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Abstract 

 

 

 

Energy saving in mobile hydraulic machinery, aimed to fuel consumption reduction, has been one of 

the principal interests of many researchers and OEMs in the last years. 

Many different solutions have been proposed and investigated in the literature in order to improve 

the fuel efficiency, from novel system architectures and strategies to control the system to hybrid solutions. 

This thesis deals with the energy analysis of a hydraulic system of a middle size excavator through 

mathematical tools. In order to conduct the analyses the multibody mathematical model of the hydraulic 

excavator under investigation will be developed and validated on the basis of experimental activities, both on 

test bench and on the field. 

The analyses will be carried out considering the typical working cycles of the excavators defined by 

the JCMAS standard. 

The simulations results will be analysed and discussed in detail in order to define different solutions 

for the energy saving in LS hydraulic systems. 

Among the proposed energy saving solutions, energy recovery systems seem to be very promising 

for fuel consumption reduction in mobile machinery. 

In this thesis a novel energy recovery system architecture will be proposed and described in detail. 

Its dimensioning procedure takes advantage of the dynamic programming algorithm and a prototype will be 

realized and tested on the excavator under investigation. 

Finally the energy saving proposed solutions will be compared referring to the standard machinery 

architecture and a novel hybrid excavator with an energy saving up to 11% will be presented. 
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Chapter 1: Energy Saving in 
Mobile Hydraulic Machinery 

 

 

 

 

 

 

 

Mobile hydraulic machinery (MHM) are widely used in many different applications, for 

example construction, forestry, agriculture, material handling and transportation, where no 

electric power nets are typically available, and thus the power generation unit is usually an 

internal combustion engine (ICE). These systems were typically designed focusing mainly on 

functionality and performances, with little or no focus on fuel consumption and emissions. The 

scenario of the next years is changing. The increasing fuel price and the more and more 

constrains imposed by the legislations, in terms of environment compatibility, are leading the 

mobile hydraulic machinery design toward energy saving solutions. 
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1.1 Mobile Hydraulic Machinery 
 

For all the applications where an electrical power net source is not available, such as in 

construction, agricultural, forestry, material handling and transportation, the mobile machinery 

found an essential role [1.1]. 

In mobile machinery several actuators are usually operated simultaneously in order to 

perform the required duty. Hydraulic systems, due to their high power density, dynamic 

response, high forces and torques achieved by their actuators at slow velocity, heat dissipation 

characteristic, high versatility in the components positioning into the system layout, and easy 

power distribution to the actuators are the most adopted systems for mobile applications. 

Figure 1 depicts the general power conversion and managing in MHM. 

 

 

Figure 1.1: Power Conversion in Mobile Hydraulic Machinery. 

 

The primary power source is typically an ICE (usually Diesel) which provides 

mechanical power to the system starting from the chemical energy of the fuel. The hydraulic 

power conversion unit converts the mechanical power into hydraulic power for the system, 

while the hydraulic power control and transmission unit distributes the hydraulic power to the 

actuation unit according to the operation to be accomplished. 

In MHM the hydraulic power could be supplied either with an impressed flow or an 

impressed pressure, and controlled via resistance (valve controlled systems) or displacement 

units (displacement controlled systems) [1.2]. 

In mobile applications, where various actuators are often operated in parallel, valve 

controlled systems with a common flow generation unit found larger usage instead of 

displacement controlled systems, where just a displacement unit is required for each user, 

because of the minor required space and the lower investment. 
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1.1.1 Hydraulic Excavator 
 

Hydraulic excavators are the most used MHM for earth-moving operations at a fixed 

operation site [1.3]. These mobile machines are standardized by the ISO 6746-1 [1.4]. 

The typical hydraulic excavator architecture is represented in Fig.1.2. The principal 

subsystems are: the under-carriage, composed of a frame for either the tracks or the wheels, 

depending on the excavator type (tracked or wheeled excavator), and the upper-carriage, also 

known as the turret, which is the rotating platform where the operator cabin, ICE, working 

hydraulics and the front excavation tool are placed. 

 

Figure 1.2: Hydraulic Excavator. 

The front excavation tool, or the attachment, is composed of the boom, the arm, the 

bucket and the linkages. These components are connected together in order to accomplish the 

excavation, transportation and dumping operations. 

The working hydraulics supplies the attachment with the required power to complete 

the desired duty through the usage of hydraulic actuators, either linear or rotary. The hydraulic 

power is generated via one or more pumps directly connected to the ICE, which provides 

mechanical power. The available hydraulic power is transferred to the hydraulic drives via pipes 

and valves according to the operator commands. 

Concerning hydraulic excavators many different hydraulic system architectures can be 

exploited. Valve controlled systems are often used to control more than one hydraulic actuator 

in simultaneous operations with a single pumping unit [1.2]. These systems found large usage in 

excavators. 
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1.1.2 Valve Controlled Systems 
 

In MHM the hydraulic power supplied by the flow generation unit (FGU) has to be 

distributed between the actuated hydraulic drives in the system, ensuring to the operator a fine 

control. This means controlling the actual flow rate to and from the users for all the possible 

working conditions
1
 and loads

2
. In mobile machinery almost all the exploited hydraulic systems 

take advantage of the throttle control principle, i.e. use valves to control the flow rate, i.e. the 

users velocity, introducing as a consequence a not negligible throttle power loss in the system. 

These systems can be classified in two different categories depending on the valve 

configuration in the neutral position: open-center (OC) or closed center (CC). 

In the open-center systems, while all the main spools of the valve sections
3
 are in their 

neutral position
4
, the supply line (typically indicated with P) is connect to the reservoir line 

(indicated with T). On the contrary in closed-center systems, with the valve in the neutral 

position, there is no connection between P and T lines. In close-center systems it is 

recommended adopting a pressure relief valve to avoid pressure burst while passing from a 

valve working condition to the neutral one [1.2]. 

Nowadays the widely used hydraulic systems in mobile application are: 

 

 OC Constant Flow Systems (CFS); 

 OC Negative Flow Control (NFC); 

 OC Positive Flow Control (PFC); 

 CC Load Sensing (LS) Systems. 

 

These systems differ for the type of circuit (OC and CC), for the type of flow generation 

unit adopted (fixed or variable displacement) and its control (open or closed loop). 

In European market the state of the art are the LS systems [1.5], while in the Asian 

market NFC and PFC are the most adopted architectures [1.6]. 

  

                                                           
1
 Standard functioning; Flow saturation; Torque limitation. 

2
 The load can be resistive, when it is contrary to the actuator movement, or pulling, if it acts in the same 

direction of the actuator movement. 
3
 A valve, or a distributor, is composed of a number of valve sections equal to the actuators in the system. 

4
 The valve main spool is not actuated, thus there are no connections between the supply line and the 

valve workports. 



Chapter1: Energy Saving in Mobile Hydraulic Machinery 

6 
 

Constant Flow Systems 

 

Constant flow systems are OC hydraulic circuits often used in simple and/or small 

mobile machinery due to their low investment costs and robustness [1.3]. Figure 1.3 represents a 

simplified ISO scheme of a typical CFS. 

 

Figure 1.3: Open Center Constant Flow Rate Hydraulic System. 

 

A fixed-displacement pump is adopted as a FGU in these system. The ICE operates at a 

constant speed so as to have a delivered flow rate by the FGU constant too. 

During the standby functioning of the system, i.e. with all valve in the neutral position, 

the overall flow rate delivered by the pump passes through the bypass line (from P to T). Being 

the delivery pressure P, in this working mode, only function of the flow rate related losses, the 

bypass orifices of the valves are typically designed to have the flow areas larger as possible
5
 in 

order to dissipate the less power amount as possible. Nevertheless the bypass energy 

dissipations are still not negligible. The power diagrams of single and parallel user operations, 

with the main spool partially displaced, are reported in Fig.1.4. 

When just one user is activated, for example toward position 1 (Fig.1.3), i.e. the 

correspondent valve spool is displaced from the neutral position toward position 1, the bypass 

                                                           
5
 The limits are imposed by the valve overall dimensions. 
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orifice starts closing while the flow areas from P to workport
6
 A1 and from workport B1 to T 

start opening. Reducing the bypass area the P line pressure starts rising. When the delivery 

pressure P reaches the user load pressure, imposed to workport A1, a part of the pump delivery 

flow rate starts going to the user A line while the rest of it still go in the reservoir (T) through 

the bypass line, Fig.1.4 (A). Once reached the complete valve opening the entire pump flow rate 

will go to the user. 

When more than one actuator is activated, during parallel operations, the same transient 

flow rate distribution occurs as previously, with the difference that the flow rate which does not 

go to the tank is divided between the activated users depending on their pressure according to 

the orifice equation [1.7]. Consequently the lower loaded user moves faster than the others 

(𝑄1 > 𝑄2), Fig.1.4 (B). This kind of system allows the operator to feel the load variation on the 

activated users. 

 

Figure 1.4: CFS Power Diagrams: A – Single User Operation, B – Parallel User Operation. 

 

 

Negative Flow Control 

 

The negative flow control [1.8] is an open center hydraulic system which uses valves 

similar to the ones of the CFS. The bypass orifice and line are still adopted, but a variable 

displacement pump is exploited instead of a fixed displacement one, thus reducing the bypass 

losses during the standby functioning. 

Figure 1.5 shows the simplified ISO scheme of a generic NFC system layout. 

                                                           
6
 The valve workports are the ports that connects the valve ports to the actuator ports. 
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Figure 1.5: Open Center NFC Hydraulic System. 

 

In NFC, the pump displacement is feedback controlled through a negative logic. If the 

pilot pressure of the pump controller raises the pump displacement reduces, conversely if the 

pilot pressure decreases the pump displacement increases [1.9]. 

This control logic takes advantages of the pilot pressure generator, composed of a 

measuring orifice (or a negative control orifice) and a pressure relief valve installed downstream 

of the bypass line (Fig.1.5). The measuring orifice causes a pressure drop proportional to the 

surplus flow rate in the bypass line. 

During the standby functioning, i.e. when the users do not require any flow rate, a new 

equilibrium between the pump delivery flow rate and the pilot pressure is obtained, and the 

pump displacement is set to its minimum
7
.  

During parallel users operations the volume flow rate distribution still depends on the 

spools opening and users loads. 

Figure 1.6 shows the power diagrams during both single and parallel users operations. 

  

                                                           
7
 The minimum displacement could not be equal to zero, because the pilot pressure is proportional to the 

flow rate in the bypass line, therefore even in standby functioning a minimum flow rate will be still 

delivered by the pump. 
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Figure 1.6: NFC Power Diagrams: A – Single User Operation, B – Parallel User Operation. 

 

Positive Flow Control 

 

The typical architecture of a positive flow control system [1.10] is represented in 

Fig.1.7. Open center directional flow control valves (DFCV) type are adopted, as in CFS and 

NFC, in combination with a variable displacement pump. 

 

 

Figure 1.7: Open Center PFC Hydraulic System. 
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The pump displacement is feedforward controlled. The pilot pressure of the pump 

controller is equal to the maximum pilot pressure of the contemporary actuated valve section 

(𝑀𝐴𝑋 (𝑝𝑉𝑖)) detected via a combination of shuttle valves
8
. The pump displacement controller 

works in a positive logic. If the pilot pressure raises the pump displacement increases, 

conversely if the pilot pressure drops the pump displacement decreases. 

This displacement control logic on one leads to fast pump response than feedback 

control systems (NFC and LS), but on the other hand during single operations the bypass losses 

are higher than NFC and LS. In fact, being the pump maximum displacement designed to 

provide the flow rate required during parallel users operations and being the pump displacement 

control not influenced by the number of activated users, during single user operations an excess 

flow rate will be provided by the pump. 

Furthermore, during parallel operations the users still influence each other for flow rate 

distribution as well as the loads. On the contrary, during standby functioning the pump 

displacement could be set to zero
9
 saving otherwise dissipated power. 

Figure 1.8 reports the power diagrams associated to the single and parallel users 

operations in PFC. 

 

 
Figure 1.8: PFC Power Diagrams: A – Single User Operation, B – Parallel User Operation. 

  

                                                           
8
 For hydraulic-mechanical PFC systems. This system could be also electronically controlled. 

9
 This statement is correct only if an auxiliary pilot pump is mounted in the hydraulic system, otherwise 

even in this system a minimum delivered flow rate for the pilot circuit has to be supplied by the main 

pump. 
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Load Sensing Systems 

 

The load sensing (LS) systems equip the majority of MHM and for almost a decade 

have been considered the state-of-the-art regarding energy efficiency [1.11]. 

In LS systems the pump pressure P is controlled in a closed loop control mode, in a way 

that it is always higher than the highest load pressure in the system of a certain defined pressure 

amount [1.12], also known as pump margin, usually within 2 – 3 MPa. This, on one hand, 

enables to control each users flow rate independently on loads, but on the other hand power 

losses proportional to the flow rate are always present in such a system, across the meter-IN 

compensated orifice. 

Many different architecture of LS systems can be exploited: 

 

 the standard, without local compensator in the valves; 

 the pre-compensated; 

 the post-compensated. 

 

The meter-IN orifice and the local pressure compensator guarantee a flow rate 

proportional to the operator command only. In fact, the local compensators maintain a constant 

and the same pressure drop across all the meter-IN orifices of the DFCV [1.13]. 

It has to be pointed out that the pressure drop across the metering orifices is not always 

constant, but depends on the operating mode
10

. 

According to the orifice equation [1.7], the flow rate division between the active users is 

proportional only to the correspondent meter-IN areas. This feature is provide both in pre-

compensated and post-compensated valves, even if pre-compensated LS systems are still 

influenced by the loads, in fact the user with the highest actuator load could stop its movement. 

For this reason post-compensated LS system have a large usage in MHM. Moreover in case of 

pump flow saturation conditions, i.e. when the overall flow rate required by the activated users 

is higher than the pump maximum flow rate the pressure drop over all the control valves meter-

IN orifices still remains constant but is proportionally reduced, always ensuring the actuator 

controllability. 

Figure 1.9 reports the post-compensated LS system, also known as LS Flow Sharing 

system, typical architecture, while Fig.1.10 shows the related power diagrams during single and 

parallel user operations. 

                                                           
10

 Standard functioning; Flow saturation; Torque limitation. 
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Figure 1.9: Closed Center LS Hydraulic System. 

 

 

Figure 1.10: LS Power Diagrams: A – Single User Operation, B – Parallel User Operation. 
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1.2 Emission Regulation for Non-Road Vehicles 
 

Starting from the ends of nineties, non-road engine emissions have increasingly become 

the principal focus of regulatory actions and air quality improvement strategies [1.14]. 

From 1997 in Europe and 1996 in U.S. the Directive 97/68/EC [1.15] and TIER 

Standard [1.16] were introduced in order to limit the CO2 and NOx
11

 emissions. 

The last emission standard applied are the STAGE IV and TIER 4, which further limit 

the CO, HC
12

 and PM
13

 emissions. Figure 1.11 reports the time history of the EU and US, or 

EPA (Environment Protection Agency), emission limits of the standards. 

 

Figure 1.11: EU and EPA Emission Standards for Non-Road Engines [1.17]. 

In order to meet the TIER 4 and STAGE IV stringent emission regulations, the engine 

manufactures have increasingly introduced, through more and more advanced engine design, 

new components as EGRs
14

 and exhaust gas after-treatment systems (oxidation catalyst, 

particulate filters, SCR
15

 etc.). 

If apparently these emission regulations do not directly affects fluid power systems, the 

interaction between the Diesel engine and the hydraulic system plays an important role as the 

overall efficiency and operation points affect the fuel consumption and the pollutant emissions 

[1.18, 1.2]. 

Manufacturers of MHM are now focusing on efficiency improvements of their systems, 

from the engines to the working hydraulic, including also energy recovery systems. 

                                                           
11

 Nitrogen Oxides (NO and NO2). 
12

 Hydrocarbons. 
13

 Particulate Matter. 
14

 Exhaust Gas Recirculation. 
15

 Selective Catalytic Reduction. 
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1.3 Energy Saving Solutions in MHM 
 

In order to meet the more tight regulations about pollutant emission for non-road MHM 

and to overcome the fuel prize increasing, the mobile machinery manufacturers and the 

scientific research programs are focusing on energy saving solutions, i.e. improving the overall 

system (ICE and working hydraulic) efficiency in order to maximize the fuel economy. 

Nowadays, the state of the art for MHM hydraulic systems, and especially for 

excavators, are LS, NFC, PFC and CFS systems. 

There are many different proposed approaches to increase the fuel efficiency [1.3, 1.6]: 

 optimize the individual components; 

 define new system control strategies; 

 define new efficient hydraulic system architectures; 

 optimize the matching between ICE and hydraulic system; 

 hybridization and energy recuperation solutions. 

 

An overall overview of the mentioned approaches will be presented in the next 

paragraphs and some examples will be reported. 

 

1.3.1 Optimize Individual Components 
 

Individual components optimization is the easiest and also the most common way to 

improve the systems efficiency [1.6]. 

Typically the friction losses reduction and the flow dynamic characteristic improvement 

are the most performed optimizations. These optimizations could take advantage of both 

numerical or experimental approaches, and some examples of different adopted methodology 

can be found in [1.19, 1.20, 1.21, 1.22] concerning hydraulic pumps and valves. 

 

1.3.2 New System Control Strategy Definition 
 

Another effective approach to increase the system fuel economy of MHM is the study 

of new control strategies for the system. The wide usage of electronic components and controls 

allowed new further improvements regarding energy efficiency and controllability on hydraulic 

systems. 
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In [1.23] the LS pressure level setting is variable with the engine speed adopting a 

proportional electro-hydraulic compensator on the pump.  

A further solution is the VBO (Virtual Bleed Off) systems [1.24], from Bosch Rexroth 

AG, where a software and an electrically pressure-regulated pump are adopted to electronically 

reproduce the standard open center system without the typical related energy losses. 

Moreover new system control strategies, taking advantages of LS system architecture, 

to reduce valve throttle losses, improving the fuel efficiency of the system, are presented in 

[1.12, 1.25, 1.26]. These systems are known as EFM (Electronic Flow Matching) or Flow-On-

Demand systems. 

 

1.3.3 New Efficient Hydraulic System Architectures 
 

In addition to the standard MHM hydraulic architectures (LS, CFS, NFC, PFC) both 

industrial and academic researcher have been conducting activities to propose novel energy 

efficiency architectures for working hydraulics. 

There are different approaches for new system architecture designs. 

Considering hydraulic excavators, which are the most diffuse MHM in the construction 

field, during parallel users operations, the pump delivery pressure is imposed by the highest 

actuator load. A valid approach to optimize the system overall efficiency is that of separate in 

group the users with similar loads during the working cycle, thus limiting the throttle losses in 

the sections with the lower loads. In [1.5] is presented a LS system implementing this solution 

with an energy consumption reduced up to 30% in the performed working cycle. The hydraulic 

system architecture ISO scheme is reported in Fig.1.12. 

 

Figure 1.12: Electro-Hydraulic Dual-Circuit System [1.5]. 
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In [1.27] is presented another novel hydraulic system architecture. In this system the 

turret is actuated exploiting a dedicated closed loop hydraulic circuit and the pump power has 

been reduced up to 12% compared to the standard system architecture, thus improving the fuel 

economy. 

Throttle losses are related especially to valve controlled hydraulic systems, which 

exploits this principle in order to control the users velocities. 

A novel system architecture, known as Displacement Control (DC) system [1.28], 

avoids throttle losses taking advantage of displacement units in closed loop circuit to control the 

related actuator, delivering the required power only leading to fuel saving up to 30% (measured 

by CAT during comparison tests). This system design typically requires a variable displacement 

unit for each user, thus raising the system investment cost. 

Figure 1.13 shows an example of a DC system adopted for an excavator. 

 

 

Figure 1.13: DC Hydraulic Circuit Architecture [1.6]. 

 

An alternative architecture exploits hydraulic machine to avoid throttle losses was 

presented in [1.29]. This system takes advantages of hydraulic transformers (HT). The hydraulic 

transformers use a constant pressure rail and optional accumulator to supply and control the 

linear actuators of the working hydraulic [1.6]. 

Figure 1.14 shows the HT controlling principle for a hydraulic linear actuator exploiting 

a directional control valve while Fig.1.15 depicts a simplified ISO scheme of an excavator 

involving HTs. 

Another advantage in the use of DC or HT is the easy energy recovery in comparison to 

valve controlled architectures. 
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Figure 1.14: HT to Control a Linear Actuator using a Directional Valve [1.6]. 

 

 

Figure 1.15: HT Circuit Architecture [1.6]. 

 

The flow summation (FS) system [1.30] is a novel hydraulic circuit architecture, 

Fig.1.16. This system was presented in the second half of 2011 by Husco
®
 International. 

The DFCV, as for the CFS, NFC and PFC, has the bypass line. In addition each section 

of the DFCV have a compensated meter-IN orifice. The meter-IN orifice (or source orifice) 

defines the pump delivery flow rate, taking advantage of the pump flow compensator, which 

tilts the pump swash plate until an equilibrium between the delivery pressure and the flow 

summation node (FSN) pressure plus the pump margin setting is reached. 
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Figure 1.16: FS Hydraulic System. 

 

During single user operations the pump delivery flow rate is exactly the one required by 

the activated user, avoiding excess flow rate like in other OC systems. 

Differently, during parallel user operations the pump delivered flow rate is the 

summation of the flow rates required by each activated user, but its distribution between the 

users still depends on the users pressures. 

The FS system joins the advantages of an open center system and of a LS variable 

displacement pump. 

 

Many researchers have been studying for several years hydraulic valves with separate 

meter-IN separate meter-OUT control architecture. 

This idea not only opens for a better dynamic performance of the hydraulic system, but 

also brings increased functionality of the system and further possibility of operating the 

hydraulic systems in an energy efficient way [1.31]. 

In standard valve controlled system the metering edges (inlet and outlet) of the valves 

are physically coupled (on the same spool) leading to meter-OUT losses proportional to the 

outlet flow area design. 

Independent metering, also known as SMISMO (separate meter-IN separate meter-

OUT), Fig.1.17, avoids this disadvantage leading to fuel saving up to 17% [1.33]. Moreover, 
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new control strategy could be introduced in order to enable regenerative mode or adapt the 

power demand to the ICE. 

 

 

Figure 1.17: SMISMO Hydraulic System [1.31]. 

 

Digital fluid power (DFP) [1.32] is another hydraulic system architecture which enables 

new way of controlling the pump, the valves and the actuators of the MHMs. 

In [1.33] a novel machinery architecture was presented and energy saving up to 22% 

(during simulations tests) has been pointed out in respect of a standard LS system. 

 

 
Figure 1.18: DFP Hydraulic System [1.33]. 
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1.3.4 Optimize the Matching between ICE and Hydraulic System 
 

Most of the research activities on energy saving in MHM are conducted with the aim of 

reducing the fuel consumption only focusing on subsystems optimization. This approach could 

have negative influence on the ICE efficiency [1.3]. 

The optimization of the matching between the hydraulic system and the ICE is one of 

the major challenge to improve the system overall efficiency and to reduce fuel consumption. 

To this extent, hybrid architectures combined with energy-storage devices (electric, 

mechanical or hydraulic) seems very promising [1.34]. Virtual design based on simulation 

model [1.35] is an option to study and define control strategy to match hydraulic system and 

engine to make the best use of their operating characteristics. 

 

1.3.5 Hybrid Systems and Energy Recovery Solutions 
 

System hybridization and energy recovery solutions implementation have become 

important approaches for energy saving in MHM. 

A hybrid system is a system with two or more different type of power sources. Up to 

now the ICE and an electrical power source are the most adopted hybrid systems type. 

In automobile industry, hybridization of conventional power trains has been actively 

studied as fuel efficiency and low emissions short-term solution [1.36]. 

Nowadays also in the field of construction machinery, especially in hydraulic 

excavators, hybridization and energy recovery are playing an important role for energy saving 

and performance improvement [1.37]. 

Three different types of hybrid configuration are typically adopted [1.38, 1.39]: 

 

 the series hybrid, Fig.1.19, in which the totality of the ICE power is converted in the 

secondary power source type (in most cases electrical power). This energy is used 

to feed the working system and when the available energy is more than the required, 

the surplus is stored in energy storage devices. In this systems the ICE typically 

works at a fixed speed near its optimal efficiency point; 

 the parallel hybrid, in which the ICE and the secondary power sources are linked 

together with the working system, Fig.1.20. The working system could be feed only 

by the ICE, only by the secondary power source or by both of them according to the 

energy demand and the control strategy. In these systems the ICE speed has to be 
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controlled due to the requirements of the main power line. The secondary power 

source can only increase or decrease the ICE load in order to keep the engine 

working point near the maximum efficiency; 

 the combined or compound hybrid is a combination between series and parallel 

hybrid solutions. These systems join the advantages of the other hybrid solutions, 

and is considered the best hybrid solution (of electrical type) for hydraulic 

excavators taking into consideration the development costs and fuel economy [1.36, 

1.37], on the contrary initial investment is higher than for the other types. 

 

 

Figure 1.19: Series Hybrid System Architecture. 

 

 

 

Figure 1.20: Parallel Hybrid System Architecture. 

 

Hydraulic excavators and MHMs in general have typically multiple actuators, both 

linear and rotary. During the working cycles the ICE load is typically not constant, in fact large 

variations in workload occur. 

In conventional excavators the ICE must be dimensioned in order to supply the required 

power during maximum peaks power demand by the hydraulic system [1.39], leading to 

oversize the ICE in comparison to the average requested power and let it works in low 

efficiency zone. 

Hybrid technologies, combined with properly developed control strategies, enable a 

more effective power matching between the ICE and the working hydraulic [1.38], keeping the 

engine in its high efficiency region, Fig.1.21, and leading to the ICE downsizing [1.40]. 
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Figure 1.21: Example of ICE Operating Points in Conventional (a) and Hybrid (b) Excavator 

[1.36]. 

Electric hybrid solutions are widely diffused in many applications, from the on-road 

vehicles to off-road and earth-moving vehicles, but in the recent years even hydraulic hybrid 

solutions have been studied by both scientific and industrial researchers for the same 

applications. 

Considering hydraulic excavators, which are the most diffuse MHM in construction, the 

most adopted hybrid systems are of the electrical type, but some new solutions adopting the 

hydraulic hybrid type are under study and development. The usage of a hydraulic hybrid 

solution in MHM on one hand has the advantage of having only one power conversion (from 

hydraulic into mechanical) instead of at least two in electric hybrid systems (from hydraulic into 

electric and then into mechanical), but on the other hand the adoption of electric hybrid systems 

enable, as example, the substitution of the rotary hydraulic actuators with electric motors 

(solution typically adopted for the turret swing motor) [1.41] leading to hydraulic power 

reduction and energy recovery. 

In fact, energy recovery solutions, combined to hybrid systems, is another effective 

energy saving method [1.37, 1.42]. 

In general, two kinds of energy recovery systems are exploited in hydraulic excavators: 

the turret swing kinetic energy recovery during braking and the boom potential energy recovery 

during lowering. Both could take advantage of whether hydraulic or electric energy storage 

devices. 

Many solutions have been presented by academic and industries. Figures 1.22 – 1.25 

report some examples of hybrid systems integrated with energy recovery solutions of both 

electrical and hydraulic type. 
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Figure 1.22: Configuration of Hybrid Hydraulic Excavator with PERS [1.43]. 

 

 

 

 

Figure 1.23: Electric Hybrid System Architecture of a Hydraulic Excavator [1.44]. 
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Figure 1.24: Hydraulic Hybrid System Architecture with Boom Energy Recovery [1.45]. 

 

 

Figure 1.25: Liebherr Pactronic
®
 System [1.46]. 
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Some hybrid excavators are already available on the market from different OEMs. 

Caterpillar
®
 produces the CAT336EH [1.47], Fig.1.26, which exploits a hydraulic energy 

recovery system for the turret decelerations. The recovered and stored energy in hydraulic 

accumulators is therefore reused during the turret accelerations. An energy saving percentage up 

to 30% is declared by the constructor. 

 

 
Figure 1.26: Hydraulic Hybrid Excavator - Caterpillar 336EH. 

 

Komatsu
®
 realizes the PC200-8 Hybrid [1.48], Fig.1.27, which exploits an electric 

machinefor the turret action. During the turret decelerations the electric machine works as a 

generator recovering and storing energy in capacitors. Moreover, another electric machine, 

defined power generation motor, directly coupled with the ICE charges the capacitors during 

low loads operating mode of the working hydraulics, thus keeping the ICE in its optimal 

efficiency working region. The stored energy can be used for both the turret accelerations and to 

assist the main hydraulic pump of the excavator. A fuel saving percentage up to 25% is declared 

by the constructor compared to its standard version of this excavator. 

 

 
Figure 1.27: Hydraulic Hybrid Excavator - Komatsu PC200-8 Hybrid. 
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Hitachi
®
 manufactures the ZH200LC [1.49], Fig.1.28, adopts an electric hybrid 

solution. The turret rotation is provided with an electric machine instead of a hydraulic motor. 

During the turret deceleration phases the kinetic energy is converted and accumulated in electric 

capacitors. 

 

 
Figure 1.28: Hydraulic Hybrid Excavator – Hitachi ZH200LC Hybrid. 

 

Moreover a power generation assist motor, directly connected to the ICE, charges the capacitors 

when required. The stored energy can be used for both the turret accelerations and to assist the 

main hydraulic pump of the excavator. A fuel saving percentage up to 15% is declared by the 

constructor compared to the standard version of the same excavator model. 

