe loader, as presented in Table 6 [31]. By analyzing the table, it was possible to establish that the machine performs activities with the backhoe bucket (trenching and basement excavation) for more than half of its operating time. The trenching cycle was then the selected activity for the continuity of the work due to its relevance in the context ofnthe equipment.



The trenching operation consists of digging a ditch with defined length, breadth, and depth, forming a narrow opening in the ground, while the machine is standing still. In this operation, all the oil flows from the oil tank to the hydraulic pump and the backhoe control valve to drive the rear cylinders.



After determining the operations performed by the backhoe loader, experimental tests were conducted to characterize the power profile. Yuan proposed a methodology for duty cycle development [41]. The data were acquired using pressure sensors, inductive sensors, a precision scale, and a data acquisition system during representative tests of the analyzed work cycle. To simulate the force exerted during excavation, the backhoe bucket was closed with a standard weight, and the operator repeated the excavation cycle multiple times over one hour. Mendes presented the correlation between the excavation movement and the hydraulic power of the work cycle [31].



The hydraulic power is determined by Equation (7) and is illustrated in Figure 7. Significant power fluctuations were observed within a few seconds, alongside measurement noise in the acquired signals. Consequently, an alternative drive cycle is also provided in Figure 7 to mitigate these issues.


   P  o u t   =   Δ p ∗ Q    η t  ∗ 600    



(7)




where   Δ p   represents the pressure difference in the hydraulic line corresponding to the load,   η t   denotes the overall system efficiency, and Q represents the oil flow in the line.



A theoretical duty cycle, derived from the average value of the peaks observed during the trenching operation in Figure 7, eliminates signal vibrations in the data. Its significance lies in maintaining consistent values during the operation of the arm, swing, and bucket cylinders, thereby facilitating result analysis. Upon scrutinizing Figure 7, during the work cycles, the hydraulic system consumes an average power of approximately 12.95 kW for the experimental cycle and 11.55 kW for the theoretical cycle. The determined operating speed of the Diesel engine to meet the demanded load remained practically constant at 1800 rpm throughout the excavation period. This characterization provides a foundation for determining the system’s control strategies for the hybridization project.




4.3. Engine, Electrical Machine, and Energy Store System Model


4.3.1. Internal Combustion Engine


It is possible to model the ICE considering various methodologies, depending on the required level of detailing for the simulation. The model may be steady state, quasi-steady, or dynamic [42]. Kulikov et al. presented a quasi-static approach in [43] to simulate a Diesel engine. The article’s performance maps, modeled as lookup tables, represented engine characteristics obtained experimentally in steady operating regimes. These characteristics were acquired via laboratory dynamometer tests, where several parameters, namely, the shaft speed, torque, and fuel consumption, were measured and logged. To define the ICE performance maps for the simulation, this approach was adopted. The engine characteristics were obtained from both data provided by the manufacturer in operating regimes and from experimental tests.



The Diesel engine in the backhoe loader is mechanically connected to the hydraulic pump. Consequently, the engine’s speed is dictated by the fixed nominal speed of the pump during operation. In the selected backhoe loader for the case study, there is no speed control loop (governor). Therefore, the engine’s setpoint reference is determined by a pedal map, illustrated in Figure 8. This map interpolates the gross net torque curve as a function of speed. Since this curve represents the limiting condition for engine operation, it was chosen as the point at which engine acceleration is maximum. Idle points of the machine were considered to be under conditions of null acceleration.



The next performance map used in the Diesel engine model is the brake-specific fuel consumption (BSFC) map. It represents the engine’s specific fuel consumption as a function of the actual torque,   T  r e f   , and speed of the shaft,   n  I C E   , Equation (8). These maps are usually classified information but can be defined through engine tests conducted on a dynamometer. The performed test involves applying load steps to the engine, acquiring the speed behavior, and acquiring the fuel consumption at each applied load point. The access to a dynamometer capable of performing this test in an off-road machine is often scarce. Therefore, this characterizing test can also be performed with the hybrid non-road mobile machine. The generator works as reference load setter for the internal combustion engine. The speed and the fuel consumption are also acquired. After the test, the experimental points are interpolated to generate a map capable of determining the fuel consumption during trenching operation.


