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Abstract  

Methods and Tools to Ease the Electrification of Off -Highway 

Vehicles and Machinery Produced by Small and Medium -Sized 

Companies. 

 

Environmental sustainability, greenhouse emission s, and air pollution 

reduction are among the major drivers for the electrification of the transport 

and mobility sector. Indeed, the electrification of the consumptions for the 

automotive industry is in broad daylight, but the same process has just 

started for the off -highway industry . This process enables new technologies, 

but it comes also with new challenges and objectives. For instance, it 

facilitates new off -highway architectures and the development of both 

incremental and disruptive technology, enablin g the emergence of 

completely new machinery and companies too. In this regard, industry and 

academia have already started developing electrified solutions, but they 

come with high development costs. 

Small and medium-sized companies can be particularly sensitive to 

changes, and the expertise, cost, and timeframe related to this process can be 

extremely challenging. Many of these companies usually work as system 

integrators, relying on the integration a nd tuning of off -the-shelf components 

and systems. On the contrary, leading off-highway manufacturers can design 

optimized machinery thanks to custom -made products, relying on the 

economy of scale to return on investments. 

Modeling and simulation can greatly help system -level design but 

building the mathematical model of an entire machinery is not trivial. In this 

regard, using industr y-oriented modeling software like Simscape can 

simplify it, especially for small manufacturers . Indeed, modeling and 

simulation shift the design from steady -state design to dynamic and 

transient-state design, which is an essential step to investigate the potential of 

electrification: new control strategies, lower energy consumption, higher 

produ ctivity, better forecast of the machinery hour rate, etc. 

After an overview of the industry, its history, and the new challenges, 

the main components, and architectures typical of the electrification process 
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are presented. The most interesting electrified machinery are also shown to 

understand the general trends of both industry and academia. In fact, this 

analysis shows how much retrofitting can be important for this transition to 

more electrified machinery, but also how many improvements can be 

applied.  

To investigate how much an industry -oriented modeling software can 

help small and medium -sized companies, an electrified material handler is 

modeled using Simscape. The modeling of the main four subsystems is 

presented (energy storage, electric motor, mechanics, and hydraulics), and 

the most important  movements are compared with experimental data . 

While focusing on the real objectives of this work, simulation and real -

world testing show a good match. Indeed, even if the modeling of other 

subsystems is needed for more in-depth and accurate analysis, it is shown 

how industr y-oriented software can be used to model complex subsystems 

and to get sensible results. 

Lastly, two different approaches are analyzed by simulating the model 

over a personalized and realistic duty cycle. First, without changing anything 

of the current control strategy of the machinery, one reference velocity is 

proposed to balance energy consumption and productivity. The empirical 

results of the manufacturer of the hydraulic material handler confirm this 

trend, highlighting the good applicability of the model. Second, a new 

strategy based on the control of the electric motor speed is proposed and 

simulated. The results show the possibility of reducing energy consumption, 

but some components need to be modeled more in-depth to reach better 

accuracy and even lower results. 

Nonetheless, it proves how much the system can be improved without 

changing any component, by relying on transient -state design and using the 

additional control variables enabled by electrification. Furthermore, it is 

shown how much an industry -oriented modeling software can help small 

and medium size enterprises during this important phase.  
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Metodi e Strumenti per Favorire lõElettrificazione di Veicoli e 

Macchinari Off -Highway Prodotti dalla Piccola e Media 

Industria.  

 

Sostenibilità ambientale, emissione di gas serra, e inquinamento 

atmosferico sono tra i maggiori driver dellõelettrificazione dei trasporti e della 

mobilità. Sotto questo punto di vista, lõelettrificazione dei consumi ¯ evidente 

nellõindustria automotive, ma lo stesso processo ¯ iniziato anche per quella 

dellõOff-Highway. Questo è un passaggio importante per consentire lo 

sviluppo di alcune nuove tecnologie, ma  porta con sé anche nuove sfide e 

obiettivi. Per esempio, esso facilita lõinsorgere di nuove architetture tecniche, 

così come lo sviluppo di nuove tecnologie, sia evolutive che rivoluzionarie, 

favorendo anche la nascita di nuovi macchinari e aziende. A questo 

proposito, sia il mondo industriale che quello accademico hanno già iniziato 

lo sviluppo di so luzioni elettrificate, a fronte tuttavia di alti costi di sviluppo.  

Per le aziende medio-piccole, più sensibili al cambiamento, le 

competenze, i costi, e i tempi richiesti da questo processo possono essere 

molto sfidanti. Molte di queste aziende sono solite lavorare come integratori 

di sistemi, il che significa che comprano dai fornitori componenti e sistemi 

stock. Al contrario, le aziende più strutturate e leader del mercato possono 

puntare su prodotti maggiormente ottimizzati e basati su componenti 

custom, poiché sono poi in grado di rientrare del più elevato investimento  

iniziale grazie alle maggiori economia di scala. 

La modellistica e la simulazione possono aiutare molto la progettazione 

a livello sistemico, ma lo sviluppo di un modello matematico non è 

assolutamente banale. Questo processo può tuttavia essere semplificato da 

software di modellistica indirizzati allõambiente industriale, specialmente per 

i produttori più piccoli. Infatti, modellistica e simulazione consentono il 

passaggio da un approccio steady-state a uno transient-state, che è 

fondamentale per investigare i vantaggi dellõelettrificazione: nuove strategie 

di controllo, minori consumi energetici, maggior produttività, miglior 

previsione dei costi orari di utilizzo, ecc.  

Dopo un iniziale visione dõinsieme dellõindustria, della sua storia, e delle 

nuove sfide esistenti, sono presentati i componenti principali e le architetture 

tipiche dei mezzi elettrificati. Sono anche mostrati i macchinari più 
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interessanti per capire le tendenze dellõindustria e dellõambiente accademico. 

Per esempio, si capisce quanto il retrofitting dei macchinari possa essere 

importante per questa fase di transizione, seppur sia vero che possono essere 

applicate diverse miglio rie. 

Per investigare quanto un software di modellistica di tipo industry -

oriented sia in grado di aiutare le piccole e medie aziende del settore, un 

sollevatore idraulico elettrificato è creato usando Matlab Simscape. È 

mostrata la modellizzazione dei quattro sottosistemi principali (accumulo di 

energia, motore elettrico, meccanica, e idraulica), e i movimenti principali 

della macchina sono simulati e comparati con i dati sperimentali.  

Se ci si concentra sul reale focus di questo lavoro, simulazione e prove 

reali sono abbastanza affini. Infatti, pur riconoscendo che dei modelli più 

dettagliati siano necessari per analisi più accurate, è evidente come questa 

tipologia di software (maggior mente orientato agli ambienti aziendali) possa 

già essere usata per modellare sistemi complessi e per prendere confidenza 

con alcuni risultati.  

Infine, due diversi approcci sono analizzati simulando il modello su un 

ciclo di lavoro personalizzato e realistico. Innanzitutto, senza alcun 

cambiamento al sistema di controllo, viene proposto un valore di velocità che 

bilanci consumo di energia e produttività della macchina. A questo proposito, 

lo storico e le osservazioni empiriche del costruttore confermano che tale 

velocità è sensata, evidenziando quindi la buona applicabilità del modello. In 

secondo luogo, è implementata e simulata una nuova strategia per il controllo 

della velocità del motore elettrico, e i risultati mostrano una generale 

diminuzione del consumo energetico. Tuttavia, per migliorare maggiormente 

lõaccuratezza della previsione e diminuire di più i consumi, è necessario 

approfondire ulteriormente alcune componenti.  

Cionondimeno, i risultati ottenuti testimoniano quanto il sistema attuale 

possa essere migliorato senza cambiare alcun componente, basandosi 

solamente su un design di tipo transient-state, e sfruttando i vantaggi dati 

dallõelettrificazione. Inoltre, ¯ dimostrato quanto un software di modellistica 

industry -oriented possa essere utile ai produttori più piccoli per affrontare 

meglio questa importante transizione.  
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1 Introductory Chapter 

Electrified vehicles have undergone great evolution during the last two 

decades thanks to the increasing attention on environmental sustainability, 

greenhouse gas emissions, and air pollution. These are indeed among the 

major drivers for the electrificatio n of the transport and mobility sector, 

especially for the automotive industry. On the one hand, consumers are more 

knowledgeable and careful during the selection process, on the other hand, 

governments have been tightening emission regulations. The electrification 

of consumptions for the automotive industry is in broad daylight, but the 

same process has just started for the off -highway industry (known also as 

Non-Road Mobile Machinery industry  NRMM ). In this regard, what 

happened in the former seems to be happening in the latter, but some key 

differences exist, among which the heterogeneity of the industry is among the 

most important ones. Indeed, while the architecture and size of passenger and 

commercial vehicles are limited in number and variety, as visi ble in Figure 

1.1, the same does not apply to the off-highway industry: agricultural tractors, 

construction excavators, mining dump trucks, small lawnmowers are all off-

highway machinery ( Figure 1.2). So, as clearly visible from Figure 1.2, the off-

highway machinery can greatly differ from each other, thus their size, 

architecture, and purpose. 

Due to the electrification process, the automotive industry has been 

facing a great revolution, affecting the traditional European and American 

automakers, and paving the way for new manufacturers like Tesla, BYD, and 

many others, which were capable of bringing to the market some disruptive 

technology and new business models. In a minor way, the electrification 

process is enabling also new off-highway architectures and the development 

of both incremental and disruptive technology,  enabling the emergence of 

completely new machinery and companies too. In this regard, a profound 

difference exists between the automotive and the off-highway industry: even 

if giant corporations/manufacturers exist also among NRMM, many small 
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and specialized companies share an essential part of the market, which is 

unusual in the automotive industry.  

  
(a) (b) 

  
(c) (d) 

Figure 1.1 Examples of passenger and commercial vehicles. Light duty passenger vehicle (a), 
Medium duty passenger vehicle (b), Commercial van (c), Heavy duty truck (d).  

  
(a) (b) 

  
(c) (d) 

Figure 1.2 Examples of off-highway machinery. Agricultural tractor (a), excavator (b), mining 
dump truck (c), riding lawn mower (d).  
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Electrification can be seen as an enabling technology, but it comes also 

with new challenges and objectives. For instance, while the focal point of any 

machinery remains to effectively complete its task, more attention has been 

given to how efficiently thi s is accomplished, and, even more importantly, 

which is the final Total Cost of Ownership (TCO). NRMM are indeed 

purchased to generate value and income, not for leisure or status, thus this 

market needs to justify the higher cost of acquisition with lower costs of 

operation, higher productivity, and/or new purposes. A clear example is the 

underground mining industry, where the use of battery electric and/or 

cabled machinery reduces the requirements for ventilation systems and 

exponentially increases the safety of the work environment.  

The higher upfront cost of electrified machinery is due to componentsõ 

cost (batteries, electric machines, high/voltage equipment, sensors, etc.), and 

to the investments in research and development to improve and optimize the 

performance of such components. Moreover, lack of standards is a burden for 

both suppliers and manufacturers: every component is essentially custom, for 

low -volume production, or one -offs, and many times it is difficult for 

manufacturers to understand what to make while thinking about what the 

standards will be in the future [1]. 

On the one hand, it allows both industry and academia to look to a wider 

range of solutions, on the other hand, the expertise is still growing, and 

defining which solution is best suited for each application is extremely 

challenging. 

Modeling and simulation try to answer these open questions by 

digitalizing as much as possible of the research and development, but it 

requires moving  from steady-state analyses made using spreadsheets to 

transient-state simulations. This shifting is indeed a priority to better analyze 

energy consumption. However, this process is not straightforward, it requires 

highly specialized employees, it takes time, and it still ne eds extensive testing 

campaigns to validate models. 

While big manufacturers can afford all the previous thanks to their 

bigger nominal capitals, Small and Medium size Enterprises (SME) must find 

a way to stay competitive. In this regard, more and more software houses are 

developing tools to ease modeling and simulation, by moving from explicit 
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coding to visual programming to the assembly of pre -compiled components. 

A clear example of this transition can be seen throughout the portfolio offered 

by MathWorks with MATLAB, Simulink, and Simscape.  

1.1 Off -Highway M achinery  

The European Union defines off-highway machinery as [2] : 

òé any mobile machine, transportable equipment or vehicle 

with or without bodywork or wheels, not intended for the transport 

of passengers or goods on roads, and includes machinery installed 

on the chassis of vehicles intended for the transport of passengers or 

goods on roadsó. 

As understandable from the definition, the off -highway machinery 

industry is extremely broad, and one of the key aspects is the òmissionó [3]. 

The mission defines what the machinery is supposed to do, defining the main 

tasks to complete, as well as the environments where the machinery is 

supposed to work. The mission can be extremely specific, as for some 

extremely specialized machinery like th e trencher visible in Figure 1.3a, but it 

can also be related to multiple tasks, requiring multipurpose capabilities, as 

for the backhoe loader in Figure 1.3b. 

Because defining the mission can be extremely complicated and varied, 

the off-highway machinery industry is divided into four main categories 

(Table 1.1). Even if these different categories are universally recognized 

within the industry, multipurpose machinery can be fitted with  different 

accessories to fulfill duties across the board (e.g., small tractors that can be 

used during winter as snow removal machinery, or municipal and property 

maintenance vehicles with many different types of equipment ). 
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(a) (b) 

Figure 1.3 Examples of off-highway machinery. Trencher (a), backhoe loader (b). 

Category Machinery  

Tractors and agricultural.  Tractors, combine harvesters, field 

choppers, etc. 

Municipal and property maintenance.  Turf cutters, street sweeping machines, 

etc. 

Transportation of goods and material 

handling.  

Forklift machines, material handlers, etc. 

Construction, forestry , and mining.  Excavators, front-end loaders, backhoes, 

etc. 

Table 1.1 Off-Highway machinery categories  

1.2 History  

The off-highway machinery industry is composed of many categories, 

but its roots can be traced down to the first applications of steam engines for 

earth moving, the steam shovel, in 1838. (Figure 1.4a) [4]. In 1868 a steam 

engine tractor was supposed to replace horses to boost productivity, marking 

the beginning of agricultural tractors and mechanized agriculture [5]. A 

decade after, in 1876, J. D. Adams paired its leaning-wheel road grader 

(Figure 1.4b) to a steam traction engine, and at the very beginning of the 20th 

century, the first gasoline-powered crawler tractor was created (Figure 1.4c) 

by the Holt Manufacturing Company, which then become the internationally 

famous Caterpillar Inc [6]. 