1.4 Discussion 
 

In this chapter an overview of the state of the art related to hydraulic system exploited 

in MHM have been presented, focusing on architectures, features and power consumptions 

during single and multiple users operations. 

Starting from these systems, several energy saving solutions have been studied and 

proposed, by both researchers and OEMs, in order to reduce the fuel consumption and the 

pollutant emission so as to meet the more and more tight regulations. Some solutions propose 

the adoption of new system architectures, others exploit new way to control the system and 

others adopt hybrid system architectures. 

In the next chapters, starting from the literature review and the state of the art regarding 

hydraulic excavators, energy saving solutions for mobile machinery will be proposed and 

investigated. 
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This chapter deals with the excavator under investigation mathematical modelling. 

A brief description of the machinery is initially reported, then the mathematical 

modelling approach will be presented and discussed as well as the sub-systems mathematical 

models. 
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2.1 Eurocomach® ES85ZT Excavator 
 

The MHM selected for the study of energy saving solutions, presented and discussed in 

this thesis, is a middle size excavator manufactured by the Eurocomach
®
 [2.1], reported in 

Fig.2.1. 

 

 

Figure 2.1: Eurocomach
®
 ES85ZT Excavator. 

 

The ES85ZT is a middle size excavator, with an operative weight of 9000 kg, equipped 

with a Yanmar
®
 naturally aspired Diesel engine (ICE) of 3319 cm

3
 with a maximum rated 

power of 46.3 kW at 2200 r/min. 

The hydraulic system is of the Load Sensing Flow Sharing type. 

The FGU is composed of a variable displacement axial piston pump, which is the main 

pump of the system, with a maximum displacement of 84 cm
3
/r, belonging to the MVP series by 

Casappa
®
, controlled via a flow compensator (FC), a pressure compensator (PC) and a torque 

limiter (TL), and of a fixed displacement external gear pump, which is the system pilot pump, 

with a displacement of 9.17 cm
3
/r, belonging to the PL series manufactured by Casappa

®
. The 

pilot circuit pressure is kept constant at a value of 3 MPa via a pressure relief valve. 

The DFCV is composed of LS Flow Sharing valve sections, one for each user, and 

belongs to the DPX series manufactured by Walvoil
®
. 
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The standard users of the excavator are the boom, arm, bucket, blade and boom-swing 

cylinders, and the turret and travels motors. 

The excavator OEM declares a mean fuel consumption of 8.7 l/h during the typical 

working cycle. 

Figure 2.2 reports the simplified ISO scheme of the excavator hydraulic circuit, where 

only the main users are reported, while its complete ISO scheme is reported in Appendix 1. 

 

 
Figure 2.2: ES85ZT Simplified ISO Scheme. 
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2.2 Mathematical Modelling 
 

The mathematical modelling of physical systems has become one of the most adopted 

tool for engineering research, from the design of new components to the system optimization 

and control. 

The available mathematical approaches differ for the types of simplifications adopted 

considering the modelled system. The larger the number of physical phenomenon and the higher 

their spatial distribution
16

 are, the system complexity and computational time required to solve 

the equations will increase. Thus the more suitable modelling approach has to be firstly selected 

according to the objective of the study. 

For example, many researchers take advantage of the 3-D modelling approach 

combining the CFD and/or the FEM in order to model complex physical phenomenon in 

components [2.2, 2.3, 2.4, 2.5]. Others, which study the system control, adopt more simplified 

modelling approaches, where the physical phenomenon considered are lumped in elements of 

the system, based on transfer functions [2.6, 2.7] or neural networks [2.8]. Recent studies on 

complex system, like excavators, have been conducted exploiting different modelling 

approaches, from a very simplified methodology, adopting several map based models [2.9], 

only focused on energy consumption of the machine, to others which model the hydraulic 

system exploiting a lumped parameter approach, considering many different physical 

phenomenon [2.10], but requiring long computational time. 

The aim of this thesis is that of propose and optimize energy saving solutions for mobile 

hydraulic systems and quantify their impact on both the machinery fuel consumption and 

performance
17

, even during transient functioning. Consequently a modelling approach which 

considers the dynamic response
18

 of the components is necessary.  

A lumped parameter modelling approach, with the usage of some map based 

correlations, has been adopted for the dynamic modelling of the excavator. 

The assumptions made and the boundary conditions of the system are listed below: 

 constant atmospheric conditions: air density and temperature; 

 constant reservoir pressure; 

                                                           
16

 When modelling a physical system it is possible consider a distributed system, in which all dependent 

variables are functions of time and one or more spatial variables (solvable with partial differential 

equations), or a lumped system, in which the dependent variables of interest are a function of only the 

time (solvable with ordinary differential equations). 
17

 Compared with the standard version of the machinery, which is the baseline. 
18

 In a variable displacement axial piston pump the main dynamic is that related to the swash plate tilting, 

while if a directional flow control valve is the main spool positioning. 
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 constant hydraulic fluid temperature, viscosity and bulk modulus; 

 fluid inertial effects were neglected; 

 mechanical bodies were considered as rigid; 

 one degree of freedom for mechanical joints; 

 no friction in revolute pairs. 

Table 2.1 reports the numerical value of the constant parameters. 

Table 2.1: Boundary Conditions of the System. 

Air Density 1.16 kg/m
3
 

Air Temperature 25°C 

Reservoir Pressure 0.05 MPa 

Hydraulic Fluid Temperature 40°C 

Hydraulic Fluid Absolute Viscosity 51 cP 

Hydraulic Fluid Bulk Modulus 1700 MPa 

 

Other assumptions made will be stated in the detailed description of the sub-systems 

models. 

The mathematical models were developed using the LMS AMESim
®
 software. 

 

2.2.1 Diesel ICE 
 

The mathematical modelling of the ICE for fuel consumption prediction in MHM model 

has always been a non-trivial challenge. Typically those who studies the hydraulic system 

evaluate the power consumption at the FGU shaft [2.9], others [2.10] consider the ICE as just a 

static fuel consumption map. 

Although the pump speed is typically kept constant during the simulated working cycle. 

A recent study [2.11] has pointed out the not negligible impact of transient on fuel 

consumption. Moreover the ICE speed variates during the working cycle because of the 

influence of the torque required by the working hydraulics. 

For these reasons the ICE mathematical model developed and presented is able to both 

calculate the engine fuel consumption and simulate the engine regulator behaviour during the 

performed cycles. 

Figure 2.3 represents the ICE input/output causality, while Fig.2.4 reports the ICE block 

diagram adopted for the modelling. 
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Figure 2.3: Diesel ICE Causality. 

 

 

Figure 2.4: Diesel ICE Block Diagram. 

 

The ICE model consists of a feedback circuit where a PI regulator calculates the engine 

torque (𝑇𝐼𝐶𝐸), (Eq.2.1), required for reducing the error between the speed set point (𝜔𝑇𝑎𝑟𝑔𝑒𝑡) 

and the actual speed (𝜔𝐼𝐶𝐸). 

 

𝑇𝐼𝐶𝐸∗ = [(𝜔𝑇𝑎𝑟𝑔𝑒𝑡 −𝜔𝐼𝐶𝐸) ∙ 𝑘𝑝] + [𝑘𝑖∫(𝜔𝑇𝑎𝑟𝑔𝑒𝑡 − 𝜔𝐼𝐶𝐸)𝑑𝑡] (2.1) 

 

The engine torque at different angular velocities is limited to the higher value declared 

by the manufacturer. (Eq.2.2) 

 

{
𝑖𝑓 𝑇𝐼𝐶𝐸∗ < 𝑇𝑀𝐴𝑋(𝜔𝐼𝐶𝐸) →  𝑇𝐼𝐶𝐸 = 𝑇𝐼𝐶𝐸∗

 
𝑖𝑓 𝑇𝐼𝐶𝐸∗ ≥ 𝑇𝑀𝐴𝑋(𝜔𝐼𝐶𝐸) →  𝑇𝐼𝐶𝐸 = 𝑇𝑀𝐴𝑋(𝜔𝐼𝐶𝐸)

 (2.2) 

 

The PI regulator parameters have been defined in order to match the engine speed 

variations observed in transient operations during the experimental activity. Since the rotational 

speed at which the engine levels out decreases when the torque increases, an experimental map 

(see Chapter 3) has been introduced in the model for calculating a reduction coefficient for the 

set point speed as a function of the engine torque. 
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The actual engine speed (𝜔𝐼𝐶𝐸), (Eq.2.3), results from the dynamic equilibrium of a 

rotary load, whose moment of inertia (𝐼𝐸𝑄−𝐼𝑃) equals the summation of FGU one and the ICE 

one, and the viscous and Coulomb friction torques, defined just considering the FGU one. 

 

𝑇𝐼𝐶𝐸 − (𝑇𝑃𝑈𝑀𝑃 + 𝑇𝑃𝐼𝐿) =  𝜔̇𝐼𝐶𝐸 ∙ 𝐼𝐸𝑄−𝐼𝑃 +𝜔𝐼𝐶𝐸 ∙ 𝑏𝐹𝐺𝑈 + 𝑇𝐶𝐹𝐺𝑈  (2.3) 

 

The instantaneous engine fuel consumption (𝑚̇𝐹𝑢𝑒𝑙) is obtained from a steady state fuel 

consumption map as a function of torque and rotational speed defined experimentally (see 

Chapter 3). 

 

2.2.2 Flow Generation Unit 
 

The FGU, as previously mentioned, is composed of a main pump, a variable 

displacement axial piston pump, and of a pilot pump, an external gear pump. The detailed ISO 

scheme of the FGU is reported in Fig.2.5. 

 

 

Figure 2.5: ISO Scheme of the FGU. 
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Being these two units linked together on the same shaft of the ICE, even in standby 

functioning of the excavator, i.e. when no movements of the implement hydraulics are required 

by the operator and thus the main pump displacement is almost zero, the ICE imposed load is 

due to the main pump dragging and to the pilot pump working condition. Therefore, a dragging 

load has been experimentally defined (see Chapter 3), and consequently not considered into the 

hydraulic-mechanical efficiency defined map. 

Main Pump 

 

The main pump is controlled via three regulators: the FC, which maintains the pressure 

drop between the LS pressure and the pump delivery (D) pressure almost constant by tilting the 

swash plate of the pump; the PC, which limits the maximum pump delivery pressure; and the 

TL, which limits the maximum pump torque modulating
19

 the LS pressure sensed in the FC 

dedicated port. Figure 2.6 reports the theoretical operative power diagram of the main pump 

functioning. 

 

Figure 2.6: Main Pump Power Diagram. 

The main pump model reproduces its principal dynamics, i.e. the swash plate tilting, 

which is the slowest dynamic in this sub-system. A simplified modelling approach based on 

both physical equations and experimental correlations has been adopted. Figure 2.7 reports the 

input/output causality of the main pump and its regulators. 

                                                           
19

 The modulation of the TL is possible to the presence of the calibrated orifice S1, which allow to 

uncouple the LS pressure defined in the system and the LS pressure sensed by the FC. When the TL acts, 

due to a higher torque required in comparison of the TL calibration, the LS pressure sensed by the FC 

regulator is lower than the real LS pressure of the system. 
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Figure 2.7: Main Pump and Regulators Causality. 

The pump outlet flow rate (𝑄𝑃𝑈𝑀𝑃), (Eq.2.4), and the pump torque (𝑇𝑃𝑈𝑀𝑃), (Eq.2.5), 

are both function of the instantaneous swash plate angular position (𝛼) and the pump 

efficiencies. 

 

𝑄𝑃𝑈𝑀𝑃 = 𝜔𝐼𝐶𝐸 ∙ 𝑉𝑑(𝛼) ∙ 𝜂𝑉(𝑝𝐷 , 𝜔𝐼𝐶𝐸 , 𝛼) (2.4) 

 

𝑇𝑃𝑈𝑀𝑃 =
𝑉𝑑(𝛼) ∙ (𝑝𝐷 − 𝑝𝑆𝑈𝐶)

2𝜋
 ∙

1

𝜂ℎ𝑚(𝑝𝐷 , 𝜔𝐼𝐶𝐸 , 𝛼)
 (2.5) 

 

The volumetric and hydro-mechanical efficiency were experimentally identified [2.12], 

according to the ISO4409-1986 standard, varying the pump differential pressure between pump 

delivery and suction ports, the pump speed and the pump swash plate position. Figure 2.8 

represents the pump normalized overall efficiency at maximum displacement. 

 

 
Figure 2.8: Pump Normalized Overall Efficiency ηg/ηgMAX at α/αMAX =1. 
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The swash plate instantaneous angular position (𝛼) is evaluated by (Eq.2.6), which 

defines the swash plate equilibrium due to the acting forces as represented in the scheme of 

Fig.2.9. 

 

 
Figure 2.9: Pump Swash Plate Free Body Diagram. 

 

𝐼𝐸𝑄−𝑆𝑃 ∙ 𝛼̈  + 𝑏𝑆𝑃 ∙ 𝛼̇ = ∑𝑇𝑛

𝑁

𝑛=1

− 𝑇𝐴𝐶𝑇 (2.6) 

 

The 𝐼𝐸𝑄−𝑆𝑃 is the term that summarizes the swash plate inertia considering also the 

pistons and slippers
20

. It was defined with the aid of the pump CAD assembly. The swash plate 

assembly viscous friction coefficient (𝑏𝑆𝑃) was set on the basis of a dedicated experimental 

activity [2.13] (see Chapter 3). 

∑ 𝑇𝑛
𝑁
𝑛=1  is the resulting torque due to the contribution of the n-th piston force acting on 

the swash plate. The determination of this torque is typically obtained through a detailed 

modelling of the pumping system, where all the pistons are modelled, requiring the 

identification of a large numbers of parameter (e.g., pressure of each pumping piston, damping 

effects, pistons masses, lengths and diameters, valve plate geometry, etc.) [2.14]. Being the 

intent that of replicating the swash plate dynamics and neither that of optimizing nor designing 

the pumping unit, an experimental correlation has been defined [2.13] (see Chapter 3) for the 

pistons resulting torque. This was achieved by measuring the pressure in the swash plate 

actuator chamber at given values of pump delivery pressure (𝑝𝐷), pump speed (𝜔𝐼𝐶𝐸), and 

                                                           
20

 The n-th piston-slipper moment of inertia has been reported on the swash plate rotary axis with the aid 

of the Huygens theorem. 
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swash plate angular position (𝛼). During steady-state functioning conditions since 𝛼̇ ≅ 0, and 

𝛼̈ ≅ 0, (Eq.2.6) becomes (Eq.2.7). 

 

∑𝑇𝑛

𝑁

𝑛=1

= 𝑇𝐴𝐶𝑇 (2.7) 

 

Knowing the area of the control actuator piston (𝐴𝐴𝐶𝑇) and the arm of the actuating 

force (𝑟𝐴𝐶𝑇), (Eq.2.7) can be rewritten as (Eq.2.8). 

 

∑𝑇𝑛

𝑁

𝑛=1

= 𝑝𝐴𝐶𝑇(𝑝𝐷 , 𝜔𝐼𝐶𝐸 , 𝛼) ∙ 𝐴𝐴𝐶𝑇 ∙ 𝑟𝐴𝐶𝑇 (2.8) 

 

Figure 2.10 reports the experimental correlation defined through a surface fitting tool, 

between the pressure in the pump actuator chamber and the swash plate angular position and the 

pump outlet pressure, for a variation of the pump shaft rotational speed between 850 r/min – 

2300 r/min. 

 

 
Figure 2.10: 𝑝𝐴𝐶𝑇(𝑝𝐷 , 𝜔𝐼𝐶𝐸 , 𝛼) Experimental Correlation. 

 

The swash plate actuator torque is evaluated by (Eq.2.9), in both dynamic and steady-

state conditions. 

 

𝑇𝐴𝐶𝑇 = 𝑝𝐴𝐶𝑇 ∙ 𝐴𝐴𝐶𝑇 ∙ 𝑟𝐴𝐶𝑇 (2.9) 
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The swash plate actuator chamber pressure is instantaneously defined by the pump 

regulators (FC, PC and TL) depending on the actual working conditions and the regulator 

calibrations. 

Figure 2.11 represents the schematic drawing of the FC and PC regulators assembly 

while Fig.2.12 reports its fluid dynamic model. 

 

 

Figure 2.11: Schematic Drawing of the FC and PC Regulator Assembly. 

 

Figure 2.12: Fluid Dynamic Model of the FC and PC Regulator Assembly. 

 

According to the schematic drawing and to the fluid dynamic model scheme reported, 

(Eq.2.10) defines the instantaneous variation of pressure of the swash plate actuator chamber. 

 

𝑑𝑝𝐴𝐶𝑇
𝑑𝑡

=
𝐵

𝜌
∙
1

𝑉𝐴𝐶𝑇
∙∑𝑚̇𝐴𝐶𝑇 (2.10) 
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The summation term represents the net mass flow rate entering or leaving the actuator 

chamber volume. This is obtained by considering the contribution of all orifices connected to 

the considered volume, (Eq.2.11). 

 

∑𝑚̇𝐴𝐶𝑇 = 𝑚̇𝑃𝐶1 + 𝑚̇𝑃𝐶2 − 𝑚̇𝑆0 (2.11) 

 

According to the conventions made in the modelling scheme previously reported, the 

mass flow rates of (Eq.2.11) are defined in (Eq.2.12), (Eq.2.13) and (Eq.2.14) respectively. 

 

{
 
 

 
 

𝑖𝑓 (𝑝𝐼 − 𝑝𝐴𝐶𝑇) ≥ 0 → 𝑚̇𝑃𝐶1 = 𝜌 ∙ 𝑐𝑑𝑃𝐶1 ∙ 𝐴𝑃𝐶1(𝑥𝑃𝐶) ∙ √
2|𝑝𝐼 − 𝑝𝐴𝐶𝑇|

𝜌

𝑖𝑓 (𝑝𝐼 − 𝑝𝐴𝐶𝑇) < 0 → 𝑚̇𝑃𝐶1 = −𝜌 ∙ 𝑐𝑑𝑃𝐶1 ∙ 𝐴𝑃𝐶1(𝑥𝑃𝐶) ∙ √
2|(𝑝𝐼 − 𝑝𝐴𝐶𝑇)|

𝜌

 (2.12) 

 

𝑚̇𝑃𝐶2 = 𝜌 ∙ 𝑐𝑑𝑃𝐶2 ∙ 𝐴𝑃𝐶2(𝑥𝑃𝐶) ∙ √
2|𝑝𝐷 − 𝑝𝐴𝐶𝑇|

𝜌
 (2.13) 

 

𝑚̇𝑆0 = 𝜌 ∙ 𝑐𝑑𝑆0 ∙ 𝐴𝑆0 ∙ √
2|𝑝𝐴𝐶𝑇 − 𝑝𝐶𝑃|

𝜌
 (2.14) 

 

The pressure in the intermediate chamber (𝑝𝐼), between the FC and the PC, is evaluated 

through (Eq.2.15). 

 

𝑑𝑝𝐼
𝑑𝑡

=
𝐵

𝜌
∙
1

𝑉𝐼
∙∑𝑚̇𝐼 (2.15) 

 

The net mass flow rate (Eq.2.16) to the intermediate chamber is defined by the mass 

flow rates entering (Eq.2.17) and leaving (Eq.2.18) the considered volume. 

 

∑𝑚̇𝐼 = 𝑚̇𝐹𝐶1 − 𝑚̇𝐹𝐶2 (2.16) 

 

𝑚̇𝐹𝐶1 = 𝜌 ∙ 𝑐𝑑𝐹𝐶1 ∙ 𝐴𝐹𝐶1(𝑥𝐹𝐶) ∙ √
2|𝑝𝐷 − 𝑝𝐼|

𝜌
 (2.17) 
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𝑚̇𝐹𝐶2 = 𝜌 ∙ 𝑐𝑑𝐹𝐶2 ∙ 𝐴𝐹𝐶2(𝑥𝐹𝐶) ∙ √
2|𝑝𝐼 − 𝑝𝐶𝑃|

𝜌
 (2.18) 

 

The PC and the FC instantaneous spool positions, (Eq.2.19) and (Eq.2.20) respectively, 

are evaluated through the Newton’s second law. Static and dynamic friction forces are evaluated 

by use of the Karnopp friction model and considering the Stribeck effect, static and dynamic 

friction coefficients are assumed to be constant, while hydrodynamic forces have been 

neglected. 

 

𝑥̈𝑃𝐶 ∙ 𝑚𝑃𝐶 + 𝑥̇𝑃𝐶 ∙ 𝑐𝑃𝐶 + (𝑥𝑃𝐶 + 𝑥𝑘−𝑃𝐶) ∙ 𝑘𝑃𝐶 = 𝑝𝐷 ∙ 𝐴𝑃𝐶 (2.19) 

 

𝑥̈𝐹𝐶 ∙ 𝑚𝐹𝐶 + 𝑥̇𝐹𝐶 ∙ 𝑐𝐹𝐶 + (𝑥𝐹𝐶 + 𝑥𝑘−𝐹𝐶) ∙ 𝑘𝐹𝐶 = (𝑝𝐷 − 𝑝𝐿𝑆′) ∙ 𝐴𝐹𝐶 (2.20) 

 

Where 𝑥𝑘 are the regulators springs pre-compressions. 

Figures 2.13 and Fig.2.14 depict the TL schematic drawing and its fluid dynamic model 

scheme respectively. 

 

Figure 2.13: Schematic Drawing of the TL Regulator. 

 

Figure 2.14: Fluid Dynamic Model of the TL Regulator. 
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The LS modulated pressure (𝑝𝐿𝑆′) is defined by the TL action. Since the pump torque is 

lower than the maximum permitted one 𝑝𝐿𝑆′ = 𝑝𝐿𝑆 otherwise 𝑝𝐿𝑆′ < 𝑝𝐿𝑆 and it is evaluated 

through (Eq.2.21). 

 

𝑑𝑝𝐿𝑆′

𝑑𝑡
=
𝐵

𝜌
∙
1

𝑉𝐿𝑆′
∙∑𝑚̇𝐿𝑆′  (2.21) 

 

The net mass flow rate (Eq.2.22) to the torque limiter chamber is defined by the mass 

flow rates entering (Eq.2.23) and leaving (Eq.2.24), (Eq.2.25), (Eq.2.26) the chamber volume. 

 

∑𝑚̇𝐿𝑆′ = 𝑚̇𝑆1 − 𝑚̇𝑇𝐿 − 𝑚̇𝐿1 − 𝑚̇𝐿2 (2.22) 

 

𝑚̇𝑆1 = 𝜌 ∙ 𝑐𝑑𝑆1 ∙ 𝐴𝑆1 ∙ √
2|𝑝𝐿𝑆 − 𝑝𝐿𝑆′|

𝜌
 (2.23) 

 

𝑚̇𝑇𝐿 = 𝜌 ∙ 𝑐𝑑𝑇𝐿 ∙ 𝐴𝑇𝐿(𝑥𝑇𝐿2 − 𝑥𝑇𝐿1) ∙ √
2|𝑝𝐿𝑆 − 𝑝𝐶𝑃|

𝜌
 (2.24) 

 

𝑚̇𝐿1 = 𝜌 ∙
𝜋 ∙ 𝑑𝐶−𝑇𝐿 ∙ (𝑟𝐶−𝑇𝐿)

3

12 ∙ 𝜇 ∙ 𝑙𝐶−𝑇𝐿
∙ |𝑝𝐿𝑆′ − 𝑝𝐶𝑃| (2.25) 

 

𝑚̇𝐿2 = 𝜌 ∙ 𝑘𝐿𝐿2 ∙ |𝑝𝐿𝑆′ − 𝑝𝐶𝑃| (2.26) 

 

The TL external spool instantaneous position, (Eq.2.27), is defined through a 

geometrical correlation function of the swash plate angular position, at which is mechanically 

linked. While the TL internal spool instantaneous position is defined by (Eq.2.28). 

 

𝑥𝑇𝐿1 = 𝑓(𝛼) (2.27) 

 

𝑥̈𝑇𝐿2 ∙ 𝑚𝑇𝐿2 + 𝑥̇𝑇𝐿2 ∙ 𝑐𝑇𝐿 + (𝑥𝑘−𝑇𝐿1 ∙ 𝑘𝑇𝐿1 + 𝑥𝑘−𝑇𝐿2 ∙ 𝑘𝑇𝐿2) + (𝑥𝑇𝐿2 − 𝑥𝑇𝐿1)
∙ (𝑘𝑇𝐿2 + 𝑘𝑇𝐿1) = (𝐴𝑇𝐿 − 𝑎𝑇𝐿) ∙ 𝑝𝐿𝑆′  

(2.28) 

 

The maximum values  of the discharge coefficients of each orifice of the regulators 

have been set on the basis of literature [2.15], thereafter the instantaneous discharge coefficient 

value is evaluated as a function of Reynolds number, to account for partially developed or fully 

turbulent conditions. 
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Pilot Pump 

 

The pressure of the excavator pilot circuit is maintained at a constant value of 3 MPa in 

order to allows the users control. The pilot pump, whose input/output causality scheme is 

reported in Fig.2.15, is pressure controlled via a pressure relief valve which limits the pilot 

pressure. 

 

Figure 2.15: Pilot Pump Causality. 

The pilot pump flow rate and torque are defined through (Eq.2.29) and (Eq.2.30) 

respectively. 

 

𝑄𝑃𝐼𝐿 = 𝜔𝐼𝐶𝐸 ∙ 𝑉𝑑 ∙ 𝜂𝑉 (2.29) 

 

𝑇𝑃𝐼𝐿 =
𝑉𝑑 ∙ (𝑝𝑃𝐼𝐿 − 𝑝𝑆𝑈𝐶)

2𝜋 ∙ 𝜂ℎ𝑚
  (2.30) 

 

Volumetric and hydraulic-mechanical efficiencies were considered as constant. 
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2.2.3 Directional Flow Control Valve 
 

The directional flow control valve (DFCV) or distributor of the excavator is composed 

of a number of valve sections equal to the excavator users. In this section the mathematical 

model of a single section will be presented. Figure 2.16 reports its ISO scheme. 

 

 
Figure 2.16: ISO Scheme of a Valve Section. 

 

The valve section controls the related user inlet flow rate, i.e. the user velocity. A 

downstream local pressure compensator (LPC) is incorporated into the valve, which enables the 

LS flow sharing functionalities. 

The valve has principally three operating modes: as a single user, or main loaded user, 

which defines the distributor LS
21

 pressure; as a lower charged user, during multiple user 

operations, where the LPC throttle the flow rate in order to maintain the meter-IN orifice 

pressure drop
22

 equal to the main loaded section; and as a check valve, if the load pressure is 

higher than the maximum system pressure, the LPC is mechanically closed by the local piston 

check (LPK) avoiding backflows. 

Flow sharing is a useful feature when flow saturation condition
23

 occurs. In this 

situation the meter-IN orifices pressure drop could not be kept at the desired value and thus a 

proportional reduction across all sections occurs. Consequently the activated users receive 

reduced flow rates without stop moving. This aspect is particularly useful in application where 

several simultaneously users are activated in the typical operating cycles, as for excavators. 

                                                           
21

 In this distributor, composed by nine valve sections, the LS pressure signal is common and is equal to 

the activated user with the highest load. This enables the LS compensation in the other less charged users. 
22

 The meter-IN pressure drop is theoretically equal to the LS pressure drop defined by the pump FC. This 

metering pressure drop is maintained constant in each sections of the distributor by the LPCs. 
23

 When the required flow rate by the users is higher than the maxim delivered flow rate by the main 

pump. 

OUTIN

LS
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For the mathematical modelling, the following assumptions have been made: 

 the valve main spool (MS) dynamics was neglected; 

 the adjacent chambers were lumped together, when possible; 

 internal leakages were neglected; 

 hydro-dynamic forces were not considered. 

 

Figure 2.17 reports the input/output causality assumed for the modelling of a valve 

section. 

 

 
Figure 2.17: Valve Section Causality. 

 

Figures 2.18 and 2.19 represent the valve section schematic drawing and fluid dynamic 

model respectively. 

 

 
Figure 2.18: Schematic Drawing of a Valve Section. 
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Figure 2.19: Fluid Dynamic Model of a Valve Section. 

 

According to the schematic drawing and the fluid dynamic model scheme reported, the 

output variables of the model can be evaluated. 

(Eq.2.31) defines the instantaneous variation of the downstream pressure (DS) in the 

internal chamber between the metering notches and the LPC. 

 

𝑑𝑝𝐷𝑆
𝑑𝑡

=
𝐵

𝜌
∙
1

𝑉𝐷𝑆
∙∑𝑚̇𝐷𝑆 (2.31) 

 

The DS internal chamber volume is defined by (Eq.2.32), where 𝑉1, 𝑉2 and 𝑉5 were 

defined with the aid of the valve section CAD model. 

 

𝑉𝐷𝑆 = 𝑉1 + 𝑉2 + 𝑉5 (2.32) 

 

The summation term, (Eq.2.33), represents the net mass flow rate entering or leaving 

the DS chamber volume. This is obtained by considering the contribution of all the orifices 

connected to the considered volume. 

