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Abstract

O�-highway heavy-duty vehicles have been long-standing users of hydraulic sys-

tems for power transmission and control. However, traditional hydraulic systems

su�er from signi�cant energy losses which lead to increased operating costs and a

larger carbon footprint due to higher CO2 emissions. Improving the e�ciency of

these mobile machines is crucial not only for reducing their environmental impact

but also for saving billions of dollars in operating costs. Currently, the state-of-

the-art Load Sensing Architecture uses throttling valves for control, which sig-

ni�cantly reduces its e�ciency and does not recuperate energy from over-running

loads. Researchers have developed several architectures such as Common Pressure

Rail systems, Displacement Control, STEAM, and Electrohydraulic Architecture

to improve the e�ciency of o�-road mobile machines. However, each of these

architectures has its drawbacks. To increase system e�ciency and take advan-

tage of electri�cation bene�ts, our research group has developed a novel Hybrid

Hydraulic-Electric Architecture (HHEA). The HHEA can signi�cantly improve

e�ciency, decrease the size of electrical components, and maintain control perfor-

mance. This new architecture has the potential to revolutionize the o�-highway

mobile machine industry and lead to a more sustainable future. The HHEA uses

a set of common pressure rails to provide the majority of power to the actuators

via power-dense hydraulics and uses electric motors for precise control and power

modulation.
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In the context of o�-road mobile machines, energy savings are undoubtedly

important but it is equally important to consider the machines’ ability to per-

form tasks with precision and accuracy according to given commands. Therefore,

precise motion control is of utmost importance to maintain the utility of Hybrid

Hydraulic-Electric Architecture (HHEA). The HHEA presents a unique challenge

to motion control due to the discrete pressure changes that occur when the system

switches between selected pressure rails. These changes are made to minimize sys-

tem ine�ciencies or to keep the system within the torque capability of the electric

motor. Hence, it is important to solve the motion control challenges for HHEA.

This thesis aims at developing an e�ective motion control strategy for HHEA.

The dissertation presents a two-tiered control strategy for HHEA, comprising

a high-level and a low-level controller. The primary responsibility of the high-

level controller is to optimize energy e�ciency by making informed pressure rail

selections. On the other hand, the low-level controller is focused on achieving

precise motion control of the HHEA, which is crucial for realizing the desired

reference trajectories. To achieve this, the low-level controller utilizes a passivity-

based backstepping integral controller as the nominal control, which handles the

motion control between two pressure rail switches. Additionally, a separate least

norm controller is utilized as a transition controller to manage motion control

during pressure rail transitions. The e�ectiveness of the combined control strat-

egy is demonstrated through experiments conducted on two hardware-in-the-loop

testbeds.

Furthermore, the HHEA is installed on the boom and stick actuators of a
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backhoe arm to build a Human-in-the-Loop system that a human operator can

control. A real-time rail switching algorithm is developed to determine pressure

rail switching based on present duty cycle information from the operator. Modi�-

cations have been made to the human-machine interface to achieve more intuitive

control. Modi�cations include performing control in the task-oriented coordinates,

incorporating pressure feedback to enhance control with physical interaction, and

using velocity �eld control to simplify multi-degree-of-freedom tasks and to en-

able novice operators to perform them with reduced risk, improved e�ciency, and

productivity.

The research in this dissertation makes signi�cant contributions to the �eld of

o�-road mobile machine control, providing a novel and e�ective control strategy

for the HHEA, and demonstrating the potential for simpli�ed machine operation.
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Chapter 1

Introduction

Mobile hydraulics are extensively used in the construction and agriculture indus-

try, which results in the emission of more than 26.32 million metric tons ofCO2

annually in the US alone [9]. The reduction ofCO2 emissions from these machines

will be crucial in helping nations ful�ll their obligations under the Paris Agree-

ment in 2015 to substantially reduce global greenhouse gas emissions. O�-road

mobile vehicles alone account for 9% of the total energy consumed in the U.S.

transportation sector, out of which 70% belongs to the construction and agricul-

tural sector [10]. However, the average e�ciency of these machines is only 21%

with respect to engine power output, dropping down to a mere 7% with engine

e�ciency consideration [9]. Given the rising fuel prices and the implementation

of stringent emission regulations, it is crucial to improve the e�ciency of these

mobile machines.
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To evaluate the impact of these ine�ciencies, the Oak Ridge National Labo-

ratory conducted an assessment focusing exclusively on mobile hydraulics in the

United States [9]. They found that each year, at least 0.362 quadrillions of British

Thermal Units (Quads) of energy are consumed. With an assumed average e�-

ciency of 21% (without considering engine e�ciency) across all applications, only

0.076 Quads of work are produced. However, if we could increase the e�ciency

number to 50%, the same amount of work could be generated while saving 0.21

Quads. Considering diesel's energy density of 138,700 BTU per gallon and the

current cost of diesel fuel assumed to be USD 5 per gallon, these e�ciency im-

provements could save about USD 7.61 billion per year. This substantial operating

cost-saving potential highlights the need to make mobile machines more e�cient.