The transition from steam engines to gasoline and, most importantly, 

diesel engines is one of the most important key points. Indeed, the size and 

maintenance request of steam engines made it difficult to create mobile self-

propelled machinery, while intern al combustion engines proved to perfectly 

fit the needs of off-highway machinery. The World Wars played another 

significant role in advancing NRMM technology: the construction and 

earthmoving equipment industry was eager to speed up, the agriculture 

indust ry needed to increase food productivity, and obviously, there were 

many technological interconnections between off-highway machinery and 
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military vehicles. In these years, the first practical one-man-operated, self-

propelled off -highway machinery was created by LeTourneau, the Model B 

Carryall scraper (Figure 1.4d) [4]. 

  
(a) (b) 

 

 

(c) (d) 

Figure 1.4 Ancient off -highway machinery: Otisõs first excavator (a), J. D. Adamsõs leaning-
wheel road grader (b), Holt crawler tractor (c), Model B Tournapull (d).  

After World War II some important types of machinery were developed, 

like the front -end loader, which currently is the second most sold NRMM 

worldwide, but the second huge step forward for the industry was the 

introduction of hydraulic power, more or less 35 years after the arrival of 

ICEs. Up until the mid -50s, every excavator relied on cables, like most of the 

machinery, but in 1954 the German manufacturer Demag (currently part of 

Komatsu Germany Mining) presented the first fully hydraulic excavator [7]. 

The combination of mobile hydraulic and diesel engines was essential 

for the development of light construction equipment, and most of the off -

highway machinery are still based on the same powertrain concept. In the last 

30 years, the engines and hydraulics have been continuously developed to 

add functionalities, improve productivity, achieve better controllability, and, 

due to the advent of emission policies, reduce emissions. Electronics 

(computerized controls, telematics, GPS systems, etc.) has now become the 
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focus of most manufacturers. It is indeed fundamental for modern control 

systems, but it also gives the possibility to acquire and analyze data, which is 

essential for data-driven technical development, as well as data-driven 

business and marketing. 

 

Figure 1.5 Demag B504. 

1.3 Emission regulations  

While in the 1990s the emission of NRMM was considered minor in 

comparison to the passenger vehicle industry, based on the analysis carried 

out in [8], the model shown in [9] predicts that NRMM will eventually 

surpass on-road vehicles as the leading source of mobile pollution in Asia 

by 2030. 

However, the large variety of types of machinery is one of the main 

difficulties in calculating and/or measuring the emissions of off -highway 

machinery and vehicles [8]. Considering all the differences among the 

industry (sizes, engines, fuels, etc.), laboratory emissions measurements are 

indeed incapable of representing real-life emissions [10]. Furthermore, the use 

of Portable Emissions Measurement Systems (PEMS) gets more difficult due 

to extreme working conditions, and, even if in -use exhaust emissions 
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measurements of construction and agricultural machinery exist [11, 12], it is 

very difficult to generalize the results to the whole industry.  

In the last decade, to reduce emissions throughout the entire industry, 

emission regulation policies have been requesting the adoption of emission 

reduction devices to be mounted on NRMM, like Diesel Particulate Filters 

(DPF), Exhaust Gas Recirculation (EGR), and Selective Catalytic Reduction 

(SCR), as described in [13]. The use of these technologies and their 

contribution to emission reduction  is cited also in [12], where the 

consumption of the London construction fleet is discussed by analyzing 29 

machinery. 

One of the major concerns is indeed about the emissions in urban areas, 

where construction machinery powered by combustion engines represent 

significant sources of emissions. London, for instance, was one of the first 

metropolitan areas to set a Low Emission Zone (LEZ). In these areas, 

emissions regulations are very rigid also for NRMM and not only for 

passenger vehicles, buses, and vans [12]. Other important European 

metropolitan cities like Oslo, Copenhagen, Helsinki, and Barcelona signed a 

Joint Statement in 2022 requiring fossil-free construction machinery (a.k.a. 

electric battery machinery) in public project sites from 2025 [14]. 

The European Union, which historically is on the edge for emission 

control and regulations, set an emission control and reduction policy for 

NRMM engines back in 1997 through Stage I regulation [15]. The limits were 

initially set only for diesel compression ignited (CI) engines, and they were 

based on engine size, as visible in Table 1.2. Gasoline and/or natural gas 

spark-ignited (SI) engines below ρω Ὧὡ were added by means of additional 

directives. 

 

Net Power CO HC NOx PM 

Ὧὡ ὫὯὡὬϳ  

ρσπὖ υφπ 5.0 1.3 9.2 0.54 

χυ ὖ ρσπ 5.0 1.3 9.2 0.70 

σχ ὖ χυ 6.5 1.3 9.2 0.85 

Table 1.2 EU Stage I emission standard for nonroad diesel engines. [16] 
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Nowadays, the Stage V regulation (Table 1.3) [16] has been effective 

since 2020 in the European Union and it is fundamental for multiple reasons: 

- it includes SI engines above ρω Ὧὡ; 

- it includes CI engines below ρω Ὧὡ and above υφπ Ὧὡ; 

- it categorizes engines not only based on power but also on use cases 

(e.g. mobile machinery, all-terrain recreational vehicles, hand-held 

tools, etc.). 

Cat. 
Ign. Net Power CO HC NOx PM PN 

 Ὧὡ ὫὯὡὬϳ  ρὯὡὬϳ  

NRE-v/c -1 CI ὖ ψ ψȢππ χȢυπȟ  πȢτπ  

NRE-v/c -2 CI ψ ὕ ρω φȢφπ χȢυπȟ  πȢτπ  

NRE-v/c -3 CI ρω ὖ σχ υȢππ τȢχπȟ  πȢπρυ ρ ρπ 

NRE-v/c -4 CI σχ ὖ υφ υȢππ τȢχπȟ  πȢπρυ ρ ρπ 

NRE-v/c -5 All  υφ ὖ ρσπ υȢππ πȢρω πȢτπ πȢπρυ ρ ρπ 

NRE-v/c -6 All  
ρσπὖ

υφπ 
σȢυπ πȢρω πȢτπ πȢπρυ ρ ρπ 

NRE-v/c -7 All  ὖ υφπ σȢυπ πȢρω σȢυπ πȢπτυ  

ὥ  OHC+NOx  

ὦO  0.60 for hand-startable, air-cooled direct injection engines 

ὧO  ὃ ρȢρπ for gas engines 

Ὠ  Oὃ φȢππ for gas engines 

Table 1.3 Stage V emission standard for nonroad engines. 

In the United States, and more generally speaking in North America, the 

EPA is the organization responsible for emission regulations policies, and it 

was the first to promulgate emission standards with the Tier 1 policy in 1994 

[17]. 

The EU Stage policy and the EPA Tier policy have been following a 

common route since their creation, paving the way for emission standards all 

over the globe. However, due to the technical challenges and increased costs 

demanded by the EU Stage V, the EPA has not currently published the new 

Tier 5 standard, nor there is a hypothetical due date for its release. The 

difference between the new EU Stage V and older Tier 4 standards is visible 

in Figure 1.6, however, it is worth mentioning that neither the EU Stage V nor 
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the U.S. EPA Tier 4 set any limitation for CO2 emissions, which is instead the 

most common parameter for passenger vehicles. 

The evolution of the EU Stage policy is also visible in Figure 1.7, where 

it is visually clear the magnitude of the emission reduction, remarking the 

incredible evolution of engine emission control in the past two decades, as 

well as the technical challenges the industry will encounter by facing further 

reductions. The PM limit of the Stage V standard is indeed 97 percent lower 

than that of the Stage I standard, and the hydrocarbon (HC) + nitrogen oxides 

(NOx) limit is 94 percent lower [18]. The magnitude of this emission reduction 

is such that further decrease is supposed to be extremely difficult without any 

implementation of electrified solutions, copying what has been happening in 

the automotive industry.  

 

Figure 1.6 Comparison of PM and NOx emission limits between the U.S. and EU. 
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Figure 1.7 Emission limits from Stage I to Stage V for HC + NOx and PM. [18] 

1.4 Driving and working cycles  

By setting different velocity profiles, driving cycles are useful to set a 

common ground for the evaluation of the energy consumption of passenger 

vehicles. The most known sets of driving cycles are the ones decided by the 

American Environmental Protection  Agency (EPA), the ones that were in use 

in the European Union (EU), and the Japanese ones. In the attempt to create 

a worldwide recognized driving cycle, the final version of the World 

harmonized Light -duty  vehicles Test Procedure (WLTP) was released in 

2015, but not in every market this has been recognized as the common 

standard yet. For instance, while every vehicle sold in Europe after 2019 must 

declare the energy consumption based on the WLTP (Figure 1.8a), this is not 

the case for the US market, where the EPA Federal Testing Procedure is 

preferred for the EPA window sticker ( Figure 1.8b and Figure 1.9). Because 

some use cases can be more specific, like driving in a very congested 

metropolitan area like Manhattan or, on the opposite, on highways, more 

peculiar driving cycles exist, and they are used for technical investigations 

and not for certification  purposes. 

In any case, while some differences in procedures exist among 

automotive driving cycles, the only essential and clear difference is about the 
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speed profile, as visible in Figure 1.8, because the main power/energy flow 

of a vehicle is supposed to be completely toward traction. Even thinking 

about long haul trucks (on -highway heavy -duty vehicles), the velocity 

profiles are different than for a passenger vehicle, but the order of magnit ude 

is similar: for instance, instead of a maximum velocity of ρσπὯάὬϳ , it is 

around ρππὯάὬϳ . 

 
(a) 

 
(b) 

Figure 1.8 Automotive driving cycles: WLTP (a), FTP (b).  

 

Figure 1.9 Example of the EPA window sticker.  
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This is not the case for off-highway machinery, where driving cycles are 

replaced by working cycles (or duty cycles).  

First, traction is only one of the many tasks that the machinery must 

fulfill. Thinking about an agricultural tractor, for instance, much power is 

directed to ancillaries by use of the Power Take Off (PTO). Indeed, in a very 

simplified manner, the main mis sion of this machinery is to be a mobile, 

pulling -capable power supplier. Another example is a tracked excavator: 

tracks allow the excavator to move on difficult pavements, but the main 

power flows are to the arms and the swinging of the upper carriage.  

The other big difference is related to the size: as an example, the 

maximum power requested by a small excavator for in -house renovation is 

completely different from the one requested by a mining excavator, even if 

one seems to be a scaled version of the other. 

It is then clear how difficult it is for the scientific and technical 

community to set standardized duty cycles for the off -highway industry.  

In this regard some attempts were made by the EPA [19], that designed 

some duty cycles for some of the most known NRMM, like agricultural 

tractors (Figure 1.10a), backhoe loaders (Figure 1.10b), excavators (Figure 

1.10c), skid steer loaders (Figure 1.10d), etc. All these examples, which 

descend by experimental campaigns and are not designed a priori, show 

another key aspect: the frequency of the power peaks is incredibly higher than 

the frequency of the speed profiles of the driving cycles. Another good 

attempt at standardization was made by the Japanese Construction 

Mechanization Association with the test procedure explained in [20], but they 

are still not globally recognized. The last noteworthy attempt, which may be 

also the most successful yet, is the DLG PowerMix (Deutsche Landwirtschafts 

Gesellschaft-German Agricultural Society) [21], which states itself as the de 

facto standard for agriculture tractors. The PowerMix test consists of 14 test 

cycles that simulate various loads on the tractor, measuring its fuel and 

AdBlue consumption, its output  power, and its efficiency as the machinery 

goes through the test cycle. The aim is to replicate typical field and transport 

applications at half -load and full -load. Nonetheless, this duty cycle has no 

legal value for the homologation process, and it is mainly used to provide 
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product information to potential buyers by reporting a synthetic cost per kWh 

of usage. 

  
(a) (b) 

  
(c) (d) 

Figure 1.10 EPA nonroad working cycles: agricultural tractor (a), backhoe loader (b), 
excavator (c), skid steer (d). 

In these circumstances, every Original Equipment Manufacturer (OEM) 

is accustomed to its internal duty cycles and researchers even tend to register 

specific duty cycles for each vehicle under analysis: in [22ð24] the 

electrification of agricultural tractors is investigated, and some duty cycles are 

used for the analysis, but no DLG Power Mix or EPA duty cycle are 

mentioned. Similarly for construction machinery, in [25, 26] the authors 

define a specific duty cycle for the hybridization process of a skid loader, 

while in [27ð31] different duty cycles are used for compact excavators. 

So, driving and/or duty cycles are key points since knowing the power 

and torque request profiles for each vehicle/machinery allows the correct 

selection and sizing of the onboard power sources, powertrain layout, and 

energy storage systems. They all indeed influence the effectiveness, 

efficiency, and operational runtime of electrified machinery.  
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1.5 Modeling Software  

MATLAB, Simulink, and Simscape are three interconnected tools used 

for modeling, simulation, analysis, and data visualization.  

MATLAB is a high -level programming language and computing 

environment. It is commonly used by engineers in industry and academia for 

numerical analysis, data manipulation, and algorithm development, and it is 

primarily focused on numerical and matrix -based computation [32].  

MATLAB is often compared to other programming languages like 

Fortran or C++, which are low -level general-purpose programming 

languages. On the one hand, MATLAB uses a simplified syntax, it usually is 

more friendly to use because it is designed for rapid pr ototyping, and it 

provides a wide range of toolboxes to expand its functionalities. On the other 

hand, it is not as efficient for high -performance computing. In short, 

MATLAB excels in matrix operations, data manipulation, and visualization, 

but it is not ideal for modeling complex dynamics systems: being a 

programming language it requires a lot of coding, and there are other more 

efficient languages when complex coding is vital.  

Simulink is a graphical simulation and model -based design 

environment based on MATLAB, and it is extremely common for dynamic 

systems analysis. Being a visual programming software, it employs blocks 

representing different mathematical components (operators , inputs, 

functions, etc.) (Figure 1.11) [33]. While MATLAB is capable of analytical 

computing, Simulink completely relies on numerical computing, which is 

essential to represent the behavior of complex systems with nonlinear 

dynamics, time-varying parameters, and interactions among components. 

After  the selection of the proper solver, which is the computational algorithm 

to numerically solve the differential equation of the system, using Simulink it 

is possible to observe how the systemõs signals change over different time 

steps. Thus, Simulink models are best suited for the development of control 

systems. Indeed, the visual programming approach allows engineers to 

quickly understand the structure, dynamics, and interactions. However, 

Simulink still needs in -depth mathematical knowledge of the phenome na, 
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and, most importantly, it is necessary to understand and share its visual 

programming logic.  