 

∑𝑚̇𝐷𝑆 = 𝑚̇𝐼𝑁1 + 𝑚̇𝐼𝑁2 − 𝑚̇𝐿𝑃𝐶 − 𝑚̇𝐿𝑆 (2.33) 

 

According to the adopted conventions, the mass flow rates of (Eq.2.33) are defined by 

(Eq.2.34), (Eq.2.35), (Eq.2.36) and (Eq.2.37) respectively. 
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𝑚̇𝐼𝑁1 = 𝜌 ∙ 𝑐𝑑𝐼𝑁1 ∙ 𝐴𝐼𝑁1(𝑥𝑀𝑆) ∙ √
2|𝑝𝐷 − 𝑝𝐷𝑆|

𝜌
 (2.34) 

 

𝑚̇𝐼𝑁2 = 𝜌 ∙ 𝑐𝑑𝐼𝑁2 ∙ 𝐴𝐼𝑁2(𝑥𝑀𝑆) ∙ √
2|𝑝𝐷 − 𝑝𝐷𝑆|

𝜌
 (2.35) 

 

𝑚̇𝐿𝑃𝐶 = 𝜌 ∙ 𝑐𝑑𝐿𝑃𝐶 ∙ 𝐴𝐿𝑃𝐶(𝑥𝐿𝑃𝐶) ∙ √
2|𝑝𝐷𝑆 − 𝑝𝐵𝐺|

𝜌
 (2.36) 

 

𝑚̇𝐿𝑆 = 𝜌 ∙ 𝑐𝑑𝑆𝐹 ∙ 𝐴𝑆𝐹(𝑥𝐿𝑃𝐶 − 𝑥𝐿𝑃𝐾) ∙ √
2|𝑝𝐷𝑆 − 𝑝𝐿𝑆|

𝜌
 (2.37) 

 

𝑥𝑀𝑆 is the valve section main spool position, which is an input of this sub-system 

defined by the operator model (presented in the section 2.2.8). 

The total inlet flow rate (𝑄𝐼𝑁𝑖) and the LS flow rate (𝑄𝐿𝑆𝑖) can be defined through 

(Eq.2.38) and (Eq.2.39). 

 

𝑄𝐼𝑁𝑖 =
𝑚̇𝐼𝑁1 + 𝑚̇𝐼𝑁2

𝜌
 (2.38) 

 

𝑄𝐿𝑆𝑖 =
𝑚̇𝐿𝑆

𝜌
 (2.39) 

 

The LPC and LPK instantaneous spool positions are defined by (Eq.2.40) and (Eq.2.41) 

respectively. 

 

{

𝑖𝑓 𝑝𝐵𝐺 ≤ 𝑝𝐷𝑀𝐴𝑋 → 𝑥̈𝐿𝑃𝐶 ∙ 𝑚𝐿𝑃𝐶 + 𝑥̇𝑃𝐶 ∙ 𝑐𝐿𝑃𝐶 = (𝑝𝐷𝑆 − 𝑝𝐿𝑆) ∙ 𝐴𝐿𝑃𝐶
 

𝑖𝑓 𝑝𝐵𝐺 > 𝑝𝐷𝑀𝐴𝑋 → 𝑥𝐿𝑃𝐶 = 𝑥𝐿𝑃𝐾

 (2.40) 

 

𝑥̈𝐿𝑃𝐾 ∙ 𝑚𝐿𝑃𝐾 + 𝑥̇𝐿𝑃𝐾 ∙ 𝑐𝐿𝑃𝐾 + 𝑥𝐿𝑃𝐾 ∙ 𝑘𝐿𝑃𝐾 = (𝑝𝐵𝐺 − 𝑝𝐿𝑆) ∙ 𝐴𝐿𝑃𝐾 (2.41) 

 

The bridge (BG) pressure (𝑝𝐵𝐺) is evaluated through (Eq.2.42). 

 

𝑑𝑝𝐵𝐺
𝑑𝑡

=
𝐵

𝜌
∙
1

𝑉𝐵𝐺
∙∑𝑚̇𝐵𝐺  (2.42) 
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The BG chamber volume is defined by (Eq.2.43), where 𝑉3 and 𝑉4 were calculated with 

the aid of the valve section CAD model. 

 

𝑉𝐵𝐺 = 𝑉3 + 𝑉4 (2.43) 

 

The summation term, (Eq.2.44), represents the net mass flow rate entering or leaving 

the BG chamber volume. This is obtained by considering the contribution of all the orifices 

connected to the considered volume,. 

 

∑𝑚̇𝐵𝐺 = 𝑚̇𝐿𝑃𝐶 − 𝑚̇𝐴𝑖−1 − 𝑚̇𝐵𝑖−2 (2.44) 

 

According to the conventions made in the modelling scheme previously reported the 

mass flow rates of (Eq.2.44) are defined in (Eq.2.45) and (Eq.2.46) respectively. 

 

𝑚̇𝐴𝑖 = 𝜌 ∙ 𝑐𝑑𝐴𝑖 ∙ 𝐴𝐴𝑖(𝑥𝑀𝑆) ∙ √
2|𝑝𝐵𝐺 − 𝑝𝐴𝑖|

𝜌
 (2.45) 

 

𝑚̇𝐵𝑖 = 𝜌 ∙ 𝑐𝑑𝐵𝑖 ∙ 𝐴𝐵𝑖(𝑥𝑀𝑆) ∙ √
2|𝑝𝐵𝐺 − 𝑝𝐵𝑖|

𝜌
 (2.46) 

 

The outlet mass flow rates from the valve section workports are defined by (Eq.2.47) 

and (Eq.2.48). 

 

𝑚̇𝐴𝑖−𝑂𝑈𝑇 = 𝜌 ∙ 𝑐𝑑𝐴𝑖−𝑂𝑈𝑇 ∙ 𝐴𝐴𝑖−𝑂𝑈𝑇(𝑥𝑀𝑆) ∙ √
2|𝑝𝐴𝑖 − 𝑝𝑂𝑈𝑇|

𝜌
 (2.47) 

 

𝑚̇𝐵𝑖−𝑂𝑈𝑇 = 𝜌 ∙ 𝑐𝑑𝐵𝑖−𝑂𝑈𝑇 ∙ 𝐴𝐵𝑖−𝑂𝑈𝑇(𝑥𝑀𝑆) ∙ √
2|𝑝𝐵𝑖 − 𝑝𝑂𝑈𝑇|

𝜌
 (2.48) 

 

The discharge coefficients maximum value of each valve section orifice was 

characterized through a dedicated experimental activity on the excavator. 

Finally the workports flow rates can be defined by (Eq.2.49) and (Eq.2.50). 

 

𝑄𝐴𝑖 =
𝑚̇𝐴𝑖 + 𝑚̇𝐴𝑖−𝑂𝑈𝑇

𝜌
 (2.49) 
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𝑄𝐵𝑖 =
𝑚̇𝐵𝑖 + 𝑚̇𝐵𝑖−𝑂𝑈𝑇

𝜌
 (2.50) 

 

Generic examples for the valve section orifices area are reported in Fig.2.20. 

 

Figure 2.20: Generic Example of Valve Section Orifices Areas. 
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2.2.4 Hydraulic Linear Actuator 
 

The hydraulic linear actuators (HLA), or cylinders, mounted on the excavator are of 

double acting single-rod type. The following assumptions have been made for the modelling: 

 the cylinder was considered as rigid (i.e. not deformable); 

 the external leakages were neglected; 

 the friction effect in revolute pairs were lumped in the linear actuator friction 

model. 

 

Figure 2.21 reports the input/output causality of the HLA, while Fig.2.22 represents its 

modelling scheme. 

 

 
Figure 2.21: Hydraulic Cylinder Causality. 

 

 
Figure 2.22: Hydraulic Cylinder Modelling Scheme. 

 

According to the continuity equation [2.16], the pressure variations in the piston (P) and 

in the rod (R) chambers volumes are evaluated by (Eq.2.51) and (Eq.2.52) respectively. 

 

𝑑𝑝𝑃𝑖
𝑑𝑡

=
𝐵

𝑉𝑃𝑖
∙ (𝑄𝐴𝑖−𝑄𝐿𝑖 − 𝐴𝑃𝑖 ∙

𝑑𝑦𝑖
𝑑𝑡
) (2.51) 

 

𝑑𝑝𝑅𝑖
𝑑𝑡

=
𝐵

𝑉𝑅𝑖
∙ (𝑄𝐵𝑖+𝑄𝐿𝑖 + 𝐴𝑅𝑖 ∙

𝑑𝑦𝑖
𝑑𝑡
) (2.52) 
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The control volumes of the piston and rod chambers are calculated with (Eq. 2.53) and 

(Eq.2.54), while the internal leakages flow rate are defined by (Eq.2.55). 

 

𝑉𝑃𝑖 = 𝐴𝑃𝑖 ∙ 𝑦𝑖 (2.53) 

 

𝑉𝑃𝑖 = 𝐴𝑅𝑖 ∙ (𝑠𝑖 − 𝑦𝑖) (2.54) 

 

𝑄𝐿𝑖𝑖 =
𝜋 ∙ 𝑑𝐶−𝐻𝐿𝐴𝑖 ∙ (𝑟𝐶−𝐻𝐿𝐴𝑖)

3

12 ∙ 𝜇 ∙ 𝑙𝐶−𝐻𝐿𝐴𝑖
∙ |𝑝𝑃𝑖 − 𝑝𝑅𝑖| 

(2.55) 

 

The force exerted by the hydraulic cylinder is obtained summing the pressure and 

frictional forces, (Eq.2.56), while the frictional forces are defined by (Eq.2.57), where FC−HLA𝑖 

and c𝐻𝐿𝐴𝑖 were defined according to experimental results (see Chapter 3). 

 

𝐹𝐻𝐿𝐴𝑖 = (𝐴𝑃𝑖 ∙ 𝑝𝑃𝑖 − 𝐴𝑅𝑖 ∙ 𝑝𝑅𝑖) − 𝐹𝐹−𝐻𝐿𝐴𝑖 (2.56) 

 

𝐹𝐹−𝐻𝐿𝐴𝑖 = 𝑠𝑖𝑔𝑛(𝑦̇𝑖) ∙ (𝐹𝐶−𝐻𝐿𝐴𝑖 + 𝑐𝐻𝐿𝐴𝑖 ∙ 𝑦̇𝑖) (2.57) 

 

2.2.5 Hydraulic Rotary Actuator 
 

The hydraulic rotary actuators (HRA), or hydraulic motors, mounted on the excavator 

are related to the turret and the tracks. The turret one is a fixed displacement hydraulic motor, 

while the tracks ones are variable displacement hydraulic motors. 

Figure 2.23 reports the input/output causality of a HRA, while Fig.2.24 represents its 

modelling scheme. 

 

 

Figure 2.23: Hydraulic Motor Causality. 
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Figure 2.24: Hydraulic Motor Modelling Scheme. 

 

The pressure variation in the volumes of the ports A and B are evaluated through 

(Eq.2.58) and (Eq.2.59). 

 

𝑑𝑝𝐴𝑖−𝐻𝑅𝐴
𝑑𝑡

=
𝐵

𝑉𝐴𝑖−𝐻𝑅𝐴
∙ (𝑄𝐴𝑖−𝑄𝐿𝑖−𝑄𝐿𝑒𝐴 − 𝑉𝑑 ∙

𝜔𝑖
2𝜋
) (2.58) 

 

𝑑𝑝𝐵𝑖−𝐻𝑅𝐴
𝑑𝑡

=
𝐵

𝑉𝐵𝑖−𝐻𝑅𝐴
∙ (𝑄𝐵𝑖+𝑄𝐿𝑖−𝑄𝐿𝑒𝐵 + 𝑉𝑑 ∙

𝜔𝑖
2𝜋
) (2.59) 

 

The volumes VA and VB, of the HRA, were assumed to be constant. The internal and 

external leakages flow rates are defined by (Eq.2.60), (Eq.2.61) and (Eq.2.62). 

 

𝑄𝐿𝑖 = 𝑘𝐿𝑖𝑖−𝐻𝑅𝐴 ∙ |𝑝𝐴𝑖 − 𝑝𝐵𝑖| (2.60) 

 

𝑄𝐿𝑒𝐴 = 𝑘𝐿𝑒𝑖−𝐻𝑅𝐴 ∙ |𝑝𝐴𝑖 − 𝑝𝑂𝑈𝑇| (2.61) 

 

𝑄𝐿𝑒𝐵 = 𝑘𝐿𝑒𝑖−𝐻𝑅𝐴 ∙ |𝑝𝐵𝑖 − 𝑝𝑂𝑈𝑇| (2.62) 

 

The ideal hydraulic motor torque is defined by (Eq.2.63). When the hydraulic machine 

works as a motor, i.e. during the turret accelerations, the real exerted torque is decreased by 

hydro-mechanical efficiency, conversely when the hydraulic machine works as a pump, i.e. 

during the turret decelerations, the hydro-mechanical efficiency has an opposite effect [2.14]. 

 

𝑇𝐻𝑅𝐴𝑖 =
𝑉𝑑 ∙ (𝑝𝐴𝑖−𝐻𝑅𝐴 − 𝑝𝐵𝑖−𝐻𝑅𝐴)

2𝜋
 (2.63) 
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2.2.6 Hydraulic Line Resistance 
 

The hydraulic lines pressure losses due to friction, between the FGU and the DFCV, the 

distributor and the actuators, and the distributor and the reservoir, whose modelling causality is 

reported in Fig.2.25, have been modelled lumping all the resistance section and elements and 

assuming a laminar flow, according to the experimental results (see Chapter 3). 

 
Figure 2.25: Hydraulic Line Causality. 

The pressure drop in the hydraulic lines are evaluated through (Eq.2.63), while 

(Eq.2.64) and (Eq.2.65) define the outlet flow rates and pressures. 

 

∆𝑝𝐿𝐼𝑁𝐸−𝑖 = 𝑘𝐿𝑖−𝐿𝐼𝑁𝐸 ∙ 𝑄𝐼𝑁−𝑖 (2.63) 

 

𝑄𝑂𝑈𝑇−𝑖 = 𝑄
𝐼𝑁−𝑖

 (2.64) 

 

𝑝𝑂𝑈𝑇−𝑖 = 𝑝𝐼𝑁−𝑖 + ∆𝑝𝐿𝐼𝑁𝐸−𝑖 (2.65) 

 

2.2.7 Hydraulic Chamber 
 

The hydraulic chambers are capacitance elements characterized by a control volume 

(𝑉𝐶𝐻𝑖), where the instantaneous hydraulic fluid pressure is defined, which connect resistance 

elements. Figure 2.26 reports their modelling causality scheme. 

According to the continuity equation [2.16], the chamber pressure is evaluated through 

(Eq.2.66), where the volume variations where neglected. 

 
Figure 2.26: Hydraulic Chamber Causality. 

𝑑𝑝𝐶𝐻𝑖
𝑑𝑡

=
𝐵

𝑉𝐶𝐻𝑖
∙∑𝑄𝑖

𝑁

𝑖=1

 (2.66) 
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2.2.8 Operator 
 

In order to conduct comprehensive comparison analyses of different machine 

configurations, presented in Chapter 5 and analysed in Chapter 9, the repeatability of the 

performed working cycles has to be ensured. Therefore an operator mathematical model has 

been developed. This model does not try to replicate the way of thinking or the problem solving 

of a real human operator [2.17], but just defines main spools positions (𝑥𝑖) of the DFCVs in 

order to minimize the error between the front excavation tool simulated actual positioning and 

the reference one (see Chapter 3). Figure 2.27 represents the operator causality scheme, while 

Fig.2.28 depicts its modelling scheme. 

 

 
Figure 2.27: Operator Causality. 

 
Figure 2.28: Operator Modelling Scheme. 

 

The operator model is based on a PI regulator. The target actuator position (yTARGETi) is 

compared with its actual position (yi), thus defining the error (eyi) (Eq.2.67). 

 

𝑒𝑦𝑖 = 𝑦
𝑇𝐴𝑅𝐺𝐸𝑇𝑖

− 𝑦
𝑖
 (2.67) 

 

The spool position (xi) is calculated summing a proportional (kPi) and an integral (kIi) 

actions referred to the error. In order to avoid actuation delay, when the user direction change is 

required, the proportional and the integral actions are compared. If their product is over zero the 

integral part is still summed to the proportional one, otherwise it is not. 
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Minimum and maximum limit positions have been imposed to the spool position. 

Moreover, in order to avoid continuous corrections by the operator model, which would 

introduces main spool oscillations, an error band (EB) of tolerance has been introduced to 

define when no actuator position correction is required. If the error value is within the EB limits 

the operator does not make any correction, and the integral part is reset at the same time. 

The system equation (Eq.2.68) represents mathematically the operator. 

 

{
 
 
 
 

 
 
 
 

𝑖𝑓 𝑒𝑦𝑖 ∈ 𝐸. 𝐵.→ 𝑥𝑖 = 0;
 

{

𝑖𝑓 𝑒𝑦𝑖 ∉ 𝐸. 𝐵.

𝑖𝑓 𝑠𝑖𝑔𝑛(𝑘𝑃𝑖 ∙ 𝑒𝑦𝑖) = 𝑠𝑖𝑔𝑛 (𝑘𝐼𝑖 ∙ ∫ 𝑒𝑦𝑖𝑑𝑡)
→ 𝑥𝑖 = 𝑘𝑃𝑖 ∙ 𝑒𝑦𝑖 + 𝑘𝐼𝑖 ∙ ∫ 𝑒𝑦𝑖𝑑𝑡 ;

 

{

𝑖𝑓 𝑒𝑦𝑖 ∉ 𝐸. 𝐵.

𝑖𝑓 𝑠𝑖𝑔𝑛(𝑘𝑃𝑖 ∙ 𝑒𝑦𝑖) ≠ 𝑠𝑖𝑔𝑛 (𝑘𝐼𝑖 ∙ ∫ 𝑒𝑦𝑖𝑑𝑡)
→ 𝑥𝑖 = 𝑘𝑃𝑖 ∙ 𝑒𝑦𝑖

 (2.68) 

 

2.2.9 Excavator Kinematics 
 

Dynamic models of the excavator users, concerning the front equipment, the turret and 

travels, have been developed in order to consider the actual forces and torques on the respective 

hydraulic actuators during the working cycles. 

Figure 2.29 reports the excavator kinematics input/output causality scheme. 

 

 

Figure 2.29: Excavator Kinematics Causality. 
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Front Equipment 

 

The mathematical model of the 3-DOF front equipment, Fig.2.30, was realized through 

the AMESim
®
 Planar Mechanical Library (PLM) based on the Lagrange equations [2.18]. 

The model is composed of five rigid bodies (BOOM, ARM, BUCKET, LINK-1, LINK-

2) connected together through revolute pairs and linear actuators. 

 

 
Figure 2.30: Front Equipment of the Excavator. 

 

The planar dynamic behaviour of each body has been completely defined introducing 

the following parameters: 

 mass of the body; 

 position of the center of gravity; 

 moment of inertia of the body relative to an axis perpendicular to the plane of 

movement and passing through the center of gravity; 

 position of the joints. 

These parameters have been evaluated with the aid of the 3D CAD model of the 

linkage. The bodies initial positions are evaluated starting from the imposed position through 

the Baumgarte stabilization method applied to the constraint equations [2.19]. 
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The forces which two connected bodies exchange in revolute joints are calculated using 

linear spring stiffness (𝑘𝑥𝑖𝑗 , 𝑘𝑦𝑖𝑗) and damping coefficient (𝑏𝑥𝑖𝑗 , 𝑏𝑦𝑖𝑗) by (Eq.2.69) and (Eq.2.70). 

 

𝐹𝑥𝑖𝑗 = 𝑘𝑥𝑖𝑗 ∙ (𝑥𝑖 − 𝑥𝑗) + 𝑏𝑥𝑖𝑗 ∙ (𝑥̇𝑖 − 𝑥̇𝑗) (2.69) 

 

𝐹𝑦𝑖𝑗 = 𝑘𝑦𝑖𝑗 ∙ (𝑦𝑖 − 𝑦𝑗) + 𝑏𝑦𝑖𝑗 ∙ (𝑦̇𝑖 − 𝑦̇𝑗) (2.70) 

 

Where (𝑥𝑖, 𝑦𝑖) and (𝑥𝑗, 𝑦𝑗) are the pivot joint coordinates relative to the i-th and j-th 

bodies. The forces and torques exerted by the linear and rotary actuators, connected to the 

kinematics model, on  the bodies in the defined points and with the direction of the line passing 

through these points. Since the mass of the actuators is not negligible, its effect has been 

incorporated in the boom, arm and bucket rigid bodies. 

The planar dynamic model described does not take into account neither the centrifugal 

forces nor the Coriolis forces acting on the implement bodies during the turret rotations. 

Moreover, the bucket-soil interaction force during the excavation cycle has not been considered, 

even if few mathematical models [2.20] were available in literature, in order to limit the 

stochastic influence of this interaction on the performed working cycles executed. 

 

Turret and Travels 

 

The turret and travels mathematical model consists of a rotational load (RL) with 

constant inertia and both Coulomb friction (𝑇𝐶−𝑅𝐿𝑖) and viscous friction (𝑏𝑅𝐿𝑖) terms. The 

dynamic equilibrium of these rotational loads is described through (Eq.2.71). 

 

𝐼𝑅𝐿𝑖 ∙ 𝜔̇𝑖 + 𝑏𝑅𝐿𝑖 ∙ 𝜔𝑖 + 𝑇𝐶−𝑅𝐿𝑖 = 𝑇𝐻𝑅𝐴𝑖 − 𝑇𝑅𝐿𝑖 (2.71) 

 

The RLs viscous friction coefficients have been defined on the basis of the experimental 

activity (see Chapter 3). 

Concerning the turret, the term (𝑇𝑅𝐿) is equal to zero, moreover the moment of inertia of the 

turret changes with the position of the front equipment, thus an equivalent constant value has 

been calculated as the arithmetic mean between the maximum and the minimum values 

corresponding to the extreme positions that the front equipment reaches during the considered 

duty cycles. This assumption was done according to a simplified mathematical modelling 

approach adopted. 
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2.3 Discussion 
 

In this chapter the mathematical model of the hydraulic excavator under study has been 

presented, focusing on the sub-systems causality and models description. 

Appendix 2 reports the standard machinery mathematical model global causality. 

The developed model has been calibrated and validated (see Chapter 4) on the basis of 

dedicated experimental activities (see Chapter 3). 

This model has been utilized to propose and analyse novel energy saving solutions (see 

Chapter 5 and Chapter 9) compared to the standard excavator layout. 

Symbols 
 

Symbol Definition Unit 

a, A Area [m
2
] 

b Rotary Viscous Friction Coefficient [N·m/(rad/s)] 

B Bulk Modulus [Pa] 

c Linear Viscous Friction Coefficient [N/(m/s)] 

cd Orifice Discharge Coefficient [-] 

d Diameter [m] 

e Linear Error [m] 

F Force [N] 

FC Coulomb Friction Force [N] 

I Moment of Inertia [kg∙m
2
] 

k Spring Stiffness [N/m] 

kI Integral Correction Coefficient [s
-1

] 

kL Laminar Leakage Coefficient [m
3
/(Pa∙s)] 

kLe External Leakage Coefficient [m3/(Pa·s)] 

kP Proportional Correction Coefficient [-] 

lC Contact Length [m] 

m Mass [kg] 

𝑚̇ Mass Flow Rate [kg/s] 

n Rotary Velocity [r/min] 

p Pressure [Pa] 

Q Volumetric Flow Rate [m
3
/s] 

r Force Lever Arm [m] 

rC Radial Clearance [m] 

s Linear Actuator Maximum Stroke [m] 

T Torque [N∙m] 

TC Coulomb Friction Torque [N∙m] 

V Volume [m
3
] 
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Vd Volumetric Displacement [m
3
/r] 

x Spool Linear Position [m] 

Symbol Definition Unit 

xk Spring Initial Compression Position [m] 

y Linear Actuator Stroke [m] 

α Angular Position [rad] 

𝜂ℎ𝑚 Hydraulic-mechanical Efficiency [-] 

𝜂𝑉 Volumetric Efficiency [-] 

µ Fluid Dynamic Viscosity [Pa∙s] 

ρ Fluid Density [kg/m
3
] 

𝜔 Angular Velocity [rad/s] 

Subscripts Definition 

A Workport A 

ACT Actuator 

B Workport B 

BG Bridge 

CH Chamber 

CP Pump Case 

D Delivery 

DS Downstream 

EQ Equivalent 

F Friction 

FC Flow Compensator 

FGU Flow Generation Unit 

HLA Hydraulic Linear Actuator 

HRA Hydraulic Rotary Actuator 

i i-th 

I Intermediate 

ICE Internal Combustion Engine 

IN Inlet 

IP ICE - Pump 

j j-th 

Le External Leakage 

Li Internal Leakage 

LPC Local Pressure Compensator 

LPK Local Piston Check 

LS Load Sensing 

MAX Maximum 

MS Main Spool 

n n-th 

OUT Outlet 

P Piston 

PC Pressure Compensator 
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PIL Pilot 

R Rod 

RL Rotary Load 

SF Selector Sphere 

SUC Suction 

TL Torque Limiter 
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Chapter 3: Experimental Activity 
on the Standard Excavator 

 

 

 

 

 

 

 

This chapter deals with the experimental activity carried out on the standard version of 

the hydraulic excavator under study. 

The experimental activity is divided in test bench and on the field activities. The firsts 

have the aim of characterize the excavator components and validate their mathematical models. 

The seconds have both the purpose of characterizing the machinery sub-systems and defining 

the standard excavator fuel consumption. 
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3.1 Test Bench Experimental Activities 
 

The experimental activities described in the following paragraphs were carried out with 

the aid of the test rig, for hydraulic components, available at the Industrial Engineering 

Department of the University of Parma. 

The activities involved the excavator FGU, in particularly the main pump, and the 

excavator DFCV, performed in order to characterize both the static and the dynamic behaviour 

of these sub-systems as well as validate their mathematical models. 

 

3.1.1 Flow Generation Unit 
 

The experimental activities performed on the FGU were focused on the determination 

of the volumetric and hydraulic-mechanical efficiency maps, the correlation between the swash 

plate actuator pressure and the selected parameters of interest during different working 

conditions characterizing the swash plate tilting dynamic response as well as the regulators 

action during the functioning. 

 

Efficiency Tests 

 

The FGU is a multiple pump composed of a LS variable displacement axial piston 

pump and an external gear pump linked together on the same shaft. 

 

 
Figure 3.1: FGU Efficiency Tests ISO Scheme. 
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The efficiency tests have been performed according to [3.1], where the testing 

procedure is described. 

Figure 3.1 represents the test bench ISO scheme configuration during the efficiency 

tests, while Fig.3.2 reports a test bench photograph in the same configuration. Table 3.1 reports 

the main features of the utilized transducers. 

 

 
Figure 3.2: Photograph of the Test Bench during the FGU Efficiency Tests. 

 

Table 3.1: Transducer Main Features Efficiency Tests. 

Symbol Transducer Type Main Features 

n HBM
®
 Encoder 12000 r/min 

TPUMP HBM
®
 Torque Meter 500Nm ±0.03% FS 

α Angular Position Transducer - 

pD TRAFAG
®
 Pressure Transducer 0 – 400 bar ±0.1% FS 

QD VSE
®
 Flow Meter 300 l/min ±0.2% FS 

 

The volumetric efficiency (𝜂𝑉) and the hydraulic-mechanical efficiency (𝜂ℎ𝑚) have 

been defined as function of the pump delivery pressure (𝑝𝐷), velocity (𝑛) and displacement (𝑉𝑑) 

(which is directly related to the swash plate position (𝛼)), at a constant temperature of the 

hydraulic fluid, maintained equal to 50°C. 

Figure 3.3 represents the main pump overall efficiency maps adopted in the 

mathematical model of the pump. 

The instantaneous values of the volumetric and hydro-mechanical efficiencies are 

evaluated through a linear interpolation of the experimental points. 
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Figure 3.3: Main Pump Overall Efficiency at different Pump Displacement. 

 

Being the FGU a multiple pump, the hydraulic-mechanical efficiency maps related to 

the main pump do not take into account the drag torque contribution which has been defined 

through a dedicated experimental test in which the main pump displacement was set to zero, 

with the aid of the physical end-stops. 

The drag torque was measured, Fig.3.4, since the pump velocity was increased through 

defined steps. 

 

 
Figure 3.4: FGU Drag Torque. 
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Swash Plate Actuation Pressure 

 

The main pump of the hydraulic system is a variable displacement unit. The 

instantaneous pump displacement is directly correlated to the swash plate angular position. 

(Eq.2.6) defines the dynamic equilibrium of the swash plate. 

The resulting torque from the contribution of each n-th piston force, acting on the swash 

plate, is defined as ∑ 𝑇𝑛
𝑁
𝑛=1 . Since 𝛼̇ ≅ 0 during steady state working condition, an 

experimental characterization has been obtained between the swash plate actuator pressure and 

the delivery pressure (𝑝𝐷), speed (𝜔𝐼𝐶𝐸) and swash plate angular position (𝛼) of the pump. 

Figure 3.5 reports the test bench configuration ISO scheme adopted during the 

characterization of the actuator pressure of the swash plate. 

Tab.3.2 lists the main features of the transducers utilized 

 
Figure 3.5: Swash Plate Actuation Pressure Characterization ISO Scheme. 

 

Table 3.2: Transducer Main Features Swash Plate Actuation Tests. 