In this chapter, several e�orts to improve the e�ciency of o�-road mobile

machines are reviewed and compared to state-of-the-art systems. The drawbacks

of contemporary solutions to improve system e�ciency have also been discussed

to establish the need for a new architecture. Additionally, a review of the control

systems used for hydraulic systems has been provided to de�ne the scope and

objectives of this thesis. An organizational framework has been included in this

chapter to provide ease of maneuverability throughout the thesis.
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1.1 Review of architectures

1.1.1 Hydraulic system architectures

Conventional heavy-duty o�-highway vehicles, such as excavators, wheel loaders,

and mowers have multiple degrees of freedom and are primarily hydraulically ac-

tuated to take advantage of hydraulics' unsurpassed power density. The majority

of these vehicles use throttling valves to control the motion of hydraulic actua-

tors. The adoption of throttling control methodology as well as the ine�ciency of

hydraulic components are the prime reasons for the increase in fuel consumption

and harmful emissions making mobile machines ine�cient.

Load Sensing Aechitecture

A state-of-the-art architecture very commonly used in mobile machines is the

Load Sensing (LS) system ([11], [12]). In this system, as shown in �gure 1.1,

a pressure-compensated pump provides a common pressure (pin ) at a level that

is slightly higher than the highest pressure requirement among all the services

(p1; p2; p3). Then, throttling valves are used to drop the pressure as required by

the services. This can only be e�cient if the pressure drops are kept low, which

means the services would require nearly the same pressure levels (this is unlikely).

However, the energy saving potential is reduced due to signi�cant throttling losses

in systems where the instantaneous pressure requirement for di�erent services

di�er signi�cantly as can be seen from the power distribution of a Load Sensing

architecture with 3 actuators having di�erent instantaneous pressures shown in

3



Figure 1.1: A Load-Sensing architecture with power distribution

�gure 1.1. The inability to recuperate energy from over-running loads due to the

mismatch in pressure of the accumulator and the load also adds to the energy

losses.

There are many potential areas where the Load Sensing architecture can be

improved to increase e�ciency. Throttling has been known to have a major im-

pact on e�ciency hence, throttling valves can be replaced as the primary means of

4



control. Any opportunity to recuperate energy from regenerative loads should be

e�ectively capitalized. Hydraulic component ine�ciencies are also a major source

of system ine�ciency. Components should work under more e�cient conditions or

be made more e�cient. It would be bene�cial to avoid using hydraulic pumps and

motors at partial displacements since their e�ciency tends to decline when oper-

ating at low displacements. The operation of the engine should not be restricted

and be permitted to run at its most e�cient regime.

Displacement Control

Researchers from all around the world have proposed various methods to improve

the energy-saving potential of these heavy-duty vehicles. An e�cient approach is

to use Displacement Control (DC). Displacement-controlled actuation, is a type

of throttle-less hydraulic actuation, using one (or multiple) variable displacement

pumps to directly control the motion of the hydraulic linear or rotary actuator.

There is no throttling because actuators do not share 
ows and each actuator

has its own 
ow source. The pressure is automatically built and subjected to

the actuator load. A simpli�ed closed circuit for a single DC actuator is shown

in �gure 1.2. Rahmfeld and Ivantsysnova developed and tested this circuit for

a wheel loader [1]. The circuit can be powered by a constant or variable speed

power source and utilizes a variable displacement pump to control the velocity

of the cylinder. The pump's speed, displacement, or both can be manipulated

to regulate the cylinder velocity. The pilot-operated check valves are essential to

account for the 
ow di�erences between the two cylinder chambers. A prototype of
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Figure 1.2: Basic closed circuit Displacement control for a linear actuator [1]

the closed circuit solution implemented in a wheel loader showed a saving of 15%

in fuel consumption compared to a standard loader equipped with a conventional

load-sensing hydraulic system.

Heybroek proposed a novel open circuit Displacement Control solution as

shown in �gure 1.3. The concept of an open circuit is pro�cient in achieving four-

quadrant actuation through the utilization of four individual valves incorporated

within the circuit. The inclusion of additional valves enables the amalgamation

of certain bene�ts derived from distributed valve technology with those derived

from displacement control. He demonstrated 20 % energy saving potential for the

working hydraulics in a medium-sized wheel loader compared to a Load Sensing

system [2]. Hippalgaonkar et al. have developed a Hydraulic Hybrid Displacement

Controlled system for a 5t mini-excavator [13]. They have been able to show 40%

fuel saving in a side-by-side comparison with Load sensing architecture. They were

able to downsize the engine by 50 %. Ivantysyn et al. have demonstrated 35%
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Figure 1.3: Open circuit Displacement control for a linear actuator [2]

improvement in cycle energy by using a novel open circuit Displacement Control

architecture for a 290t mining excavator [14]. Zimmerman et al. [15] implemented

Displacement Control in a compact excavator and demonstrated a 50 % reduction

in engine-rated power. They also showed that the use of displacement-controlled

actuation o�ers a distinct advantage in reducing the cooling power requirements

of hydraulic systems and, consequently, minimizing the parasitic losses associated

with them.