  B S F C = f  ( r p m ,  T  r e f   )  =   F C   P m   ∗ 3600  



(8)




where BSFC represents the brake-specific fuel consumption in grams per kilowatt-hour (g/kWh),   P m   denotes the mechanical power of the engine shaft in kilowatts (kW), and FC stands for the fuel consumption in grams per hour (g/h). However, as it is conventionally preferred to express fuel consumption in liters per hour (L/h), the new equation for fuel consumption is expressed as shown in Equation (9), where the diesel density is considered to be 0.853 kg/L. It is noteworthy that both maps also incorporate the maximum torque curve with respect to speed to limit the reference torque sent by the controller. In this case, the reference torque is derived from the driving cycle.


  F  C  l / h   =   F C  853  ∗ 3600  



(9)








4.3.2. Electric Machine


The electric machines (generator and motor) defined for the system are the EMRAX 228 LV [32]. They are represented by dynamical or quasi-static models. The quasi-static approach uses efficiency maps to reflect losses during operation. This method provides an opportunity to reduce computational time, while achieving sufficient accuracy for the modeling of hybridized systems [44]. Following the methodology of the previous section, the efficiency maps were interpolated from the datasheet of the electric machine [45]. The efficiency map, shown in Figure 9, is coupled with the maximum torque curve in this approach.




4.3.3. Energy Storage System


The other energy source is the energy storage system, which is fundamental when considering the hybridization of any type of vehicle. In this context, batteries and supercapacitors are possible electrical energy storage solutions. Batteries have the highest energy density, while supercapacitors have a high power density. For this design, batteries were chosen, and their design characteristics are defined in the work presented by Brandão et al. [32]. Table 7 presents battery bank parameters.



The chosen path was to define the adequate option from Simulink’s library. Since the system’s characteristics were previously known, the estimation-equivalent circuit battery was the specified one due to its lookup table characteristics [46]. The model implements a resistor–capacitor (RC) equivalent circuit of the battery, based on manufacturer data. Lookup tables are used to represent variables, such as series resistance and battery open-circuit voltage, as functions of the state-of-charge (SoC). Equation (10) represents how the model calculates the battery’s state of charge.   C  b a t t    is the pack capacity, and   I  b a t t    is the current flowing in and out of the battery whenever the system charges or discharges, respectively.


  SOC = −  1  C batt    ∫  0  t   I batt   d t  



(10)







In addition to determining the state of charge according to the variation of   I  b a t t   , the block also determines the bank’s output voltage (  V  o u t   ) based on information from the cell manufacturer. The rate between the power in the direct current (DC) bus (generated power or requested power by the drive system) and the terminal voltage of the battery is the equation used to calculate   I  b a t t    (Equation (11)), where   P  d c , b u s    is the power on a DC bus and   V  o u t    is the bank’s output voltage. This current is the variable used as input for the energy storage system model.


   I  b a t t   =  P  d c , b u s   /  V  o u t    



(11)









4.4. Energy Management System


The main point of this electrification project is related to the most appropriate determination of how to use the two energy sources present in the machine: the fuel tank and the battery. The energy management system needs to receive vehicle control variables to determine the optimal working points of the generator set and engine system in conjunction with the hydraulic pump. This analysis requires a proper power-management strategy to handle the controlled systems’ working points. Since this is an initial stage of the hybridization project applied to a compact non-road mobile machine, it was preferable to consider a simplified rule-based charge-depleting strategy combined with the on/off.



The constraints from the Diesel engine (speed and torque) and the electrical machines are important in defining the boundaries for the system. The state of charge is also one of the most essential parameters for the vehicle since it can potentially provide information regarding the autonomy of the machine via the amount of energy stored in the battery. In order to improve the storage system life, the state of charge should be controlled between the maximum (90%) and minimum (40%) limits. The rules implemented for the hybrid driving mode were as follows:


    0    ≤  T  i c e   ≤  T  i c e , m a x         ω  i c e , i d l e      ≤  ω  i c e , g e n   ≤  ω  i c e , m a x        0    ≤  T  g e n   ≤  T  g e n , m a x        0    ≤  T  e m   ≤  T  e m , m a x        0    ≤  ω  e m   ≤  ω  e m , m a x         S o  C  m i n       ≤ S o C ≤ S o  C  m a x       



(12)




where   T  i c e    is the ICE torque,   T  i c e , m a x    is the ICE max torque,   ω  i c e , i d l e    is the ICE speed in idle condition,   ω  i c e , g e n    is the generator speed, and   ω  i c e , m a x    is the ICE max speed. This methodology was the best choice, considering that it is a strategy widely used in the literature and a frequently applied approach in a series of hybrid road vehicles. Heuristic systems are based on prior knowledge of the vehicle’s operating conditions. In the on/off strategy, Figure 10, the ICE is turned off when the machine is performing the trenching cycle. When the capacity comes near a preset minimum limit, the engine is turned on to charge the pack of batteries.