Symbol Transducer Type Main Features 

n HBM
®
 Encoder 12000 r/min 

TPUMP HBM
®
 Torque Meter 500Nm ±0.03% FS 

α Angular Position Transducer - 

pD, pLS, pACT TRAFAG
®
 Pressure Transducer 0 – 400 bar ±0.1% FS 

QD VSE
®
 Flow Meter 300 l/min ±0.2% FS 
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Through the usage of the proportional flow control valve (A) and the proportional 

pressure regulator valve (B) the swash plate position (𝛼) and the load pressure (𝑝𝐿𝑆) were 

respectively imposed at different values during the tests. 

Maintaining the test bench electric motor (M) velocity (n) and the load pressure set at 

constant values and proportionally varying valve A opening (through a step variation cycle), 

from the minimum to the maximum opening, the experimental correlation between the actuator 

pressure and the swash plate position was defined. 

The variation range for the electric motor velocity was defined from 850 r/min to 2200 

r/min, while the load pressure variation range was defined according to the pump operating 

limits. 

Figure 3.6 represents the experimental points acquired during both the swash plate 

angular position increasing and reducing phases, pointing out the hysteresis trend. 

 

 
Figure 3.6: Swash Plate Actuation Pressure Acquired Points. 

 

For each working point a mean value has been assumed for the swash plate actuator 

pressure. Figure 2.10 (see Chapter 2) represents the correlation obtained fitting the experimental 

mean values for the swash plate actuator pressure. 

 

Main Pump Dynamic Tests 

 

The dynamic tests conducted on the FGU main pump of the excavator were focused on 

the evaluation of the viscous friction coefficient 𝑏𝑆𝑃, (Eq.2.6) (see Chapter 2), which 

characterizes the swash plate dynamic behaviour together with the swash plate equivalent 

inertia. 
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Since the swash plate equivalent inertia, evaluated with the aid of the pump CAD 

model, can be considered as constant, the pump dynamic behaviour typically depends on the 

working conditions. Therefore the pump step response was characterized at different operating 

points, i.e. with different boundary conditions, in order to define an equivalent value for the 

viscous friction coefficient 𝑏𝑆𝑃. 

Figure 3.7 reports the test rig configuration ISO scheme during the dynamic tests, while 

the transducer features are reported in Tab.3.3. 

 

 
Figure 3.7 Main Pump Dynamic Tests Setup ISO Scheme. 

 

Table 3.3: Transducer Main Features Dynamic Tests. 

Symbol Transducer Type Main Features 

n HBM
®
 Encoder 12000 r/min 

TPUMP HBM
®
 Torque Meter 500Nm ±0.03% FS 

α Angular Position Transducer - 

pD, pLS TRAFAG
®
 Pressure Transducer 

0 – 400 bar ±0.1% FS 

Response Time ~ 1 ms 

 

The load pressure (𝑝𝐿𝑆) was controlled, and kept at a constant value, through the usage 

of the proportional pressure regulator valve B, while a step variation input was imposed with the 

aid of the proportional valve A. Three different testing conditions were performed at different 

pump velocities and imposed load pressures. 
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The swash plate angular position (𝛼) variation was acquired with an appropriate 

sampling rate according to the Nyquist-Shannon theorem in order to avoid aliasing. 

Examples of the acquired data during a step variation of the input are reported in Fig.3.8 

and Fig.3.9. 

 
Figure 3.8: Dynamic Test Input/Output. 

 

 
Figure 3.9: Dynamic Test Pressures Variations. 
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Main Pump Regulators Calibration 

 

The main pump of the excavator is controlled by means of three regulators. During the 

working cycles of the excavator the flow compensator (FC) controls the pump displacement, the 

torque limiter (TL) modulates the LS pressure, while the pressure compensator (PC) acts only 

when the maximum system pressure is reached. 

The mathematical models of the regulators have been calibrated on the basis of the 

reported experimental activity. 

The excavator main pump was characterized with the aid of the test bench configured 

according to the ISO scheme reported in Fig.3.10. 

Table 3.4 reports the adopted transducer main features. 

 

 
Figure 3.10: Main Pump Regulator Calibration Test ISO Scheme. 

 

Table 3.4: Transducer Main Features Regulator Calibration Test. 

Symbol Transducer Type Main Features 

n HBM
®
 Encoder 12000 r/min 

TPUMP HBM
®
 Torque Meter 500Nm ±0.03% FS 

pD TRAFAG
®
 Pressure Transducer 0 – 400 bar ±0.1% FS 

QD VSE
®
 Flow Meter 300 l/min ±0.2% FS 
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Maintaining the pump velocity (n) at a constant value, equal to 2200 r/min which is the 

same velocity adopted during the test field activities, and controlling the pump delivery pressure 

(𝑝𝐷) through valve B, the pump torque and delivery flow rate profiles were defined, Fig.3.11. 

 

Figure 3.11: Main Pump Torque and Flow Rate During Regulator Calibration Test. 
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3.1.2 Directional Flow Control Valve 
 

The experimental activity performed on the test bench regarding the excavator DFCV 

was focused on the local pressure compensator (LPC) model calibration and validation. 

During multiple sections working condition, as described in Chapter 2, the LPC of the 

main loaded user does not throttle the flow rate between the workport and the metering orifice, 

while the LPCs of the other section do throttle the flow rates in order to maintain the meter-IN 

orifice pressure drop the same in each section. 

The LPCs flow areas (𝐴𝐿𝑃𝐶𝑖(𝑥𝐿𝑃𝐶𝑖)) are known, thus the performed test had the aim of 

characterize the LPCs discharge coefficients (𝑐𝑑𝑖) and verify the mathematical models during 

multiple users working conditions. 

The test bench ISO scheme configuration is reported in Fig.3.12 and Fig.3.13 reports a 

photograph of the assembly. 

 

 

Figure 3.12: DFCV Test Bench ISO Scheme. 

 

The DFCV was composed of two valve sections. The valves main spools and LPCs 

were instrumented with LVDTs in order to measure their instantaneous positions. 

The sections outlet flow rates and the total inlet flow rate were measured with the aid of 

three volumetric flow meters. 
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The loads of the sections were imposed exploiting two proportional pressure regulator 

valves (A and B). The pressures in the system were measured with pressure transducers. 

The adopted transducers main features are reported in Tab.3.5. 

 

 

 
Figure 3.13: Photograph of the Test Bench Configuration during DFCV Test. 

 

 

Table 3.5: Transducer Main Features DFCV Test. 

Symbol Transducer Type Main Features 

p1 – p8 TRAFAG
®
 Pressure Transducer 0 – 400 bar ±0.1% FS 

Q1 VSE
®
 Flow Meter 300 l/min ±0.2% FS 

Q2 VSE
®
 Flow Meter 150 l/min ±0.2% FS 

Q3 VSE
®
 Flow Meter 80 l/min ±0.2% FS 

LVDTi 
Magnet-Schultz

®
 Position 

Transducer 

±15 mm 

Linearity Error ±0.1% FS 

 

 

Figure 3.14 and Fig.3.15 report the sections main spool positions and load pressures 

respectively. 

These experimental data have been imposed as input to the mathematical model as well 

as the pump LS setup, set equal to 1.5 MPa, velocity, set equal to 1500 r/min and the oil 

temperature set at 50°C. 

The comparison between the experimental data and the numerical ones are reported in 

Chapter 4. 
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Figure 3.14: DFCV Sections Experimental Main Spool Positions. 

 

 

 
Figure 3.15: DFCV Sections Experimental Load Pressures. 
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3.2 Machinery Experimental Activities 
 

The experimental activities carried out on the standard excavator aimed to the 

characterization of ICE, the DFCV sections discharge coefficients, the hydraulic lines pressure 

losses coefficients, the turret inertia and frictions coefficients, the HLAs friction forces, the 

standard machinery fuel consumption evaluation and the definition of the reference working 

position of the actuators during the working cycles. 

 

3.2.1 Internal Combustion Engine 
 

The experimental activity performed on the ICE was mainly focused on the definition of 

the BSFC map and the speed reduction with torque map. 

The standard hydraulic circuit of the excavator, Fig.2.2 (Chapter 2), has been modified 

according the ISO scheme reported in Fig.3.16 in order to carry out the tests on the ICE. 

The main pump displacement was set to its maximum and the TL was removed. 

The load pressure (𝑝1) at the pump outlet was imposed through the usage of the 

proportional valve B, thus controlling the pump torque, so as the ICE torque. 

 

 
Figure 3.16: ISO Scheme of the ICE Experimental Tests. 
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The utilized transducers main features are listed in Tab.3.6. The ICE speed was 

acquired via CAN bus, through the ECU of the ICE. 

 

Table 3.6: Transducer Main Features ICE Tests. 

Symbol Transducer Type Main Features 

p1 TRAFAG
®
 Pressure Transducer 0 – 600 bar ±0.3% FS 

QP Parker
®
 Turbine Flow Meter 10 – 300 l/min < ±1% FS 

T1 Parker
®
 Temperature Transducer -25°C to +125°C  ±2% FS 

 

The fuel feeding system has been properly modified according to the scheme reported in 

Fig.3.17 in order to bypass the machinery fuel tank during the testing phases. 

Since valve 1 and 2 are disabled the fuel feeding system functions as usual. The fuel 

feeding pump suction is connected to the machinery fuel tank as well as the fuel return line from 

the rail. On the contrary, when valve 1 and 2 are enabled the feeding pump is connected to the 

suction tank (S) while the fuel return line is deviated to the return tank (R). 

This system allowed to measure the effective injected fuel over time during the testing 

phases only, thus defining the injected fuel mass flow rate. 

The photographs of the modified fuel feeding system and the ICE testing configuration 

are reported in Fig.3.18 and Fig.3.19 respectively. 

 

 
Figure 3.17: Excavator Diesel Tank Deviation System Scheme. 
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Figure 3.18: Excavator Diesel Tank Deviation System Photograph. 

 

 
Figure 3.19: ICE Tests Configuration Photograph. 

 

During the BSFC map characterization the ICE was maintained at a constant speed 

value while the imposed torque was varied through defined values. The actual torque acting on 

the engine was defined knowing the pump efficiency maps. The BSFC map of the ICE was 

defined for different speeds, from 900 r/min to 2200 r/min, Fig.3.20. 

 

 
Figure 3.20: ICE BSFC Map at Different Speeds. 
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Figure 3.21 shows the experimental ICE speed variation with torque. These curves were 

determined for different ICE speeds and have been introduced in the ICE mathematical model 

in order to recreate these behaviours. 

 

 
Figure 3.21: ICE Speed Variation with Torque. 
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3.2.2 Excavator Experimental Setup 
 

The excavator hydraulic system was instrumented as reported in Fig.3.22 in order to 

measure the required variables for the evaluation of the DFCV sections discharge coefficients, 

the hydraulic lines pressure drop coefficients and the hydraulic actuators friction forces. The 

parameters, defined through the experimental data, have been used to calibrate the mathematical 

model of the standard version of the excavator. 

 

 
Figure 3.22: Standard Hydraulic Excavator System Experimental Setup ISO Scheme. 
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The variables of interest were the ICE speed (𝑛), the main pump outlet flow rate (𝑄𝑝) 

and pressure (𝑝1), the LS and return lines pressures (𝑝2, 𝑝3), the users main spool positions 

(𝐿𝑉𝐷𝑇1−6), the users and hydraulic actuators workports pressures (𝑝4−21), and instantaneous 

positions (𝑦1−3). 

Table 3.7 reports the main feature of the adopted transducers, while Fig.3.23 (A) and 

Fig.3.23 (B) report the photographs of the excavator FGU and DFCV instrumented respectively. 

 

Table 3.7: Transducer Main Features Excavator Experimental Setup. 

Symbol Transducer Type Main Features 

QP Parker
®
 Turbine Flow Meter 10 – 300 l/min < ±1% FS 

T1 Parker
®
 Temperature Transducer -25°C to +125°C  ±2% FS 

p1, p2 TRAFAG
®
 Pressure Transducer 0 – 600 bar ±0.3% FS 

p3 TRAFAG
®
 Pressure Transducer 0 – 60 bar ±0.3% FS 

p4 – p21 TRAFAG
®
 Pressure Transducer 0 – 400 bar ±0.1% FS 

LVDTi 
Magnet-Schultz

®
 Position 

Transducer 

±15 mm 

Linearity Error ±0.1% FS 

y1, y2, y3 
Celesco

®
 Linear Position 

Transducer 

1000 mm 

Accuracy  ±0.02% FS 

ns Ifm Electronic GmbH
®
 NPN Photocell 

n CAN Signal from ICE 0 – 2350 r/min 

 

  

(A) (B) 

Figure 3.23: FGU and DFCV Instrumented. 
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Fig.3.24 shows the data acquisition system configuration. Three data acquisition devices 

(DAQ), from CS series by imc Meßsysteme GmbH
®
, were connected and synchronized together 

through a master-slave configuration. The utilized transducers were directly connected to the 

DAQs, which both supply the transducers and condition the signals. 

A local area network (LAN) was created to interface the DAQs with a computer 

through the usage of a router, thus allowing to save the acquired experimental data. 

The data acquisition system was supplied using an inverted directly connected to the 

battery of the excavator, thus converting a 12 V DC electric source into a 220 V AC electric 

source. A photograph of the realized data acquisition system installed on the excavator is 

reported in Fig.3.25. 

 

 
Figure 3.24: Data Acquisition System Configuration. 

 

 
Figure 3.25: Data Acquisition System Photograph. 
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3.2.3 Excavator Characterization Tests 
 

This part of the experimental activity had the purpose of characterize the hydraulic 

system of the excavator in order to calibrate the mathematical model. 

Concerning the definition of the hydraulic lines pressure drop characteristics, single 

user cycles were performed. For each user a slow and a fast actuator movements cycles were 

accomplished. The linear hydraulic actuators were actuated between the two stroke limits while 

for the rotary hydraulic actuator, i.e. the turret one, a 90 degree return
24

 cycle was realised. 

Figure 3.26 shows the photographs of the performed movements for the bucket single 

movement tests. 

 

 
Figure 3.26: Single Movement Test Limit Positions: Bucket. 

 

The acquired data during the bucket slow and fast single movement cycles are reported 

as example in Fig.3.27 and Fig.3.28 respectively being the procedure the same for all the other 

users. 

The reported curves represent the pressure variation at the workports A and B of the 

DFCV section and at the piston and the rod ports of the hydraulic actuator. Therefore the lines 

pressure drop can be defined for both the slow and fast actuator movements. 

Combining the results the bucket hydraulic line pressure drop coefficient depending on 

the flow rate were defined, Fig.3.29. As can be seen the pressure drop characteristic can be 

approximated with a linear correlation. 

                                                           
24

 Go and back movements. 



Chapter 3: Experimental Activity on the Standard Excavator 

92 
 

 
Figure 3.27: Bucket Slow Single Movement Cycle. 

 

 
Figure 3.28: Bucket Fast Single Movement Cycle. 

 

 
Figure 3.29: Pressure Drop Characteristic of the Bucket Hydraulic Lines. 
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A similar procedure was adopted to evaluate the turret friction torque over the turret 

rotational speed, Fig.3.30. 

 

 
Figure 3.30: Turret Fiction Torque. 

 

The slow and fast single user cycles were also exploited for the DFCV discharge 

coefficients and for the linear hydraulic actuators friction forces evaluation. 

The same operating conditions were imposed to the mathematical model and through 

static parameters optimization procedure the model was calibrated. 
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3.2.4 Excavator Fuel Consumption Tests 
 

The fuel consumption of the standard excavator was experimentally evaluated 

according to the JCMAS standard [3.2]. 

The standard considers four different operating conditions: 

 trench digging; 

 grading; 

 travelling; 

 idling. 

 

Moreover, in the standard are also defined, depending on the bucket volumetric 

capacity, the limit positions for the front excavation tool and the turret, as well as the average 

cycles time duration and the number of consecutive movements repetitions to be respected in 

the operating conditions. No interaction between the bucket and the soil is considered. 

Figure 3.31 and Fig.3.32 represent the position limits to respect during the trench 

digging and grading cycles respectively, while Fig.3.33 shows the sequential position of the 

implement hydraulic during the trench digging cycle. 

 

 
Figure 3.31: Trench Digging Limit Positions. 
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Figure 3.32: Grading Limit Positions. 

 

 
Figure 3.33: Trench Digging Sequential Positions. 

 

Figure 3.34 reports the photograph of the excavator on the testing field set to recreate 

the position limit defined in the JCMAS. 

 

 
Figure 3.34: Excavator Photograph on Testing Field. 
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The number of repetitions of the operating conditions were incremented an appropriate 

number of times, compared to the times defined by the standard, in order to minimize the 

stochastic influences on the mean fuel consumption calculated. 

The mean value of the fuel consumption is defined by (Eq.3.1) for each operating 

condition. 

 

𝑚𝑓̅̅ ̅̅ =
1

𝑁
∑𝑚𝑓𝑖

𝑁

𝑖=1

 (3.1) 

 

The combined standard uncertainties [3.3] with a 95% confidence level were defined by 

(Eq.3.2). 

 

𝑈95 = 2 ∙ [𝑠𝑚𝑓̅̅ ̅̅ ̅
2 + 𝑢𝑀

2]
1
2 (3.2) 

 

𝑢𝑀 is the measuring uncertainty of the instrumentation adopted (an electronic balance 

for the measure of the burned fuel). 

The sample standard deviation of the mean is defined through (Eq.3.3). 

 

𝑠𝑚𝑓̅̅ ̅̅ ̅ =
𝑠𝑚𝑓

√𝑁
 (3.3) 

 

Finally the standard deviation (𝑠𝑚𝑓) is evaluated through (Eq.3.4). 

 

𝑠𝑚𝑓 = [
1

𝑁 − 1
∙∑(𝑚𝑓𝑖 −𝑚𝑓̅̅ ̅̅ )

2
𝑁

𝑖=1

]

1
2

 (3.4) 

 

The hourly equivalent fuel consumption (𝑚𝑓̅̅ ̅̅ 𝐽𝐶𝑀𝐴𝑆) is defined according to (Eq.3.5), 

defined by the standard. 

 

𝑚𝑓̅̅ ̅̅ 𝐽𝐶𝑀𝐴𝑆 = 𝑚𝑓̅̅ ̅̅ 𝐷𝐼𝐺𝐺𝐼𝑁𝐺 ∙ 𝐶1 +𝑚𝑓̅̅ ̅̅ 𝐺𝑅𝐴𝐷𝐼𝑁𝐺 ∙ 𝐶2 +𝑚𝑓̅̅ ̅̅ 𝑇𝑅𝐴𝑉𝐸𝐿 ∙ 𝐶3 +𝑚𝑓̅̅ ̅̅ 𝐼𝐷𝐿𝐼𝑁𝐺 ∙ 𝐶4 (3.5) 

 

Table 3.8 reports the value of the parameter defining the operating conditions weight on 

a typical excavator working hour. 
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Table 3.8: Operating Conditions Weight Parameter on a Working Hour. 

Symbol Value Unit 

C1 129 [cycles/h] 

C2 162 [cycles/h] 

C3 340 [m/h] 

C4 0.15 [-] 

 

The experimentally defined fuel consumptions are finally listed in Tab.3.9. 

 

Table 3.9: Operating Conditions Mean Fuel Consumption. 

Symbol Value U95 [%] 

𝑚𝑓̅̅ ̅̅ 𝐷𝐼𝐺𝐺𝐼𝑁𝐺 33.25 [g/cycle] ± 3.57 

𝑚𝑓̅̅ ̅̅ 𝐺𝑅𝐴𝐷𝐼𝑁𝐺 10.34 [g/cycle] ± 7.9 

𝑚𝑓̅̅ ̅̅ 𝑇𝑅𝐴𝑉𝐸𝐿 3.29 [g/m] ± 8.2 

𝑚𝑓̅̅ ̅̅ 𝐼𝐷𝐿𝐼𝑁𝐺 1331 [g/h] ± 6.2 

𝑚𝑓̅̅ ̅̅ 𝐽𝐶𝑀𝐴𝑆 8.62 [l/h] ± 2.87 
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3.2.5 Reference Working Cycles 
 

The mathematical model validation, concerning the fuel consumption prediction, has to 

be referred to the working cycles defined by the JCMAS standard and performed during the 

experimental activity, in order to numerically evaluate the excavator fuel consumption during 

the cycles (see Chapter 4). 

Referring to the different operating conditions (trench digging, grading, travelling and 

standby), while for both the travelling and the standby the input for the model are easily 

definable (during the standby none of the user is activated and for the travelling the track main 

spool are displaced to their maximum stroke), for the trench digging and the grading cycles it 

becomes essential the definition of the reference actuator position (𝑦𝑖−𝑇𝐴𝑅𝐺𝐸𝑇) (see Chapter 2) 

required by the operator model, for each of the activated user. 

Figure 3.35, Fig.3.36 and Fig.3.37 report the reference actuator piston target positions 

for the boom, the arm and the bucket concerning the trench digging cycle. 

The reference curves (the black ones) were defined, for the linear actuators, on the basis 

of the experimental actuator piston position, obtained through the position transducer (𝑦1, 𝑦2, 

𝑦3), of five different performed movements. 

 

 

 
Figure 3.35: Boom Reference Actuator Position – Trench Digging Cycle. 
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Figure 3.36: Arm Reference Actuator Position – Trench Digging Cycle. 

 

 

 

 
Figure 3.37: Bucket Reference Actuator Position – Trench Digging Cycle. 
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The same definition procedure was exploited for the reference actuator piston target 

positions for the boom and the arm regarding the grading cycle. 

Figure 3.38 and Fig.3.39 report the comparison between the reference curves defined 

(the black ones) and the experimental positions during five performed movements. 

 

 
Figure 3.38: Boom Reference Actuator Position – Grading Cycle. 

 

 

 
Figure 3.39: Arm Reference Actuator Position – Grading Cycle. 
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Symbols 
 

Symbol Definition Unit 

A Orifice Area [m
2
] 

n Rotary Velocity [r/min] 

p Pressure [Pa] 

Q Volumetric Flow Rate [m
3
/s] 

T Torque [N∙m] 

α Angular Position [rad] 

𝜔 Angular Velocity [rad/s] 

References 
 

3.1 ISO 4409-1986. Hydraulic fluid power – Positive displacement pumps, motors and 

integral transmissions – Determination of steady-state performance. 

3.2 JCMAS H020:2007. Earth-moving machinery – Fuel consumption on hydraulic 

excavator – Test Procedure. 

3.3 H.W. Coleman, W.G. Steele. Experimentation, Validation and Uncertainty Analysis 

for Engineers. John Wiley & Sons, Inc. ISBN 978-0-470-16888-2. 



 

 



 

 

 

 

Chapter 4: Standard Excavator 
Model Validation 

 

 

 

 

 

 

 

In this chapter the mathematical model of the standard excavator under study, presented 

in Chapter 2, will be validated on the basis of the experimental results obtained during the 

dedicated experimental activities, both on test bench and on the field, described in detail in 

Chapter 3. 
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4.1 Flow Generation Unit 
 

The FGU model was calibrated on the basis of the experimental results obtained during 

the efficiency, swash plate actuator pressure, dynamic response and regulator tests. 

The experimental defined maps concerning the main pump efficiencies, volumetric and 

hydraulic-mechanical, and the static correlation between the swash plate actuator pressure and 

the operating parameters (Fig.2.10) have been inserted in the model as well as the swash plate 

equivalent inertia (𝐼𝐸𝑄−𝑆𝑃) and the related viscous friction coefficient (𝑏𝑆𝑃). 

During the simulation the same operating and boundary conditions of the performed 

experimental tests were imposed to the FGU model. Then the numerical and experimental 

results were compared. 

Figure 4.1 reports the experimental and numerical results comparison between the 

swash plate actuator pressure during a quasi-steady step variation of the pump speed with 

constant load pressure and flow rate. 

 

 
Figure 4.1: FGU Main Pump Swash Plate Actuation Pressure. 

 

The good match of the results points out the capability of the main pump model to 

reproduce a realistic swash plate actuator pressure to equilibrate the swash plate under the 

operating conditions variation. 

Figure 4.2, Fig.4.3 and Fig.4.4 represent the comparison between the numerical and 

experimental swash plate position during the dynamic step response tests at different operating 

conditions. 
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Figure 4.2: Main Pump Swash Plate Response - 𝑝𝐷=125 bar ,.n = 1500 r/min. 

 

 
Figure 4.3: Main Pump Swash Plate Response - 𝑝𝐷=200 bar ,.n = 1500 r/min. 

 

 
Figure 4.4: Main Pump Swash Plate Response - 𝑝𝐷=125 bar ,.n = 2000 r/min. 
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The results comparison validates the main pump mathematical model under dynamic 

working conditions. 

Finally, Fig.4.5 reports the experimental and numerical results comparison obtained 

during the main pump regulators validation test. 

The mathematical models of the regulators are able to replicate the actual functioning, 

limiting the absorbed torque by reducing the pump outlet flow rate since the load pressure 

exceeds the maximum allowed value (function of the instantaneous pump displacement). 

 

 
Figure 4.5: Main Pump Torque and Flow Rate during Torque Limiting. 
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4.2 Directional Flow Control Valve 
 

The experimental activity carried out on the DFCV was focused on the LPC 

mathematical model validation, which is crucial in order to reproduce the actual operating 

modes of the valve sections. 

A dedicated experimental activity, according to the test bench configuration reported in 

the ISO scheme of Fig.3.12, was performed. Once defined the LPCs discharge coefficients, the 

same operating conditions were simulated with the mathematical model. 

Figure 4.6 depicts the experimental and numerical LPCs positions of the two valve 

sections, while Fig.4.7 and Fig.4.8 report the numerical and experimental valve sections 

downstream pressures (𝑝𝐷𝑆) comparison respectively. 

 

 
Figure 4.6: LPCs Positions Experimental and Numerical Comparison. 

 

 
Figure 4.7: Experimental and Numerical Downstream Pressures (𝑝𝐷𝑆) - Section 1. 
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Figure 4.8 Experimental and Numerical Downstream Pressures (𝑝𝐷𝑆) - Section 2. 

 

As can be noticed, there is a good match between the reported curves. 

The downstream pressures (𝑝𝐷𝑆) assume almost the same instantaneous value in the two 

valve sections, for both the experimental test and the simulation. 

The comparison points out the capability of the LPC model to keep a constant pressure 

drop between the valves inlet and the downstream chambers under operating condition 

variations, as in the real system. Therefore the LPC mathematical model is validated. 
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4.3 Complete Standard Excavator 
 

The experimental activities carried out on the excavator, described in detail in Chapter 

3, were designed for the system characterization as well as the mathematical model calibration. 

The single user cycles have been exploited in order to define the actuator friction forces 

and torques contribution, the turret inertia, the hydraulic lines resistance coefficients and the 

DFCV sections discharge coefficients (for both the metering and the outlet notches). 

Once calibrated the mathematical model the experimental tests were simulated with the 

aid of the excavator mathematical model for each single user. Fig.4.9 – Fig.4.13 report the 

experimental and numerical results comparison. The reported variables are the ICE speed, the 

main pump delivered flow rate and the system pressure. 

 

 
Figure 4.9: Experimental and Simulation Boom Cycle. 

 

 
Figure 4.10: Experimental and Simulation Arm Cycle. 
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Figure 4.11: Experimental and Simulation Bucket Cycle. 

 

 
Figure 4.12: Experimental and Simulation Turret Cycle. 

 

 
Figure 4.13: Experimental and Simulation Travel Cycle. 
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As can be observed from the reported comparisons, the excavator mathematical model 

results match in a very satisfying manner the experimental data during both transient and 

steady-state operating conditions, therefore validating the complete standard excavator 

mathematical model developed for the estimation of the hydraulic and mechanical variables. 

The noticeable differences during the transients could found justification in the 

modelling simplifications done in order to keep short the computation time. 

Concerning the model capability of predicting the fuel consumption, the comparison 

between the experimental and the numerical fuel consumption results are reported in Tab.4.1. 

 

Table 4.1: Experimental and Numerical Fuel Consumption Results. 

Symbol Experimental U95 [%] Numerical 
𝑚𝑓𝑆𝐼𝑀−𝑚𝑓𝐸𝑋𝑃

𝑚𝑓𝐸𝑋𝑃
 [%] 

𝑚𝑓̅̅ ̅̅ 𝐷𝐼𝐺𝐺𝐼𝑁𝐺 33.25 [g/cycle] ± 3.57 34.12 [g/cycle] +2.61 

𝑚𝑓̅̅ ̅̅ 𝐺𝑅𝐴𝐷𝐼𝑁𝐺 10.34 [g/cycle] ± 7.9 10.53[g/cycle] +1.83 

𝑚𝑓̅̅ ̅̅ 𝑇𝑅𝐴𝑉𝐸𝐿 3.29 [g/m] ± 8.2 3.26 [g/m] -1.06 

𝑚𝑓̅̅ ̅̅ 𝐼𝐷𝐿𝐼𝑁𝐺 1331 [g/h] ± 6.2 1330 [g/h] -0.08 

𝑚𝑓̅̅ ̅̅ 𝐽𝐶𝑀𝐴𝑆 8.62 [l/h] ± 2.87 8.78 [l/h] +1.86 

 

Being the percentage differences between numerical and experimental fuel consumption 

(
𝑚𝑓𝑆𝐼𝑀−𝑚𝑓𝐸𝑋𝑃

𝑚𝑓𝐸𝑋𝑃
) always within the combined uncertainty limits, experimentally defined for each 

operating modes, the model fuel consumption prediction capability are validated. 