Although Displacement control is promising, this potential solution su�ers

from bulkiness as each service requires a variable displacement pump, which needs

to be driven on a common shaft by the engine. The variable displacement pump

might need to operate at lower displacements for partial load thereby becoming

ine�cient. Also, the control bandwidth is limited to control the displacement of

the pump/motor.
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Figure 1.4: A CPR based architecture [3]

Common Pressure Rail Systems

The concept of the Common Pressure Rail (CPR) system provides a promising

direction for building a highly e�cient, modular, and reliable hydraulic system

[3]. The hydraulic system based on CPR can be divided into a high-pressure side

(HP) and a low-pressure side (LP), as shown in �gure 1.4. In order to ensure

that the pressure remains constant for HP, a constant pressure regulating variable

displacement pump is used as the main pump and coupled with a hydraulic ac-

cumulator. Rotary loads can be controlled by a Variable Hydraulic Pump/Motor

and the linear load is controlled by using a Hydraulic Transformer which bucks or

boosts the CPR pressure to achieve the desired pressure on the linear actuators.

As the throttling valves are replaced by a hydraulic transformer the CPR-based

system becomes throttle-less. Energy recovery is also possible with components

like the variable displacement pump and hydraulic transformers working in all

four quadrants. Shen et al. have developed a Hydraulic Hybrid Excavator based

on Common pressure Rail [16] architecture. They have shown that a common
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pressure rail-based architecture is able to reduce the fuel consumption of an exca-

vator by 21 % when compared to a Load Sensing based architecture. Reduction

of metering losses and recuperating regenerative loads allows them to improve

fuel e�ciency over Load Sensing architecture. They have further shown that the

engine can be downsized to improve fuel e�ciency by 32 %. But there are some

disadvantages to the CPR-based system. One of the key components - the hy-

draulic transformer - hinders the application range and they tend to be quite

bulky and expensive. Hydraulic Transformers have limited e�ciency at partial

loads as one of the pumps/motors require to operate at low displacement. Since

the late 1990s, the Dutch company INNAS has been developing the Innas Hy-

draulic Transformer (IHT) which allows the transformer ratio to vary by rotating

a 3-ported port plate. The IHT is still in the prototyping stage. S. Lee et al.

at the University of Minnesota have developed a switched-mode hydraulic trans-

former [17, 18]. Unlike the IHT, the switched mode hydraulic transformer uses

a traditional transformer topology consisting of a pair of hydraulic pumps and

motors but uses switching valves to con�gure itself as either the common input,

common output, or common tank con�guration. Depending on the operating con-

dition, the con�guration that is most e�cient can be chosen. In addition to being

e�cient, the switched-mode hydraulic transformer can e�ect precise motion and

force control [19, 20, 21] Despite these developments, hydraulic transformers are

still not commercially available.

9



Multiple Common Pressure Rail Systems

An obvious direction for the common pressure rail architecture is to drop the use of

transformers and still be able to reduce throttling losses and recover energy. A new

common pressure rail architecture STEAM with multiple common pressure rails

(MPR) has been proposed by the Institute of Fluid Power Drives and Controls

at RWTH Aachen University. A comparison of the STEAM architecture with

Load Sensing on a hydraulic excavator has been shown in �gure 1.5. STEAM

[4] is a hydraulic hybrid system that uses three pressure rails along with a series

of valves to reduce major sources of loss found in mobile hydraulic circuits. The

accumulators take care of peak power demands enabling more e�cient engine

operation. To reduce throttling losses while driving the linear actuators, a system

of switching valves connect both pressure rails and the tank line to the cap and

rod chambers of each actuator. Depending on the current load this con�guration

generates a system of nine di�erent pressure combinations which is employed

to reduce throttling losses by selecting the pressure rail closest to the required

service pressure while simultaneously recovering energy. The engine and the pump

are decoupled from the actuators, unlike the Load Sensing architecture. This

helps the engine and pump to operate more e�ciently. They have demonstrated

that STEAM consumes 27 % less fuel than Load Sensing despite having a lower

engine speed and the same cycle time. According to measurements, around half

of the gain in fuel saving is attributable to enhanced engine performance. The

reduced throttling and energy recovery in hydraulics is directly responsible for the

rest. STEAM has shown a signi�cant energy-saving potential but it still involves
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Figure 1.5: Circuit layout of an excavator comparing STEAM with state of the
art Load Sensing architecture [4]

throttling losses which cut into the e�ciency gains.

Another multi-Pressure Rails (MPR) system was proposed recently for agricul-

tural applications by Vacca et al. in [5]. This system employs individual variable

displacement pumps for each pressure rail, allowing for independent variable pres-

sure control. A merging valve is used to combine the 
ow from two pumps to one

rail, allowing for more e�cient operation by downsizing the pumps and operating

at higher displacements. Figure 1.6 shows how the three rails are connected to a

hydraulic actuator via pressure select and control valves (PSCV). The pressure se-

lection stage is used to select the optimized pressure rail, and the metering stage is

used for actuator control to minimize throttling losses. The MPR's ability to use

various inlet/outlet pressure level combinations provides each actuator with access

to a range of output torque and force. The highest-pressure rail is chosen slightly
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Figure 1.6: A variable rail multi-pressure rail (MPR) system [5]

above the highest actuator pressure, and the middle-pressure rail pressure contin-

uously adjusts with respect to the actuator's load pressures. The corresponding

mode for each actuator switches to minimize power loss due to throttling.