Figure 11 illustrates the state machine implemented in the controller of the energy management system. Upon analyzing the figure, the presence of two states becomes noteworthy: electric and hybrid modes. First, the controller reads the state of the state of charge from the ESS. If this value exceeds the minimum limit, the machine can operate in its motorization mode. In this condition, the controller sends the speed reference to the motorization inverter, which then defines the setpoints of the electric motor coupled to the hydraulic pump. This is the process followed by the controller to keep the hydraulic system performing in nominal condition and delivering the necessary power to the load without losing performance.



If the state of charge value exceeds the defined minimum limit, the system enters its hybrid mode, where the Genset receives the enable signal from the controller. At this point, the controller is also responsible for sending the   T  r e f    signal to the system. This reference value must be equivalent to the minimum brake fuel consumption according to the BSFC map to ensure that the ICE is, indeed, operating at the best configuration. As previously illustrated, this point is near the maximum torque limit. Therefore, the implemented strategy allows the Diesel engine to reach higher efficiency when compared to the traditional operation. The system will remain in this condition, preventing the state machine from entering the motorization operating condition until the energy storage system completes its load; at this point, the state machine returns to its initial point of reading the state of charge.





5. Discussion and Results


5.1. Experimental Tests


The experimental tests performed in the hybrid backhoe loader were divided into:




	
Operation of the generator;



	
Operation of the electric drive of the rear implement.








The initial test aimed to assess the performance of the generation system. It involved applying various torque steps (acting as braking loads) to the ICE shaft, ranging from the minimum to the maximum value. Additionally, the engine’s rotational speed was varied from idle to the maximum value. At each operating point, the fuel consumption rate (FC) in grams per second (g/s) was measured using a precision scale. The test setup is illustrated in Figure 12. Through the acquired data of this test, the characteristic brake-specific fuel consumption map of the backhoe loader, depicted in Figure 13, was defined.



At this juncture, it is important to highlight that the test to define the brake-specific fuel consumption map of the Diesel engine of the backhoe loader under study was conducted with certain limitations. The generator specified by Brandão et al. [32], utilized for the analysis in this study, has a continuous torque value of 120 Nm and a maximum peak of 230 Nm in its speed–torque curve. Therefore, if the map is extrapolated with limits considering the maximum torque curve as a function of the internal combustion engine speed depicted in Figure 8, isocurves that exhibit better fuel consumption points may be identified.



The next experimental test was the operation of the trenching cycle with the hybrid backhoe loader to certify whether, performance-wise, there would be any difference. Figure 14 presents the test setup that was performed by a professional backhoe loader operator. The drive cycle defined in Figure 7 was acquired when the machine was operating in both topologies.




5.2. Simulations


Both topologies were simulated in a MATLAB R2021b environment, as illustrated in Section 3. The hybridization design project used as a basis for this work is the one developed by Brandão et al. [32]. The test conditions were equally replicated for both topologies for the convenience of comparison.



Figure 15 and Figure 16 represent the BSFC results for the conventional architecture and the accumulated fuel consumption for the trenching drive cycle for both architectures, respectively. Figure 17 illustrates the operating points on the efficiency maps during the simulation of the hybrid operation.



Some considerations are important regarding the presented results. The internal combustion engine, when maintained in its traditional configuration, began to operate in an oversized manner. This is a consequence of the mechanical decoupling of the hydraulic pump, wherein the equipment is no longer responsible for supplying hydraulic power to the rear implement. When operated in conjunction with the generator at its point of minimum brake specific fuel consumption, the engine is no longer stressed under high torque conditions at a constant speed. The optimal point simulated in this work had as   T  g e n , r e f    125 Nm, and the joystick constant was set to 36%. The actual simulated system velocity was 1762 rpm, and the corresponding BSFC was 304.75 g/kWh.