 

 



 

 

 

 

Chapter 5: Energy Saving 
Solutions for LS Hydraulic 

Systems  

 

 

 

 

 

 

 

In this chapter some energy saving solutions to reduce the fuel consumption of the 

machinery under study will be proposed and described in detail. 

The proposed solutions have been defined on the basis of an energy analysis conducted 

on the standard excavator hydraulic system with the aid of the mathematical model, presented 

and validated in the previous chapters. 
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5.1 Energy Analysis of the Standard Excavator Hydraulic 

System 
 

In Chapter 4 the excavator mathematical model has been validated on the basis of the 

experimental results both for the definition of the hydraulic system variables and for the fuel 

consumption predictions capability during the simulated working cycles. 

In this chapter a comprehensive and detailed energy analysis will be conducted for the 

standard hydraulic system of the excavator, with the aid of its mathematical model, in order to 

evaluate the energy dissipations and to propose different solutions to improve the machinery 

overall efficiency. 

The reported results in these energy analyses refer to the simulations of the trench 

digging and the grading working cycles, defined by the JCMAS standard [3.2], which are the 

most performed operating conditions for the working hydraulic of an excavator. 

As previously stated, during both the experimental and the simulated working cycles the 

interaction between the bucket and the terrain was neither performed nor modelled. Therefore 

the energy dissipations in the system refer to the working hydraulic usage for just moving the 

kinematics in air, which represents the most performed movements during the performed 

working cycles. 

This will not affect the energy recuperation analysis presented in the next paragraphs, 

because the useful operating phases
25

 for energy recuperations during the reference working 

cycles [3.2] are typically performed when the excavated material is already dumped. 

 

5.1.1 Trench Digging Cycle 
 

In this section are reported the energy analysis concerning the trench digging working 

cycle. 

Figure 5.1 represents the energy flow along the hydraulic system during the simulated 

cycle. 

The ICE overall efficiency on the cycle is of about the 27%. Starting from the ICE 

mechanical energy, which represents the total amount of energy entering the system, all the 

energy dissipations in the system have been quantified. 

                                                           
25

 The useful operating phases for energy recuperations are the ones where the loads acting on the 

hydraulic actuators are typically pulling. 
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Figure 5.1: Sankey Diagram of the Trench Digging Cycle. 

 

As can be observed from the energy flow diagram, about 17% of the inlet energy is 

dissipated by the FGU, which has an overall efficiency of about 82% on the cycle. These energy 

dissipations are related both to the volumetric and hydraulic-mechanical losses. 

Other energy losses due to lamination in the inlet hydraulic lines, between the FGU and 

the DFCV as well as in the pressure relief valves, represent approximately the 5.4 % of the total 

energy amount. 

The 77.3% of the total inlet energy enters into the DFCV and then is divided through 

the different activated valve sections. The energy dissipations related to the DFCV, reported in 

Fig.5.1, represent the summation of each users related dissipations. A more detailed analysis 

concerning each user will be further presented. 

The main amount of energy dissipations in the distributor are related to the meter-IN 

orifices, the LPCs and the meter-OUT orifices and quantified as the 8.9%, 10.7% and 16.7% 

respectively. Other minor energy losses in the distributor are related to the internal losses and to 

the LS losses both of about 1.4%. 

Considerable energy dissipations occur between the DFCV and the hydraulic actuators 

workports due to laminations along the hydraulic lines, and quantified in about 16.7% of the 

total. 

Referring to the defined reference working cycles (Chapter 3) the required energy to 

perform the kinematics movements is due only to the hydraulic actuators related friction forces 

and torques, which represent the effective work in the considered cycle. In fact, being the 

implements initial and final position coincident in the working cycles, the total energy amount 
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to move the kinematics is related to frictions and is quantified in about the 11.4% of the total 

inlet energy, since the energy used to increase the potential and the mechanical energy of each 

implement during some phases is then fed back to the system during the next phases. These 

considerations will be more clear analysing the user energy consumption in detail. 

Figure 5.2 reports the power demand in the system during the trench digging cycle, 

coherently with the energy flow reported in Fig.5.1. 

 

 
Figure 5.2: System Power Demand during the Trench Digging Cycle. 

 

The black line is the ICE mechanical power while the light-blue is the overall hydraulic 

power delivered by the FGU. The total hydraulic power entering the DFCV is represented by 

the red line, which is equal to the summation of the users power demand defined by the others 

reported curves. 

Observing the power demand of the users during the cycle, it is possible to point out 

that some users are contemporary actuated, the boom and the arm, and the boom and the turret, 

while others are never actuated at the same time, the boom and the bucket, and the arm and the 

turret. During the parallel users operations, as previously described for LS systems, the users 

requiring lower pressure amounts than the loadest section have the major energy dissipations, 

due to lamination, in the LPCs in order to meet the LS control logic, being very inefficient. 

A very effective method to reduce the energy dissipations in the LPCs is that of dividing 

the users in two separate groups thus adopting two LS pump instead of one. 

This solution will be further presented and described in the next sections in order to 

quantify the related energy saving amount. 
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Another method for the improvement of the hydraulic system energy efficiency is 

reduce the hydraulic actuators size. Therefore on one hand the flow rates in the hydraulic lines 

are reduced and as a consequence the energy dissipations due to lamination in the hydraulic 

lines are reduced too, but on the other hand the system working pressures have to be increased 

in order to accomplish the same operating tasks. This imposes the usage of hydraulic pumps, 

components and actuator designed to endure under more critic working conditions. Otherwise 

instead of reducing the hydraulic actuators size, the same result could be achieved increasing the 

hydraulic lines internal diameters. These solutions will not be investigated in this analysis. 

A further effective solution to reduce the meter-IN energy losses is that of reducing the 

pump margin setup. This solution will be further investigated in the next sections. 

Concerning the meter-OUT energy losses of the DFCV a further analysis considering 

the users actuation phases is required in order to evaluate other possible energy saving solutions. 

 

Users Energy Analysis on Trench Digging Cycle 

 

Considering the boom, Fig.5.3 and Fig.5.4 represent the energy flow related to the 

rising and the lowering phases respectively, while Fig.5.5 reports its power demand during the 

trench digging cycle. 

 

 
Figure 5.3: Sankey Diagram of the Boom User during the Rising Phase. 
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Figure 5.4: Sankey Diagram of the Boom User during the Lowering Phase. 

 

 
Figure 5.5: Boom Power Demand during the Trench Digging Cycle. 

 

During the boom rising phase, which is composed of two sequential movements, 

Fig.5.5, most of the entering energy, in the valve section, is exploited to increase the boom 

potential energy due to the implement rising referring to the initial position. 
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In this working phase the force acting on the boom actuator is resistant, due to the boom 

mass, thus neither possibility of cavitation in the rod side of the actuator nor implement fugue 

could occur. Therefore the meter-OUT energy losses could be reduced through the optimization 

of the outlet orifice flow area. 

During the lowering phase, the boom could be moved just exploiting its potential 

energy, but in order to maintain the control of the velocity the cavitation in the rod side of the 

actuator has to be avoided. Consequently the flow area of the meter-OUT (A→T) orifice was 

designed to be very narrow. Thus the meter-OUT related energy losses are considerably higher 

than the available potential energy, quantified in about the 68.7% of the total available energy 

during this phase, due to further entering energy to accomplish the boom lowering at the desired 

velocity. This means that during the boom lowering phase the boom is literally pushed down. 

As can be noticed, about the 4.3% of the available energy is directly recovered through 

a regeneration system within the valve main spool. 

Adopting an energy recovery system (ERS) in order to control the boom lowering and 

recover otherwise wasted energy is another effective energy saving solution. 

 

Similar considerations could be done considering the arm. Figure 5.6 and Fig.5.7 

represent the energy flow during the closing and the opening movements respectively, while 

Fig.5.8 reports the arm cycle related power demand. 

 

 
Figure 5.6: Sankey Diagram of the Arm User during the Closing Phase. 
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Figure 5.7: Sankey Diagram of the Arm User during the Opening Phase. 

 

 
Figure 5.8: Arm Power Demand during the Trench Digging Cycle. 
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area of the outlet orifice is designed to be narrow too. Therefore the meter-OUT energy losses, 

quantified in 27.1%, are due to the arm potential energy and further entering energy 

dissipations. 
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Even for this user an amount of the wasted energy in the meter-OUT could be recovered 

exploiting an ERS. 

During this phase the LPC energy dissipations, Fig.5.6, are quantified in 41.1% of the 

total available energy due to the contemporary activation of the arm and the boom, confirming 

the possibility of reducing the energy dissipation dividing the system users in different groups, 

as previously indicated. 

Considering now the arm opening phase, as similarly for the boom rising phase, the 

load acting on the hydraulic actuator is typically resistant and thus optimizing the outlet orifice 

flow area the meter-OUT energy losses could be further reduced. 

 

Referring to the bucket, Fig.5.9 and Fig.5.10 represent the energy flow related to the 

closing and opening phases respectively, while Fig.5.11 reports its power demand during the 

trench digging cycle. 

 

 
Figure 5.9: Sankey Diagram of the Bucket User during the Closing Phase. 

 

Concerning both the bucket closing and opening phases, the main energy dissipations 
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actuator ones the A and B hydraulic lines length is about 9.5 m. 
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The meter-OUT energy losses could be reduced optimizing the outlet orifices flow area 

as in the other users. 

During these phases the load acting on the bucket hydraulic actuator is pulling for just a 

brief part of the closing movement while is resistant during the opening phase and thus energy 

recovery is not considerable. 

Being this user actuated singularly, the LPC energy dissipations are less than 1%. 

 

 
Figure 5.10: Sankey Diagram of the Bucket User during the Opening Phase. 

 

 
Figure 5.11: Bucket Power Demand during the Trench Digging Cycle. 
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Considering the turret, Fig.5.12 and Fig.5.13 represent the energy flow related to the 

accelerating and decelerating phases during a 90 degree swing movement, while Fig.5.14 

reports the turret overall power demand during the trench digging cycle. 

Analysing the energy flow along the hydraulic actuation system of the turret, the LPCs 

energy dissipations, quantified in about 16% of the entering energy, could be reduced if the 

turret will be neither actuated contemporary with the boom neither the arm. 

 

 
Figure 5.12: Sankey Diagram of the Turret User during the Accelerating Phase. 

 

 

 
Figure 5.13: Sankey Diagram of the Turret User during the Braking Phase. 
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Figure 5.14: Turret Power Demand during the Trench Digging Cycle. 

 

The meter-IN losses could be reduced decreasing pump margin setting, while the meter-

OUT losses reduction, differently than the previous users, require the outlet section architecture 

modification (solution does not investigated in this thesis). 

Another important consideration regards the amount of recoverable energy during the 

turret deceleration phases, which are represented by the green areas in Fig.5.14. 

The total laminated energy on the pressure relief valves during and for the braking of 

the turret is quantified in about 7.2% of the total kinetic energy for each braking phases (two in 

a single trench digging cycle), which is about the 3.7% of the total required energy to actuate 

the turret during one rotation. 

The energy recovery percentage related to the turret, for this excavator size, is not very 

promising for the implementation of a dedicated ERS. 
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5.1.2 Grading Cycle 
 

In this section are reported the energy analyses concerning the grading working cycle. 

Figure 5.15 represents the energy flow along the hydraulic system during the simulated cycle 

while Fig.5.16 reports the power demand in the system. 

The ICE overall efficiency on the cycle is 27.39%. The total amount of energy entering the 

system is considered equal to ICE mechanical energy. The energy dissipations along the system 

are then quantified. 

 

 
Figure 5.15: Sankey Diagram of the Grading Cycle. 

 

 
Figure 5.16: System Power Demand during the Grading Cycle. 
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About 28% of the inlet energy is dissipated by the FGU, which has an overall efficiency 

on the cycle of about 72%. The FGU energy dissipations in the grading cycle are higher than 

those in the trench digging cycle, because the FGU overall efficiency is lower during the 

grading cycle due to the lower flow rates and thus minor pump displacement. 

On the contrary, being the flow rate reduced, the energy losses, due to lamination, in the 

hydraulic lines, both the inlet ones (between the FGU and the DFCV) and the users ones 

(between the DFCV and the hydraulic actuators workports), quantified in the 0.6% and 3.5% 

respectively, are reduced. 

The LS line and other energy dissipations represent the 2.7% and the 2.9% of the total 

energy amount respectively. 

The energy dissipations related to the DFCV represent the summation of all the actuated 

users dissipations during the grading cycle, i.e. the boom and the arm. 

In the grading cycle, if compared with the trench digging cycle, the meter-IN energy 

dissipations are almost the same, evaluated in about 8% of the total energy, while the LPCs and 

the meter-OUT energy losses are increased, quantified in about the 18% and the 33% 

respectively. 

Even for the grading cycle, the energy saving solutions, pointed out for the trench 

digging cycle and further presented in the next sections, could be exploited in order to improve 

the machinery overall efficiency. 
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5.2 Proposed Energy Saving Solutions 
 

In this section will be presented different energy saving solutions for the excavator 

under investigation and LS hydraulic system in general. The correspondent energy analyses and 

the fuel consumption reduction will be discussed and presented in Chapter 9. 

The presented solutions have been defined starting from the considerations carried out 

on the energy dissipations concerning both the trench digging and the grading cycle, which are 

the most performed operating conditions of an excavator. 

 

 

 

5.2.1 Dual Pump LS System 
 

During parallel users operations have been pointed out that the users requiring the lower 

pressure demands to accomplish their tasks have the high energy dissipations, due to lamination, 

in the related LPCs. 

An effective solution to reduce these energy dissipations is to divide the users in two 

separate groups and thus adopting two LS pump instead of one. 

According to the power demand charts for both the trench digging cycle, Fig.5.2, and the 

grading cycle, Fig.5.16, the users26 have been divided in two groups: 

 group 1: Boom, Bucket, Travel DX; 

 group 2: Arm, Turret, Travel SX. 

The simplified ISO scheme of the proposed dual pump LS system is reported in Fig.5.17 

according to the user defined grouping. 

  

                                                           
26

 In the defined groups and ISO scheme have been listed and reported only the activated users during the 

considered working cycles. The others (the blade, the boom swing and the auxiliary) were not reported. 
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Figure 5.17: Dual Pump LS System Simplified ISO Scheme. 

 

The proposed dual pump LS system configuration takes advantage of two LS variable 

displacement pumps having the same size of the original one, i.e. with the same maximum 

displacement of 84 cm
3
/r. 

The two pumps maximum permitted torques have been imposed equal to the half of the 

maximum torque of the standard system. 

The obtained results related to this system configuration will point out the advantages, 

in terms of energy saving, of having a system exploiting two LS pumps instead of one (see 

Chapter 9). 

Figure 5.18 reports the instantaneous displacement of pump 1 and pump 2 during the 

simulated trench digging cycle. 
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Figure 5.18: Pump 1 and Pump 2 Displacement During Simulated Trench Digging Cycle. 

 

As can be observed, the maximum displacement reached by each of the pump during 

the cycle is always lower than 60 cm
3
/r. Moreover, being axial piston pumps overall efficiency 

higher with the pump displacement, Fig.3.3 (see Chapter 3), the usage of two pumps with lower 

size, in terms of maximum displacement, would further improve the hydraulic system 

efficiency. 

Therefore a second version of the dual pump LS system exploiting two variable 

displacement units with a maximum displacement of 60 cm
3
/r 27 has been proposed. 

The results related to this further configuration will point out the advantages, in terms of 

energy saving, of having a system exploiting two LS pumps with an optimized sizing (see 

Chapter 9). 

Finally Fig.5.19 represents a third configuration for this system architecture, where a 

junction element, composed of two ON/OFF valves, within the DFCV, which allows the union 

of the two pumps according to the defined control strategies. 

This particular system configuration will not be further investigated in this thesis. 

 

                                                           
27

 This pump size have been defined according to the consideration reported in this section and to the 

available model from Casappa’s catalogue. 
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Figure 5.19: Dual Pump LS System with Junction Elements Simplified ISO Scheme. 
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5.2.2 Reduced Pump Margin LS System 
 

LS systems on one hand ensure a proportional flow rates to the valve opening only, i.e. 

the actual flow rate is not affected by the loads variations. But on the other hand, are 

characterized, in addition to the other typical energy dissipations, by further meter-IN energy 

losses due to lamination across the compensated meter-IN orifice. 

(Eq.5.1) defines the flow rate along the pressure compensated orifice of a generic LS 

system. 

 

𝑄 = 𝑘 ∙ 𝐴(𝑥) ∙ √∆𝑝𝐿𝑆 (5.1) 

 

The differential pressure (∆𝑝𝐿𝑆) across the meter-IN orifice, in presence of the TL 

regulator is defined by (Eq.5.2). 

 

{
∆𝑝𝐿𝑆 = ∆𝑝𝐿𝑆

∗  → 𝑖𝑓 𝑡ℎ𝑒 𝑇𝐿 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑎𝑐𝑡
 

∆𝑝𝐿𝑆 < ∆𝑝𝐿𝑆
∗  → 𝑖𝑓 𝑡ℎ𝑒 𝑇𝐿 𝑎𝑐𝑡𝑠

 (5.2) 

 

Where (∆𝑝𝐿𝑆
∗) is the pump margin setting of the FC. 

The instantaneous dissipated power, due to lamination, is evaluated through (Eq.5.3) 

while the related energy dissipation, in the considered operating cycle (of a duration of T 

seconds) is defined by (Eq.5.4). 

 

𝑃𝐿𝑂𝑆𝑆 = 𝑄 ∙ ∆𝑝𝐿𝑆 (5.3) 

 

𝐸𝐿𝑂𝑆𝑆 = ∫ 𝑃𝐿𝑂𝑆𝑆 ∙ 𝑑𝑡
𝑇

0

 (5.4) 

 

The energy losses can be reduced decreasing the pump margin (∆𝑝𝐿𝑆
∗ ) setting. This 

operation is not trivial. If the pump margin is reduced too much, compared to the original 

setting, and no further change is introduced in the system (i.e. the modification of the meter-IN 

orifices flow areas, etc.), the users movements will result slower, and thus the machine 

performances could results unsatisfactory for the operators. Therefore, in the performed 

analysis, a 5% reduction of the original pump margin setting has been introduced in order to not 

penalize the machine performance, but still allowing energy saving improvement. The results 

analysis, will be reported and discussed in Chapter 9. 
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5.2.3 Optimization of the outlet flow areas 
 

From the energy analyses carried out on the standard hydraulic system of the machinery 

under study have been pointed out that the energy dissipations related to the meter-OUT orifices 

represents a significant part of the total inlet energy, for both the trench digging and the grading 

cycles. 

The meter-OUT energy losses consist of the energy dissipation while the loads acting 

on the hydraulic actuators are both resistant and pulling. 

The energy dissipations related to the pulling loads are caused by the very narrow 

orifice sections adopted in order to maintain the control of the users even under harsh operating 

conditions. On the contrary, the energy dissipations related to the resistant loads could be 

further reduced optimizing the flow areas of the outlet orifices, having the confidence to not 

introduce adverse working conditions, e.g. load fugue or cavitation. 

If this last considerations are almost valid for the arm and the bucket, regarding the 

boom some other aspects have to be considered. 

In fact, a typical performed functional operation is that of using the front excavation 

tool as a pivot during the machinery undercarriage rotations. During this operating condition the 

undercarriage is partially lifted by the implement. Once rotated, the undercarriage is then 

lowered. 

Considering the lowering phase, the opened meter-OUT orifice is the one typically 

exploited while the boom is lifted (concerning the trench digging and the grading cycles) when 

the loads are resistant. On the contrary, during this operating condition the load acting on the 

hydraulic actuator of the boom is pulling due to the machinery weight. Therefore, the 

optimization concerning the boom meter-OUT orifice is a trade-off between functionality and 

efficiency. 

Figure 5.20 reports the B → T areas. The black curve represents the original normalized 

flow area, the red one is the maximum opening area trend according to the geometrical 

dimension of the valve and the spool, while the blue curve is the optimized flow area. 

As can be seen, the original trend of the area has been maintained for the new optimized 

outlet flow area in order to meet the functionality requirements previously described. 

Boom rising simulations have been performed to compare both the efficiency and the 

performance improvement exploiting the optimized outlet flow area instead of the standard one. 

The optimized (OPT) outlet flow area has been compared with both the original (STD) and the 

maximum (MAX) available outlet flow areas in order to justify its dimensioning. 
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Figure 5.20: Boom B → T Outlet Flow Area Optimization. 

 

The boom rising cycles simulations have been performed imposing different main spool 

opening, 25%, 50%, 75% and 100% of the useful stroke28, in order to verify the optimization 

advantages in different operating conditions. 

Figure 5.21 reports the outlet B → T pressure reduction adopting the MAX and the OPT 

outlet flow areas compared to the STD one. 

 

 
Figure 5.21: B → T Outlet Pressure Reduction. 

 

The usage of the optimized outlet flow area reduces the outlet pressure, and 

consequently the inlet pressure too, of a very considerable percentage compared to the original 

area. Moreover only for little opening of the valve (25%) substantial differences between the 

                                                           
28

 The useful stroke considers only the part of the total spool stroke in which the flow area is not zero, i.e. 

if an underlap is present it will be not considered. 
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MAX and the OPT areas are significant, while for the other main spool positions the outlet 

pressure reduction are very similar. Furthermore, observing the fuel consumption reduction 

estimations, reported in Fig.5.22, the usage of the of the OPT outlet flow area just slightly 

reduce the fuel consumption reduction. 

 

 
Figure 5.22: Boom Rising Simulated Fuel Consumption Reduction. 

 

Other advantages related to adoption of the OPT outlet area concern the movements 

velocities improvements, Fig.5.23, due to the differential pressure across the meter-IN orifice 

(𝑑𝑝𝐿𝑆
′
) increasing, Fig.5.24, being the TL action reduced in comparison to the system 

exploiting the original outlet area. 

 

 
Figure 5.23: Boom Rising Time Reduction. 
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Figure 5.24: 𝑑𝑝𝐿𝑆

′
 Increasing During Boom Rising Simulation. 

 

The reported results comparison pointed out that the usage of the optimized outlet flow 

area instead of the maximum available outlet area introduces only slight reductions in term of 

energy saving in favor of limited functionality problems, e.g. controllability or cavitation, 

during other performed operating condition do not considered in the JCMAS standard. 

Concerning the arm and the bucket, the outlet flow areas related to the A → T orifices 

have been increasing of about 50% starting from the original flow areas trend. 

The turret outlet sections were not modified. 

The energetic analysis related to this configuration will be presented and further 

discussed in Chapter 9. 
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5.2.4 Boom Energy Recovery System 
 

The energy analyses conducted on the standard hydraulic system of the excavator 

pointed out that the energy dissipation related to the meter-OUT orifice during the boom 

lowering phase are quantified in about 69% of the boom total available energy during this 

phase. 

As previously analysed, the dissipation percentage amount concerns the boom potential 

energy, regenerated energy and part of the entering energy from the pump, meaning that, during 

the lowering, the boom is literally pushed down. 

Many studies available in the literature, as reported in Chapter 1, have been conducted 

as well as many patents have been deposited concerning solutions for the recovery and reuse of 

otherwise wasted energy, due to lamination. ERSs seems to be the best solution to the problem. 

Considering in particular the boom, a ERS has the function of both avoid the implement 

fugue and recover the larger amount of available energy. 

 

The ERS for the excavator under investigation has been designed to recover only the 

potential energy from the front equipment, since the predicted energy saving potential from 

turret was considered insufficient for justifying the additional costs [5.1]. 

Figure 5.25 reports the simplified ISO scheme of the excavator hydraulic system with 

the proposed novel ERS architecture. 

The ERS is composed of four components: 

 a Hybrid Control Valve (HCV); 

  a hydraulic accumulator; 

  a pilot pump/motor; 

  an Electronic Control Unit (ECU). 

 

The HCV is a valve block composed of three ON/OFF directional flow control valves 

(X, 3, 4), a pressure relief valve (5) and a proportional flow control valve (Y). 

The valve X allows directing the flow from the piston side of the boom cylinder to the 

hydraulic accumulator (recovery mode) or to the boom DFCV section (standard mode). 

Since in some operating conditions the accumulator pressure could be not enough to 

balance the front equipment weight, the proportional valve Y throttles the flow rate thus 

maintaining the control on the boom descent avoiding both the implement fugue and cavitation. 

Pressure relief valve 5 preserves the accumulator from overpressures. 
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Valve 4 serves to empty the accumulator when the ERS is turn off or the machinery is 

not working. 

The recovered energy is then used to feed a hydraulic motor so as to reduce the engine 

load and consequently reduce the fuel consumption. The reuse phase is enabled by means of 

valve 3, which connects the hydraulic accumulator with the hydraulic motor. 

In the proposed ERS the pilot pump, of the standard hydraulic system of the excavator, 

has been modified in order to be exploited even as recovery motor. This choice has been made 

with the purpose of limiting both the recovery system cost and the space required on the 

excavator. 

The ECU controls valves X, Y, 3 and 4 according to the control strategies defined (see 

Chapter 6) on the basis of the accumulator pressure (pACC) and the pilot pressure of the boom 

flow control valve (pV2-BOOM), which are the input. 

 

 
Figure 5.25: Excavator Simplified ISO Scheme with Boom ERS. 
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Figure 5.26 shows the ERS during the different operating modes: recovery mode (A), 

recovery and reuse mode (B) and reuse mode (C). The activated valves and hydraulic lines are 

highlighted in red. 

 

 
Figure 5.26: Operating Modes of the ERS. 

 

The effectiveness, i.e. the energy saving capability, of the proposed ERS strongly 

depends on both its control strategy and components dimensions (valves, accumulator, motor, 

etc.). For this reason, a parameters optimization on the proposed ERS layout and the definition 

of an optimal control strategy are crucial in order to evaluate the performance, in term of energy 

saving, related to this ERS (see Chapter 6). 

The energetic analysis related to this configuration will be presented and discussed in 

Chapter 9. 
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5.3 Discussion 
 

A detailed energy analysis of the standard excavator hydraulic system has been 

presented in this chapter, discussing the energy dissipations in the system during both the trench 

digging and the grading cycles of the JCMAS standard. 

These analysis have led to the definition of different solutions for the energy saving in 

LS hydraulic systems, among which hydraulic system layout modification, valves optimization, 

pump setting modification and energy recovery system introduction. 

These proposed solutions have been presented and described in detail in this chapter, 

while the related energy saving capability will be presented in Chapter 9. 
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Chapter 6: Energy Recovery 
System Optimal Dimensioning  

 

 

 

 

 

 

 

In this chapter the optimal dimensioning of the proposed ERS will be presented and 

described in detail. 

The optimization procedure concerned both the components sizing and the definition of 

the control strategy to be implemented on the machinery. 

The presented methodology takes advantage of the dynamic programming (DP) 

algorithm. 

In the initial section of this chapter an overview of the typically adopted optimization 

techniques will be reported, while in the next sections will be presented the exploited 

optimization procedure and the results. 
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6.1 Optimal Energy Management Strategies 
 

In Chapter 5 different energy saving solutions were proposed on the basis of the energy 

analyses carried out on the standard hydraulic system of the excavator under investigation, 

among them even a novel ERS architecture. 

The proposed ERS recovers energy from the boom actuator during the implement 

lowering. Then, the recovered energy, storage in an energy storaged device (ESD) (a hydraulic 

accumulator), is reused taking advantage of the hydraulic pump/motor of the excavator pilot 

circuit. 

The combination between the standard hydraulic system of the excavator and the 

proposed ERS defines a novel hydraulic hybrid architecture for such a machinery. 

 

The optimal energy management in hybrid electric vehicles (HEV) has been one of the 

most studied problems in the last two decades, according to the related number of paper present 

in the literature, while the interest on hydraulic hybrid mobile machinery is current. 

The energy management strategies (EMS) have typically the primal purpose of 

minimizing the fuel consumption, i.e. optimizing the fuel economy, over a certain task, or a set 

of defined tasks. 

At each instant of time, the strategy, implemented in the controller, must decide the 

optimal components activation to achieve the fuel consumption minimization target. Therefore 

numerical dynamic optimization methods, instead of static ones, are usually exploited for the 

evaluation of optimal control laws. 

The energy management strategies can be classified into two categories, rule-based and 

optimization-based strategies. 

Rule-based algorithms on one hand are simple to implement, easy to use, and suitable to 

implement for real-time control, but on the other hand the tuning of the rules is based on both 

trial-and-error and heuristic approaches, which often requires time to achieve satisfactory 

performance and fuel consumption reduction targets. 

Optimization-based algorithms, among which Pontryagin’s minimum principle [6.1], 

equivalent consumption minimization strategy (ECMS) [6.2, 6.3], equivalent fuel consumption 

control strategy (EFCOCS) [6.4] and dynamic programming (DP) [1.36, 6.5] have the objective 

to compute the best fuel economy of the machinery under investigation on the target tasks. 

In this thesis, the optimization procedure for both the ERS components size and the 

EMS takes advantage of the DP algorithm, which will be further presented in the next section. 
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6.1.1 Dynamic Programming Optimization Method 
 

The DP algorithm, introduced in [6.6] and further described in [6.7], is based on the 

principle of optimality, i.e. an optimal control policy has the propriety that whatever the initial 

state and the initial decision are, the remaining decision must constitute an optimal policy with 

regard to the results from the initial decision. 

Concerning engineering optimization problems DP algorithm found large usage, as an 

example, when developing energy management control strategies [1.36, 6.5, 6.8, 6.9, 6.10]. 