Simscape is a tool within the Simulink environment, and its purpose is 

to simplify the modeling of physical systems [34]. The idea is to shift the 

attention from block diagram modeling (math operators, functions, etc.) to 

component-based modeling. Thus, instead of visually coding equations and 

interactions, there are libraries of physical components where to insert proper 

physical parameters. The requested parameters can range from the simple 

constant stiffness of a linear spring (Figure 1.12a) to the mechanical and 

electrical parameters needed to characterize a linear piezoelectric motor 

(Figure 1.12b). One great advantage of Simscape over Simulink is the 

visualization of the system and its components more intuitively. Indeed, the 

components are sequentially placed to replicate the 

mechanical/electrical/hydraulic scheme of the system, as visible in Figure 

1.13, where the same two-degree dynamic system of Figure 1.11 is replicated. 

 

Figure 1.11 Example of visual programming in Simulink for a two -degree freedom system 
with two springs and two dampers. (Edited from [35]) 
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(a) 

 
(b) 

Figure 1.12 Instances of Simscape components: translational spring (a), piezo linear actuator 
(b). 
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Figure 1.13 Example of modeling in Simscape for a two-degree freedom system with two 
springs and two dampers.  
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2 Main Components and Architectures  

The very first distinction t o make when talking about electrified vehicles 

and machinery is about electric and hybrid: the distinction between the two 

depends on the energy sources mounted on the machinery. In the former, the 

powertrain is characterized by a single energy source of electric power (e.g. 

battery and/or tethered cable), while hybrid machinery and vehicles have at 

least two different sources (e.g. ICE and battery, fuel cells and battery, etc.). 

Starting with electric machinery, similar to what is reported in [36], they 

can be divided based on the following architectures: 

- Tethered type: The only energy source is the physical connection to 

an external electric source (e.g. power grid, or external diesel 

generator). Examples of this machinery are the huge, tethered 

excavators for mining applications ( Figure 2.1). These applications 

can exploit the boost in efficiency given by electrification [37], but, 

because of the great amount of requested power, the only feasible 

solution is the physical connection to the power grid.  

- Battery type: The energy storage system provides all the energy. 

External sources of energy charge the energy storage system, but 

they are disconnected when the machinery works. This probably is 

the most common type of electric machinery but working range and 

charging infrastructure remain important topics of discussion and 

development. 

- Tethered-battery type: The machinery can work either way, while 

connected to the external source or using only the internal energy 

storage system, which can potentially overcome the limited working 

range. For instance, some small excavators for indoor construction 

take advantage of this solution and they connect to external diesel 

generators. 
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Figure 2.1 Example of tethered electric excavator, the Hitachi EX5600E. 

Within hybrid machinery, there are many more architectures because of 

the presence of multiple energy sources. Indeed, they can be divided based 

on how the energy sources are coupled, on the power ratio between the 

energy sources, or, considering the traction power flow and the working 

power flow as two different entities, on which part of the machinery they are 

intended to provide energy to. The former two methods of splitting the 

hybrid architectures are common also in the automotive industry [38]: 

- Series hybrid: The two power sources are electrically coupled, 

meaning that they are mechanically disconnected, and the power 

electronics must balance the energy flow between them. In this case, 

there must be at least one electric motor and one electric generator. 

This can also be considered as the simplest hybrid architecture. 

- Parallel hybrid: The two power sources are mechanically coupled by 

a transmission. It is more complex than the series hybrid, but it needs 

only one electric machine that works both as motor and generator. 

- Series-parallel hybrid: The two power sources are electrically and 

mechanically connected, giving engineers the possibility of creating 

more working modes to optimize efficiency, because it can work both 

as series and parallel hybrids. It surely is the most complex 

architecture, indeed, not only there is both the complex mechanical 

transmission (usually with one or more Planetary Gear Set PGS) and, 

at least, two electric machines, but much attention must be given to 

properly control power recirculation amon g the sources. 
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Based on this classic division between hybrid architectures, in the 

automotive industry, it is common to classify hybrids also based on the power 

ratio between the sources. This is known as the Hybridization Factor HF [39] 

(Eq. 1), where ὖ%- is the power coming from the electric motor, while ὖ)#%ȿ&# 

comes from an ICE or a FC: 

 ὌὊ
ὖEM

ὖEM ὖICE|FC
 

Eq. 1 

Because for off-highway machinery it is important to differentiate the 

traction effort and the power that goes to hydraulics and implements, in [40] 

the authors proposed a novel definition of the Hybridization Factor HF, 

where this is computed as the average of two different factors (Eq. 2). ὖ%-ρ is 

the power of the electric motor addressed to traction, ὖ%-ς is the one that goes 

to hydraulics and implements, ὖ)#%ȿ&# is generated by the ICE or FC. 

 HF
ρ

ς

ὖEM1
ὖEM1 ὖICEȿ&#

ὖEM2
ὖEM2 ὖICEȿ&#

 Eq. 2 

The combination of these classifications can be seen in Figure 2.2, where 

the difference between the driveline and the hydraulics power flows is 

schematized as done in [41]. 
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Figure 2.2 Combination of hybrid architectures for mobile machinery. (Adapted from [41]) 

2.1 Energy Storage Systems 

The Energy Storage System ESS is key for any electrified vehicle and 

machinery. Among the many properties of ESSs, the following are usually 

considered the most important ones [42], and, in the Table 2.1, there is a 

comparison between the most common ESSs. 

- Specific power  ὡ ὯὫϳ : It is fundamental to evaluate if the ESS can 

manage the peak power requests, both while discharging and 

charging. Hybrid powertrains are usually equipped with ESS with 

higher specific power.  

- Specific energy ὡὬὯὫϳ  and energy density ὡὬὒϳ : It is 

fundamental to evaluate the working range of the machinery in 

relation to its weight. It may be the most famous and important 

parameter for battery electric vehicles and machinery, especially if 

traction and traveling are important features. However , it is not as 

fundamental on machinery that works at fixed -point, because they 

can replace part of the counterweight. Like the specific energy, 

energy density is still closely related to the working range of the 
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machinery, but it indicates the occupied volume. Available free space 

is a very important topic on off -highway machinery, especially on 

small ones, because it is limited. 

- Cycle life ᶮ: It represents the number of discharge-charge cycles the 

battery can experience before it can no longer meet some specific 

performance requirements. There isnõt a standardized ratio of the 

original and actual capacity of the ESS after which the ESS needs to 

be replaced, but, in the automotive industry, 80% is usually 

considered as the rule of thumb for batteries. (It is worth mentioning 

that it does not represent the number of years the ESS can sustain 

before maintenance). 

- Efficiency  ᶮ: it is the average of the charging and discharging 

efficiencies. The more efficient the battery, the less power is wasted 

in heat. 

 Flywheel  Supercapacitor 
Hydraulic  
Accumulator  

Lead-Acid  
Battery 

Ni -MH  
Battery 

Li-Ion 
Battery 

Specific 
Power 

τπ 
ρυππ 

υππ 
υπππ 

ςπππ
ρωȟπππ 

χυ 
σππ 

ρυπ 
ςππ 

ςυπ 
στπ 

Specific 
Energy 

ρπ 
σπ 

ςȢυ 
υȢυ 

ς 
σπ 
υπ 

φπ 
ρςπ 

χυ 
ςππ 

Energy 
Density 

ςπ 
ψπ 

συ υ 
υπ 
ψπ 

ρυπ 
ρψπ 

ςππ 
ςυπ 

Cycles ςπȟπππ ρππȟπππ ρππȟπππ 
υππ 
ρυππ 

ςυππ 
ςπππ 
ρπȟπππ 

Efficiency ωφ ωυ ωπ ψπ ωπ ωυ 

Table 2.1 Comparison between the main ESSs [42, 43] 

Among the ESSs, batteries and, more specifically, lithium batteries are 

recognized as the current state-of-the-art, as well as the most interesting 

solution in the medium to long term, both from a technical and cost -effective 

point of view. Indeed, specific cost per energy unit (ΑὯὡὬϳ ) dropped 

significantly in the last decade [44], which is visible in Figure 2.3. Lithium 

batteries are not all identical, indeed there is more than a single chemistry and 

each one has its pros and cons. While the automotive industry uses a mix of 

LiFePO4 (Lithium Iron Phosphate), NCA (Lithium Nickel Cobalt Aluminum 

Oxide), and NMC (L ithium Nickel Cobalt Oxide) [45], in the off-highway 

industry LiFePO4 stands out because of its inherent better safety and thermal 
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stability [46]. NMC batteries are also used by NRMM, but, usually, only if 

lower weight is a top requirement.  

 

Figure 2.3 Lithium -ion battery pack costs worldwide. (Adapted from [44]) 

Flywheels, supercapacitors, and hydraulic accumulators have higher 

power densit ies than batteries, but they lack energy density. This makes them 

more suitable for hybrid architectures, where ESSs are used to follow the 

power peaks without excessively ramping up the  main source of energy (ICE 

or FC) [47], and/or to accumulate energy from the recovery systems. For 

instance, hydraulic accumulators are by far the most capable ESS concerning 

specific power, but they also have the worst energy density, making them 

more difficult to implement in compact vehicles  [48]. 

To improve the overall efficiency, researchers are also focusing on the 

combination of  more than one energy storage system [49, 50], called Hybrid 

Energy Storage Systems HESSs, to take advantage of both specific power and 

specific energy. 

2.2 Electric Motors  

Electric motors are other fundamental components of electrified 

machinery and vehicles: they convert electrical energy into mechanical 

energy, and they can also act as generators during regenerative events. 

Furthermore, their efficiency is much higher than  ICEs, and, for limited 

periods, they can reach much greater peaks of power [51] (in some cases even 

two or more times higher than continuous power). In addition, thanks to their 
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inherent characteristics and the use of an inverter, electric motors can supply 

the maximum available power almost along the entire velocity range [43]. 

The following characteristics are essential for electric motors used for 

machinery and vehicles [51]: 

- mechanical ruggedness; 

- high torque density;  

- high energy efficiency; 

- wide speed range; 

- low noise; 

- low to null maintenance;  

- simple control;  

- low cost. 

In Figure 2.4 there is a broad classification of rotary electric motors, but 

the only ones in use in the automotive and off -highway industries are the 

following [52]: 

- Squirrel Cage Induction Motor SCIM: They are very robust and 

reliable, and they have reasonable costs due to the absence of 

permanent magnets. However, they are bulkier and heavier, and 

control is not as precise as for permanent magnets motors. 

- Interior Permanent Magnets Synchronous Motor IPMSM and 

Surface Permanent Magnets Synchronous Motor SPMSM: they stand 

out in terms of torque density and controllability, and they are the 

best choice for high-performance applications (especially for purely 

tractive efforts). Due to the presence of permanent magnets, the cost 

is higher than SCIM, and they are not ideal for extreme 

environmental conditions (very low or very high temperatures).  

- Switched Reluctance Motor SRM: the low-cost rotor in place of the 

more expensive IPMSM and SPMSM, and the higher efficiency in 

comparison with the SCIM are the great advantages of the SRM 

machine. However, because of the highly complex control 

mechanism, they have been implemented on working prototypes 

only recently. Nonetheless, due to the promising cost/performance 



Main Components and Architectures  
___________________________________________________________ 

 
26 

 

ratio, SRMs have been pointed out as the biggest future 

improvement in electric motors for both the on -highway and off -

highway industries.  

The main pros and cons of these three common electric motors are 

summarized in Table 2.2 [36, 43, 51, 53]. 

 

Figure 2.4 Broad scheme of electric machines. 

 SCIM IPMSM | SPMSM  SRM 

Advantages 

Very robust  
Low cost 
Good 
controllability  

High torque density  
Very high efficiency  
Great controllability  

Good torque density  
Very robust  
Low cost 

Disadvantages 
Low efficiency  
Narrow speed 
range 

High cost 
Magnets decay 

Complex control  
Loud noise 
Torque ripples  

Table 2.2 Comparison between most interesting electric machines: Squirrel Cage Induction 
Motor SCIM, Interior Permanent Magnet Synchronous Motor IPMSM and Surface Permanent 

Magnet Synchronous Motor SPMSM, Switched Reluctance Motor SRM. [36, 43, 51, 53] 

2.3 Hydraulics Systems and Actuators  

Off-highway machinery take great advantage of the high power -to-

weight ratio and good controllability of the fluid power industry. Hydraulics 

is so essential for this industry that it has specific products called mobile 
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hydraulic components and systems, indeed, they are characterized by even 

higher power density and compactness. 

However, using hydraulics has its downsides, among which the low 

efficiency is the main one: as reported in [54], hydraulic components and 

systems are indeed the biggest source of inefficiencies in an NRMM, with an 

efficiency close to 22% [55]. Considering the whole machinery, the efficiency 

is stated to be around 10% [56]. 

To increase the overall efficiency of NRMM, b oth academia and industry 

have been researching evolutionary and revolutionary hydraulic components 

and systems, but there is a consensus that fluid power will remain 

fundamental.  

Hydraulics is characterized by a great number of architectures and 

solutions, but an overview can be found in [57], which is extremely useful for 

simplifying the understanding of this specific fluid power industry ( Figure 

2.5). 

 

Figure 2.5 Proposed classification of the working hydraulics for non -hybrid, valve -controlled 
mobile machinery. (Adapted from [57]) 

Considering that a hydraulic pump must be connected to a motor (ICE 

or EM) and that the hydraulic system must command at least one actuator, 

hydraulics basic principles can be summarized as follows: 
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- Pressure is related to the acceleration/force of the actuator and the  

acceleration/torque  of the pump.  

- Flow rate is related to the velocity/displacement of the actuator and 

the velocity /displacement  of the pump.  

- The maximum amount of flow in the system is based on the 

maximum flow rate of the pump. When the required flow exceeds 

the available one, the phenomenon is called flow saturation.  

- The lower the passage area ὃÅÑȟπ of an orifice/valve , the greater the 

pressure drop across the valve. When a passage area of an orifice is 

null, the pressure drop ῳὴ is infinite, and  the flow rate ὗ  is zero (Eq. 

3). The flow discharge coefficient ὅ and the oil density ” can be 

assumed to be constant. 

 ὗ ὅÄ ὃÅÑȟπ 
ɝὴ

”
 Eq. 3 

- Most of the losses in the system can be considered as pressure drops. 

- Some losses in the system can be considered as flow leaks. 

- The greater the number of pressure losses, the greater the pressure 

required at the pump.  