This condition contrasts with the simulation of the traditional architecture of the backhoe loader. When analyzing Figure 15, it is noticeable how the machine’s operating points are dispersed on the map and concentrate in regions of worse BSFCs. Further comparing the results between the theoretical and experimental curves, the main difference lies in the profile of the two simulated cycles. The speed of the theoretical cycle is constant, equal to the nominal operating speed of the hydraulic pump.



The proposed topology has several distinct benefits compared to the traditional backhoe loader. Figure 16 displays the fuel usage of the two different systems for the same running cycle (in kilograms). The results are presented in Table 8. It is important to note that for the hybrid machine, there is a 16.32% difference between the two proposed cycles, whereas for the traditional topology, the difference is minimal (2.31%). Between the two different topologies, the proposed topology consumes significantly less fuel than the conventional commercial counterpart. There is a reduction of 21.99% in fuel consumption when the theoretical drive cycle was simulated. When the experimental data were applied, the reduction increased to 33.18%. These results are important because they were achieved without any performance downgrade during the trenching cycle. This improvement stems from the presence of the energy management system and the adopted topology. The operation of the internal combustion engine at a more efficient point is a consequence of the adopted series hybrid topology, while the utilization of the generation system at specific operation points to charge the energy storage system when necessary is a result of the implemented energy management system for the machine.



The energy management system is one of the main reasons why this improvement is possible. Figure 10 depicts the state of charge of the battery and the enable signal given to the Genset. Throughout the operation, there are constant charges and discharges of the battery, always occurring within the upper and lower limits of the battery state of charge. As can be seen, the battery is able to supply power to the motor and hydraulic system during periods of high power demand from Figure 7. With the series hybrid topology, the motor, generator, and internal combustion engine operating points during trenching are shown in Figure 17. The majority of the operational points have an efficiency of 82% to 94%, which is at least two times higher than what the Diesel engine is capable of delivering.



Fuel combustion is the trigger point for these machines’ high percentage of emissions. Regarding the proposed emissions assessment, it is safe to consider that it should also diminish with lesser usage of fossil fuels for the operation of the backhoe loader. It is important to recognize that the emissions are caused by fuel combustion. Nevertheless, this comparison is not linear. Therefore, performance maps should also be included in the ICE model for each desired emission analysis to achieve an accurate assessment. This modeling was not in this project’s scope since emissions mapping is more complicated and requires more complex equipment when compared to BSFC mapping.





6. Conclusions


A validation of the electrification design of a type of compact non-road mobile machinery is presented in this work. Firstly, the meaning and classifications of off-road vehicles were discussed, highlighting the possible different categorizations. The work then delved into the challenges and solutions documented in the literature, concerning the inherent emission problems associated with internal combustion engines. Additionally, the crucial components of a hybrid non-road mobile machine were outlined, and the modeling methods were explored. Finally, the study presented a computational model for the two architectures. The models were validated with data from experimental tests conducted before and after the modifications to the backhoe loader.



A commercial backhoe loader with 72 kW gross power and approximately 7 h of autonomy was used as a platform to analyze the feasibility of the electrification project. The preference for a hybrid architecture allowed the backhoe loader to perform the same drive cycle with improved drive system efficiency (94%) when compared to the internal combustion engine drive (40%). The tests and simulations conducted with the hybrid prototype have revealed that employing appropriate energy system management enables the attainment of the targeted reduction in fuel consumption. Moreover, by optimizing fuel utilization for the same tasks, emissions are correspondingly mitigated. The operation in the proposed theoretical drive cycle culminated in 21.99% less fuel consumption than a traditional backhoe loader and 33.18% less fuel when experimental data are applied. The Diesel engine’s operation solely as a generator enabled these improvements. The new operation point was defined as 125 Nm and 1800 rpm, a more optimal point in the efficiency map than the traditional combustion-only model.



The results showed a considerable improvement in fuel consumption and, consequently, in emissions. However, there is still room for future improvements. It is important to highlight that these results were obtained without any optimization performance algorithms, so there is still room to improve the operation of the energy management system. Moreover, since internal combustion engines in non-road machines are designed and dimensioned according to the peak power demands of various activities they perform, a downsizing project would lead to more significant results. An engine with a lesser-rated power has its minimum brake-specific fuel consumption in smaller load conditions than the engine of the analyzed backhoe. The smaller the needed torque, the higher the compatibility with the generator, enhancing overall efficiency. Furthermore, the drive of the backhoe’s rear arm cylinders remained with a main hydraulic pump. The cost of replacing the hydraulic pump with electrical drives sized for each hydraulic cylinder is high and exceeds the project’s budgetary assumptions. Therefore, there is room for further efficiency gains if the design constraints are more flexible.