The MPR architecture has been implemented on a tractor powering a 16-

row planter, resulting in a 58% reduction in total power at the pump shaft and

an 89% increase in system e�ciency from the baseline machine. However, this

approach may prove challenging for duty cycles with fast dynamics, which is often
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the case for construction machines. In summary, the MPR system with variable

pressure rails in [5] shows promising results for agricultural applications, but its

e�ectiveness for other types of duty cycles need to be further investigated.

The focus of this dissertation, the Hybrid Hydraulic-Electric Architecture

(HHEA) proposed by Li et al. at the University of Minnesota in [22], is also

based upon multiple common pressure rails with constant pressure but it does

not rely on throttling. Details will be provided in chapter 2.

1.1.2 Electri�cation

Over the past few years, there has also been a growing trend toward complete elec-

tri�cation in o�-road vehicles. This trend is being driven by a variety of factors,

including increasing environmental concerns, advances in battery technology, and

improvements in electric motor performance. One of the key bene�ts of electri�-

cation in o�-road construction vehicles is reduced emissions. Many construction

sites are located in urban areas where air pollution is a major concern. By switch-

ing to electric vehicles, construction companies can help reduce emissions and

improve air quality in these areas. Another bene�t of electric construction vehi-

cles is their reduced noise pollution. Construction sites can be very noisy, and

electric vehicles are much quieter than their diesel counterparts, which can help

improve the quality of life for workers and nearby residents. In addition, electric

construction vehicles can also be more e�cient than diesel vehicles, as they do not

waste energy idling or when performing low-load tasks. This can help reduce op-

erating costs and improve productivity on construction sites. Battery technology
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is a key driver in the trend toward electri�cation in construction vehicles. The

development of high-capacity batteries and improved charging infrastructure can

make it possible to use electric construction vehicles for longer periods of time

and in more remote locations.

While the trend toward complete electri�cation of o�-road construction ve-

hicles is gaining momentum, there are a number of challenges that make this

transition di�cult.

One of the main challenges is that these vehicles require a lot of power to

operate. This means that they need large and heavy batteries to provide enough

energy for a full day's work. As battery technology continues to improve, the

weight and size of batteries will likely become less of an issue, but it is still a

challenge for the time being.

Another challenge is the ruggedness of construction sites. O�-road construc-

tion vehicles are designed to operate in harsh environments and under tough

conditions. These conditions can be hard on batteries and electric motors, which

can lead to reduced performance and reliability. Special considerations need to be

made for the design and manufacturing of electric construction vehicles to ensure

they are durable and can withstand the rigors of the construction site.

Another challenge is power density. Unlike on-road consumer vehicles, where

energy density is the main concern, o�-road vehicles require high power density

due to their reliance on hydraulic counterparts, which are signi�cantly more power

dense than electric machines. Even though electric motors can deliver high levels

of torque, they are generally more expensive than hydraulic counterparts, and the
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power density of batteries is also limited. As a result, construction companies

may need to invest in larger and more powerful batteries, which can be costly.

The adoption of electric construction vehicles faces a signi�cant hurdle in the

form of cost. While the potential long-term savings stemming from reduced fuel

consumption and maintenance expenses are substantial, the initial investment

required to purchase electric construction vehicles tends to exceed that of their

diesel-powered counterparts. This higher upfront cost is primarily attributed to

the expenses associated with high-powered electric machines and the utilization of

more power-dense batteries. This can make it di�cult for construction companies

to justify the initial investment. Lewis et al. [23] conducted a study to assess

the feasibility of electrifying a large mobile crane. The study found that the

current state of energy storage technology is not yet capable of feasibly replacing

traditional crane systems in terms of cost, size, and reliability.

An e�cient electric and hydraulic approach to improve the e�ciency of these

mobile machines is to utilize an electro-hydraulic actuator (EHA) setup (Fig 1.7).

This actuation system is based on the use of an electric motor as the prime

driver which drives a �xed-displacement pump to regulate the 
ow going to a

single actuator. The advantages of EHA are that it's throttle-less, regenerative,

e�cient, and also has good control performance.

The high e�ciency of the system is due to the e�cient components and

the electric drives. A �xed displacement pump is always running at full dis-

placement making it more compact and cost-e�ective than variable displacement

pumps/motors. Various EHA solutions have been proposed by researchers around
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Figure 1.7: An Electro-hydraulic Actuator for a single service

the globe. Schmidt et al. put forward multiple proposals for pump control systems

that include load-holding characteristics [24]. They describe the energy distribu-

tion and energy recovery potential for each of these solutions and compare the

results to those obtained from conventional valve-controlled hydraulic systems.