Independently of the hydraulic architecture, the three most important 

downsides of hydraulics are the following  [58]: 

- High inefficiency: to control the system some pressure drops and 

flow leaks are intentionally generated . 

- Load interference: the pressures required by different actuators 

influence each other. 

- Load dependency: the pressure required by one or multiple actuators 

influences the flow rate. 

2.3.1 Open-Center Systems with Fixed Displacement Pump  

Open-center systems are based on open-center valves, hence directional 

flow control valves in which the neutral position allows the passage of flow 

only through one single channel, called òopen center galleryó (Figure 2.6). 
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The open center system paired with a fixed-displacement pump is the 

most basic mobile hydraulic system, and it is still used in small and simple 

mobile hydraulics, because of the minimal setup effort and cost. Indeed, 

when in their neutral position ( Figure 2.6a), open center valves allow oil to 

flow directly from the pump to the reservoir, minimizing pressure drop s, 

thus, reducing energy consumption. However, even if simple, cheap, and 

effective, it brings high energy losses [59]. 

Multiple actuators are feasible with this scheme as seen in Figure 2.6, but 

it suffers from load interference and  load dependency, especially at flow 

saturation conditions. Thus, this architecture is not ideal for multiple actuator 

systems, particularly if precise velocity control is needed.  

 

  
(a) (b) 

  
(c) (d) 

Figure 2.6 Open center with fixed displacement pump : general scheme (a), idle (b), single 
actuator (c), multiple actuators (d).  (Adapted from [60]) 
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2.3.2 Open Center System with Variable  Displacement Pump  

The application of a variable displacement pump to the open-center 

system allows the reduction of idle losses. Indeed, the displacement reduction 

during idle decreases the quantity of flow passing through the center 

galleries. 

The control of the displacement can be achieved by sensing the pressure 

difference on the by-pass orifice ὕ (Figure 2.7) and, based on its position, it is 

possible to differentiate between the downstream and upstream orifice. In 

both cases, the aim is to maintain a constant control pressure ὖ, so, when a 

pressure reduction of ὖ is detected, the displacement increases to re-establish 

the initial pressure.  

Being an open-center architecture, it still suffers from load dependency 

and load interference with multiple actuators.  

  
(a) (b) 

  
(c) (d) 

Figure 2.7 Open center with variable displacement pump : general scheme (a), idle (b), single 
actuator (c), multiple actuators (d).  (Adapted from  [60]) 
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In closed-center systems, the pump displacement control circuit has an 

absolute pressure limiter to guarantee constant pressure at the outlet of the 

pump. When the directional control valves are in the neutral position and no 

function is activated, the inlet ports of the valves ar e closed, and no flow can 

pass through (Figure 2.8). On the one hand, this design is simpler than the 

open-center system, the controllability is increased, there is no load 

interaction between different functions used in parallel , and the damping of 

the system is increased. On the other hand, partial loads strongly affect the 

efficiency of the system. 

 

Figure 2.8 Closed center with constant pressure pump. (Adapted from [60]) 

2.3.4 Closed Center Systems with Variable Pump Pressure 

This architecture is the most widespread in the industry, mainly because 

it allows independent control of actuators without load dependency. This 

latter important feature is obtained using pressure compensators collocated 

in each proportional directional valve of the system.  

Through  a sophisticated metering system, the pressure created by the 

load is used as feedback to properly control the actuator's velocity. Indeed, 

the system works  on a basic imposed condition: the difference between the 

pump outlet pressure and the load pressure is equal to a pre-set value s, 

D

O1

V2
VDï

VD+

CC

CV

Y1

Y2

2

1

DCV

B

F

A

BC

P

pP

pU

QP

p*



Main Components and Architectures  
___________________________________________________________ 

 
32 

 

which represents the pressure drop of the load-sensing valve. This system is 

commonly known as the Load Sensing LS system. 

Thanks to this LS control mechanism, the following fundamental 

features are enabled: 

- There is no load dependency. The velocity of any actuator is not 

influenced by the load and depends only on the signals of the 

joysticks. The higher the offset of the joystick from the neutral 

position, the higher the pressure signal of the joystick to the 

directional valve, and the higher the velocity of the actuator.  

- Due to the presence of compensators, the architecture does have load 

interference. However, in this case, load interference is consciously 

created to avoid load dependency, thus the operator does not 

experience any dynamic variation while controlling the m achinery. 

- The pressure provided by the pump is always slightly higher than 

the load pressure, avoiding high losses in the hydraulic circuit caused 

by useless high constant pressure. 

  
(a) (b) 

Figure 2.9 Closed center with variable pressure pump. (Adapted from [60]) 

2.3.5 New Developments in Hydraulics  
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ones, every waste of energy is much more relevant. Indeed, increasing 

efficiency is key for electrified machinery because every energy waste directly  

impacts the operational runtime and, accordingly, the battery pack, which is 

currently the  most expensive component. However, due to the very high 

power-to-weight ratio of hydraulics, it is very difficult for other technologies 

to stand out as leading technology. So, even if there are examples of NRMM 

using only electromechanical systems, academia and industry are constantly 

researching new hydraulic solutions [61]. 

2.3.5.1 Direct Driven Hydraulics 

Among the inefficiencies of hydraulics , idle losses, metering losses, and 

line losses could be decreased using an electric machine directly connected to 

the actuator [62]. 

This type of distributed hydraulics is called Direct Driven Hydraulics 

(DDH). When there are distributed machines connected to distributed 

actuators, it is called Zonal Hydraulics  [63]. This technology is already used 

in the aeronautical industry, while only prototypes and research projects exist 

for the off -highway industry. An example of this application  is the compact 

electric excavator used as a proof of concept in [64, 65] where the overall 

efficiency can reach up to 73.3% for the performed cycle. 

As previously seen, most of the current hydraulic systems require  

complex valve architecture and hydraulic signal system layout to properly 

control the pressure and the flow. This means that the flow and pressure 

control of the system can become very complex. On the opposite, the general 

idea behind the concept of the DDH  is to equip every actuator with individual 

pumps and closed hydraulic circuits, eliminating the need for  long hydraulic 

connections and/or  complex hydraulic valves.  

Having a single pump per actuator with a single motor/generator 

allows the following theoretical advantages:  

- The force delivered by the actuator to the load is only dependent on 

the motor torque because there is almost no pressure drop between 

the pump and the actuator. Similarly, the velocity of the actuator is 
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only dependent on the motor speed, because the actuator and pump 

volume flows are directly connected.  

- The efficiency of the system is inherently higher because fewer to no 

orifices are needed to control the actuator, thus the metering losses 

are greatly reduced. Furthermore, hydraulics pipes are shorter, so 

pipe losses are decreased, and almost no flow leaks happen. 

- There is no load interference and no load dependency because every 

actuator has an independent hydraulic circuit.  

- It is easier to recover a high amount of energy from braking and 

overrunning loads. Indeed, hydraulic energy can be directly 

transformed into electric one by the electric machine. 

The first and most intuitive drawback of electro -hydraulics is the space 

requirement. Indeed, it is necessary to accommodate the motor, the pump, 

the oil filtering system, the temperature management circuit, and also an oil 

reservoir to compensate for small leaks [66ð68]. 

The second less intuitive drawback is the need to differentiate the flow 

based on extension or retraction when using linear actuators. Indeed, 

traditional linear actuators are characterized by differential cylinder areas, 

while traditional pumps have symme trical flow rates [69]. To overcome this 

issue, there are three possible approaches, coming though with their 

drawbacks: 

- Replacing the traditional actuators with multiple cylinders or more 

complex multi -chamber cylinders [70, 71]. It usually increases both 

the volume and the cost. 

- Using a combination of hydraulic valves to direct the flow [72]. It 

reintroduces more hydraulic losses. 

- Using a combination of hydraulic pumps to supply asymmetrical 

flow [73, 74]. It increases volume and cost, and the control is much 

more sophisticated. 

Lastly, it is important to point out that many off -highway machinery are 

designed to carry out more than a single task employing  different 

attachments. In this scenario, the application of additional tools or different 
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attachments can be challenging for the design of DDH  systems, due to 

different oil requirement s, actuator ratios, etc., while it is one of the major 

advantages of traditional centralized hydraulics. Indeed, these attachments 

are usually connected to the far end of the arms of the machinery. 

In general, as stated in [75], manufacturers currently seem not to invest 

great effort in researching and implementing DDH , due to the design effort, 

the use of new components, and the need for new safety certifications. 

2.3.5.2 Independent Metering Control 

One interesting innovation in modern hydraulic s is the Independent 

Metering Control (IMC) strateg y. This is based on Independent Metering 

Valves (IMVs), which are composed of a combination of multiple electro -

hydraulic poppet valves, and it  brings several advantages as reported in [76]. 

Indeed, by splitting traditional directional valve s into several separately 

controlled valves, IMC can improve the efficiency of the system  by switch ing 

the IMVs in different configurations, even allowing flow regeneration , as 

visible in Figure 2.10 and Table 2.3 [77]. For instance, as reported in [78] by 

using an IMC system instead of the traditional LS the efficiency of the 

hydraulics increases from 59% to 82%. 
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Figure 2.10 Schematization of IMC system. (Adapted from  [77]) 

Metering mode  Ksa Ksb Kab Kbt 

Power extension Open Closed Closed Open 

Power retraction Closed Open Open Closed 

High -side regeneration extension Open Open Closed Closed 

Low-side regeneration extension Open Closed Open Open 

Low-side regeneration retraction Closed Closed Open Open 

Table 2.3 Schematization of IMC system. (Adapted from [77]) 

2.3.5.3 Digital Hydraulic 

Another important innovation in hydraulic systems is digital 

hydraulics. This technology is based on components able to regulate the flow 

based on discretized control signals [79]: digital control valves, digital pumps, 

digital transformers, and digital actuators.  

In [80], Zhang et al. divide digital control valves into three different 

types: 
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- Parallel digital valves. Also known as Digital Flow Control Unit 

DFCU, they are composed of multiple two -way switching valves 

connected in parallel. 

- High -speed digital switching valves. A high -frequency signal 

dynamically controls the opening and closing of these valves, and 

thus the flow rate [81]. 

- Stepping digital valves. They are based on stepping motors, that 

allow an intelligent positioning of the spool , using though a 

mechanical transmission to convert rotational movement into linear 

ones. 

One of the fields in which digital technology is achieving good result s is 

the pump and motor design. Artemisia Intelligent Power (currently part of 

the Danfoss Group) has been developing this type of machine since 1994 [82], 

and the project DEXTER represents the first functional off-highway 

machinery equipped with a Digital Displacement Pump (DDP). A digital 

displacement tandem pump is mounted indeed on a 16-ton excavator. The 

pump is a radial piston machine, where the overall displacement is varied 

modifying the volume of each single cylinder at every cycle. This 

displacement variation is obtained using solenoids that control the inlet 

valves. The DDP can change its displacement very rapidly, going from zero 

displacement to full displacement in half a shaft revolution. Green et al.  [83] 

have demonstrated that, by only changing the tandem axial swash plate 

pump with  a tandem radial digital displacement pump,  the fuel consumption 

decreases by around 21%. 

Digital hydraulics is useful also for developing new actuators, as done 

in [71] with the NorrDigiTM produced by NorrHydro . This system consists 

of a multi -chamber hydraulic cylinder, with integrated digital hydraulics, 

and electronics. Using this system, which enables great control over the 

energy flow, in [84] a 45-60% fuel saving is declared1. 

 

- 1 Some of the main results of this analysis have been published in the journal article: Beltrami, 
D.; Iora, P.; Tribioli , L.; Uberti, S. Electrification of Compact Off-Highway Vehiclesñ
Overview of the Current State of the Art and Trends. Energies 2021, 14, 5565. 
https://doi.org/10.3390/en14175565  [85] 

https://doi.org/10.3390/en14175565


Main Components and Architectures  
___________________________________________________________ 

 
38 

 

 



State of the Art and Trends 
___________________________________________________________ 

 
39 

 

3 State of the Art and Trends  

As previously seen, construction and agricultural machinery are the two 

most developed categories of NRMM. Therefore, as already published by the 

author in [85], it is possible to evaluate the current market by analyzing these 

two.  

Starting from construction, the most common machinery is the 

excavator [48]. 

In Figure 3.1 the ratio between the operative weight and ICE maximum  

power is shown, along with their electric counterparts, where EM continuous 

power is considered. The linear regressions of the scattered values of the two 

are also reported, and it is visible that the power-to-weight ratio is almost 

identical . 

It is different though if the EM peak power is considered. Indeed, as 

visible in Figure 3.2, the power-to-weight ratio of electric excavators is 

constantly higher than ICE-powered ones. The combination of these two 

analyses is significant. It shows indeed that most of the electric excavators are 

developed simply by replacing the original ICE wit h an equal power EM 

(continuous power), not capitalizing, for instance, the peak power capabilities 

of electric machines. Being retrofitted machinery, the design effort is limited 

to the integration of the electric  motor, battery pack, and charging system in 

place of the ICE and the fuel tank, with additional  effort to implement  the 

control system of the new powertrain.  

Another key aspect visible in the plot is that most of the machinery 

belongs to the compact segment, characterized by a weight below 5000 kg 

and a maximum power of 30 kW. This is due to two key reasons: on the one 

hand, the electrification of  compact machinery is less expensive for 

manufacturers, providing the opportunity to have cost-efficient running 

vehicles, from which useful operating data can be collected for scaling up 

toward bigger and more remunerative vehicles  [86]. On the other hand, the 

emission regulation policies and the increasing number of òzero-emissionó 
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city centers [14] make electrification necessary for the compact class of 

excavators.  

 

Figure 3.1 Power-to-weight ratio of ICE -powered excavators and EM-powered excavators 
(continuous power) with  linear regressions. [85] 

 

Figure 3.2 Power-to-weight ratio of ICE -powered excavators and EM-powered excavators 
(peak power) with linear regressions  (only small excavators). [85] 
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In Figure 3.3, it is shown how common it is to keep the voltage below 

the high-voltage automotive  limit of 60 V DC  [87], providing an advantage in 

terms of cost reduction. Indeed, electric forklifts with 60 V electric systems 

have been produced for more than a decade, thus creating a standardized 60 

V components market [88]. Higher voltage systems are inherently more 

efficient, but they require much more sophisticated, protective, and reliable 

systems for preventing short  circuits [89]. Taking advantage of the economy 

of scale, the automotive industry already moved toward high -voltage 

systems, and the same does the off-highway industry for bigger machinery 

[89]. 