A proper energy management system design is essential for the improvements acquired by the electrification of the implements in non-road machines. The aim to reduce fuel consumption and, consequently, emissions from fuel combustion is achievable from the adequate choice of the control strategies combined with optimization. The improvements achieved by selecting operating strategies are possible up to a maximum point. Hence, for future works, it would be advantageous to explore various configurations of energy management systems. This involves implementing optimization algorithms to fine-tune the decisions of torque, speed, and the corresponding points of the brake-specific fuel consumption map, thereby identifying the most suitable decisions in real time. Such optimizations hold promise for maximizing efficiency when deploying the machine’s dual energy storage systems.
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The following abbreviations are used in this manuscript:



	BSFC
	Brake-specific fuel consumption



	C
	Compact



	CO
	Carbon monoxides



	DC
	Direct current



	EL
	Extra-large



	FC
	Fuel consumption



	FTP
	Federal Test Procedure



	Genset
	Generation system



	HC
	Hydrocarbons



	HWFET
	Highway Fuel Economy Test Cycle



	ICE
	Internal combustion engine



	L
	Large



	LA92
	EPA—California unified cycle



	M
	Medium



	Mi
	Mini



	  N  O x   
	Nitrogen oxides



	NRMM
	Non-road mobile machine



	S
	Small



	SoC
	State of charge
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Figure 1. Examples of NRMM used for agriculture: New Holland TC harvester, Oxbo AR4BX harvester, and New Holland Powerstar 120 tractor. 
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Figure 2. Series configuration applied to the implements of a backhoe. 
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Figure 3. Traditional compact non-road machine scheme. The highlighted components in blue are the analyzed system. 
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Figure 4. Block diagram of the traditional compact non-road machine hydraulic drive model. 
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Figure 5. Block diagram of the hybrid compact non-road machine hydraulic drive model. 
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Figure 6. Representation of the main components of the hydraulic system of a non-road mobile machine. 
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Figure 7. Trenching drive cycle—experimental test (blue) and theoretical curve (orange). 
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Figure 8. Theoretical graph of the torque x speed limit curve of a Diesel ICE built base. 
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Figure 9. Efficiency map of the electric machine [45]. 
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Figure 10. On/off energy management strategy: SOC variation with ICE command. 
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Figure 11. Controller state machine. 
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Figure 12. Fuel mass and electrical parameter measurements from generation experimental test. 
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Figure 13. Brake-specific fuel consumption map of a Diesel engine generated with experimental test data. 
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Figure 14. Trenching experimental test performed with the hybrid backhoe loader. 
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Figure 15. Operating points of the trenching cycle in the brake-specific fuel consumption map of the Diesel engine for the combustion architecture. 
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Figure 16. Fuel consumption comparison between theoretical (orange) and experimental (blue) drive cycles for the combustion model. 
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Figure 17. Hybrid model working points for electric motor efficiency map (left) and generator efficiency map (right). 
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Table 1. Comparative analysis of adherent state-of-the-art works.
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	Reference
	Machinery

Type
	Hybrid

Topology
	Implements

Hybridization
	ICE

Maps
	Electric

Machines

Maps
	Fuel

Comsumption
	Experimental

Validation





	[5]
	Tractor
	Full Electric
	✗
	✗
	✗
	✗
	✗



	[7]
	Snowblower
	Series
	✓
	✓
	✓
	✓
	✗



	[8]
	Tractor
	Series
	✗
	✓
	✓
	✓
	✗



	[23]
	Excavator
	Series/Parallel
	✓
	✓
	✓
	✓
	✗



	[9]
	Wheel Loader
	Series–Parallel
	✗
	✓
	✗
	✓
	✗



	[12]
	Tractor
	Series
	✗
	✗
	✗
	✓
	✗



	[13]
	Excavator
	Parallel
	✗
	✓
	✓
	✓
	✗



	[14]
	Tractor
	Series–Parallel
	✗
	✓
	✗
	✓
	✗



	[15]
	Chisel plough
	Parallel
	✗
	✗
	✗
	✗
	✗



	[16]
	Bulldozer
	Series
	✗
	✓
	✓
	✓
	✗



	[17]
	Wheel Loader
	Series
	✗
	✓
	✗
	✓
	✗



	[19]
	Tractor
	Parallel
	✗
	✗
	✗
	✓
	✓



	[21]
	Backhoe Loader
	Series
	✓
	✓
	✗
	✓
	✗



	[22]
	Excavator
	Series a
	✓
	-
	✗
	✗
	✗



	Here
	Backhoe Loader
	Series
	✓
	✓
	✓
	✓
	✓







a There is no ICE. Power comes from hydrogen-based fuel cells.