The EMSs optimization through the DP optimization-based methodology guarantees to 

obtain a global optimal control strategy for the investigated hybrid machinery over a defined 

time horizon if the associated working cycle is known in advance. 

This means that, taking advantage of the optimality principle, the DP algorithm can find 

the optimal solution backward in time by searching for all the defined states, which results as 

the upper bound, i.e. the optimal benchmark, for developing EMSs of the considered system 

architecture. 

Unfortunately the DP optimal results are non-causal and not implementable in real-time 

controller. Therefore, starting from the optimal non-causal EMS, a control strategy based on 

rules can be derived after an accurate DP results post-processing analysis for the rules 

extraction. 

Considering the proposed hydraulic hybrid excavator layout, Fig.5.25, the DP algorithm 

has been adopted for the definition of the optimal set of EMSs for each ERS components size 

combination, thus obtaining the optimal combination distribution, further exploited for the best 

components size combination to be adopted. 

The optimization methodology, presented in the next sections, has been carried out by 

means of a Matlab
®
 function developed and described in [6.11], which require the definition of 

the objective function and the mathematical model of the considered system. 

The mathematical model of the hydraulic hybrid excavator for the DP optimization 

purpose is presented in detail in the next section. 
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6.2 Excavator Inverse Causality Model 
 

The adopted optimization procedure is based on the DP algorithm which has the 

characteristic of solving non-linear, time variant, constrained, discrete-time approximation of 

continuous time dynamic model optimization problems. 

Therefore, in order to solve the backward-in-time optimization problem the 

mathematical model, presented in Chapter 2, has to be further simplified and its causality 

reverted. 

The computational time to solve a DP optimization problem is exponential in the 

number of states and input [6.10]. Therefore, being the number of the defined input fixed, the 

number of the system states (i.e. the number of differential equations) have to be limited as 

much as possible, thus all the non-essential dynamics of the model have been neglected. 

Consequently, when reversing the model causality, all the sub-models have been reduced to 

pure algebraic models based on a Quasi-Steady formulation. 

This last assumption is justified because the typical time constants associated with 

hydraulic components, like hydraulic chambers pressure variations, flow rates variation and the 

swash plate tilting of the variable displacement unit are very low, i.e. high frequency 

phenomenon, compared to the characteristics time of the performed working tasks. 

These assumption will be confirmed by the comparison between excavator direct and 

inverse causality models results presented in section 6.2.9. 

If these assumption can be acceptable for the standard hydraulic system of the 

excavator, considering the introduction of the proposed ERS, with the introduction of an energy 

storage device (a hydraulic accumulator), it becomes clear that its dynamics cannot be further 

neglected as greatly affect the behaviour of the novel system and being considerably slower 

than the previous mentioned ones. 

In the following sections the sub-systems inverse causality models will be presented in 

detail. 
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6.2.1 Hydraulic Linear Actuator 
 

Figure 6.1 shows the HLA inverse model causality. The piston velocity (𝑣𝐻𝐿𝐴𝑖) is 

assumed to be positive during the extension movement of the piston while the piston force 

(𝐹𝐻𝐿𝐴𝑖) is positive when the piston pulls the connected kinematics element. 

The following assumptions were done for the modelling: no internal and external 

leakages were considered, the static friction has been neglected and the cavitation of the fluid 

was not considered. 

 

 
Figure 6.1: Causality of the HLA Inverse Model. 

 

The flow rates at the piston (𝑄
𝐴𝑖

) and the rod (𝑄
𝐵𝑖

) workports are evaluated through 

(Eq.6.1) and (Eq.6.2) respectively. 

 

𝑄𝐴𝑖 = 𝑣𝐻𝐿𝐴𝑖 ∙ 𝐴𝑃 (6.1) 

 

𝑄𝐵𝑖 = −𝑣𝐻𝐿𝐴𝑖 ∙ 𝐴𝑅 (6.2) 

 

The piston and the rod pressure are defined, according to the sign of the input velocity 

(𝑣𝐻𝐿𝐴𝑖), by (Eq.6.3) and (Eq.6.4). 

 

{
 

 
𝑣𝐻𝐿𝐴𝑖 ≥ 0

 

𝑝𝑃𝑖 =
𝑝𝐶𝑖−𝑂𝑈𝑇 ∙ (𝐴𝑅 + 𝑘∆𝑝𝑖) + 𝐹𝐶𝑖 + 𝑘𝑣𝑖 ∙ |𝑣𝐻𝐿𝐴𝑖| + 𝐹𝐻𝐿𝐴𝑖

𝐴𝑃 + 𝑘∆𝑝𝑖

 (6.3) 

 

{
 

 
𝑣𝐻𝐿𝐴𝑖 < 0

 

𝑝𝑅𝑖 =
𝑝𝐶𝑖−𝑂𝑈𝑇 ∙ (𝐴𝑃 + 𝑘∆𝑝𝑖) + 𝐹𝐶𝑖 + 𝑘𝑣𝑖 ∙ |𝑣𝐻𝐿𝐴𝑖| − 𝐹𝐻𝐿𝐴𝑖

𝐴𝑅 + 𝑘∆𝑝𝑖

 (6.4) 

 

The counter pressure (𝑝𝐶𝑖−𝑂𝑈𝑇) is due to the resistance introduced by both the outlet 

orifice of the valve section controlling the user and the related hydraulic line losses. 
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6.2.2 Turret Hydraulic Rotary Actuator 
 

The inverse model causality of the turret HRA is represented in Fig.6.2. 

The following assumptions were done for the modelling: neither internal nor external 

leakages were considered and the cavitation of the fluid was not considered. 

 
Figure 6.2: Causality of the Turret HRA Inverse Model. 

The HRA speed (𝑛𝐻𝑅𝐴) and torque (𝑇𝐻𝑅𝐴) are evaluated knowing the transmission ratio 

related to the planetary rotation gear box (𝜏), according with (Eq.6.5) and (Eq.6.6). 

 

𝑛𝐻𝑅𝐴 = 𝑛𝑇𝑈𝑅𝑅𝐸𝑇 ∙ 𝜏 (6.5) 

 

𝑇𝐻𝑅𝐴 = 
𝑇𝑇𝑈𝑅𝑅𝐸𝑇

𝜏
 (6.6) 

 

Both the flow rates and the pressures at the workport A and B are defined, depending on 

the functioning of the HRA of the turret as a motor or a pump as well as the turret rotation 

direction, by (Eq.6.7), (Eq.6.8), (Eq.6.9) and (Eq.6.10) respectively. 

 

{
 
 
 
 

 
 
 
 

𝑛𝑇𝑈𝑅𝑅𝐸𝑇 ∙ 𝑇𝑇𝑈𝑅𝑅𝐸𝑇 ≥ 0
𝑛𝑇𝑈𝑅𝑅𝐸𝑇 ≥ 0

𝑄𝐴−𝐻𝑅𝐴 =
𝑛𝐻𝑅𝐴 ∙ 𝑉𝑑𝐻𝑅𝐴

𝜂𝑉
𝑄𝐵−𝐻𝑅𝐴 = −𝑄𝐴−𝐻𝑅𝐴

𝑝𝐴−𝐻𝑅𝐴 = 𝑝𝐶−𝑂𝑈𝑇−𝑇𝑈𝑅𝑅𝐸𝑇 +
𝑇𝐻𝑅𝐴 ∙ 2𝜋

𝑉𝑑𝐻𝑅𝐴 ∙ 𝜂ℎ𝑚
𝑝𝐵−𝐻𝑅𝐴 = 𝑝𝐶−𝑂𝑈𝑇−𝑇𝑈𝑅𝑅𝐸𝑇

 (6.7) 

 

{
 
 
 
 

 
 
 
 

𝑛𝑇𝑈𝑅𝑅𝐸𝑇 ∙ 𝑇𝑇𝑈𝑅𝑅𝐸𝑇 ≥ 0
𝑛𝑇𝑈𝑅𝑅𝐸𝑇 < 0

𝑄𝐴−𝐻𝑅𝐴 = −𝑄𝐵−𝐻𝑅𝐴

𝑄𝐵−𝐻𝑅𝐴 =
𝑛𝐻𝑅𝐴 ∙ 𝑉𝑑𝐻𝑅𝐴

𝜂𝑉
𝑝𝐴−𝐻𝑅𝐴 = 𝑝𝐶−𝑂𝑈𝑇−𝑇𝑈𝑅𝑅𝐸𝑇

𝑝𝐵−𝐻𝑅𝐴 = 𝑝𝐶−𝑂𝑈𝑇−𝑇𝑈𝑅𝑅𝐸𝑇 +
𝑇𝐻𝑅𝐴 ∙ 2𝜋

𝑉𝑑𝐻𝑅𝐴 ∙ 𝜂ℎ𝑚

 (6.8) 
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{
 
 
 

 
 
 

𝑛𝑇𝑈𝑅𝑅𝐸𝑇 ∙ 𝑇𝑇𝑈𝑅𝑅𝐸𝑇 < 0
𝑛𝑇𝑈𝑅𝑅𝐸𝑇 ≥ 0

𝑄𝐴−𝐻𝑅𝐴 = 𝑛𝐻𝑅𝐴 ∙ 𝑉𝑑𝐻𝑅𝐴 ∙ 𝜂𝑉
𝑄𝐵−𝐻𝑅𝐴 = −𝑄𝐴−𝐻𝑅𝐴

𝑝𝐴−𝐻𝑅𝐴 = 𝑝𝐶−𝑂𝑈𝑇−𝑇𝑈𝑅𝑅𝐸𝑇 +
𝑇𝐻𝑅𝐴 ∙ 2𝜋

𝑉𝑑𝐻𝑅𝐴
∙ 𝜂ℎ𝑚

𝑝𝐵−𝐻𝑅𝐴 = 𝑝𝐶−𝑂𝑈𝑇−𝑇𝑈𝑅𝑅𝐸𝑇

 (6.9) 

 

{
 
 
 

 
 
 

𝑛𝑇𝑈𝑅𝑅𝐸𝑇 ∙ 𝑇𝑇𝑈𝑅𝑅𝐸𝑇 < 0
𝑛𝑇𝑈𝑅𝑅𝐸𝑇 < 0

𝑄𝐴−𝐻𝑅𝐴 = −𝑄𝐵−𝐻𝑅𝐴
𝑄𝐵−𝐻𝑅𝐴 = 𝑛𝐻𝑅𝐴 ∙ 𝑉𝑑𝐻𝑅𝐴 ∙ 𝜂𝑉
𝑝𝐴−𝐻𝑅𝐴 = 𝑝𝐶−𝑂𝑈𝑇−𝑇𝑈𝑅𝑅𝐸𝑇

𝑝𝐵−𝐻𝑅𝐴 = 𝑝𝐶−𝑂𝑈𝑇−𝑇𝑈𝑅𝑅𝐸𝑇 +
𝑇𝐻𝑅𝐴 ∙ 2𝜋

𝑉𝑑𝐻𝑅𝐴
∙ 𝜂ℎ𝑚

 (6.10) 

 

 

6.2.3 Hydraulic User Lines Losses 
 

Figure 6.3 depicts the inverse model causality of the i-th user hydraulic line losses. This 

sub-system evaluates the pressure losses due to the hydraulic line resistance between the i-th 

user and the correspondent DFCV section. 

 

 
Figure 6.3: Causality of the Hydraulic Lines Inverse Model. 

 

The outlet flow rates are the same of the inlet ones, while the outlet pressures are 

calculated through (Eq.6.11) and (Eq.6.12). 

 

𝑝𝐴𝑖 = 𝑝𝑃𝑖 + 𝑘𝐿−𝐴𝑖 ∙ |𝑄𝐴𝑖| (6.11) 

 

𝑝𝐵𝑖 = 𝑝𝑅𝑖 + 𝑘𝐿−𝐵𝑖 ∙ |𝑄𝐵𝑖| (6.12) 
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The outlet counter pressure is evaluated according to the related user velocity input by 

(Eq.6.13) and (Eq.6.14) respectively. 

 

{

𝑣𝐻𝐿𝐴𝑖 ≥ 0
 

𝑝𝐶−𝑂𝑈𝑇−𝑖 = 𝑝𝐶−𝐼𝑁−𝑖 + 𝑘𝐿−𝐵𝑖 ∙ |𝑄𝐵𝑖|
 (6.13) 

 

{

𝑣𝐻𝐿𝐴𝑖 < 0
 

𝑝𝐶−𝑂𝑈𝑇−𝑖 = 𝑝𝐶−𝐼𝑁−𝑖 + 𝑘𝐿−𝐴𝑖 ∙ |𝑄𝐴𝑖|
 (6.14) 

 

 

6.2.4 Directional Flow Control Valve 
 

The DFCV inverse causality model is composed of a number of valve section equal to 

the number of the considered users. The single user section inverse model causality is 

represented in Fig.6.4. 

This sub-system defines the i-th user flow rate required by the pump, the related LS, the 

counter pressures and the outlet flow rate to the tank. 

 

 
Figure 6.4: Causality of the DFCV Section Inverse Model. 

 

The output variables are evaluated by (Eq.6.15) and (Eq6.16) according to the velocity 

sign of the user hydraulic actuator. 
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{
 
 
 
 

 
 
 
 

𝑣𝑖 ≥ 0
𝑄𝑃𝑖 = 𝑄𝐴𝑖
𝑝𝐿𝑆𝑖 = 𝑝𝐴𝑖

𝑄𝑇𝐴𝑁𝐾𝑖 = 𝑄𝐵𝑖

𝑝𝐶−𝐼𝑁−𝑖 =
𝑄𝐵𝑖

2 ∙ 𝜌

2 ∙ 𝑐𝑑𝐵−𝑂𝑈𝑇𝑖
2 ∙ 𝐴𝐵−𝑂𝑈𝑇𝑖(𝑥𝑀𝑆𝑖)

2
+ 𝑝𝑂𝑈𝑇

𝐴𝐴𝑖(𝑥𝑀𝑆𝑖) =
𝑄𝐴𝑖
𝑐𝑑𝐴𝑖

∙ √
𝜌

2 ∙ ∆𝑝𝐿𝑆
′

 (6.15) 

 

{
 
 
 
 

 
 
 
 

𝑣𝑖 < 0
𝑄𝑃𝑖 = 𝑄𝐵𝑖
𝑝𝐿𝑆𝑖 = 𝑝𝐵𝑖

𝑄𝑇𝐴𝑁𝐾𝑖 = 𝑄𝐴𝑖

𝑝𝐶−𝐼𝑁−𝑖 =
𝑄𝐴𝑖

2 ∙ 𝜌

2 ∙ 𝑐𝑑𝐴−𝑂𝑈𝑇𝑖
2 ∙ 𝐴𝐴−𝑂𝑈𝑇𝑖(𝑥𝑀𝑆𝑖)

2
+ 𝑝𝑂𝑈𝑇

𝐴𝐵𝑖(𝑥𝑀𝑆𝑖) =
𝑄𝐵𝑖
𝑐𝑑𝐵𝑖

∙ √
𝜌

2 ∙ ∆𝑝𝐿𝑆
′

 (6.16) 

 

For both the cases the main spool position (𝑥𝑀𝑆𝑖) is evaluated taking advantage of the 

map based correlation between the flow areas of the inlet orifices (𝐴𝐴𝑖(𝑥𝑀𝑆𝑖), 𝐴𝐵𝑖(𝑥𝑀𝑆𝑖)) and 

the spool position itself. 

The outlet pressure (𝑝𝑂𝑈𝑇), which is the same for each user section is defined according 

to (Eq.6.17). 

 

𝑝𝑂𝑈𝑇 = 𝑝𝑇𝐴𝑁𝐾 + 𝑘𝐿−𝐻𝐸 ∙ (∑𝑄𝑇𝐴𝑁𝐾𝑖

𝑁

𝑖=1

+ 𝑄𝑃𝐼𝐿) (6.17) 

 

The hydraulic tank pressure (𝑝𝑇𝐴𝑁𝐾) has been considered as constant and equal to 

0.05MPa, while the heat-exchanger (HE) pressure drop coefficient (𝑘𝐿−𝐻𝐸) was defined 

according to the experimental results. 

Finally, once defined each user output, the DFCV outputs, i.e. the pump flow rate (𝑄𝑃) 

and the LS pressure of the system (𝑝𝐿𝑆) are evaluated through (Eq.6.18) and (Eq.6.19) 

respectively. 

 

𝑄𝑃𝑀𝐴𝐼𝑁 = ∑𝑄𝑃𝑖

𝑁

𝑖=1

+𝑄𝐵𝐿𝐸𝐸𝐷𝐿𝑆  (6.18) 
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𝑝𝐿𝑆 =  𝑀𝐴𝑋(𝑝𝐿𝑆𝑖) (6.19) 

 

(𝑄𝐵𝐿𝐸𝐸𝐷𝐿𝑆) is the flow rate loss via the LS line bleed valve (Eq.6.20), which is a fixed 

orifice typically mounted on the LS line in order to limit the pressure memory effect thus 

making the system more reactive to the operator requests. 

 

𝑄𝐵𝐿𝐸𝐸𝐷𝐿𝑆 =  𝑓(√𝑝𝐿𝑆) (6.20) 

 

 

6.2.5 Flow Generation Unit 
 

The FGU inverse causality model is composed of the main pump, the pilot pump and 

the main pump torque limiter. 

 

Main Pump 

 

The main pump inverse model causality is represented in Fig.6.5. This sub-model 

defines the torque required by the main pump of the excavator. 

 

 
Figure 6.5: Causality of the Main Pump Inverse Model. 

 

To evaluate the main pump torque, starting from the available input, a first iterative 

procedure for the definition of the actual pump displacement is performed. Only a single 

iteration is performed due to the simplified nature of this inverse model. 

The theoretical pump displacement is calculated by (Eq.6.21), while the pump delivery 

and differential pressure are evaluated through (Eq.6.22) and (Eq.6.23). 
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𝑉𝑑𝑀𝐴𝐼𝑁
′ =

𝑄𝑃𝑀𝐴𝐼𝑁
𝑛𝐼𝐶𝐸

 (6.21) 

 

𝑝𝐷 = 𝑝𝐿𝑆 + ∆𝑝𝐿𝑆
∗ (6.22) 

 

∆𝑝𝑀𝐴𝐼𝑁 = 𝑝𝐷 − 𝑝𝑇𝐴𝑁𝐾 (6.23) 

 

The volumetric efficiency can be now obtained exploiting the volumetric efficiency map 

experimentally defined, being 𝜂𝑉𝑀𝐴𝐼𝑁
′ = 𝑓(𝑉𝑑𝑀𝐴𝐼𝑁

′, ∆𝑝𝑀𝐴𝐼𝑁 , 𝑛𝐼𝐶𝐸). 

After this first iteration, a second pump displacement can be evaluated, (Eq.6.24), 

including the pump volumetric losses. 

 

𝑉𝑑𝑀𝐴𝐼𝑁
′′ =

𝑄𝑃𝑀𝐴𝐼𝑁
𝑛𝐼𝐶𝐸 ∙ 𝜂𝑉𝑀𝐴𝐼𝑁

′
 (6.24) 

 

Knowing the pump displacement and the operating conditions, the pump hydraulic-

mechanical efficiency can be defined through the correspondent experimental map, being 

𝜂ℎ𝑚𝑀𝐴𝐼𝑁
= 𝑓(𝑉𝑑𝑀𝐴𝐼𝑁

′′, ∆𝑝
𝑀𝐴𝐼𝑁

, 𝑛𝐼𝐶𝐸). 

Finally the main pump torque is evaluated through (Eq.6.25). 

 

𝑇𝑀𝐴𝐼𝑁 =
∆𝑝𝑀𝐴𝐼𝑁 ∙ 𝑉𝑑𝑀𝐴𝐼𝑁

′′

2𝜋 ∙ 𝜂ℎ𝑚𝑀𝐴𝐼𝑁
+ 𝑘𝑇−𝐷𝑅𝐴𝐺𝐹𝐺𝑈 ∙ 𝑛𝐼𝐶𝐸 + 𝑇𝐶𝐹𝐺𝑈  (6.25) 

 

Pilot Pump 

 

The pilot pump model causality is represented in Fig.6.5. In this case, the model does 

not present an inverse causality, but as in the direct model this sub-model defines both the pilot 

torque and flow rate according with (Eq.6.26) and (Eq.6.27). 

 

 
Figure 6.6: Causality of the Pilot Pump Inverse Model. 
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𝑄𝑃𝐼𝐿 = 𝑉𝑑𝑃𝐼𝐿 ∙ 𝑛𝐼𝐶𝐸 ∙ 𝜂𝑉𝑃𝐼𝐿  (6.26) 

 

𝑇𝑃𝐼𝐿 =
𝑉𝑑𝑃𝐼𝐿𝑂𝑇 ∙ (𝑝𝑃𝐼𝐿 − 𝑝𝑇𝐴𝑁𝐾)

2𝜋 ∙ 𝜂ℎ𝑚𝑃𝐼𝐿
 (6.27) 

 

Both the volumetric and the hydraulic-mechanical efficiencies have been considered as 

constant. 

 

 

6.2.6 Main Pump Torque Limiter 
 

This model is essential in order to evaluate the actual differential pressure on the meter-

IN of the DFCV sections. Since in the direct causality model the TL directly acts on the LS 

pressure, reducing it when necessary, in the inverse causality model the LS pressure is evaluated 

through the knowledge a priori of the actual differential pressure (∆𝑝𝐿𝑆
′). Therefore a dedicated 

main pump TL model has been developed and Fig.6.7 reports its modelling causality scheme. 

 

 
Figure 6.7: Causality of the Main Pump Torque Limiter Inverse Model. 

 

The input of the TL model are the ICE speed (𝑛𝐼𝐶𝐸), the hydraulic tank pressure 

(𝑝𝑇𝐴𝑁𝐾), the pump margin setting (∆𝑝𝐿𝑆
∗) and the users input, i.e. the actuators velocities and 

forces or torques. 

Internally all the so far presented sub-models are properly connected to recreate the 

excavator inverse causality model, see Appendix 3, in order to calculate the required torque by 

the hydraulic system with no torque limiter actions (𝑇𝑀𝐴𝐼𝑁
∗), i.e. with a constant differential 

pressure on the meter-IN of the DFCV sections, set equal to the pump margin setting. 

Once evaluated 𝑇𝑀𝐴𝐼𝑁
∗ through the usage of the ∆𝑝𝐿𝑆 reduction map, Fig.6.8 (defined 

with the aid of the direct causality model), the correspondent value of the actual differential 

pressure (∆𝑝𝐿𝑆
′) can be defined for the inverse model. 
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Figure 6.8: ∆𝑝𝐿𝑆 Reduction with Main Pump Torque Map. 

 

 

6.2.7 Internal Combustion Engine 
 

Figure 6.9 shows the ICE inverse model causality. This model defines the fuel mass 

flow rate burned during each simulation step of the working cycle performed taking advantage 

of the experimentally defined BSFC map (see Chapter 3). 

 

 
Figure 6.9: Causality of the Pilot Pump Inverse Model. 

 

 

6.2.8 Hydraulic Accumulator 
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Figure 6.10 shows the accumulator model causality. 
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Figure 6.10: Causality of the Hydraulic Accumulator. 

 

The accumulator, pre-charged with gaseous Nitrogen, is modelled assuming an 

adiabatic transformation through a polytropic gas law (Eq.6.28). 

 

𝑝 ∙ 𝑉𝛾 = 𝑐𝑜𝑛𝑠𝑡 (6.28) 

 

The pressure time derivative in the internal volume of the hydraulic accumulator is 

defined by (Eq.6.29), obtained differentiating (Eq.6.28). 

 

𝑑𝑝𝐴𝐶𝐶
𝑑𝑡

= −𝛾 ∙
𝑝𝐴𝐶𝐶
𝑉𝐴𝐶𝐶

∙
𝑑𝑉𝐴𝐶𝐶
𝑑𝑡

 (6.29) 

 

The accumulator volume variation depends on the inlet and outlet flow rates according 

to (Eq.6.30). 

 

𝑑𝑉𝐴𝐶𝐶
𝑑𝑡

= −𝑄𝐼𝑁 +𝑄𝑂𝑈𝑇 (6.30) 

 

 

 

6.2.9 Inverse Causality Model Validation 
 

In this paragraph the inverse causality model of the excavator, Appendix 4, composed of 

the sub-models presented in the previous section and implemented in the Simulink
®
 

environment has been validated in order to perform the ERS optimization. 

The excavator fuel consumption strongly depends on the operating conditions as well as 

on the machinery layout and the energy management strategy. 

The validation of the inverse causality model of the excavator becomes essential to be 

confident on the predicted results, thus the validation procedure will be focused on the model 
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capability in the evaluation of the variables of interest for the fuel consumption definition. 

These variables will be compared with the same calculated by the validated direct causality 

excavator model. Once validated, the inverse model will be exploited in the proposed ERS 

optimization procedure. 

Since the trench digging cycle, of the standardized earth-moving machinery test 

procedure JCMAS H20:2007 [3.2] selected as the reference working procedure, is the most 

performed one and with the highest energy recovery possibility, due to the large boom piston 

excursion, the ERS optimization has been conducted on this operating cycle. 

The direct causality model of the standard excavator was exploited to perform the 

simulations of the previously mentioned standardized working cycles, defining the reference 

(i.e. standard machine fuel consumption). 

Being the excavator kinematics not included in the inverse causality model, starting 

from the trajectories prescribed by the JCMAS standard and knowing masses and geometries of 

the excavator components, the velocities of the hydraulic actuators and, from dynamic 

equilibrium, the exerted forces and torques to the actuators can be obtained from the direct 

excavator model. This forces (or torques) and velocities have been adopted as the input for the 

HLAs and HRA in the inverse model. 

Figure 6.11, Fig.6.12, Fig.6.13 and Fig.6.14 report the boom, arm, bucket and turret 

input relative to the trench digging cycle of the actuated users. 

 

 

 
Figure 6.11: Boom Input – Trench Digging Cycle. 
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Figure 6.12: Arm Input – Trench Digging Cycle. 

 

 

 
Figure 6.13: Bucket Input – Trench Digging Cycle. 

 

 

 
Figure 6.14: Turret Input – Trench Digging Cycle. 
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Figure 6.15, Fig.6.16, Fig.6.17, Fig.6.18 and Fig.6.19 report the comparison between 

the direct and the inverse causality models calculated variables. 

 
Figure 6.15: Direct and Inverse Causality - Pump Flow Rate Comparison. 

 
Figure 6.16: Direct and Inverse Causality - Pump Delivery Pressure Comparison. 

 
Figure 6.17: Direct and Inverse Causality – ICE Torque Comparison. 
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Figure 6.18: Direct and Inverse Causality – Fuel Mass Flow Rate Comparison. 

 

 
Figure 6.19: Direct and Inverse Causality – Fuel Consumption Comparison. 
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6.3 Optimization of the Excavator Boom ERS  
 

In this section the boom ERS components and the optimal control strategy will be 

respectively sized and defined. 

The first step is to insert the ERS in the inverse causality model of the excavator. Then 

the optimization problem will be defined and finally the results presented. 

 

6.3.1 Inverse Causality Model with the ERS 
 

The ERS inverse causality model is reported in Fig.6.20. This system consists of the 

HCV, and the hydraulic accumulator, as described in detail in Chapter 5, while the pilot pump 

has been modified according to the functioning as a pump/motor. The overall inverse causality 

hybrid excavator model is reported in Appendix 5. 

 

 
Figure 6.20: Inverse Causality Scheme of the Proposed ERS. 

 

The adoption of the proposed ERS introduces additional pressure losses even when no 

energy recovery is performed (Eq.6.31). 
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𝑢2 = 0
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𝑄𝑂𝑈𝑇−𝐴𝐶𝐶 = 0
𝑝
𝑆𝑈𝐶−𝑃𝐼𝐿

= 𝑝
𝑇𝐴𝑁𝐾

 (6.31) 
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Concerning the recovery mode, Fig.5.26 (A), the mathematical description of the ERS 

is summarized by (Eq.6.32). 

 

{
 
 
 
 

 
 
 
 

𝑢1 = 1
𝑢2 = 0

𝑄𝐼𝑁−𝐴𝐶𝐶 = 𝑄𝐴−𝐵𝑂𝑂𝑀
𝑝
𝐶−𝐵𝑂𝑂𝑀−𝐼𝑁′

= ∆𝑝
𝑋
+ ∆𝑝

𝑌
+ 𝑝

𝐴𝐶𝐶

∆𝑝
𝑋
= 𝑘𝑋 ∙ 𝑓(𝑄𝐴−𝐵𝑂𝑂𝑀

2)

∆𝑝
𝑌
= 𝑘𝑌 ∙ 𝑓(𝑄𝐼𝑁−𝐴𝐶𝐶

2) ∙ 𝑓(𝑥𝑀𝑆−𝐵𝑂𝑂𝑀)

𝑄𝑂𝑈𝑇−𝐴𝐶𝐶 = 0
𝑝
𝑆𝑈𝐶−𝑃𝐼𝐿

= 𝑝
𝑇𝐴𝑁𝐾

 (6.32) 

 

The recovery and reuse mode, Fig.5.26 (B) is mathematically described by (Eq.6.33). 