Regarding efficiency and energy consumption, it can be seen from 

Figure 3.4 that the operational runtimes of electric excavators are extremely 

scattered. As previously  discussed (Introductory Chapter), the main reason 

for this confusion is the lack of a standard duty cycle commonly recognized 

by manufacturers. Therefore, many of the available data regarding running 

times are neither accurate nor validated. Unfortunately, e ven if  there are 

scientific papers and manufacturersõ reports in which the operational 

runtimes are calculated through  published duty cycles, like the one by the 

Swiss manufacturer Suncar HK AG  [29], these are barely comparable with 

each other. 
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Figure 3.3 System voltage in relation to operating weight. Labels refer to different excavator 
models according to manufacturersõ datasheets. [85] 

 

Figure 3.4 Operational runtime in relation to operating weight. Labels refer to different 
excavator models according to manufacturersõ datasheets. [85] 
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scattered. Another relevant difference is related to the powertrain 

architecture. For instance, in most front -end loaders, manufacturers prefer to 

different iate the power flow requested by traction from the power flow 

requested by hydraulic  actuators and ancillaries. Indeed, front-end loaders 

require great tractive effort, while excavators usually work at fixed -point.  The 

results are visible in Figure 3.5, where it is shown that the continuous power 

of electric loaders is usually lower than the corresponding ICE -powered 

original versions . 

The lower number of electric front -end loaders can be justified by higher 

development costs, but, like the excavators, most of the electric applications 

are within the compact segment, characterized, once again, by weight under 

5000 kg and power below 30 kW. 

The common and most important aspect of the current electrification 

process is the attempt to maintain reasonable costs by limiting disruptive 

innovations, developing retrofitted electric machinery from existing ICE -

based ones, and/or outsourcing much of t he design process to more 

specialized and agile companies, such as Green Machine, who have played 

an extensive role in the electrification of many pieces of construction 

equipment from different manufacturers such as Case CE, Takeuchi Mfg and 

Bobcat [86]. 

In this scenario, forecasts from Frost and Sullivan [90] foresee an increase 

of the battery electric compact excavator market share from the current 1% to 

4% in 2030, as well as an increase in compact battery electric front-end loaders 

to 6% before 2030. 
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Figure 3.5 Power-to-weight ratio of ICE -powered loaders and EM-powered loaders 
(continuous power) with linear regressions.  [85] 
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Figure 3.6 Power-to-weight ratio of ICE -powered agricultural tractors  and electrified  ones 
with linear regressions. [85] 

 

Figure 3.7 Number of electrified agricultural tractors divided by power class.  
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identified above. Nevertheless, picking some machinery for any category 

confirms the trends. For instance, the electric telehandler 525-60E by JCB [92], 

which is within both the construction and agricultural categories, has two 

electric motors (17 kW and 22 kW), and it follows the trend of the front -end 

loaders. Indeed, due to relatively better efficiency, its power -to-weight ratio 

is slightly lower than  the ICE-based one. In the mining industry, the biggest 

battery electric vehicle is the Swiss e-dumper, retrofitted from a Komatsu HD -

605 [93]. The original version has a diesel engine of 578 kW, while the electric 

one has a 673-kW motor. However, the operating weight of the electric 

version is higher, thus the power -to-weight ratio remains similar.  

It is worth mentioning that the trends cited above agree  with the 

electrification roadmap of some of the major Tier 1 companies, such as ZF 

Friedrichshafen AG [94], Bosch Rexroth AG [95], and Deutz AG [96]. 

3.1 Relevant Electrified Off -Highway Machinery  

As done in [85], in this paragraph, relevant electrified  off-highway 

machinery are presented to give practical instances of existing electric and 

hybrid vehicles; while some of them are purely  research projects or 

experimental prototypes, other s are already available on the market. 

3.1.1 Tractor and Agricultural Machinery  

Within the category of tractors and agricultural machinery, 

electrification has been pointed out as the next important milestone [97]. 

Technology has almost reached its optimization limit, but the need for 

agricultural equipment is increasing due to global population growth. 

However, based on the market research reported in [98], current electrified 

solutions are feasible only for a small niche of greenhouses and orchards. As 

previously said, most of the projects are related to compact machinery, so 

they usually are below 79 HP. 

One of the most interesting compact electric projects is the Fendt e100 

Vario (Figure 3.8a) which is equipped with a 50 -kW electric motor and a 100-

kWh lithium battery at 400 V, with a stated working autonomy of 5 h and the 

possibility to restore the battery SOC up to 80% in 40 min. Implements can be 
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attached via traditional  PTOs or hydraulic, but there is also a 150-kW electric 

plug [99]. 

Other fascinating projects are the Rigitrac SK-50 and SK-40 (Figure 3.8b). 

These are market products for alpine farming, and they use five electric 

motors: two traction motors, one motor for each of the two power take -offs, 

and one motor for the hydraulic system. The operational runtime is stated to 

be about 5 hours, with the possibility to fast charge the battery to 80% SOC in 

2 hours [100]. 

The Monarch MK4 (Figure 3.8c) has also some unique characteristics. It 

is the first orchard and vineyard tractor of the Californian start -up company 

Monarch, and it is also the first automated tractor available on the market. It 

has two 30-kW electric motors, one for traction and one for the PTO, and the 

company claims an operational runtime longer than 4 hours. To use it for 

longer or more intense duty cycles, it is possible to swap the entire battery 

pack after depletion [101]. 

Lastly, the Farmtrac 25G is a 15-kW electric tractor [102]. It is 

commercially available, and, thanks to its 22-kWh NMC lithium battery, the 

operational runtime is stated to be about 8 hours, with the charging time 

estimated to be close to 5 hours. 

   
(a) (b) (c) 

Figure 3.8 Electrified tractor: Fendt e100 Vario (a); Rigitrac SKE 40 (b); Monarch MK4  (c). 

Among the electric agricultural vehicles that cannot be considered 

compact, the concept machinery and working prototypes of John Deere are 

surely worth mentioning . Indeed, the John Deere SESAM (Sustainable 

Energy Supply for Agricultural Machinery) and the John Deere GridCON are 

a testament to the interest of the company in researching novel approaches to 

face similar problems. The SESAM tractor is equipped with a 150-kWh 
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battery pack for 1 hour of intense work before recharging [103], while the 

GridCON is a tethered, fully autonomous, and unmanned tractor equipped 

with a 100-kW electric motor for traction, and 200-kW electric motor directly 

connected to the PTO to transfer mechanical power to implements [104]. 

The E-OX 175 is a unique piece of machinery [105], and it  is the most 

recent development of the innovative Multi Tool Tractor . It probably 

represents one of the most groundbreaking examples of how much 

electrification can transform common  mechanical and powertrain 

architectures. Indeed, not only traction is guaranteed by four -wheel-drive 

electric motors, but it can also change its wheelbase and turning radius to 

optimize its use on fields without damaging the crop . 

Talking about hybrid machinery, the main focus is different based on 

size. Indeed, on compact machinery hybridization is useful to add 

functionalities or avoid advanced exhaust gas treatment systems, while better 

productivity and return on investments are essential for bigger tractors. 

For instance, the REX4 by Landini uses a hybrid architecture to allow 

more precise all-wheel drive mode and to enhance steering capabilities by 

implementing torque vectoring [106]. Another example is the Rigitrac 

EWD120, which is a series hybrid prototype tractor for alpine agriculture, 

where off -road climbing is enhanced by in -wheel electric motors [107]. 

3.1.2 Municipal and Property Maintenance  

The most important municipal and property maintenance machinery 

are municipal vehicles and street sweepers. They are among the most 

interesting vehicles for the electrification process due to their urban use, their 

highly fluctuating duty cycle, and the us e of many different types of 

equipment for sweeping, cleaning, and vacuuming. Furthermore, these 

machinery usually work at night, meaning that noise level reduction is a very 

attractive feature, and these are also interesting applications for futuristic 

autonomous processes. 

In [108], a feasibility study is performed for an electric street sweeper, 

including the definition of a representative duty cycle, modeling of the 

machinery, and the selection of suitable components for the powertrain and 

driveline. The simulated duty cycle resul ts in an operational runtime below 5 
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hours, where the cleaning equipment requires more than half of the gross 

power of the electric motor.  

Dulevo International S.p.A., one of the leading companies in street 

sweeping vehicles and equipment, already offers an electric vehicle called 

Dulevo D.Zero2 (Figure 3.9a), equipped with a lithium battery pack and 

capable of working for an entire work shift [109]. Another example is the 

Swiss Boschung Holding AG, which has an electric street sweeper called the 

Urban-Sweeper S2 (Figure 3.9b), equipped with a 54.4-kWh battery capable 

of providing up to 10 hours of autonomy, with the possibility to fully charge 

the battery in 100 min thanks to the rapid charger [110]. 

In [111], an electric municipal vehicle by Esagono Energia S.r.l. (Figure 

3.9c) is used to validate a mathematical model able to predict the working 

range of an L-7 vehicle with sufficient accuracy, while taking into 

consideration the effect of slopes. The tested vehicle is equipped with a 15-

kW induction motor, LiFePO4 battery of 15.3 kWh and it is available with 

many different types of equipment. Because of the vehicle equipment, the 

duty cycle is a simple drive cycle registered via an experimental campaign. 

The working autonomy results are adequate for a complete work shift, but 

further investigations would be useful to predict the impact of different 

equipment on the same base model. 

Examples of non-compact vehicles are electric refuse trucks. For 

instance, the City Council of Nottingham has declared that electric refuse 

trucks are outperforming the ir  ICE-powered counterparts, with lower fuel  

consumption and greater speed in completing the shift route  [112]. This result 

highly depends on the duty cycle, where there are many stop-and-go. For the 

same reason, there are different studies regarding hybrid refuse trucks, like 

the one studied in [113, 114], where the focus is on the modeling, simulation, 

and control strategies of the hybrid powertrain.  
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(a) (b) (c) 

Figure 3.9 Electric maintain property vehicle : Dulevo D.Zero2 (a), Boschung Urban-Sweeper 
S2 (b), Esagono Energia Gastone (c). 

3.1.3 Transportation of Goods and Material Handling  

There are specific applications in which electrified machinery and 

vehicles already represent suitable and highly appreciated solution s, such as 

in the case of forklifts, which  are also the most widely known goods 

transportation machinery. Indeed, forklifts were the first NRMM to be 

converted into electric ones and, as a consequence, they are currently very 

popular for use inside warehouses. In this kind of working environment, the 

absence of exhaust gas emissions and lower noise levels are great advantages. 

Furthermore, the charging infrastructure is already in place and ready to use. 

The technology is mature and competitive to such an extent that, according 

to Toyota Material Handling  [115], even electric forklifts up to 9000 kg are 

gaining acceptance among consumers, and their upfront cost is only 10-15% 

higher than ICE-based counterparts. Consequently, all the major forklift 

manufacturers, such as Toyota Material Handling , Hyster -Yale Materials 

Handling Inc., KION Group AG , and Jungheinrich AG have large portfolio s 

of electric forklifts  with lead acid or lithium batteries ( Figure 3.10a). 

It is worth mentioning that  much of the current 48-V technology for the 

electrification of compact NRMM  descends directly from research on 

forklifts.  

Currently, forklifts remain among the most interesting NRMM for 

research and testing purposes, since their duty cycles can be easily monitored, 

and the available movements of their actuators are limited. For instance, in 

[116], the researchers investigate the application of two hydraulic motors to 

recover energy. 
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Other important compact material handling machinery are towing 

tractors, for which  there is already a great number of electrified products due 

to their use in warehouses, production plants, ports , and airports (Figure 

3.10b). In all these cases, routes are well defined, as well as timetables, 

consequently, their use can be carefully planned to optimize energy 

consumption and recharge times. Furthermore, electric powertrains  fit 

perfectly  these types of machinery due to their typical high torque and low -

speed demands, with multiple speed variations that can be exploited to 

recover energy. 

The last interesting machinery in this category are material handlers 

(Figure 3.10c). In this regard, tethered electric machines are used for very 

intensive use applications, while  more compact battery electric ones are 

slowly entering the market . They are already suitable for less demanding 

applications and for use in cases where the cable connection is a great obstacle 

to the machinery. However, one of the most advanced material handlers is 

the prototype built by Dolomitech S.r.l. and Moog Inc.  [117]: it is a 50-ton 

battery electric machinery with direct -driven hydraulics , which makes it 

capable of optimizing energy  consumption while guaranteeing the 

performance of equivalent ICE-based counterpart. It currently represents the 

state of the art of electric material handlers, and its innovative  hydraulic 

system is very interesting also for other off -highway machinery. 

Material handling machinery are also extremely used to experiment 

with hydrogen hybrid systems, like the forklifts studied in [118, 119]. Indeed, 

ports and big warehouses are good environments for the implementation of 

PEM electrolyzers and fuel cell machinery. The 24-hour continuous working 

shift needs machinery to go on without interruption, and the installation of 

PEM electrolyzers is not as complicated as in other cases [120]. 
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(a) (b) (c) 

Figure 3.10 Goods transportation and material handling vehicles : Hyster-Yale forklift  (a), 
Simai towing tractor  (b), Sennebogen material handler  (c). 

3.1.4 Construction and Mining  

The construction equipment industry is the biggest category of off -

highway machinery  and it is very promising for the electrification process.  

Indeed, compact machinery can be used in urban construction sites or indoor 

environments, matching the increasingly strict emission policies. Indeed, 

both the market and the scientific literature have been experiencing a 

remarkable increase in retrofitted electrified machinery in recent years, 

particularly concerning compact excavators. 

For instance, JCB Ltd. was one of the first manufacturers to enter the 

market with an electric construction vehicle, and now it has many electric 

products for zero -emission construction sites under the JCB E-Tech brand. 

The most known example is the compact excavator 19C-1E (Figure 3.11a), 

which is equipped with a 19.8 -kWh lithium battery and a 7 -kW continuous 

power PMSM motor. This solution can exceed 4 hours of continuous use and 

includes also a proprietary rapid charge system able to reach 100% SOC in 2 

hours [121]. 

The second most common construction machinery type is the front-end 

loader. A typical example of an electric loader is the TobrocoGiant G2200E 

(Figure 3.11b), which is a four -wheel drive machinery with two different 

motors: a 6.5-kW (continuous power) motor for traction and a 12 -kW motor 

for the hydraulics. Two lithium battery sizes are available, and the biggest 

one can store 24.9 kWh for an operational runtime of up to 8 hours [122]. 

Undoubtedly, one of the leading companies in the electrification process 

is Volvo, and within its very large portfolio of NRMM, there is the Volvo EX02 
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(Figure 3.11c), which is a full electric excavator equipped with 

electromechanical linear actuators and a 38-kWh lithium battery pack [123]. 