Niraula et al. and Zhang et al. conducted research on 1-ton mini excavators and

demonstrated that implementing an electro-hydraulic actuation system could lead

to an energy consumption reduction of up to 50 % compared to traditional load

sensing circuit architecture-based systems [25][26]. Qu et al. [27] have recently

developed a highly e�cient Electro-hydraulic Actuator system. They tested an

open-circuit and a closed-circuit EHA architecture on a 20KW system. They

have been shown to increase the e�ciency of 
uid power actuation systems from

21 % to 80% in their study. The team further extended their open circuit EHA
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design by building an Electro-Hydraulic Unit which is an integrated electric mo-

tor and pump. They were able to demonstrate system e�ciency of up to 54%

[28]. Padovani et al. proposed an electro-hydraulic drive system for single-rod

cylinders with passive load-holding capability. The research aims to evaluate the

performance of this architecture in a single-arm crane application. The exper-

imental results demonstrated that the �nal position error of the arm remained

within a range of ± 2 mm, and the overall energy e�ciency during handling was

approximately 60% [29]. Casoli et al. [30] implemented an open circuit and two

closed-circuit EHA layouts on a 9-ton excavator. They compared all the layouts

with Load Sensing Architecture and have shown 30-32 % improvement in fuel

saving potential.

However, there are some drawbacks to EHA. Since all the power is provided

electrically the electrical components become bulky and expensive. The power

densities of electric drives are one or two orders of magnitude lower than hydraulic

counterparts. Hence EHA is practical for low-power applications like aerospace.

A system greater than 20kW would become very expensive with an EHA.

1.1.3 Key takeaway

The current state-of-the-art approach for hydraulic systems in o�-road machines

is Load Sensing (LS), which su�ers from ine�ciencies due to throttling losses

and the inability to recover energy from over-running loads. To address these

issues, several alternative approaches have been proposed in the literature, such

as hydraulic-only and electric-only architectures. While these approaches have
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been successful in improving system e�ciency, each has its own drawbacks that

have prevented their adoption in the industry.

Despite the limitations of these approaches, their success in improving hy-

draulic system e�ciency highlights the potential for further advancements in this

area. The development of a hybrid solution that combines the bene�ts of hy-

draulic and electric technologies may provide a more e�cient and economically

feasible solution for industry adoption. Such a hybrid solution could leverage the

high power density and e�cient energy transfer of hydraulic systems while also

incorporating the energy recovery and control capabilities of electric systems. The

resulting architecture could improve the overall e�ciency of o�-road machines and

reduce their environmental impact. This drives the development of a new archi-

tecture called Hybrid Hydraulic Electric Architecture (HHEA) within our research

group [22, 6]. HHEA provides the majority of the power through hydraulics and

uses electric only for modulation, hence keeping the size of electric components

small. This will be discussed in detail in chapter 2.

1.2 Review of control systems

Ensuring energy e�ciency is undoubtedly a crucial aspect when it comes to o�-

road machines. However, it is equally essential to acknowledge that the utility of

such machines is heavily dependent on their ability to execute tasks with preci-

sion and accuracy, in accordance with the given commands. Hence, the role of

precise motion control in determining the acceptance of an architecture cannot be
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overstated. Hydraulic systems are inherently highly non-linear and linear methods

have limited performance. The nonlinear dynamics of hydraulic systems, as estab-

lished by Merritt [31], presents a signi�cant challenge when it comes to controlling

these systems. This challenge arises from the nonlinearities that are inherent in

the system, which is rooted in fundamental properties like 
uid compressibility

(due to entrained air, dependence on pressure and temperature), complex 
ow

properties of hydraulic valves (such as pressure losses, transient 
ow conditions),

and nonlinear friction characteristics in hydraulic actuators (due to the combined

properties of static, coulomb, and viscous friction). Additionally, the system may

be subject to non-smooth and discontinuous nonlinearities due to the directional

change of the pump rotation or valve opening, valve overlap, and pump/motor

deadband [32].

Hydraulic systems are characterized by nonlinear behavior, making advanced

control schemes necessary for high-performance control. Conventional hydraulic

control designs rely on linear approximations that may not accurately capture

system dynamics. This can result in crude approximations of component and 
uid

parameter values. Advanced control schemes that consider nonlinear behavior and

uncertainties can improve control performance and e�ciency in hydraulic systems.

One of the most widespread controllers being used in the industry is Proportional-

integral-derivative (PID) control. PID control has been proven to be reliable, and

easier to implement and understand. Several modi�cations of PID controllers have

been used in hydraulic control systems. Zhang et al. [26] implemented PID control
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for trajectory tracking of the excavator bucket. They found out that the straight-

ness error was 4.8 %, but the maximum straight-line error was 112mm comparing

this to an average operator. Skarpetis et al. implemented a robust proportional-

integral-derivative (PID) controller for the purpose of regulating the position of

an electro-hydraulic actuator (EHA) under the presence of physical uncertainties

and external disturbances. Hanh et al. [33] implemented two fuzzy logic-based

controllers on an EHA excavator -the fuzzy PID controller and the fuzzy self-

tuning controller with a neural network. The experimental results demonstrated

that both the fuzzy PID controller and the fuzzy self-tuning controller with neural

network yielded superior control performance compared to the conventional PID.

The fuzzy self-tuning controller with a neural network exhibited greater 
exibility

due to the ability to tune the control output signal online through the neural net-

work update process. The tracking performance of the fuzzy self-tuning controller

with the neural network was superior to that of the conventional PID, attributable

to its superior adaptability to disturbances and nonlinear systems. Van et al. [34]

conducted a study in which they implemented fuzzy feedback control for Elec-

tro Hydraulic Actuators (EHA). The authors proposed a control algorithm called

Fuzzy feedback control (FLFC) which combined fuzzy logic and linear feedback

controller (LFC) to improve the control performance of the EHA system. The

study compared FLFC with two other control algorithms, namely PID and Fuzzy

PID (FPID). The authors reported that FLFC outperformed PID and FPID in

terms of control performance for low-power applications. The analysis showed

that FLFC was 99% superior to PID and 77 % superior to feedback algorithms.
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However, the study did not include any experimental results.