 





Table 2. Categories of NRMM and examples of machines.
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	Agriculture

and Forestry
	Construction
	Railway
	Mines and Quarrying
	Gardening and

Handheld

Equipment





	Harvesters

Cultivators

Tractors

All-terrain

vehicles
	Excavators

Loaders

Bulldozers

Forklifts

Backhoe Loaders

Cranes
	Locomotives

Rail-cars
	Underground trucks

Mining loaders

Excavators
	Lawnmowers

Chain saws

Hedge trimmers










 





Table 3. Classification of NRMM by power.






Table 3. Classification of NRMM by power.





	Power (kW)
	Classification
	Abbreviation





	From 09 to 30
	Mini
	Mi



	From 30 to 90
	Compact
	C



	From 90 to 150
	Small
	S



	From 150 to 310
	Medium
	M



	From 310 to 1200
	Large
	L



	Above 1200
	Extra-Large
	EL










 





Table 4. Examples of commercial NRMM classified by power ratings.






Table 4. Examples of commercial NRMM classified by power ratings.





	
NRMM

	
Power (kW)

	
Classification




	
Min.

	
Max.






	
Utility vehicles

	
18.00

	
37.28

	
Mi and C




	
Compact skid steer loader

and compact track loader

	
50.10

	
82.00

	
C




	
Backhoe Loader

	
51.00

	
98.00

	
C and S




	
Telescopic handlers

	
75.00

	
106.00

	
C and S




	
Underground mining

load-haul-dump

loaders

	
123.00

	
305.00

	
S and M




	
Motor graders

	
104.00

	
399.00

	
S, M and L




	
Excavators

	
9.60

	
404.00

	
Mi, C, S, M, and L




	
Loaders

	
31.00

	
1297.00

	
C, S, M, L and EL











 





Table 5. General characteristics of a backhoe loader.






Table 5. General characteristics of a backhoe loader.





	Equipment
	Parameters
	Values





	ICE
	Cylinders

Displacement (L)

Gross Power (kW)

Gross Torque (Nm)

Rated speed (RPM)
	4

4.5

72

420

2200



	Hydraulic pump
	Nominal Capacity @ 2200 RPM

Max pressure (bar)

Gear pump (cc/ev)

Efficiency (\eta_t)
	145 L/min

200

35.427

85%










 





Table 6. Main activities performed by a backhoe loader.






Table 6. Main activities performed by a backhoe loader.





	
Operation

	
System

	
Usage (%)






	
Backhoe trenching

	
Rear hydraulic system

	
55–60




	
Backhoe basement excavation

	
Rear hydraulic system




	
Loader stockpile

	
Front hydraulics and traction

	
10–15




	
Roading

	
Traction system

	
5–10











 





Table 7. Backhoe battery bank parameters.






Table 7. Backhoe battery bank parameters.





	Cell Type
	Li-Ion





	Modules in series
	4



	Nominal capacity
	20.4 kWh



	Nominal voltage
	88.8 V



	Nominal current
	233 A



	Maximum discharge power (3 s)
	120 kW



	Continuous discharge power
	20 kW



	Maximum power charge (10 min)
	32 kW



	Continuous charge power
	20 kW



	Dimensions
	0.68 × 0.30 × 0.32 m



	Volume
	65.3 L










 





Table 8. Trenching drive cycle consumption and reductions from the traditional and hybrid backhoe loader simulations for a continuous work period of 1 h.






Table 8. Trenching drive cycle consumption and reductions from the traditional and hybrid backhoe loader simulations for a continuous work period of 1 h.





	Machine Architecture
	Fuel Consumption [kg]
	Difference (%)





	Combustion—theoretical data
	4.32
	-



	Combustion—experimental data
	4.22
	-



	Hybrid—theoretical data
	3.37
	−21.99



	Hybrid—experimental data
	2.82
	−33.18
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