Being a testing prototype and a proof of concept, many technical details are 

unpublished, but Volvo claims a 10 -fold fuel reduction for its ICE -powered 

counterpart and a considerable decrease in the total cost of ownership. 

There are many other examples in the literature. For instance, in [28], a 

2-ton electric excavator was modeled using Matlab/Simulink. The research 

aimed to create a model able to predict the operational runtime of the 

machinery, and consequently, much attention was given to the modeling of 

the overall system, including hydra ulics. The second purpose of the article 

was to develop a validated model to safely simulate new control strategies. 

Thanks to a 9.6-kW (continuous power) electric motor and a 15 -kWh LiFePO4 

battery pack, the electric excavator retrofitted from a Bobcat E19 can reach up 

to 7 h of real working performance, and the power consumption is 

differentiated between excavation, relocation, and travel. Another case that is 

worth mentioning is the compact excavator studied in [31], which has been 

used for multiple studies focused on electrification and hydraulics [64, 65]. 

Regarding the mining sector, there are already many electric loaders that 

are very useful for reducing air pollution in underground sites, but these are 

usually  tethered machinery. One innovative project is the HX-02 load carrier 

studied by Volvo and tested  in the Swedish mining site Skanska: it is a 

battery-electric, completely autonomous machinery with continuous power 

of 200 kW. Thanks to its implementation in more digitalized and  automated 

mining sites, Volvo and Skanska state a reduction in total cost of operation of  

about 25%, with a CO2 emission reduction of 95% [124]. 

   
(a) (b) (c) 

Figure 3.11 Electric construction vehicles: JCB 19C-1E (a), Tobroco-Giant E2200 (b), Volvo 
EX02 (c). 
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Hybrid construction machinery have been in the market for several 

years and prototypes came out almost two decades ago, but their acceptance 

has been limited due to their higher upfront costs and only marginal decrease 

in energy consumption. Furthermore, d ifferent types of energy storage 

systems have been experimented on these machinery, like supercapacitors, 

hydraulic accumulators, and batteries. For instance, both the hybrid 

excavators from Komatsu [125] and Hitachi [126] use supercapacitors, while 

lithium batteries are selected by Kobelco for their excavator [127]. Hybrid 

powertrains fit also the high acceleration ratio of front -end loaders and alike 

[128, 129]2. 

 

 

 

 

 

 

- 2 Some of the main results of this analysis have been published in the journal article: Beltrami, 
D.; Iora, P.; Tribioli, L.; Uberti, S. Electrification of Compact Off -Highway Vehiclesñ
Overview of the Current State of the Art and Trends. Energies 2021, 14, 5565. 
https://doi.org/10.3390/en14175565  [85] 

https://doi.org/10.3390/en14175565
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4 Modeling the Machinery  

In the following, the machinery is presented along with all its 

subsystems and models. Because of the multidisciplinary nature of the model, 

even considering the splitting into subsystems, some components could be 

considered within different parts.  

4.1 Officine Minelli M15 e Hydraulic M aterial Handler  

The modeled machinery is an electric 14-ton material handler called 

M15e and it is produced by Officine Minelli s.r.l., which is an off -highway 

SME specialized in material handlers. The original machinery is ICE-powered 

and the electric version is a retrofit of the latter, meaning that the ICE and fuel 

tank are substituted respectively with an electric machine and an energy 

storage system, but most of the components remain the same between the 

two versions of the machinery.  

As visible in Figure 4.1, where the machinery is shown with its main 

components, the mechanical structure of the M15e is extremely similar to an 

excavator, and so it is also its duty cycle. Indeed, the main duty cycle of a 

hydraulic material handler is based on the movements of the boom, stick, and 

rotation of the upper carriage, while driving and longitudinal movements of 

the undercarriage are negligible. As mentioned in the previous chapters, such 

a cycle can also be identified as a fixed-point duty cycle.  

Being commonly employed to move scrap metal and paper waste, the 

orange peel grab is the most common end-effector for this machinery , but 

different end -effectors can be mounted upon request. Similarly, based on 

customer needs, a lifting system can be mounted for the cab, as well as 

additional stabilizers coming out from the undercarriage, and the extendable 

arm. 
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Figure 4.1 Substructures names of the Minelli M15 hydraulic material handler.  

In the ICE version of the machinery, the engine, the fuel tank, and the 

hydraulic pump are mounted in the upper carriage, while hydraulics is 

appointed to transmit power throughout the machinery. Likewise, the 

electric version has the energy storage system and the electric machine in 

place of the engine and tank collocated in the upper carriage. 

As visible from the hydraulic scheme of the machinery in Figure 4.2, the 

hydraulic pump is mechanically connected to the electric machine using a 

shaft, thus the two rotational speeds are identical. Then, the hydraulic system 

has a DCV to control every actuator. If the actuators (linear and/or rotational) 

are positioned in the undercarriage, the flow passes through the hydraulic 

swing joint. The DCV is controlled using hydraulic pilot signals coming from 

the joysticks and pedals installed in the cab, and these pressure/flow signals 

are supplied from an auxiliary fixed disp lacement hydraulic pump.  
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Figure 4.2 Hydraulic scheme of the electric Minelli M15 e. 
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4.2 Mechanical Structures  

The simplified 3D model of the M15 mechanical structure is completely 

drawn in SolidWorks, such as to decrease the complexity of the assembly, as 

visible in Figure 4.3. Indeed, instead of designing all the welded structures, 

these are simply drawn as extrusion components. 

  
(a) (b) 

 
(c) 

Figure 4.3 Simplified CAD of the Minelli M15: boom (a), stick (b), assembly (c).  

For the sake of the modeling and simulation, the CAD assembly must 

be imported into Simscape, which can be used as a multibody simulation 

environment. In this regard, SolidWorks offers the possibility to export CAD 

assembly to MATLAB Simscape. However, because of the simplifications, the 

mass and, most importantly, the moments of inertia of the components are 

different. For instance, in Table 4.1 it is visible the difference between the 

simplified SolidWorks data of the boom and the manufacturer data of the 

same component. For this reason, all the correct data of the mechanical 

structures (undercarriage, upper carriage, boom, arm, orange peel grab, and 

actuators) are imported from an original assembly of the machinery and 

superimposed using a MATLAB script.  
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Thanks to Simscape Multibody, it is then possible to visualize the 

movements of the machinery using the Open Mechanics Explorer. 

  Simplified  Original  

Mass ὯὫ φρπ τωτ 
Center of Mass 

ὼ ώ ᾀ 
ά  ρȢωππȢςψπ ρȢωτπȢςτπ 

Moment of Inertia  
ὼὼώώᾀᾀ 

ὯὫά  ςψȢφ φυτȢυ φφχȢυ ςφȢφ χσσȢπ χυρȢσ 

Product of Inertia  
ώᾀὼᾀὼώ 

ὯὫά  π π ρȢχ π π τȢω 

Table 4.1 Difference value for the boom arm between the simplified CAD and the original 
CAD.  

 

Figure 4.4 Screenshot of the Simscape multibody model. 

The 3D model is imported into Simscape using the following three basic 

components: 

- Mechanical joint [130] ð It is fundamental to kinematically connect 

the mechanical components of the system. Friction, damping, and 

internal limits can be modified. Sensors can be added to a single 

component to measure important data such as position, velocity, and 

acceleration. Inputs can be modified to apply force or position to the 

system. For instance, the hydraulic cylinder mechanics is replaced by 

a prismatic joint, and the hydraulic forces applied on the two sides 

are translated into force input inside the joint.  

- Solid [131] ð It contains the mass and inertia of a single mechanical 

component. The correct mass and inertia matrices are imported into 

the model through these component variables. 
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- Rigid Transform [132] ð It applies a time-invariant transformation 

between two frames, computing the position and orientation of each 

connected component. 
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4.3 Energy Storage System 

The energy storage system of the M15e is composed of υπτ Vented 

Regulated Lead-Acid (VLRA) modules, each one of them with a capacity of 

ρυυ ὃὬ and Open Circuit Voltage (OCV) of ςȢρτ ὠ. The connection between 

the modules is such to guarantee a capacity of ρςτπ ὃὬ and an OCV of ρςψ ὠ, 

so it has 8 modules in parallel and 60 modules in series. This configuration is 

commonly referred to as 60s8p. 

While the battery capacity was calculated by Officine Minelli s.r.l. to 

accomplish a minimum of four hours of continuous work, the voltage of the 

machinery was selected based on industrial and commercial reasons, as well 

as on the analysis of the typical working environment and related safety 

measures. Indeed, higher voltage would have guaranteed higher efficiency, 

but these components come at a higher price over ρςπ ὠ. Furthermore, as 

previously said, this machinery is currently used to move scrap metal, thus 

the air in which it operates is filled with an incredibly high amount of metal 

particles, highly increasing the possibility of short circuits. Therefore, instead 

of increasing the cost for high voltage functional and safety components, 

Officine Minelli s.r.l. prefers to work with lower voltage.  

Thanks to the broad distribution of electric vehicles, more and more 

people are getting used to energy storage capacity, which is commonly 

shared as ὯὡὬ instead of ὃὬ. This capacity can be easily computed using the 

equation in Eq. 4 and considering nominal capacity and nominal voltage. The 

capacity in ὯὡὬ is then equal to ρυφ ὯὡὬ. 

 ὗ ὠÎÏÍϽὗ  Eq. 4 

To model batteries there are two main possibilities, and, in both cases, it 

is possible to include electro and thermal analysis of the battery: 

- First-Principle Models: they are based on the physiochemical 

interactions that happen inside the cells, thus they rely on coupled 

Partial Differential Equations (PDE). These models can be extremely 

complex and are more suited for in-depth analysis of single cells. 
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- Empirical Models: they are lumped -parameter models built on low -

order Ordinary Differential Equations (ODE). Usually, they consist 

of Equivalent Circuit Models (ECM). They are simpler to build and 

use, as well as more suited for control and estimation. 

For the model of the M15e, a 0th-order ECM like the one visible in Figure 

4.5 is derived from the datasheet released by the supplier [133]. Interpolating 

the supplier data, it is possible to identify the relation between the DoD, the 

OCV, and the voltage drop at C-Rate ὅρπ (Figure 4.6a), as well as the internal 

resistance Ὑ of the equivalent circuit model ( Figure 4.6b). 

The computed internal resistance Ὑ is close to the average values found 

in the literature [134, 135], therefore it is considered feasible. 

Voltage and internal resistance are implemented in the model as Look-

Up Tables LUTs, such as to properly simulate the power required for the 

energy storage system. 

 

Figure 4.5 Scheme of the 0th Order Equivalent Circuit Model.  
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Figure 4.6 Fundamental relation for the 0 th order ECM of the lead-acid battery:  
ὉὈέὈ (a), Ὑ ὈέὈ (b). 

The use of the 0th-order ECM greatly simplifies the dynamics of the 

battery, indeed, at every time step, it considers the battery as a steady-state 

system. However, this model is sufficient to compute the required current. 

Then, the SoC is calculated using the equation in (Eq. 5), known also as 

òCoulomb Countingó. 

 3Ï#ὸ 3Ï#
ρ

σφππ ὅ
ὍὸὨὸ Eq. 5 

Considering the scope and simplicity of the battery model, it is 

completely designed using MATLAB scripts and Simulink. No Simscape 

component is used. The Simulink model is visible in Figure 4.7. 
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Figure 4.7 Screenshot of the battery model in Simulink. 
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4.4 Electric Motor  

The electric motor of the M15e is an AC SCIM produced by Best Motor 

and its datasheet is visible in Table 4.2. Furthermore, the electric machine is 

supplied to Officine Minelli s.r.l. as a smart actuator, meaning that the 

inverter to control the motor is already included, and it is a ZAPI AC3 [136]. 

From the mechanical point of view, it means that there is a single 

assembly/component, while for the electric one, it means that the combined 

efficiencies of the motor and its inverter are given in the same testing report. 

Producer Best Motor s.r.l.  

Name G1Z04706 

Number of pole -pairs ᶮ ς 

Rated Power Ὧὡ σς 

Nominal Voltage  ὠ ρςπ 

S2 Service3 άὭὲ φπ 

S3 Service4 Ϸ  χπ 

Table 4.2 Electric motor òBest Motor G1Z0406ó datasheet. 

However, due to the absence of the electrical and mechanical internal 

data of the electric machine (inertia of the rotor, characteristic of the statorõs 

windings, etc.), it is not possible to model the whole machine using Simscape. 

Thus, to get to a functional model of the motor, the model is split into two 

parts: 

- A Simscape model to supply mechanical power to the hydraulic 

system; 

 

- 3 It represents the òshort-time dutyó. The motor works at a constant load for a limited period 
during which thermal equilibrium is not reached. The motor can start again when its 
temperature decreases to room temperature. 

- 4 It represents the òintermittent periodic dutyó. This involves a sequence of identical duty 
cycles, each consisting of a time of operation at constant load and a time at rest. When at rest, 
the motor is not fed. 
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- A Simulink LUT of the motor -inverter efficiency to compute the 

electric power required by the battery.  

As visible in Figure 4.8, to supply mechanical power to the hydraulic 

pump, the electric motor is modeled as an ideal torque source. However, to 

avoid the unrealistic response of the motor, such as to match the requested 

torque and velocity perfectly and instantly, a transfer fun ction and a PI 

controller are added into Simscape to simulate the dynamics of the motor. 

The transfer function is used to add a little lag, while the PI controller tries to 

reduce the error between the reference and measured velocities. 

 

Figure 4.8 Simscape model of the òBest Motor G1Z0406ó electric motor. 

The efficiency points given by the supplier are visible in Figure 4.9, and 

by looking at them it is clear that these points are not enough to create a 

complete efficiency LUT. Consequently, interpolation and filtering are 

needed to get to a feasible LUT. The result of the interpolation is visible in 

Figure 4.10a, while the final efficiency map visible in Figure 4.10b is 

implemented in the model using the Mapped Motor component of the 

Simulink Powertrain Blockset [137], which computes how much current is 

needed to match the torque and velocity of the requested working point.  
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(a) (b) 

Figure 4.9 Efficiency points from the original spreadsheet of the òBest Motor G1Z0406ó. 

  
(a) (b) 

Figure 4.10 Efficiency points after interpolation and filtering of the òBest Motor G1Z0406ó. 