Anderson et al. [35] have shown that for hydraulic systems linear controllers in

their standard form are not generally su�cient to obtain acceptable performance.

Hence, a non-linear control strategy needs to be developed that can capture the

non-linear dynamics of the system. In the �eld of hydraulic systems, other than

approaches based on linearization and linear system assumption, there are many

advanced non-linear control approaches that have been demonstrated.

According to Yang's work [32], two control strategies were implemented for

an electro-hydrostatic actuator (EHA) system with a nonlinear model:H1 pro-

portional integral (PI) with feedforward control, and robust discrete-time sliding

mode control design. The performance of the controllers was evaluated, and it

was found that the robust sliding mode control was superior, exhibiting tracking

errors of less than 1 mm.

Wang et al. [36] developed a sliding mode control with an extended state

observer for an EHA (electro-hydraulic actuator) system. They utilized an expo-

nential approach law to attenuate perturbations inherent in SMC (sliding mode

control) and created a variable damping sliding surface for their controller de-

sign. The proposed SMC controller was tested in experiments and compared to

a traditional PID controller. The results show that the damping variable sliding

mode control reduces tracking error by 50% and improves settling time. However,

chattering of control input remains an issue for sliding mode controller designs

with a wide operating range.

Another common non-linear control approach is based on back-stepping [37]
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[38]. In this approach, the desired force from the actuator is �rst designed, and

then the actuator force is controlled successively by back-stepping through a cas-

cade structure. This structure can be modi�ed to add robustness and performance

enhancements. Generally, a quadratic term in the actuator force error is used in

the Lyapunov function, and non-linearities are canceled out to preserve stability.

The natural and physical energetic structure of the actuator pressure dynamics

are not being considered [39]. The back-stepping controller needs to be augmented

to include the intrinsic energy of the system in the design process. Tri et al. [40]

have developed an iterative back-stepping control scheme for a symmetrical pump

controlled EHA. There is an iterative learning control signal with a backstepping

modi�er to deal with uncertainties and nonlinearities in EHA. They have shown

good tracking performance with constant load. They haven't shown trajectory

tracking performance with variable load.

Yang et al. [41] propose a nonlinear adaptive output feedback robust control

scheme for a double-rod hydraulic actuator-driven electro-hydraulic servo motion

system. The control strategy simultaneously handles parameter uncertainties and

matched and mismatched disturbances under output feedback conditions. The

proposed control scheme employs observers to estimate system states and dis-

turbances. An adaptive law is synthesized using the backstepping methodology.

Experimental results show that the proposed control scheme outperforms the PI

controller in terms of tracking performance. However, the proposed controller

requires the desired trajectory to be third-order continuous di�erentiable, which

limits its applicability.
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Zhang et al. [42] have compared three controllers Integral sliding mode Back-

stepping control (ISMBC), Back-stepping control, and PID for an asymmetric

EHA. They have shown that the backstepping controller does a better job at tra-

jectory tracking than simple PID but it is not very robust. The ISMBC shows the

best tracking results and stronger robustness to parameter changing among the

three controllers compared. Although, the Lyapunov function devised here fails

to incorporate the natural physical property of the system.

Rachel Wang and P. Li has shown hydraulic actuators to be a passive two-

port system [43]. They have devised an innovative passivity control framework for

the mechanical-pressure dynamics of a hydraulic actuator, leveraging the inherent

physical energy of the system. By integrating this framework with the widely

recognized back-stepping technique, they successfully account for the system's

natural physical properties [44]. As a result, the back-stepping approach is signif-

icantly enhanced, o�ering improved stability and performance for the hydraulic

actuator system.

Since these mobile machines are operated by human operators it is also es-

sential to explore the interaction of HHEA with human operators. Zhang et al.

[45] shows how a hybrid control scheme for velocity and position control has been

adopted for an Excavator boom operated by an operator. The HHEA can ex-

plore the hybrid control strategy for interacting with the operator. Elton [46] has

proposed various mapping for joystick commands vs. rate or position reference

commands for position control of the dynamic system and rate control of dynamic

systems. These mappings were used to build a ghost interface. Such a relationship
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between the joystick and the reference trajectories can be explored.

Overall, the backstepping control design methodology has been shown to have

better motion control performance than the PID controller for EHA systems.

While this design methodology is prevalent and has been tested on EHA systems,

an augmented form of backstepping control design may be more suitable for the

HHEA system, given its unique characteristics and special circumstances. Subse-

quent chapters will explore these issues in more detail to identify the most e�ective

control design for the HHEA system.

1.3 Research objective

Hydraulic systems are widely used in mobile machines such as construction equip-

ment, agricultural machinery, and material handling equipment. These systems

provide high power density and e�cient energy transfer, making them suitable

for heavy-duty applications. However, hydraulic systems also su�er from energy

ine�ciencies due to throttling losses and other factors. These ine�ciencies lead

to increased fuel consumption and environmental impact.