 

{
 
 
 
 
 

 
 
 
 
 

𝑢1 = 1
𝑢2 = 1

𝑄𝐼𝑁−𝐴𝐶𝐶 = 𝑄𝐴−𝐵𝑂𝑂𝑀
𝑝
𝐶−𝐵𝑂𝑂𝑀−𝐼𝑁′

= ∆𝑝
𝑋
+ ∆𝑝

𝑌
+ 𝑝

𝐴𝐶𝐶

∆𝑝
𝑋
= 𝑘𝑋 ∙ 𝑓(𝑄𝐴−𝐵𝑂𝑂𝑀

2)

∆𝑝
𝑌
= 𝑘𝑌 ∙ 𝑓(𝑄𝐼𝑁−𝐴𝐶𝐶

2) ∙ 𝑓(𝑥𝑀𝑆−𝐵𝑂𝑂𝑀)

𝑄𝑂𝑈𝑇−𝐴𝐶𝐶 = 𝑄𝑃𝐼𝐿
𝑝
𝑆𝑈𝐶−𝑃𝐼𝐿

= 𝑝
𝐴𝐶𝐶

+ ∆𝑝
3

∆𝑝
3
= 𝑘3 ∙ 𝑓(𝑄𝑂𝑈𝑇−𝐴𝐶𝐶

2)

 (6.33) 

 

Finally the reuse mode only, Fig.5.26 (C), is modelled by (Eq.6.34). 

 

{
 
 
 
 

 
 
 
 

𝑢1 = 0
𝑢2 = 1

𝑄𝐼𝑁−𝐴𝐶𝐶 = 0
𝑝
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3
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3
= 𝑘3 ∙ 𝑓(𝑄𝑂𝑈𝑇−𝐴𝐶𝐶

2)

 (6.34) 
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6.3.2 Optimization Problem Definition 
 

The effectiveness, i.e. the fuel consumption reduction, of a hybrid layout strongly 

depends on both the control strategy and the components dimensions. 

For this reason, the parameters optimization of the proposed ERS has been carried out 

allowing the comparison of different parameters combinations, leading to the minimum fuel 

consumption reduction achievable by the proposed hybrid layout. 

The optimization target are the accumulator volume (𝑉𝐴𝐶𝐶), the initial accumulator 

pressure (𝑝0), i.e. the gas pressure when the accumulator is completely discharged, and the 

equivalent diameter of the valve Y flow area at fully open position (𝑑𝐸𝑄). 

The optimal solution was searched exploring all the combinations resulting from the 

following parameters variation ranges: 

 𝑉𝐴𝐶𝐶 ∈ [ 4, 5, 6, 10], according to the available accumulator sizes; 

 𝑝𝑀𝐼𝑁 from 5 bar to 50 bar with an increasing step of 5 bar; 

 𝑑𝐸𝑄 from 4 mm to 10 mm with an increasing step of 0.5 mm. 

 

In order to perform the optimization procedure, applying the DP algorithm, thus 

minimizing the fuel consumption, the system equations have been rearranged in a discrete state 

space representation form, (Eq.6.35). The actuators input are treated as known external 

disturbances (or solicitations), thus obtaining time invariant correlations 𝑓 and 𝑔. 

 

{
𝑥(𝑘 + 1) = 𝑓(𝑥(𝑘), 𝑢(𝑘),𝑤(𝑘))

 
𝑦(𝑘) = 𝑔(𝑥(𝑘), 𝑢(𝑘),𝑤(𝑘))

 (6.35) 

 

The state variable (𝑥(𝑘)) corresponds to the accumulator pressure (𝑝𝐴𝐶𝐶), for the 

considered problem, and the state update equation [𝑓(𝑥(𝑘), 𝑢(𝑘),𝑤(𝑘))] is derived from 

(Eq.6.29), function of external disturbances and control valves actuation. 

The term (𝑢(𝑘)) is a vector representing the behaviour of the set of controls valves, 

controlling both the flow rate entering and leaving the hydraulic accumulator. Concerning the 

proposed ERS it is composed of (𝑢1(𝑘)) and (𝑢2(𝑘)). 

The term (𝑤(𝑘)) represents the external solicitations acting on the actuators. 

The output (𝑦(𝑘)) is the fuel mass flow rate burned by the ICE at every time step in 

order to guarantee the required power output. 
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The time step (∆𝑡) has been set equal to 0.01 s, which has been found to guarantee low 

computational time for problem resolution and good accuracy in the integration of the state 

space equation. 

The control variables managed by the DP algorithm are the valve X position (𝑢1(𝑘)), 

which enables the recovery phase, and the valve 3 position (𝑢2(𝑘)), which enables the reuse 

phase. Both these valves are controlled according to an ON/OFF strategy. 

Valve Y is differently controlled proportionally to the main spool position (𝑥𝑀𝑆−𝐵𝑂𝑂𝑀) 

of the boom DFCV section. 

Some boundary constraints have been imposed to the problem (Eq.6.35) on the: 

 accumulator pressure, i.e. the state of the system (to maintain safe operating 

conditions), 𝑥(𝑘) ∈ ⌊𝑥𝑚𝑖𝑛,𝑥𝑚𝑎𝑥⌋, where 𝑥𝑚𝑎𝑥 = 4 ∙ 𝑥𝑚𝑖𝑛; 

 rod chamber pressure of the boom HLA (to avoid cavitation during the recovery 

phases) 𝑝𝑅−𝐵𝑂𝑂𝑀 > 0; 

 ICE engine maximum torque, 𝑇𝐼𝐶𝐸(𝑘) ∈ ⌊𝑇𝐼𝐶𝐸,𝑚𝑖𝑛(𝑛𝐼𝐶𝐸), 𝑇𝐼𝐶𝐸,𝑚𝑎𝑥(𝑛𝐼𝐶𝐸)⌋. 

 

The objective of the optimization is the minimization of the cost (Eq.6.36), 

corresponding to the fuel consumption during the working cycle. 

 

𝐽𝜋(𝑥0) = ∑ 𝑦(𝑘) ∙ ∆𝑡

𝑁−1

𝑘=1

 (6.36) 

 

𝑥0 = 𝑥(𝑝𝑀𝐼𝑁𝑖) is the initial accumulator pressure, chosen equal to 𝑥𝑀𝐼𝑁, and 𝜋 =

{𝑢0⃗⃗⃗⃗ , 𝑢1⃗⃗⃗⃗ , … , 𝑢𝑁⃗⃗⃗⃗  ⃗} is the generic control policy adopted for controlling the energy storage, while 

the hydraulic accumulator final state 𝑥𝑓 = 𝑥(𝑁) has been constrained to be equal to the initial 

state of the accumulator (𝑝𝑀𝐼𝑁). 

For every combination of the hydraulic accumulator parameters (𝑉𝐴𝐶𝐶, 𝑝𝑀𝐼𝑁) and 

equivalent diameter of valve Y (𝑑𝐸𝑄) the objective of the optimization is the determination of 

the optimal control policy (Eq.6.37) minimizing fuel consumption. 

 

𝜋∗ = arg  𝑚𝑖𝑛𝜋  𝐽𝜋(𝑥0) (6.37) 

 

The corresponding cost 𝐽∗ = 𝐽𝜋∗(𝑥0) would be used in the comparison of the different 

parameters combinations thus obtaining the optimal ERS components sizing. 
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6.3.3 Optimization Results 
 

In this section the ERS optimization results concerning both the components and the 

EMS are reported and analysed. Therefore the optimal components size and control strategy are 

defined. 

The contour graphs reported in Fig.6.21 show the maximum fuel saving percentage 

obtainable for the considered optimization problem and parameters combinations with the 

adoption of the optimal control strategy defined by the DP algorithm. 

 

 
Figure 6.21: ERS Optimization Results. 

 

The maximum fuel saving percentage is about 5%
29

, obtained with both a 6 L and 10 L 

hydraulic accumulator. Since the difference is very small, a 6 L accumulator was preferred for 

its compactness being the available space limited on the excavator under investigation. 

The optimal parameters combination which achieves the overall maximum fuel saving 

percentage is: 𝑝𝑀𝐼𝑁 = 40 𝑏𝑎𝑟, 𝑉𝐴𝐶𝐶 = 6 𝐿 and 𝑑𝐸𝑄 = 9.5 𝑚𝑚. 

This parameter combination defines the ERS best configuration while the DP optimal 

control laws (𝑢1, 𝑢2) are applied to govern the opening of the corresponding valves (X, 3), 

Fig.6.20, therefore defining the instantaneous accumulator pressure. 
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Figure 6.22 reports the optimal control laws and the correspondent accumulator 

pressure during a complete digging cycle (five sequential repetitions), while Fig.6.23 shows an 

intermediate digging cycle for a better understanding of the optimal control laws. 

 

 
Figure 6.22: Optimal Global ERS Control. 

 

 
Figure 6.23: Optimal ERS Control for an Intermediate Cycle. 
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The accumulator pressure (𝑝𝐴𝐶𝐶) and the boom flow control valve pilot pressure 

(𝑝𝑉2−𝐵𝑂𝑂𝑀) have been selected as the input variables of the control strategy since they showed a 

strong relationship with the control variables 𝑢1 and 𝑢2, furthermore an Enable input has been 

inserted in order to disable the ERS. 

The logic scheme of the defined control strategy implemented on the ECU is reported in 

Fig.6.24. 

 

 
Figure 6.24: Control Strategy Logic Scheme. 

 

As previously stated, the valve Y spool position is controlled to have the same position 

of the boom main spool during lowering phase. 

During the recovery phase (valve X enabled), a further rule has been introduced in order 

to minimize the throttle losses in the valve Y when the accumulator pressure is sufficient 

(𝑝𝐴𝐶𝐶 > 𝑝𝐾) for balancing the front equipment weight. If (𝑝𝐴𝐶𝐶 ≤ 𝑝𝐾) the valve Y opening is 

the same of the boom one, otherwise (𝑝𝐴𝐶𝐶 > 𝑝𝐾) the valve Y is fully opened. Moreover, 

suitable hysteresis were introduced in order to avoid frequent valves commutations. 
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6.4 Discussion 
 

The optimal dimensioning of the proposed ERS has been presented in detail in this 

chapter. 

The dimensioning methodology takes advantage of the DP algorithm, which has been 

deeply presented even through a large reported bibliography. 

In order to exploit the DP algorithm the excavator mathematical model causality, 

presented in Chapter 2, has been reverted and the model validated. Then the ERS inverse 

causality model has been inserted in model and the optimization performed. 

The obtained results pointed out the maximum achievable fuel saving percentage 

through the usage of the proposed ERS and its component optimal sizing and control strategy. 

Finally the rule-based control strategy to be implemented in the ECU has been derived 

from the optimal one. 

In the next chapter the realized ERS prototype mathematical model will be presented 

and validated on the basis of the experimental results (see Chapter 8). 

Symbols 
 

Symbol Definition Unit 

A Area [m
2
] 

cd Orifice Discharge Coefficient [-] 

d Diameter [m] 

F Force [N] 

FC Coulomb Friction Force [N] 

k3 Valve 3 Pressure Drop Coefficient [kg/m
7
] 

kL Hydraulic Line Pressure Drop Coefficient [Pa/(m
3
/s)] 

kT Drag Torque Friction Coefficient [(Nm)/(r/min)] 

kV HLA Viscous Friction Coefficient [(Ns)/m] 

kX Valve X Pressure Drop Coefficient [kg/m
7
] 

kY Valve Y Pressure Drop Coefficient [kg/m
3
] 

kΔp HLA Differential Pressure Friction Coefficient [m
2
] 

𝑚̇𝑓 Fuel Mass Flow Rate [kg/s] 

n Rotary Velocity [r/min] 

p Pressure [Pa] 

Q Volumetric Flow Rate [m
3
/s] 

T Torque [N∙m] 

TC Coulomb Friction Torque [N∙m] 

u ECU Command [-] 
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v Velocity [m/s] 

V Volume [m
3
] 

Vd Volumetric Displacement [m
3
/r] 

Symbol Definition Unit 

x Spool Linear Position [m] 

γ Politropic Index [-] 

𝜂ℎ𝑚 Hydraulic-mechanical Efficiency [-] 

𝜂𝑉 Volumetric Efficiency [-] 

ρ Fluid Density [kg/m
3
] 

τ Transmission Ratio [-] 

𝜔 Angular Velocity [rad/s] 

Subscripts Definition 

A Workport A 

ACC Accumulator 

B Workport B 

C Counter 

EQ Equivalent 

HLA Hydraulic Linear Actuator 

HRA Hydraulic Rotary Actuator 

HE Heat Exchanger 

i i-th 

ICE Internal Combustion Engine 

IN Inlet 

LS Load Sensing 

MAX Maximum 

MIN Minimum 

MS Main Spool 

OUT Outlet 

P Piston 

PIL Pilot 

R Rod 

SUC Suction 

TANK Reservoir 
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Chapter 7: Energy Recovery 
System Mathematical Modelling  

 

 

 

 

 

 

 

In this chapter the prototype of the proposed ERS studied and optimally dimensioned in 

the previous chapters will be presented in detail as well as its mathematical model. 

The realized mathematical model will be inserted in the standard excavator in order to 

realize the hybrid excavator model, then exploited for the related energy analysis presented in 

Chapter 9. 
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7.1 Prototype of the Hybrid Control Valve 
 

In Chapter 5 a novel ERS architecture for the energy recovery from the boom actuator 

during the implement lowering was proposed. In Chapter 6 the ERS components were optimally 

dimensioned with particularly focus on the hydraulic accumulator and the valve Y of the HCV. 

In this chapter the first prototype of the HCV will be presented and mathematically modelled. 

Figure 7.1 reports the HCV ISO scheme of the studied ERS.  

 

 

 
Figure 7.1: HCV ISO Scheme. 

 

 

The HCV is composed of the valve X, Y, 3 and 4, which accordingly to the defined 

control strategy, see Chapter 6, enable the energy recovery and reuse phases. 

The pressure relief valve 5, integrated within the HCV block, limits the maximum 

accumulator pressure in order to avoid pressure levels out of the accumulator safe working 

zone. 

Valves 3 and 4 are electro-actuated through the usage of ON/OFF solenoids. On the 

contrary valves X and Y are electro-hydraulically actuated through the usage of two 

proportional pressure reduction valves. 

Dedicated pressure sensing ports (M1, M3, pACC, pV1, pV2) have been included in the 

system in order to monitor the HCV functioning during the test bench characterization and 

validation tests (see Chapter 8) and to instrument the HCV with the sensors required for its 

control on the hybrid machinery. 
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Figure 7.2 depicts the HCV prototype CAD model. This prototype valve has been 

realized by Walvoil S.p.A. 

 

 
Figure 7.2: HCV Prototype CAD Model. 

 

The complete ISO scheme of the hybrid excavator is reported in Appendix 6. The FGU 

exploited in this version of the machinery has been properly modified by Casappa S.p.A. 

accordingly to the specifics required for the functioning of the pilot pump with a pressurized 

suction line. 
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7.2 ERS Modelling 
 

In this section the direct causality mathematical models of the ERS components will be 

described in detail. 

 

7.2.1 Valve X 
 

Figure 7.3 shows the valve X model causality. The model input are the enable signal 

(𝑢1), which is defined by the ECU according with the defined control strategy, defining the 

valve main spool position: if 𝑢1 = 0 the spool is in the neutral position, i.e. the flow path 

available is from P to C (Fig.7.1), if 𝑢1 = 1 the spool is in completely opened, i.e. the flow path 

available is from P to Y (Fig.7.1); the pressure of the A line of the boom between the HCV and 

the DFCV workport (𝑝𝐴1′); the pressure of the XY chamber (𝑝𝑋𝑌), between the valve X and the 

valve Y, and the pressure of the line A of the boom between the HLA and the HCV (𝑝𝐶). 

The output of the model are the flow rates to and from the mentioned chambers (𝑄𝐴1′, 

𝑄𝑋, 𝑄𝐴−𝐵𝑂𝑂𝑀). 

The following assumptions were done for the modelling: the dynamic of the valve spool 

has been considered through a first order lag and no internal leakages have been considered. 

 

 
Figure 7.3: Valve X Causality. 

 

The model output are defined by (Eq.7.1) and (Eq.7.2). 

 

{
 
 

 
 

𝑢1 = 0
∆𝑝𝐴𝐶 = 𝑝𝐶 − 𝑝𝐴1′
𝑄𝐴1′ = 𝑓(∆𝑝𝐴𝐶)
𝑄𝐴−𝐵𝑂𝑂𝑀 = −𝑄𝐴1′

𝑄𝑋 = 0

 (7.1) 
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{
 
 

 
 

𝑢1 = 1
∆𝑝𝐶𝑋 = 𝑝𝐶 − 𝑝𝑋𝑌
𝑄𝑋 = 𝑓(∆𝑝𝐶𝑋)
𝑄𝐴−𝐵𝑂𝑂𝑀 = −𝑄𝑋

𝑄𝐴1′ = 0

 (7.2) 

 

The pressure inside the chambers XY, A1′ are evaluated through (Eq.2.66) while 

𝑓(∆𝑝𝐴𝐶) and 𝑓(∆𝑝𝐶𝑋) are the experimentally defined correlation between the differential 

pressure and the flow rate of valve X (see Chapter 8). 

 

7.2.2 Valve Y 
 

Valve Y model causality is represented in Fig.7.4. The model input are the pilot 

pressure (𝑝𝑉2−𝐻𝐶𝑉), defined by the ECU and proportional to the boom (𝑝𝑉2−𝐵𝑂𝑂𝑀), which 

control the boom main spool position (𝑥𝑀𝑆−𝐵𝑂𝑂𝑀) (Chapter 2) during the user lowering phase, 

the pressure of the XY chamber (𝑝𝑋𝑌), between the valve X and the valve Y, and the pressure of 

the hydraulic accumulator (𝑝𝐴𝐶𝐶). 

The output of the model is the flow rate (𝑄𝑌) to the accumulator line A. 

The flow forces have been neglected in the modelling. 

 

 
Figure 7.4: Valve Y Causality. 

 

The flow rate to the accumulator line is evaluated through (Eq.7.3). 

 

𝑄𝑌 = 𝑐𝑑𝑌 ∙ 𝐴𝑌(𝑥𝑌) ∙ √
2 ∙ |𝑝𝑋𝑌 − 𝑝𝐴𝐶𝐶|

𝜌
 (7.3) 

 

The discharge coefficient (𝑐𝑑𝑌) has been calibrated with the aid of the experimental 

results obtained during the test bench characterization activity on the HCV (see Chapter 8). The 

accumulator pressure (𝑝𝐴𝐶𝐶) is calculated through (Eq.6.29).  

The valve Y spool position is defined by (Eq.7.4). 

pV2-HCV

QY
Y

VALVE
pXY
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𝑥̈𝑌 ∙ 𝑚𝑌 + 𝑥̇𝑌 ∙ 𝑐𝑌 + (𝑥𝑌 + 𝑥0−𝑌) ∙ 𝑘𝑌 + 𝐹𝐶−𝑌 = 𝑝𝑉2−𝐻𝐶𝑉 ∙ (
𝜋 ∙ 𝑑𝑌

2

4
) (7.4) 

 

The parameters (𝑚𝑌, 𝑥0−𝑌, 𝑘𝑌, 𝑑𝑌) are known by the valve OEM, the viscous friction 

coefficient (𝑐𝑌) and the Coulomb friction force (𝐹𝐶−𝑌) have been evaluated through the 

experimental activity. 

Once defined the valve Y spool position (𝑥𝑌) the orifice flow area is defined through the 

correlation reported in Fig.7.5. 

 

 
Figure 7.5: Valve Y Areas. 

 

The two curves reported in Fig.7.5 represent the optimal linear area (continuous red 

line), defined in Chapter 6, and the actual area (dashed black line) respectively. 

In the realized prototype of the HCV the valve Y area has been defined starting by the 

linear optimal one, but in the first part of the stroke the area has been reduced in order to be 

confident of avoiding cavitation even in the not considered possible operating conditions. 

 

7.2.3 Valve 3 
 

Figure 7.6 shows the valve 3 model causality. The model input are the enable signal 

(𝑢2), which is defined by the ECU according with the defined control strategy, thus defining the 

valve main spool position: if 𝑢2 = 0 the spool is in the neutral position, i.e. the available flow 

area in zero, if 𝑢2 = 1 the spool is in completely opened, i.e. the A to R flow path is available to 
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the flow rate (Fig.7.1); the pressure of the hydraulic accumulator (𝑝𝐴𝐶𝐶); the pressure of the 

suction line chamber (𝑝𝑆𝑈𝐶−𝐿𝐼𝑁𝐸), between the valve 3 and the suction port of the pilot pump. 

The output of the model is the flow rate to and from the accumulator line and the 

suction line (𝑄3). 

The following assumptions were done for the modelling: the dynamic of the valve spool 

has been considered through a first order lag and no internal leakages have been considered. 

 

 
Figure 7.6: Valve 3 Causality. 

 

The model output are defined by (Eq.7.5) and (Eq.7.6). 

 

{
𝑢2 = 0
 

𝑄3 = 0
 (7.5) 

 

{

𝑢2 = 1
∆𝑝3 = 𝑝𝐴𝐶𝐶 − 𝑝𝑆𝑈𝐶−𝐿𝐼𝑁𝐸

𝑄3 = 𝑓(∆𝑝3)
 (7.6) 

 

The 𝑓(∆𝑝3) is a correlation between the flow rate and the differential pressure of the 

valve 3, when fully opened, experimentally defined (see Chapter 8). 

 

7.2.4 Pressure Relief Valve 5 and Valve 4 
 

The pressure relief valve 5 and the valve 4 (Fig.7.1) define the related outlet flow rates from the 

hydraulic accumulator during certain operating conditions of the ERS. 

If the ERS is enabled valve 4 is closed thus the related flow rate is zero. On the contrary if the 

ERS is disabled valve 4 is completely opened and the accumulator will be discharged. This valve has 

been modelled as a simple orifice. 

The pressure relief valve 5 limits the maximum accumulator pressure. If the accumulator 

pressure exceed the valve setting pressure part of the flow rate incoming from valve Y, entering into the 

accumulator, is discharged by valve 5 according to (Eq.7.7). 
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{

𝑖𝑓 𝑝𝐴𝐶𝐶 ≥ 𝑝𝑆𝐸𝑇−5
∆𝑝5 = 𝑝𝐴𝐶𝐶 − 𝑝𝑆𝐸𝑇−5
𝑄𝐿𝐼𝑀 = 𝑘5 ∙ ∆𝑝5

 (7.7) 

 

The gradient (𝑘5) has been defined according to the experimental results. 

7.3 Discussion 
 

In this chapter the mathematical model of the proposed ERS has been presented, 

focusing on the sub-systems causality and models description. 

Appendix 7 reports the hybrid excavator  mathematical model global causality. 

The developed model has been calibrated and validated on the basis of dedicated 

experimental activities (see Chapter 8). 

The hybrid excavator mathematical model has been utilized to perform a complete 

energy analysis of the system in order to establish its overall efficiency and fuel saving 

capabilities (see Chapter 9). 

Symbols 
Symbol Definition Unit 

A Area [m
2
] 

c Viscous Friction Coefficient [N/(m/s)] 

cd Orifice Discharge Coefficient [-] 

d Diameter [m] 

FC Coulomb Friction Force [N] 

k Spring Stiffness [N/m] 

m Mass [kg] 

p Pressure [Pa] 

Q Volumetric Flow Rate [m
3
/s] 

u ECU Command [-] 

x Linear Position [m] 

x0 Spring Initial Position [m] 

ρ Fluid Density [kg/m
3
] 

Subscripts Definition 

ACC Accumulator 

C Counter 

LIM Pressure Relief Valve 

SET Setting 

SUC Suction 

XY XY Chamber 



 

 



 

 

 

 

Chapter 8: Hybrid Excavator -
Experimental Activity and 

Model Validation 

 

 

 

 

 

 

 

This chapter deals with the experimental activity carried out on the proposed ERS and 

on the hybrid excavator. 

The experimental activity is divided in test bench and on the field activities. The firsts 

have the aim of characterizing the HCV components and validating the ERS mathematical 

models. The seconds have both the purpose of validating the hybrid excavator mathematical 

model on the basis of the experimental fuel consumption results. 
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8.1 Test Bench Experimental Activities 
 

The experimental tests described in this section refer to the HCV characterization and 

model validation. The tests were carried out with the aid of the test rig available at the Walvoil 

Test Department. 

The characterization tests were performed for the valves X, Y and 3, Fig.5.25, while the 

validation test was carried out for the HCV model, see Chapter 7. 

 

8.1.1 Valve X Characterization 
 

The valve X, as described in the previous chapters, is ON/OFF actuated in order to 

connect port P of the HCV with port C or valve Y during the non-recovery phases or the 

recovery phases respectively. Therefore the characterization of both the orifices was performed. 

 

P → C Orifice 

 

Figure 8.1 reports the test bench ISO scheme configuration during the experiment. 

 

 
Figure 8.1: Valve X – P→C Orifice Characterization ISO Scheme. 
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Maintaining valve X in the neutral position (enabling the flow path from port P to port 

C) a flow rate ramp was imposed, exploiting the test bench internal pump, from zero to the 

maximum user
30

 flow rate. The red line defines the path available to the flow. 

During the test, the inlet flow rate (𝑄𝐼𝑁) and the pressures (pP) and (pT), correspondent 

to port P and C respectively, were measured through the usage of flow rate and pressure 

transducers, whose mean features are reported in Tab.8.1. 

 

Table 8.1: Transducer Main Features Valve X P→C Test. 

Symbol Transducer Type Main Features 

QIN VSE
®
 Flow Meter 300 l/min ±0.2% FS 

pT, pP TRAFAG
®
 Pressure Transducer 0 – 60 bar ±0.1% FS 

 

The experimental Q − ∆p characteristic of valve X P→C orifice was defined and 

inserted in the mathematical model. 

The same operating condition of the performed test were imposed to the model in order 

to verify the valve P→C orifice. 

Figure 8.2 reports the comparison between the experimental (black dashed curve) and 

numerical (red curve) valve Q − ∆p characteristics. 

The good match of the reported curves validates the mathematical model. 

 

 
Figure 8.2: Valve X – Experimental and Simulation (𝑄 − ∆𝑝)𝑃𝐶 Characteristic Comparison. 

  

                                                           
30

 Equal to the boom maximum flow rate defined during the hydraulic system design. 
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P → Y Orifice 

A similar procedure was performed for the P→Y orifice. Figure 8.3 reports the test 

bench ISO scheme configuration during this test. 

 
Figure 8.3: Valve X – P→Y Orifice Characterization ISO Scheme. 

Valve X was set in the P→Y position and valve Y spool was displaced to the maximum 

position enabling the flow path represented by the red line. 

A flow rate ramp was imposed from zero to the maximum user flow rate. The inlet flow 

rate (𝑄𝐼𝑁) and the pressures (pP) and (pXY), correspondent to port P and the line XY (between 

valve X and Y) respectively, were measured through the usage of flow rate and pressure 

transducers, whose mean features are reported in Tab.8.2. 

Table 8.2: Transducer Main Features Valve X P→Y Test. 

Symbol Transducer Type Main Features 

QIN VSE
®
 Flow Meter 300 l/min ±0.2% FS 

pP, pXY TRAFAG
®
 Pressure Transducer 0 – 60 bar ±0.1% FS 

The experimental Q − ∆p characteristic of valve X P→Y orifice was defined and 

exploited in the mathematical model. 

The same operating condition of the performed test were imposed to the model in order 

to verify the valve P→Y orifice. 
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Figure 8.4 reports the comparison between the experimental (black dashed curve) and 

numerical (red curve) valve Q − ∆p characteristics. The good match of the reported curves 

validates the model. 

 
Figure 8.4: Valve X – Experimental and Simulation (𝑄 − ∆𝑝)𝑃𝑌 Characteristic Comparison. 

 

8.1.2 Valve 3 Characterization 
 

Valve 3 is a ON/OFF flow control valve which enable the connection between the 

hydraulic accumulator line A and the pilot pump suction line R. 

Figure 8.5 depicts the test bench ISO scheme configuration during its characterization 

test. 

 
Figure 8.5: Valve 3 – A→R Orifice Characterization ISO Scheme. 
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During this test valves X and Y were maintained in the neutral position (avoiding the 

connection between line A and line P) while valve 4 and valve 3 were activated (avoiding the 

connection between line A and the tank and enabling the connection between line A and R) 

defining the flow path highlighted in red. 

A flow rate ramp was imposed from zero to double the maximum pilot pump flow rate. 

The inlet flow rate (𝑄𝐼𝑁) and the pressures (pACC) and (pT), correspondent to port A and the line 

R respectively, were measured through the usage of flow rate and pressure transducers, whose 

mean features are reported in Tab.8.3. 

 

Table 8.3: Transducer Main Features Valve 3 A→R Test. 

Symbol Transducer Type Main Features 

QIN VSE
®
 Flow Meter 300 l/min ±0.2% FS 

PACC, pT TRAFAG
®
 Pressure Transducer 0 – 60 bar ±0.1% FS 

 

The experimental Q − ∆p characteristic of valve 3 was defined and exploited in the 

mathematical model. 

The same operating condition were imposed to the mathematical model and Fig.8.4 

reports the comparison between the experimental (black dashed curve) and numerical (red 

curve) valve Q − ∆p characteristics. The good match of the reported curves validates the 

defined parameter. 

 

 
Figure 8.6: Valve 3 – Experimental and Simulation (𝑄 − ∆𝑝)𝐴𝑅 Characteristic Comparison. 
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8.1.3 Valve Y Characterization 
 

Valve Y is a proportional flow control valve which defines the port P pressure in order 

to avoid cavitation in the rod chamber during the boom lowering, being the actuator velocity 

controlled by the meter-IN orifice. 