 

Figure 4.11 Mapped Motor component of the Simulink Powertrain Blockset.  
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4.5 Hydraulics  

As previously discussed, the hydraulic system of the M15e relies on two 

hydraulic pumps:  

- The main hydraulic pump is a variable displacement pump, and it 

supplies all the actuators of both the upper carriage and 

undercarriage. This pump is included in the Simulink/Simscape 

model of the machinery.  

- The secondary hydraulic pump is a fixed displacement pump, and it 

supplies the joystick control circuit. It is not included in the 

Simulink/Simscape model of the machinery.  

As in every hydraulic circuit, the main hydraulic pump is characterized 

by two main outputs, pressure ὴÐÕÍÐ and flow ὗÐÕÍÐ, which derive 

respectively from the torque and velocity of the motor, and then define the 

hydraulic power consumption based on the known following equation ( Eq. 

4): 

 ὖÐÕÍÐ ὴÐÕÍÐẗὗÐÕÍÐ Eq. 6 

Idealizing and simplifying the system to a single linear actuator, it is 

possible to state that: 

- the pump pressure matches the system pressure, which is set by the 

load on the actuator. The higher the force on the actuator, the higher 

the pressure. 

- the hydraulic flow sets the velocity of the actuator, which is decided 

by the operator and transmitted to the system using the joysticks 

inside the cab, thus, the higher the flow, the higher the velocity.  

However, as already discussed in previous chapters (Hydraulics 

Systems and Actuators), real hydraulics systems are not ideal, and using 

multiple actuators complicates the relation between force/torque/pressure 

and velocity/flow, and phenomena like load interference and load 

dependency can occur. 
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To avoid these issues and to improve the overall efficiency of the 

machinery, the M15e relies on a Closed Center System with Variable Pump 

Pressure (Closed Center Systems with Variable Pump Pressure), which is 

identical to the one installed in the ICE-powered version. Consequently, the 

pump outlet pressure is always set slightly higher than the load pressure by 

a pre-set value ί, and hydraulic feedback is used to control the actuatorõs 

velocity. Furthermore, to allow the movement of multiple actuators without 

load dependency, multiple pressure compensators are positioned after the 

DCV5. 

So, the M15e hydraulic system can be addressed as a Post-Compensated 

Load Sensing System. In particular, thanks to the LS applied to a variable 

displacement pump, much less power is wasted during partial loads in 

comparison to a fixed displacement pump, as visible in Figure 4.12. 

To allow multiple actuator movements without any load dependency, 

post compensators are used and the simplified representation of how they 

work is visible in Figure 4.13, while in Figure 4.14 it is shown its energy 

analysis. The main concept of post-compensators is to intentionally create 

extra pressure drops on lower-pressure demanding loads, limiting the 

natural tendency of the oil to flow where the resistance is lower. However, it 

is worth noticing that the application of such controlled pressure drops adds 

power waste to the system. 

 

 

- 5 An excepetion exist on the M15e for the swing movement of the upper carriage, and it is 
presented in the chapter Upper Carriage.  
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Figure 4.12 Energy plot of the LS hydraulic system.  

 

Figure 4.13 Simplified scheme of an LS Post-Compensated hydraulic system. 
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Figure 4.14 Energy plot of the Post-Compensated LS hydraulic system. 

To function, both the hydraulic pump and DCV must have integrated 

LS functionalities because the LS requires specific hydraulics. For this reason, 

the LS system is divided also in the model: the part incorporated in the 

hydraulic pump is included in the ge neral screenshot of the model visible in 

Figure 4.15, while the DCV implementation is split into the boom, stick, and 

turret subsystems. 

Other basic values and valves must be added to the hydraulic system, 

like the fluid used by the hydraulics, the pump relief valve, and the hydraulic 

pipes resistance. 

Thanks to the òhydraulic fluidó Simscape component (Figure 4.16) [138], 

implementing the oil parameters is extremely simple, especially considering 

that there is a list of precompiled fluids. The hydraulic fluid used by the M15e 

is supplied by Q8, and its characteristics are extremely close to the one of a 

10W Oil [139]. 
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Figure 4.15 General overview of the M15e Simscape model of the hydraulics. 

 

Figure 4.16 Hydraulic fluid working parameters. [138, 139] 
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The relief valve component visible in Figure 4.15 represents the nominal 

maximum pressure of the hydraulic pump, and it is set at τςπ ὦὥὶ as 

requested by Linde in the hydraulic pumpõs datasheet [140]. 

Lastly, the resistance due to hydraulic pipes is implemented in the 

subsystems of the three main functions. Indeed, the DCV and pump are 

extremely close to each other, while most of the pipe length is between the 

DCV and the actuators. Considering that most of the pressure drops are due 

to load intensity, valves, and actuators, the pipe resistance is considered 

entirely caused by their length, and not by fittings and curves. The hydraulic 

pipes are supplied by Alfagomma S.p.A., they have an internal diamete r of 

ρω άά [141] and they are implemented in the model using òhydraulic pipelineó 

components [142]. 

4.5.1 Hydraulic Pump  

The axial piston LS variable displacement pump is supplied by Linde 

Hydraulics Gmbh, it has a maximum displacement of υυὧά ὶὩὺϳ , and its 

technical details are visible in the Table 4.3 [140]. 

HPR-02-55 

Max. displacement ὧά ὶὩὺϳ  υυ 
Max. operating speed ὶὴά ςχππ 
Max. oil flow  ὰάὭὲϳ  ρτψȢυ 

Max. nominal pressure ὦὥὶ τςπ 
Perm. housing pressure ὦὥὶ ςȢυ 

Max. input torque  ὔά σφψ 
Max. moment of inertia  ὯὫά  χȢω ρπ 

Table 4.3 Technical datasheet of the Linde HPR-02-55 hydraulic pump. [140] 

The simplified scheme of the internal circuit of the pump is visible in 

Figure 4.17, and it shows how the LS influences the displacement. Indeed, the 

displacement actuator is balanced by the outlet pressure pump on its piston 

side, while the LS pushes on the cap side. 

For the implementation inside the model, the òVariable-Displacement 

Bidirectional Hydraulic Pumpó Simscape component is used [143], because it 

mechanically (and mathematically) links the mechanical rotation of the 

electric motor with the hydraulic system. Indeed, as visible in Figure 4.18, it 

extracts mechanical power from the Simscape mechanical rotational 
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dimension, delivering it to the hydraulic one, while the inertia of the pump is 

implemented as a mechanical rotational component. 

One great advantage of the òVariable-Displacement Bidirectional Hydraulic 

Pumpó Simscape component is that it analytically and automatically 

computes the efficiency of the pump (based on the implemented parameters). 

In particular, every hydraulic pump is defined by two different efficiencies 

[60]: 

- Volumetric efficiency –: it is the ratio between the actual output flow 

and the ideal one, and it is caused by compressibility losses and 

leakages. 

- Hydromechanical efficiency – : it is the ratio between the ideal 

shaft torque and the actual one, and it is caused by frictional losses of 

the mechanics as well as fluid shear inside the pump. 

The overall efficiency of the pump is then computed as in Eq. 7: 

 – –ẗ–  Eq. 7 

In this regard, a Simscape model is built to evaluate how close these 

analytical efficiencies are to the ones of the pump installed in the machinery. 

The Simscape component internally computes both the hydraulic and 

hydromechanical efficiency, and varying the parameters of the component 

allows engineers to slightly change its behavior. However, not having the 

efficiency map of the Linde HPR-02-55, nor any of its internal mechanism 

dimensions and characteristics, the efficiency maps of a similar pump (Figure 

4.19) are derived from the paper in [144] and implemented with a LUT into 

Simulink.  

A Matlab script and model are designed to sweep different 

combinations of pressure and flow, computing for each combination how 

much difference exists between the analytical solution integrated into the 

Simscape component and the LUT. The following speed, pump velocity, 

displacement, and pressure loads are tested: 

- ÖÅÌÏÃÉÔÙρπππȟρςππȟρτππȟρφππȟρψππȟςπππ 

- ÄÉÓÐÌÁÃÅÍÅÎÔυȟρυȟςυȟσυȟτυȟυυ 
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- ÐÒÅÓÓÕÒÅυπȟρππȟρυπȟςππȟςυπȟσππȟσυπ 

The entire simulated testing campaign shows an average error of 

ςȢσχ Ϸ, which means that the analytical efficiencies computed automatically 

by the Simscape component are in line with a real component. 

 

Figure 4.17 Hydraulic pump  simplified  internal scheme. [140] 

 

Figure 4.18 Overview of the hydraulic pump in Simscape.  
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Figure 4.19 Efficiency map of a 45cc hydraulic pump. Results derived from [144]. 

4.5.2 Linear Actuator  

The three most important functions of the machinery are the movements 

of the first and second arms and the swing of the upper carriage. Regarding 

the first two, one pair of identical hydraulic linear actuators is used to move 

the arms. Because the operator must be able to control both the extension and 

retraction of the cylinders independently of resistive or overrunning loads, 

these are double-acting cylinders, and their characteristics are summarized in 

Table 4.4, while the mechanical assembly is visible in Figure 4.20. 

Hydraulic cylinders  

Retracted length άά ρτππ 
Extended length άά ςςυπ 
Stroke άά ψυπ 
Operating pressure ὦὥὶ συπ 
Peak pressure ὦὥὶ τςπ 

Table 4.4 General characteristics of the hydraulic cylinder for boom and arm.  
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Figure 4.20 Mechanical assembly of the hydraulic cylinder for boom and arm.  

The hydraulic cylinders are fundamental components of the machinery, 

indeed they allow the fundamental transformation from hydraulic to 

mechanical energy. Consequently, their implementation into the model is 

very important. In this regard, each cylinder is  modeled both in the hydraulic 

and mechanical dimensions (Figure 4.21), while a third subsystem is needed 

to go from the former to the latter ( Figure 4.22). Indeed, as visible from Figure 

4.21a, the Simscape component òDouble-acting Hydraulic Cylinderó [145] 

transforms the Simscape hydraulic signal into the Simscape linear mechanical 

signal, but the òPrismatic Jointó of Simscape multibody requires a force signal 

as input, giving back the velocity as output ( Figure 4.21b) [146]. 

It is worth noticing that the mechanical dimensions of the cylinder are 

requested as inputs into the òDouble-acting Hydraulic Cylinderó (Figure 4.23), 

while the damping overall coefficient must be implemented into the 

òPrismatic Jointó. In addition, the mass and inertia of the cylinder are imported 

in Simscape multibody as done for the rest of the mechanics, meaning that 

they are drawn in SolidWorks, and mass and inertia are properly overwritten 

using a MATLAB script.  

  
(a) (b) 

Figure 4.21 Hydraulic and mechanical sub -models of the hydraulic cylinder.  
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Figure 4.22 Modeling interface needed for the implementation of the hydraulic actuator.  

 

Figure 4.23 Input parameters of the Double-acting Hydraulic Cylinder . [145] 

Each line to and from the actuators has a relief valve, which is easily 

modeled using the òPressure Relief Valveó Simscape component [147]. For 

instance, on the boom A line the pressure relief valve is set to συπ ὦὥὶ, while 

on the B line is set to ςψυ ὦὥὶ. 
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4.5.3 Directional Control Valve  

As previously mentioned, to be compatible with the LS, the DCV must 

include LS capabilities within its structure, otherwise it would be impossible 

to generate proper hydraulic feedback. 

As for the hydraulic pump, the DCV is supplied by Linde Hydraulics 

Gmbh. In particular, the DCV mounted on the M15e is the Linde VW14 [148], 

which is composed of multiple spools, each one of them with the general 

characteristics and scheme visible in Table 4.5 and Figure 4.24. 

 Description  VW 14 

Flow Maximum Flow ὰάὭὲϳ  ρτπ 

Pressure 

Working port pressure ὦὥὶ συπ 
Max. work port pressure ὦὥὶ τςπ 
Max. pilot port pressure ὦὥὶ τυ 

Table 4.5 Main characteristics of the DCV WM 14 by Linde. [148] 

Each valve is a pilot-actuated, closed center, υσϳ  valve, with two 

additional LS channels, which are integrated inside the main spool, as clearly 

visible in the mechanical assembly in Figure 4.24b, along with the pressure 

compensators. 

Taking into consideration the spool of a single linear actuator, its 

joystickõs pressure moves the spool toward the A or B port, deciding to 

address the flow toward the cap-side or piston-side of the actuator. From the 

mechanical point of view, the hydraul ic spool is a complex machined 

component, with multiple internal orifices carefully designed in parallel and 

series. However, from a more functional and simplified point of view, the 

spool controls the direction of the flow and, thus, the velocity of the a ctuator 

by varying an equivalent passage area based on the following equation6: 

 ὗ/ ὅÄ ὃÅÑȟ /
ςɝὴ

”
 Eq. 8 

 

- 6 The orifice basic equation is based on the known Bernoulliõs equation. 
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Where: 

- ὅÄ is the flow coefficient of the orifice.  

- ὃÅÑȟ / is the equivalent passage area of the orifice. 

- ɝὴ is the pressure drop across the orifice. 

- ” is the density of the fluid.  

 
(a) 

 
2 ð Relief and make-up valve  

3 ð Housing  

4 ð Mechanical stroke limitation  

5 ð Control spool  

7 ð Pressure compensator 

8 ð Shuttle spool 

9 ð Ventilation valve  

 

(b) 

Figure 4.24 Pilot actuated closed center LS valve by Linde: (a) simplified internal scheme; (b) 
mechanical assembly. 

Because each function/actuator has slightly different needs, Linde offers 

different control spools to be mounted in the DCV. Regarding the M15e, the 

DCV is formed by six different spools, each one controlling a different 

function. In this regard, the inlet  and return experimental curves of M15e 

spools are visible in Figure 4.25 [149ð151]. These curves are generated by 
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Linde on a hydraulic bench test equipped with an LS system, allowing the 

emulation of the spool behavior on the machinery, with the flow passing 

through the DCV to the actuator (e.g. ὖᴼὃ), and then coming back from the 

actuator to the DCV (e.g. ὄᴼὝ). 

- The inlet curve relates the movement of the spool with the flow.  

- The return curve relates the movement of the spool with the 

resistance pressure. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 
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Figure 4.25 Spools installed on the M15e DCV VW14. [149ð151] 

Besides behaving differently from each other, it is worth noticing that 

most of the spools have asymmetrical behavior. First of all, this is due to the 

cylinder ratio of the actuator (piston -side and cap-side are not symmetrical 

for most actuators, especially for linear ones), and secondly, the spool can be 

specifically designed to better address a specific function. The exception is the 

spool visible in Figure 4.25c and Figure 4.25d, which is related to the swing of 

the upper carriage. Indeed, the swing motor is a symmetrical rotational 

actuator and doesnõt need any asymmetrical behavior to better accomplish its 

task. 