To address these issues, there have been signi�cant e�orts to improve the

e�ciency of hydraulic systems in recent years. The Load Sensing architecture

is currently considered state-of-the-art and is widely used in mobile machines.

However, Load Sensing su�ers from throttling losses and is unable to recover

energy from over-running loads. Several other architectures have been proposed,

such as the Hydraulic-only and Electric-only architectures, to improve system
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e�ciency, but each has its own drawbacks.

The Hybrid Hydraulic-Electric Architecture (HHEA) [6] is a promising new ar-

chitecture that combines the bene�ts of hydraulic and electric technologies (chap-

ter 2. HHEA enables the electri�cation of high-power machines using small elec-

trical components, resulting in signi�cant energy savings. However, for HHEA

to be widely adopted, controllability is critical, particularly for mobile machines

that require accurate and responsive motion control. Thus, understanding the dy-

namics of HHEA and devising a control strategy is essential for e�ective motion

control.

Developing a control strategy for HHEA involves understanding the dynamics

of the system and designing a controller that can e�ectively control the system's

behavior. This control strategy must consider limited torque availability to reduce

the size of electric components. Several control approaches have been discussed

in the literature, such as model-based control, fuzzy logic control, PID control,

backstepping control, robust control, and sliding mode control. However, none of

these approaches �t the unique needs of HHEA. Thus, the primary objective of

this thesis is to develop a control strategy speci�cally designed for HHEA.

The �rst speci�c objective is to understand the dynamics of HHEA and develop

a control strategy for precise motion control of HHEA. This objective involves

studying the behavior of the system and developing a model that represents its

dynamics. Based on this model, a control strategy can be designed to achieve

precise motion control.
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The second speci�c objective is to validate the control performance of the de-

veloped control strategy using o�-the-shelf components at modest (200 bar) and

realistic pressure (300 bar). This objective involves implementing the developed

control strategy on a test rig and evaluating its performance under di�erent op-

erating conditions.

The third speci�c objective is to explore retro�tting HHEA onto an exist-

ing machine and understand human interaction with real-world operation. This

objective involves retro�tting HHEA onto an existing mobile machine and evalu-

ating its performance in real-world conditions. This evaluation considers human

interaction with the system using a joystick, where the future duty cycle and the

pressure rail selection are unknown.

Achieving these objectives will validate the control performance of HHEA and

bring this new architecture one step closer to commercialization. In the future,

HHEA has the potential to become a widely adopted architecture for mobile ma-

chines, resulting in signi�cant energy savings and reduced environmental impact.

The contribution of this thesis would play a key role in its adoption.

1.4 Organization of thesis

The thesis at hand introduces a novel architecture that amalgamates the bene�ts

of hydraulic and electric systems. The primary objective of this research work is to

develop and validate a motion control solution speci�cally tailored to HHEA. The

thesis is structured into eight comprehensive chapters, providing a comprehensive
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understanding of the architecture and developing a control solution to demonstrate

its controllability.

Chapter 1 commences by providing a comprehensive overview of the existing

architectures and identifying the need for a new hybrid architecture. This chapter

highlights the de�ciencies in the existing architectures and establishes the necessity

for a new architecture that overcomes these limitations. Additionally, the chapter

outlines the objectives and scope of the thesis, along with an examination of

various control strategies from the literature.

In Chapter 2, a detailed discussion of the proposed Hybrid Hydraulic Electric

Architecture (HHEA) is presented. The chapter describes the components of the

system and their interactions, both physical and mathematical. Furthermore, the

governing equations that serve as the basis of the proposed model are elaborated

upon.

In Chapter 3, the overall control architecture of HHEA is presented. The

motion control objectives are formulated and the control strategy is discussed

catering to the unique challenges faced by HHEA.

Chapter 4 formulates a nominal control strategy for the HHEA, and the con-

trol law is derived using the chosen control strategy. This chapter also discusses

the implementation of the control strategy and its e�ectiveness in regulating the

system. Additionally, the chapter elaborates upon the constraints imposed on the

control system and how they are managed.

In Chapter 5, the need for transition control to improve tracking performance

during a pressure rail switch is highlighted, and a control law based on Least
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Norm Control is proposed for HHEA. The chapter illustrates the e�ectiveness of

the transition control and its contribution to improving the performance of the

HHEA.

Chapter 6 validates the developed motion control strategy using two test rigs

with 200-bar and 300-bar maximum pressure capacities respectively. The chapter

demonstrates the trajectory tracking performance of the proposed motion control

strategy, thus establishing its e�ectiveness.

In Chapter 7, the HHEA is retro�tted onto a backhoe arm to evaluate the

human interaction with the architecture. The chapter presents the results ob-

tained from the human operator's control of the backhoe arm using a joystick and

discusses the implications of these results.

Finally, Chapter 8 presents concluding remarks, summarizes the overall contri-

bution of the thesis, and discusses the future scope of the proposed architecture.

This chapter highlights the potential impact of the HHEA in various industries

and applications and the possible avenues for further research in this �eld.