Figure 8.7 represents the test bench ISO scheme configuration during its 

characterization test. 

 

 
Figure 8.7: Valve Y Characterization ISO Scheme. 

 

During this test the valve 3 was maintained in the neutral position (avoiding the 

connection between line A and line R), valve 4 was enabled (avoiding the connection between 

line A and the tank) and valve X was set to the P→Y position (i.e. fully displaced). 

Initially valve Y was maintained in the neutral position and a constant flow rate was 

imposed, by the test bench internal pump, into line P. 

Being the flow path, defined by the red line in Fig.8.7, initially closed by the valve Y 

the P line pressure rises to the pressure relief valve setting pressure. 

A proportional quasi-steady opening of the valve Y was imposed, controlling the pilot 

pressure (pV2−HCV) through the pressure reducing valve 2, opening the flow path to the fluid 

reaching the maximum area. 
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During the test the inlet flow rate (QIN) and the pressures (pP), (pXY), (pACC) and 

(pV2−HCV) were measured. The adopted transducers main features are reported in Tab.8.4. 

 

Table 8.4: Transducer Main Features Valve 3 A→R Test. 

Symbol Transducer Type Main Features 

QIN VSE
®
 Flow Meter 300 l/min ±0.2% FS 

pP, pXY TRAFAG
®
 Pressure Transducer 0 – 400 bar ±0.1% FS 

pACC, pV2-HCV TRAFAG
®
 Pressure Transducer 0 – 60 bar ±0.1% FS 

 

Valve Y area, defined in Chapter 7, is known as well as the other geometrical and 

mechanical characteristics (e.g. mass, spring stiffness and initial force, spool external and rod 

diameters, etc.), thus recreating the same conditions of this experimental test in the simulation 

the valve discharge coefficient (𝑐𝑑) and the friction forces (both viscous and Coulomb) were 

defined. 

The input for the model, according with the causality defined in Chapter 7, were the 

pilot pressure (𝑝𝑉2−𝐻𝐶𝑉) and the valve differential pressure (𝑝𝑋𝑌 − 𝑝𝐴𝐶𝐶), while its output was 

the flow rate (𝑄𝑌), correspondent to (𝑄𝐼𝑁) for this test. 

Figure 8.8 reports the comparison between the experimental (black dashed curve) and 

the simulation (red curve) valve flow rates in function of the valve pilot pressure, i.e. the valve 

opening. The very good match between the curves validates the valve Y mathematical model. 

 

 
Figure 8.8: Valve Y – Experimental and Simulation (𝑄 − 𝑝𝑉2−𝐻𝐶𝑉)𝑌 Characteristic 

Comparison. 
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8.1.4 Recovery – Reuse Test Simulation 
 

The experimental test described in this section is the simulation of the energy recovery 

and reuse operating condition (described in Chapter 5), performed on the test bench. 

Figure 8.9 represents the bench configuration and the transducers, whose main features 

are reported in Tab.8.5, exploited during the test, while Fig.8.10 reports the photograph of the 

configuration. 

 

 
Figure 8.9: HCV Recovery – Reuse Simulation Test ISO Scheme. 

 

 
Figure 8.10: Photograph of the HCV Recovery – Reuse Simulation Test Bench Configuration. 
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Table 8.5: Transducer Main Features Valve 3 A→R Test. 

Symbol Transducer Type Main Features 

QIN, QC VSE
®
 Flow Meter 300 l/min ±0.2% FS 

QOUT VSE
®
 Flow Meter 80 l/min ±0.2% FS 

pP, pXY, pACC TRAFAG
®
 Pressure Transducer 0 – 400 bar ±0.1% FS 

pV1-HCV 

pV2-HCV 

pR 

TRAFAG
®
 Pressure Transducer 0 – 60 bar ±0.1% FS 

 

During this test the hydraulic accumulator was connected to the HCV port A, the boom 

actuator outlet flow rate was recreated exploiting the test bench internal pump and the pilot 

pump suction flow rate was recreated adopting a flow regulator valve (Valve Q). 

Valve 4 was activated for all the test duration in order to avoid the connection between 

line A and the tank. 

Initially valves X, Y and 3 were maintained in the neutral position while a constant flow 

rate was imposed in the line P. The flow path available to the flow is defined by the red line in 

Fig.8.11, i.e. it flows through the valve X P→C orifice. Thus the P line pressure is due to this 

orifice Q − ∆p characteristic. 

 
Figure 8.11: HCV Recovery – Reuse Simulation Test ISO Scheme – Initial Phase. 

 

After this initial phase, valve X was set to the P→Y orifice meanwhile valve Y was 

opened through a ramp, controlling both the (𝑝𝑉1−𝐻𝐶𝑉) and (𝑝𝑉2−𝐻𝐶𝑉) respectively. Once the 

hydraulic accumulator pressure exceeded the defined minimum pressure level (𝑝0), defined in 
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the optimization procedure (Chapter 6), valve 3 was enabled connecting the accumulator line A 

to the recovery line R. The flow path available for the fluid during this phase, the recovery – 

reuse phase, is highlighted in red in Fig.8.12. 

 
Figure 8.12: HCV Recovery – Reuse Simulation Test ISO Scheme – Recovery – Reuse Phase. 

Finally the last performed testing condition concerned the reuse phase only, where 

valves X and Y were instantaneously set to the neutral position and valve 3 was kept enabled, 

Fig.8.13. During this phase the accumulator is discharged reusing the storage energy. 

 
Figure 8.13: HCV Recovery – Reuse Simulation Test ISO Scheme –Reuse Phase. 
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During the testing phases the inlet flow rates (QIN), (QC), (QOUT) and the pressures 

(pP), (pXY), (pACC), (pR), (pV1−HCV) and (pV2−HCV) were measured. 

The same operating condition were imposed to the mathematical model of the HCV and 

accumulator assembly, Fig.8.14, in order to validate the HCV model previously characterized. 

 

 
Figure 8.14: Hydraulic accumulator and HCV Assembly Causality Scheme. 

 

The input for the model were the pilot pressures (𝑝𝑉1−𝐻𝐶𝑉) and (𝑝𝑉2−𝐻𝐶𝑉), the inlet and 

outlet flow rates, (𝑄𝐼𝑁) and (𝑄𝑂𝑈𝑇), and the valve 3 command (𝑢3). 

Figure 8.15, Fig.8.16 and Fig.8.17 report the comparison between the experimental 

(black dashed curve) and the simulation (red curve) of the inlet pressure (𝑝𝑃), the net 

accumulator flow rate (𝑄𝐴𝐶𝐶), defined according (Eq.8.1), and the accumulator pressure (𝑝𝐴𝐶𝐶) 

respectively. 

 

𝑄𝐴𝐶𝐶 = 𝑄𝐼𝑁 − 𝑄𝐶 − 𝑄𝑂𝑈𝑇 (8.1) 

 

 

 
Figure 8.15: Inlet pressure (𝑝𝑃) Experimental and Numerical Comparison. 
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Figure 8.16: Accumulator Net Flow Rate (𝑄𝐴𝐶𝐶) Experimental and Numerical Comparison. 

 

 
Figure 8.17: Accumulator Pressure (𝑝𝐴𝐶𝐶) Experimental and Numerical Comparison. 

 

The comparison of the results points out that the developed mathematical model of the 

HCV is able to replicate both the actual functioning of the valve assembly, defining correctly 

the accumulator net flow rate (𝑄𝐴𝐶𝐶), and its influence on the hydraulic system, i.e. defining the 

pressure resistance on the flow (𝑝𝑃). 
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8.2 Hybrid Excavator Experimental Activities 
 

In this section the experimental activities carried out on the hybrid excavator are 

presented and described. 

The performed activities are aimed to the validation of the mathematical model of the 

hybrid excavator, Appendix 7. The validation was focused on both the hydraulic system and the 

fuel consumption prediction capability. Therefore for the hydraulic system validation the boom 

down-up cycle was carried out, while the JCMAS working cycle [3.2] was performed for the 

fuel consumption validation. 

The excavator hydraulic system was already instrumented as reported in Fig.3.22 in 

order to acquire the required variables for the mathematical model characterization (Chapter 3) 

and validation (Chapter 4). Therefore the hybrid excavator was already instrumented too, 

Fig.8.18. 

 
Figure 8.18: Hybrid Excavator System Experimental Setup ISO Scheme. 
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Figure 8.19 and Fig.8.20 report the photograph of the prototype of the hybrid excavator 

under investigation. 

 

 
Figure 8.19: Photograph of the Hybrid Excavator Prototype – Accumulator Side. 

 

 
Figure 8.20: Photograph of the Hybrid Excavator Prototype – HCV Side. 

 

The same operating conditions of the experimental test were recreated during the 

simulations, i.e. the same initial position of the front excavation tool, ICE speed and boom main 

spool displacement were imposed. The control strategy, governing the ERS, was the algorithm 

defined through the optimization methodology (Chapter 6). 

Figure 8.21 reports the comparison between the experimental and the numerical boom 

actuator linear displacement during the performed boom down-up movements, composed of two 

movements repetitions, while Fig.8.22 depicts the comparison related to the accumulator 

experimental and numerical pressures. 
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Figure 8.21: Boom Actuator Linear Displacement Experimental and Numerical Comparison – 

Boom Down-Up. 

 

 
Figure 8.22: Accumulator Pressure (𝑝𝐴𝐶𝐶) Experimental and Numerical Comparison – Boom 

Down-Up. 

 

From the reported results comparisons, the hybrid excavator mathematical model results 

match in a very satisfying manner the experimental data validating the model developed for the 

hybrid version of the machinery for estimation of the hydraulic and mechanical variables. 

Concerning the fuel consumption prediction capability of the hybrid model, the 

comparison between the experimental and the numerical fuel consumption results are reported 

in Tab.8.6. 
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Table 8.6: Experimental and Numerical Fuel Consumption Results Hybrid Excavator. 

Symbol Experimental U95 [%] Numerical 
𝑚𝑓𝑆𝐼𝑀−𝑚𝑓𝐸𝑋𝑃

𝑚𝑓𝐸𝑋𝑃
 [%] 

𝑚𝑓̅̅ ̅̅ 𝐷𝐼𝐺𝐺𝐼𝑁𝐺 31.78 [g/cycle] ± 4.63 31.82 [g/cycle] +0.13 

𝑚𝑓̅̅ ̅̅ 𝐺𝑅𝐴𝐷𝐼𝑁𝐺 10.11 [g/cycle] ± 4.71 10.13[g/cycle] +0.19 

𝑚𝑓̅̅ ̅̅ 𝑇𝑅𝐴𝑉𝐸𝐿 3.29 [g/m] ± 8.2 3.255 [g/m] -1.06 

𝑚𝑓̅̅ ̅̅ 𝐼𝐷𝐿𝐼𝑁𝐺 1331 [g/h] ± 6.2 1330 [g/h] -0.08 

𝑚𝑓̅̅ ̅̅ 𝐽𝐶𝑀𝐴𝑆 8.35 [l/h] ± 2.88 8.36 [l/h] +0.12 

 

Being the percentage differences between numerical and experimental fuel consumption 

(
𝑚𝑓𝑆𝐼𝑀−𝑚𝑓𝐸𝑋𝑃

𝑚𝑓𝐸𝑋𝑃
) always within the combined uncertainty limits experimentally defined for each 

operating mode, as for the standard machinery the hybrid excavator model fuel consumption 

prediction capability is confirmed. 

8.3 Discussion 
 

In this chapter the experimental activities of the hybrid excavator under investigation 

have been presented and described in detail. 

In the first section the HCV model has been characterized and validated on the basis of 

experimental results obtained during test bench activities, while in the second section of this 

chapter the mathematical model of the complete excavator with the proposed ERS, i.e. the 

hybrid machinery, has been validated concerning both the hydraulic and mechanical variables 

calculation and the fuel consumption estimation. 

The validated model of the hybrid excavator will be exploited to perform energy 

analyses of the system and evaluate other effective solution for fuel saving improvements. 



 

 



 

 

 

 

Chapter 9: Proposed Energy 
Saving Solutions Comparison  

 

 

 

 

 

 

 

In this chapter the proposed energy saving solutions for LS hydraulic systems (Chapter 

5), applied to the excavator under investigation, will be analysed in detail taking into account 

the energy dissipations along the hydraulic systems and the fuel saving compared to the 

standard machinery layout. Afterwards, combining these solutions a novel hydraulic hybrid 

excavator architecture will be presented. 
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9.1 Energy Analysis of the Proposed Energy Saving 

Solutions 
 

In Chapter 5 the detailed energy analyses of the standard hydraulic layout of the 

excavator under investigation have been conducted, for both the trench digging and the grading 

working cycles, in order to evaluate the energy dissipations and to propose some possible 

solutions to be adopted in order to improve the machinery efficiency. 

In this section the energy analyses concerning the proposed solutions will be reported 

and discussed in detail pointing out their advantages and disadvantages in order to evaluate 

possible implementations. 

 

9.1.1 Dual Pump LS System 
 

In this sub-section are reported the energy analyses concerning the proposed dual pump 

LS system, Fig.5.17 (Chapter 5), for both the configuration exploiting two LS units having the 

same size of the original one, named 2LS, and the configuration mounting two LS units having 

a reduced size compared to the original according to the consideration reported in Chapter 5, 

named 2LSR. 

Figure 9.1 and Fig.9.2 refer to the trench digging cycle and the grading cycle for the 

2LS system configuration. 

 
Figure 9.1: Sankey Diagram of the Trench Digging Cycle – 2LS Configuration. 
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Figure 9.2: Sankey Diagram of the Grading Cycle – 2LS Configuration. 

 

Referring to the reported energy flow diagrams, the 2LS system configuration on one 

hand reduces the energy dissipation in the LPCs: more than the 80% during the trench digging 

cycle and more than the 95% during the grading cycle compared to the standard system layout. 

On the other hand the energy dissipations related to the FGU increase of about 10% during the 

trench digging cycle and 20% during the grading cycle as a consequence of the usage of two LS 

pumps instead of only one. The others energy losses remain almost constant referring to the 

standard system layout. 

Figure 9.3 and Fig.9.4 refer to the same cycles for the 2LSR system configuration. 

 
Figure 9.3: Sankey Diagram of the Trench Digging Cycle – 2LSR. 
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Figure 9.4: Sankey Diagram of the Levelling Cycle – 2LSR. 

 

This configuration, as described in Chapter 5, takes advantage of two variable 

displacement units with a reduced size compared to the 2LS system configuration. 

The analysis of the reported energy flow diagrams of the two configurations points out 

no further energy saving in terms of required mechanical energy, which remains almost the 

same during the cycles. 

The energy dissipations related to the FGU decrease both during the trench digging 

cycle and the grading cycle, while the meter-OUT losses increases in the 2LSR configuration 

compared to the 2LS one, even if the performed working cycles are the same, as confirmed by 

the actuators position comparison reported in Fig.9.5. 

 

 
Figure 9.5: 2LS and 2LSR Actuators Positions Comparison – Trench Digging Cycle. 
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The justification is due to a higher meter-IN differential pressure (dpLS) in the 2LSR 

system than the 2LS system, Fig.9.6, as a consequence in the usage of two pumps with a lower 

displacement which require a different TL setting
31

. Therefore in the 2LSR on one hand the 

main spools positions of the activated users are reduced in order to accomplish the required 

tasks, but on the other hand the meter-OUT losses are increased than in the 2LS system 

configuration. 

 
Figure 9.6: 2LS and 2LSR dpLS Comparison – Trench Digging Cycle. 

 

In conclusion, the 2LSR system layout has the same advantages of the 2LS 

configuration, regarding the hydraulic system users division in two users groups, thus reducing 

the LPCs energy losses. Moreover, utilizing two hydraulic pumps with a lower displacement 

additional advantages in terms of lower investment cost for the FGU can be achieved. 

Table 9.1 and Tab.9.2 report the fuel saving percentage of the 2LS and 2LSR systems 

compared to the standard configuration. 

 

Table 9.1: Numerical Fuel Consumption Reductions – 2LS System. 

Cycle Standard System 2LS System 
𝑚𝑓2𝐿𝑆−𝑚𝑓𝑆𝑇𝐷

𝑚𝑓𝑆𝑇𝐷
 [%] 

Trench 

Digging 
34.12 [g/cycle] 31.87 [g/cycle] -6.59 

Grading 10.53 [g/cycle] 9.89[g/cycle] -6.07 

Travelling 3.26 [g/m] 3.37[g/m] +3.37 

Idling 1331.09 [g/h] 1348.12 [g/h] +1.28 

JCMAS 8.77 [l/h] 8.35 [l/h] -4.78 

                                                           
31

 The two FGUs have not the same torque limiters settings even if the maximum FGU torque is the same. 
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Table 9.2: Numerical Fuel Consumption Reductions – 2LSR System. 

Cycle Standard System 2LSR System 
𝑚𝑓2𝐿𝑆𝑅−𝑚𝑓𝑆𝑇𝐷

𝑚𝑓𝑆𝑇𝐷
 [%] 

Trench 

Digging 
34.12 [g/cycle] 31.88 [g/cycle] -6.56 

Grading 10.53 [g/cycle] 9.89[g/cycle] -6.07 

Travelling 3.26 [g/m] 3.47[g/m] +6.44 

Idling 1331.09 [g/h] 1347.8 [g/h] +1.25 

JCMAS 8.77 [l/h] 8.39 [l/h] -4.33 

 

9.1.2 Reduced Pump Margin LS System 
 

Figure 9.7 and Fig.9.8 report the energy flow diagrams of the trench digging cycle and 

the grading cycle related to the reduced pump margin LS system configuration. 

The energy saving advantages introduced by this configuration are related to the meter-

IN and meter-OUT energy dissipations reduction. 

In fact, the differential pressure, or margin pressure, (dpLS), reduction on one hand 

reduces meter-IN losses (-25% in the trench digging cycle and -33% in the grading cycle), but 

on the other hand causes minor flow rates to the users
32

. 

 

 
Figure 9.7: Sankey Diagram of the Trench Digging Cycle – Reduced LS. 

 

                                                           
32

 This statement is true only having the same flow area, i.e. the same spool position. 
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Figure 9.8: Sankey Diagram of the Levelling Cycle – Reduced LS. 

 

Consequently, in order to respect the actuators positions in the simulated working 

cycles, the operator models define higher main spool strokes, thus increasing the flow rates to 

the users actuators and reducing the meter-OUT losses (-12% in the trench digging cycle       

and -11% in the grading cycle). 

Table 9.3 reports the fuel saving percentage of the reduced LS system (RLS) compared 

to the standard configuration. 

 

Table 9.3: Numerical Fuel Consumption Reductions – Reduced LS System. 

Cycle Standard System RLS System 
𝑚𝑓𝑅𝐿𝑆−𝑚𝑓𝑆𝑇𝐷

𝑚𝑓𝑆𝑇𝐷
 [%] 

Trench 

Digging 
34.12 [g/cycle] 32.58 [g/cycle] -4.51 

Grading 10.53 [g/cycle] 10.07[g/cycle] -4.37 

Travelling 3.26 [g/m] 3.15 [g/m] -3.37 

JCMAS 8.77 [l/h] 8.40 [l/h] -4.21 
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9.1.3 Optimized Flow Areas System 
 

The energy flow diagrams of the optimized flow areas (OFA) system related to the 

trench digging and the grading cycles are reported in Fig.9.9 and Fig.9.10 respectively. 

 
Figure 9.9: Sankey Diagram of the Trench Digging Cycle – OFA. 

 

 
Figure 9.10: Sankey Diagram of the Levelling Cycle – OFA. 

 

The optimization of the outlet orifices of the boom (during the connection P→A, 

B→T), arm (during the connection P→B, A→T) and bucket (during the connection P→B, 

A→T) introduces energy dissipation reduction in the meter-OUT and the LPCs. During the 
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Optimizing the meter-OUT flow areas the users pressures decrease as well as the energy 

dissipations (-9.5% in the trench digging cycle and -14% in the grading cycle), while the LPCs 

energy losses are reduced during parallel operations (-27.4% in the trench digging cycle while 

in the grading cycle no reduction). 

Table 9.4 reports the fuel saving percentage of the optimized flow area system 

compared to the standard configuration. 

 

Table 9.4: Numerical Fuel Consumption Reductions – Optimized Flow Area System. 

Cycle Standard System OFA System 
𝑚𝑓𝑂𝐹𝐴−𝑚𝑓𝑆𝑇𝐷

𝑚𝑓𝑆𝑇𝐷
 [%] 

Trench 

Digging 
34.12 [g/cycle] 33.13 [g/cycle] -2.90 

Grading 10.53 [g/cycle] 10.26[g/cycle] -2.56 

JCMAS 8.77 [l/h] 8.58 [l/h] -2.16 

 

9.1.4 Boom Energy Recovery System 
 

Figure 9.11 and Fig.9.12 represent the energy flow diagrams of the excavator with the 

boom ERS of the trench digging and the grading cycles respectively. 

 

 
Figure 9.11: Sankey Diagram of the Trench Digging Cycle – Boom ERS. 

 

  

ICE Mechanical Energy
385.1 [kJ] 92.1 [%]

Recovered Mechancal Energy

33.1 [kJ] 7.9 [%]

F
G

U
 L

o
ss

es
1

7
.5

 [
%

]

In
le

t 
L

in
e 

L
o

ss
es

: 
1

.5
 [

%
]

O
th

er
 L

o
ss

es
: 

4
.9

 [
%

]

L
S

 L
o

ss
es

: 
1

.3
 [

%
]

M
et

er
-I

N
 L

o
ss

es
: 

9
.0

 [
%

]

L
P

C
 L

o
ss

es
1

1
.6

 [
%

]

V
al

v
e 

In
te

rn
al

 L
o

ss
es

: 
1

.4
 [

%
]

U
se

rs
 L

in
e 

L
o

ss
es

1
7

.4
 [

%
]

M
et

er
-O

U
T

 L
o

ss
es

2
4

.2
 [

%
]

Users Friction Losses

47 [kJ] 11.3 [%]



Chapter 9: Proposed Energy Saving Solutions Comparison 

212 
 

 
Figure 9.12: Sankey Diagram of the Levelling Cycle – Boom ERS. 

 

The introduction of the proposed ERS in the standard hydraulic system allows both the 

energy recovery and reuse from the boom actuator during the lowering phase as well as its 

meter-OUT energy dissipations reduction (-8.5% in the trench digging cycle and -10.5% in the 

grading cycle) due to the lower outlet pressure imposed by the HCV in the first part of the 

actuator movement. 

The advantages in the meter-OUT, in term of energy saving, are however countered by 

the increasing of the LPCs energy losses (+9% in the trench digging cycle and +4% in the 

grading cycle). 

These considerations concerning the hydraulic system with the proposed ERS point out 

the advantage of combining the ERS solution with the other energy saving architectures and 

solutions in order to maximize the fuel saving. 

Table 9.5 reports the fuel saving percentage of the excavator including the boom ERS 

compared to the standard layout. 

 

Table 9.5: Numerical Fuel Consumption Reductions – ERS. 

Cycle Standard System ERS 
𝑚𝑓𝐸𝑅𝑆−𝑚𝑓𝑆𝑇𝐷

𝑚𝑓𝑆𝑇𝐷
 [%] 

Trench 

Digging 
34.12 [g/cycle] 32.74 [g/cycle] -4.04 

Grading 10.53 [g/cycle] 10.24[g/cycle] -2.75 

JCMAS 8.77 [l/h] 8.52 [l/h] -2.85 
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9.2 Hydraulic Hybrid Excavator 
 

In this section the energy analyses concerning the proposed hydraulic hybrid excavator 

concept will be reported and discussed in detail. 

The previous section pointed out the advantages and the disadvantages of the energy 

saving investigated solutions. Each solution has pointed out advantages in term of energy saving 

compared to the standard excavator system. 

The dual pump systems (2LS and 2LSR) reduce considerably the LPCs energy 

dissipations while the reduced pump margin LS system the meter-IN ones. The meter-OUT 

energy losses are decreased by the optimized flow area system, the ERS and in part even from 

the other solutions. 

The hydraulic system architecture of the proposed hydraulic hybrid excavator concept 

combines the 2LSR, the reduced pump margin, the optimized flow area and the ERS solutions 

in order to maximize the fuel saving. Figure 9.13 reports the simplified ISO scheme of the 

hybrid machine. 

 
Figure 9.13: Hydraulic Hybrid Excavator Concept (ES85ZT-H) Simplified ISO Scheme. 
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Figure 9.14 and Fig.9.15 represent the hybrid excavator energy flow diagrams during 

both the trench digging and the grading cycles respectively. 

 

 
Figure 9.14: Sankey Diagram of the Trench Digging Cycle – ES85ZT-H. 

 

 
Figure 9.15: Sankey Diagram of the Levelling Cycle – ES85ZT-H. 

 

The energy dissipations in the meter-IN, the LPC and the meter-OUT orifices have been 
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during the grading cycles compared to the standard machinery. 
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Finally Tab.9.6 reports the fuel saving percentage of the hydraulic hybrid excavator 

concept (ES85ZT-H) compared to the standard configuration. 

 

Table 9.6: Numerical Fuel Consumption Reductions – ES85ZT-H. 

Cycle 
Standard System 

ES85ZT 
Hybrid System 

ES85ZT-H 
𝑚𝑓ES85ZT−H−𝑚𝑓𝑆𝑇𝐷

𝑚𝑓𝑆𝑇𝐷
 [%] 

Trench 

Digging 
34.12 [g/cycle] 28.73 [g/cycle] -15.79 

Grading 10.53 [g/cycle] 9.35[g/cycle] -11.21 

Travelling 3.26 [g/m] 3.47[g/m] +6.44 

Idling 1331.09 [g/h] 1347.8 [g/h] +1.25 

JCMAS 8.77 [l/h] 7.81 [l/h] -10.95 
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Conclusions  

 

 

 

In this Ph.D. thesis a numerical and experimental study of energy saving solutions for 

mobile hydraulic machinery has been presented and described in detail. 

A dedicated and detailed literature review (Chapter 1) has pointed out many different 

solutions for the energy saving in mobile hydraulic systems, from new controlling methods to 

novel system architectures. 

A middle size excavator (9000 kg) has been selected as the case study for the research 

project. This kind of machinery is typically equipped with LS hydraulic system, especially in 

the European market. Therefore the conducted studies have been focused on energy saving 

solution for LS hydraulic systems. 

In order to compare and evaluate the proposed energy saving solutions, the 

mathematical model of the machinery under investigation has been developed (Chapter 2) and 

validated (Chapter 4) on the basis of the experimental results obtained on both test bench and on 

the field activities (Chapter 3). 

Once validated the mathematical model of the excavator, being confident of the 

simulations results, detailed energy analyses (Chapter 5) have been conducted, on the reference 

working cycles (JCMAS), in order to evaluate the energy dissipations in the hydraulic system 

and to propose energy saving solutions. 

From the performed analysis on the LS system of the excavator under investigation 

some very promising energy saving solutions have been defined: 

 the dual LS system (2LS); 

 the reduced pump margin system (RLS); 

 the optimization of the meter-OUT flow areas (OFA); 

 the introduction of an energy recovery system (ERS). 
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Each of the proposed solution has pointed out advantages in term of energy saving as 

well as some related disadvantages, from a profound system architecture modification to 

dedicated control strategies definition. 

In fact, considering ERSs their effectiveness, i.e. their energy saving capability, strongly 

depends on both their control, components dimensions and even to the system architecture. 

For these reasons, a parameters optimization on the proposed ERS layout and the 

definition of the optimal control strategy have been performed taking advantages of the DP 

algorithm in order to maximise the energy saving percentage (Chapter 6). 

A prototype of the ERS has been realized and inserted in the excavator (Chapter 7) and 

dedicated experimental activities both on test bench and on the field have been conducted 

(Chapter 8). The comparison between the standard machinery and the prototype with the ERS, 

on the JCMAS working cycle, pointed out a fuel saving of about -3% and up to -4.5% in the 

trench digging cycle, confirming the predicted percentage with the mathematical models. 

The fuel saving related to the introduction of the ERS could be further increased 

modifying the system architecture in order to avoid LPC energy dissipation during parallel 

operations, which is the greatest disadvantage of the standard LS architectures. 

From the energy analyses conducted with the aid of the mathematical models of the 

proposed energy saving solutions (Chapter 9) the following fuel saving percentage on the 

JCMAS cycle have been obtained: 

 -4.8% with 2LS; 

 -4.2% with RLS; 

 -2.1% with OFA; 

 -2.85% with ERS. 

 

Combining the proposed solutions a novel hydraulic hybrid excavator architecture has 

been defined and a fuel saving up to 11% and 16% have been pointed out on the JCMAS and 

the trench digging cycle respectively. 

In the future, the developed and validated mathematical models will be exploited for the 

definition of other ERS architectures, even of the electric type, and most sophisticated control 

strategies. 

Dott. Eng. Luca Riccò 
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Appendix 1: ES85ZT Hydraulic System ISO Scheme. 
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Appendix 2: ES85ZT Direct Causality Scheme. 
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Appendix 3: Torque Limiter Inverse Causality Model Scheme. 
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Appendix 4: ES85ZT Inverse Causality Model Scheme. 
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Appendix 5: Excavator with ERS Inverse Causality Model Scheme. 
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Appendix 6: Excavator with ERS Hydraulic System ISO Scheme. 
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Appendix 7: Excavator with ERS Direct Causality Scheme. 
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