Simscape does not have any components with the same characteristic as 

the Linde VW 14, thus a new subsystem needs to be created using more 

simple components. How the VW is reproduced in the model is visible in 

Figure 4.26. First of all, the single main spool is divided into four different 

òVariable Orificesó [152], splitting so the related channels P-A, P-B, A-T, B-T. 

Then, the function of the Post Compensator is addressed by two additional 

subsystems, as well as the LS, which is implemented in the model using two 

variable orifices. 

 

Figure 4.26 Simscape subsystem of a spool inside the DCV. 
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The main equation on which the component is based is visible in Eq. 9 

[152], which is very similar to Eq. 8. 

 ὗ ὅÄ ὃὬ
ς

”

ɝὴ

ɝὴ ὴ
 Eq. 9 

As clearly visible, the only input in this equation is the passage area 

ὃὬ, because the density ” is a given data, the flow ὗ is the final output, ὴ  

is related to the type of flow (laminar or turbulent) and the pressure drop ɝὴ 

depends on the load. Thus, to model the single channel of the spool it is 

necessary to know its area, which in turn depends on the physical signal Ὤ 

that identifies the shifting of the spool.  

However, as visible from the curve in Figure 4.25, the relation between 

the movement of the spool and its area is not given by the supplier, thus it 

must be computed from the spool curves. To do so, a Matlab script, a 

Simscape model, and a graphic interface are created, and the related final 

Graphical User Interface (GUI) is visible in Figure 4.27. 

 

Figure 4.27 GUI for the computation of the areaðspool relation of each valve. 

Due to the difference between the inlet curve ὗὬ and return curve ὴὬ 

the computation of the areaðspool relation is different, but it is always based 

on Eq. 8: 
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- ὖᴼὃȟὄ: firstly, the curve is extracted from the .pdf using the 

GRABIT GUI [153]. Then, using the modeled GUI, spool movement 

and flow vectors are interpolated and resampled, while a vector of 

increasingly bigger areas is created. For each value of the spool and 

setting the pressure drop at ςς ὦὥὶ, a vector of computed flows is 

generated using Eq. 8. This vector is compared with the interpolated 

flows, generating a vector of normalized errors. Finding the index of 

the minimum errors allows the selection of the best area for each 

spool movement, generating step-by-step the vector of the orificeõs 

area. Finally, a Simscape model is used to check the match between 

the spool curve of the datasheet and the one generated using the 

computed orifice area. 

- ὃȟὄᴼὝ: once again, the curve is extracted using the GRABIT GUI 

[153]. Overall, the process is similar to the previous one, in this case 

however the input flow depends on the inlet flow curve and cylinder 

ratio, while the vector of increasingly bigger areas and Eq. 8 are used 

to compute the pressure drop. Thus, the vector of normalized errors 

is based on the difference between the pressure drop of the curve and 

the computed pressure drop. After generating the vector of the areas, 

a Simscape model is used once again to check the results. 

Using the GUI, the inlet and outlet curves of each spool are well 

recreated. However, each curve must be filtered and interpolated, as visible 

in details in Figure 4.28. Indeed, the òVariable Orificeó [152] component 

requires not only the orifice area to be an increasing function, but, to avoid 

numerical errors at lower spool movements, it is also helpful to interpolate 

the curve to obtain a strictly increasing function.  
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Figure 4.28 Detail at low movement of the DCV PA spool.  

 

 

4.5.4 Load Sensing Controller  

As previously discussed, the LS system is a fundamental characteristic 

of the hydraulic system installed on the machinery.  

Indeed, thanks to the control of the pump displacement, it avoids 

unnecessary overflow and energy waste. To do so, the pressure drop across 

the DCV ɝὴ$#6 is taken as feedback, while the LS controller compares this 

parameter with the pump outlet pressure ὴ (Figure 4.29). Simultaneously, 

the LS system allows the velocity of the actuator to be independent of the 

load. 

Thus, the objective of the LS controller is to keep the pressure drop 

across the DCV at a constant value ί, which is usually around ςπ ὦὥὶ and is 

called òLS marginó. In Figure 4.29a, there is the scheme of a didactical LS 

controller, while the flowchart visible in Figure 4.29b is useful to understand 

how it works. This flow diagram i s valid independently of the number of 

actuators used simultaneously. However, in the case of multiple actuators, a 

combination of shuttle valves allows the selection of the highest ὖ,3 among 

the utilities.  
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(a) (b) 

Figure 4.29 Scheme of the LS system: didactic scheme (a) [60], flow diagram of the didactic 
scheme (b). 

Technically speaking, the LS system can be implemented relying only 

on hydraulics, and this is what allowed the LS to gain so much relevance in 

mobile hydraulic systems. However, more advanced LS systems use servo-

actuated valves to improve and add functio nalities. This is the case for the 

LSC system by Linde (Figure 4.30a) [140], where a servoactuated valve is used 

both as the anti-stall and to electronically vary the LS margin from 8 to ςσ ὦὥὶ 

[140]. 

Unfortunately, a prebuilt LS Simscape component does not exist, and 

the internal mechanical data of the LS controller are not provided by the 

supplier due to intellectual property. Thus, it is necessary to rely on more 

simple Simscape components and to design a similarly behaving model. The 

comparison between the simplified LS controller scheme published by the 

supplier and the Simscape model is visible in Figure 4.30. 

The first thing to notice in Figure 4.30, is how the LS Simscape subsystem 

is not entirely modeled within the hydraulic domain, on the contrary, also 

physical signals are used. Indeed, not knowing the mechanical characteristics 

of the internal valves, it would be impossible to model the interact ion 

between the valves. However, using physical signals instead of hydraulic 

connections precludes some hydraulic dynamics, meaning that extremely 
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steep variations can occur, causing so numerical errors. For this reason, lag 

transfer functions are added to physical signals. 

An example of this variation of domains is the double -acting linear 

cylinder controlling the displacement pump, for which a òHydraulic Double-

Acting Valveó is used [154], while its output is subtracted from the constant 

maximum displacement value.  

  
(a) (b) 

Figure 4.30 LS controller: simplified scheme from the supplier (a), model in Simscape (b). 

The basic equation of this Simscape component is the following: 

 Ὂ ὴẗὃ ὴẗὃ  Eq. 10 

Where: 

- ὴȟὴ are the pressure at the two sides of the valve. 

- ὃȟὃ  are the cylinder area of the two sides of the valve. 

Because the desired output is a linear movement, the next equations 

must be taken into account: 
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 ὒ
ί

ὊÍÁØ ὊÐÒ
 Eq. 12 

 ί

πO π Ὂ ὊÐÒ

ὒẗὊ ὊÐÒ ᴼὊÐÒ Ὂ ὊÍÁØ

ίᴼὊ ὊÍÁØ

  Eq. 13 

Where: 

- ί is the final linear displacement of the valve.  

- ίȟί are the strokes of the two sides of the valve. 

- ὊÍÁØȟὊÍÁØ are the maximum spring force at the two sides of the 

valve. 

- ὊÐÒȟὊÐÒ are the preload spring force at the two sides of the valve. 

The values inside the component are selected by knowing the maximum 

linear displacement, how much the pressure values can change at its side, and 

that the movement must be limited to a single side of the actuator. 

The modeling of the valve named òLS Valve Actuatoró visible in the 

same Figure 4.30b follows the same logic. In this case, the main variable to set 

the component is the LS pressure margin of ςπ ὦὥὶ. 

As already mentioned, the LS is not completely concentrated in the LS 

controller, but it must be implemented also in the DCV (as visible in Figure 

4.31). In a real hydraulic system, the LS connections in the DCV are 

completely based on hydraulic relations (see Figure 4.24 for the simplified 

scheme of the DCV and its mechanical section view), and these rely on some 

extremely complex set of orifices, internal leakages, and so on. However, 

these sets of internal micro-hydraulic components cannot be modeled, thus, 

the completely hydraulic LS system inside a spool of the DCV is once again 

composed of hydraulic and physical signals with some adaptation from the 

general scheme. In particular, as visible in Figure 4.31, two variable orifices 

are added to the LS system to select the pressure signals, and, instead of 

relying on hydraulic relations inside the main spool, they are opened or 

closed by the joystick signals. It is worth noticing that these pressure signals 

are used not only by the LS system but also by the pressure compensators. 
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Figure 4.31 Detail of the LS connection inside the DCV. 

4.5.5 Pressure Compensator 

Pressure compensators are essential to allow the flow distribution to 

multiple actuators proportionally to their requested velocity, without being 

influenced by the load.  

As previously  explained (Hydraulics Systems and Actuators), without 

these valves, the flow tends to follow the channel with the least amount of 

resistance. For this reason, as the name suggests, the pressure compensator of 

this least resistant channel creates additional resistance by adding a 

restriction, limiti ng the natural tendency of the flow to run toward this 

function.  

Letõs assume a scheme with two different utilities Ὗ and Ὗ, where ὴ

ὴ. The flow for Ὗ is based on Eq. 8, where ɝὴ is replaced by ί: 

 ὗ ὅÄ ὃÅÑȟ /ρ
ςÓ

”
 Eq. 14 

However, for the second utility  Ὗ, the pressure across the valve cannot 

be ί, indeed: 
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 ὗ ὅÄ ὃÅÑȟ /ς
ςÓ Ð Ð

”
 Eq. 15 

From this latter equation, it is clear how the load dependency occurs also 

from the mathematical point of view. Indeed, ὗ  is higher than the theoretical 

flow rate without interaction.  

The scheme that implements the Load Sensing Pressure Compensation 

(LSPC) can be divided into two different categories: pre-compensated 

systems (known also as upstream compensators) (Figure 4.32a) and post-

compensated systems (known also as downstream compensators) (Figure 

4.32b). In the case of the M15e, the upper carriage is moved by a pre-

compensated hydraulic motor, while the boom and stick hydraulic circuits 

are post-compensated. 

As previously seen, the post-compensators for the Linde VW14 DCV are 

mechanically included in the main spools, and they are selected directly by 

the supplier, thus, there is no data about their characteristics. 

  
(a) (b) 

Figure 4.32 Simplified schemes of LSPC: pre-compensated system (a); post-compensated 
system (b). [60] 

As visible in Figure 4.32b, the post-compensator can be seen as a 

normally closed 2/2 infinite positioning valve . This valve is held in place by 

a spring, and its preload force is set to equalize the pressure ί. The upstream 

pressure ὖ is used to pilot the opening of the valve , while its closing is 

controlled by the actuator pressure. The equilibrium equation is then : 
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 ὴ ὴ,3 ί Eq. 16 

Considering again ὴ as the highest required pressure, the LS pump 

must deliver a pressure ὴ equal to Eq. 17. 

 ὴ ὴ ί Eq. 17 

Knowing by the literature that the minimum pressure drop caused by 

the pressure compensator can vary between πȢυ σ ὦὥὶ [60], the pressure 

compensators are modeled as two sequential valves after the ὖᴼὃ and ὖᴼ

ὄ orifices of the DCV. As visible from Figure 4.33, similarly to what is done 

for the LS controller, a òHydraulic Double-Acting Valveó [154] is used to 

compare the pressure ὴ with the pressure ὴ,3, and to transmit hydraulic 

power to a ò2-Way Directional Valveó [155], while a lag transfer function is 

added to include dynamics and avoid numerical errors.  

 

Figure 4.33 Detail of the Simscape model of the post-pressure compensator. 

Due to the absence of any other technical data, a different Simscape 

model is designed to test and tune these two components. In this case, a 

hydraulic test bench with the same DCV architecture is modeled, but the 

actuators and loads are completely independent. With this supplementary 

model, it is possible to sweep different combinations of loads and velocities, 

with synchronous and asynchronous movements, thus it is easier to validate 

the behavior of the pressure compensators. 

The plots in Figure 4.34 show one example of the synchronous 

movement of the two actuators. Firstly, it is important to notice that the pump 

pressure is the same (slightly over φπ ὦὥὶ). Then, because the maximum load 

is on the first actuator (Figure 4.34a), its compensator remains completely 

open causing a minimal pressure drop. On the contrary, the compensator of 
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the second actuator (Figure 4.34b) applies a bigger restriction, causing a 

pressure drop of about ρψ ὦὥὶ. 

  
(a) (b) 

Figure 4.34 Testing of the post compensators in a synchronous movement: first actuator (a); 
second actuator (b). 

4.5.6 Upper Carriage  

While the undercarriage of the machinery is barely used, the upper 

carriage is essential. Indeed, removing the swing degree of freedom would 

greatly handicap the use of the machinery. 

As for most of the hydraulics, also the swing motor is supplied by Linde. 

It is a motor of the HMF series, with a fixed displacement of χυ ὧά  [156]. The 

main characteristics are visible in the Table 4.6: 

HMF-75-02-P 

Max. displacement ὧά ὶὩὺϳ  χυ 

Nominal pressure  ὦὥὶ ςψπ 
Max. peak pressure ὦὥὶ σππ 

Table 4.6 Available data  of the Linde HMF -75-02 hydraulic motor. [156] 

As anticipated, also the swing motor is controlled by the LS system, but 

it is a pre-compensated LSPC and not post-compensated. This choice allows 

the swing motor to have the top priority among all the functions. Indeed, in 

case of flow saturation, all the functions are slowed down, while the upper 
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carriage motor can be still used at its full capacity. In particular, the priority 

function is made possible by the combination of the valve ò2ó, and the shuttle 

valve ò7ó visible in Figure 4.35. The former is the actual pre-compensator, and 

it sets a maximum constant pressure margin of ί ρυ ὦὥὶ for this function. 

As visible from Eq. 18, if a pre-compensator is installed, the flow depends 

only on the movement of the spool and is independent of the load.  

 ὗÔÕÒÒÅÔὅÄ ὃÅÑȟ /ÔÕÒÒÅÔ

ςÓ

”
 Eq. 18 

 

Figure 4.35 Simplified hydraulic scheme of the HMF hydraulic motor.  

Thanks to the combination of the pilot -actuated pressure relief valve ò3ó, 

pressure relief valve ò4ó and pressure relief valve ò5ó, another key feature is 

enabled: the swing torque control. This feature is based on the curve visible 

in Figure 4.36, and it transforms the swing joystick from a velocity controller 

to an acceleration controller: 

- Low acceleration ð the joystick controls the spool, and the valve ò3ó 

is slightly opened by the LS signal, meaning that the LS margin is 






















































































































