In conclusion, this thesis presents a comprehensive study of Hybrid Hydraulic

Electric Architecture (HHEA) and its control strategy. The proposed architecture

combines the best of both hydraulic and electric systems while minimizing their

individual drawbacks. This research work contributes to the development of a

precise motion control strategy that is speci�cally tailored to the needs of HHEA.

The control strategy is validated experimentally to demonstrate the controllability

of HHEA.
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1.5 Chapter summary

O�-road mobile hydraulics are a signi�cant contributor to CO2 emissions and

energy consumption. It is extremely important to improve the e�ciency of these

machines to reduce emissions and save operating costs. The state-of-the-art Load

Sensing architecture su�ers from signi�cant throttling losses and is unable to

recuperate energy from regenerative loads. The literature review discusses several

architectures (hydraulic only, electric only, hybrid) that are more e�cient than

Load Sensing but there are still some drawbacks. This leads to the development of

a Hybrid Hydraulic Electric Architecture that combines the bene�ts of hydraulic

and electric technologies in a cost-e�cient package to improve system e�ciency.

Despite the excellent energy-saving potential of HHEA, the precise motion

control of mobile machines is crucial for their e�ective utilization. This thesis

recognizes the potential of HHEA and focuses on developing control strategies

speci�cally tailored to its unique architecture. The literature review on various

control strategies discussed points to a general framework for similar architec-

tures but HHEA requires a tailored motion control solution. By devising and

implementing an e�ective control strategy, this thesis aims to demonstrate the

controllability of HHEA which will help to reap the energy-saving bene�ts along

with the e�ective utilization of o�-road mobile machines.
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Chapter 2

The Hybrid Hydraulic Electric

Architecture (HHEA)

The Hybrid Hydraulic-Electric Architecture (HHEA) proposed by Li et al. [6]

represents an innovative approach that combines hydraulic and electric compo-

nents, providing throttle-less and regenerative 
ow control in mobile machines.

This architecture presents several advantages, such as improved energy e�ciency,

regeneration capabilities, and control performance, while also being cost-e�ective

and utilizing smaller electric components.

This chapter aims to provide a comprehensive description of the HHEA and

its main components, which include the Common Pressure Rails (CPRs) and the

Hydraulic Electric Control Module (HECM). Furthermore, the performance of

HHEA concerning other architectures has been reviewed, highlighting its potential

for adoption in o�-road mobile machines.
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Figure 2.1: The hybrid hydraulic-electric architecture (HHEA) with 3 services and
3 pressure rails at 0 MPa, 17.5 MPa, and 35 MPa. The electric generator/motor
at the engine is optional [6].

To better understand the HHEA system, a mathematical model based on the

governing dynamic equations has been formulated. This will enable us to de�ne

the control objective of the architecture more precisely. Overall, this chapter aims

to provide a thorough understanding of the HHEA architecture and its bene�ts,

thereby facilitating its adoption in the industry.
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2.1 Architecture

The HHEA architecture is designed to provide the majority of the system power

hydraulically and e�ciently, while electric drives are used to modulate the power.

The foundation of the architecture lies in a set of Common Pressure Rails (CPRs)

and a Hydraulic Electric Control Module (HECM) that controls each degree of

freedom.

2.1.1 Common Pressure Rails

The multiple common pressure rails as shown in �gure 2.1 act as the source and

sink for hydraulic power. The common pressure rails are generated e�ciently

by a single centralized hydraulic power supply consisting of a �xed displacement

pump and an electric motor/generator. This supply can be used to alternately

connect the outlet, and possibly the inlet as well, of the �xed displacement pump

to multiple pressure rails or unload it. This approach enables the pump to always

operate e�ciently at full displacement. Frequent switching of the supply pump

or large variations in the pressure levels of the pressure rails can be avoided by

installing accumulators on each rail with su�cient capacities. The accumulators

also allow for e�cient regeneration to occur without �rst motoring the power

supply, thus avoiding the conversion losses associated with power cycling [47].
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Figure 2.2: Hydraulic Electric Control Module for Linear Actuator [6].

Figure 2.3: Illustration of hydraulic forces generated using common pressure rails,
electric actuation force (from HHEA or EHA), and the desired actuator force
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2.1.2 Hydraulic Electric Control Module

The Hydraulic Electric Control Module (HECM), as depicted in �gure 2.2, com-

prises a �xed displacement hydraulic pump/motor mechanically coupled to an

electric motor/generator and a set of switching valves. The switching valves se-

lectively connect the pump/motor and the cap side of the actuator to the Common

Pressure Rails (CPR). The electric motor-driven pump/motor is connected in se-

ries with the selected CPR and the hydraulic actuator. The HECM controls the


ow and direction of the hydraulic power to the actuators and helps in power

modulation. This con�guration allows for precise control of the actuator's 
ow by

regulating the HECM pump/motor speed. For rotary actuators, the pump/motor

and electric drive can be directly coupled to the load, o�ering a more e�cient

path for actuation and energy recovery.

2.1.3 Working principle

The linear actuator connected to the HECM as shown in �gure 2.2 had to satisfy

desired load and speed requirements during a duty cycle operation. To generate

the necessary hydraulic force for each degree of freedom, a pair of pressure rails

is chosen using the switching valves for the pump/motor inlet and the actuator's

return port. A combination of CPRs is selected and the HECM's electric motor

torque is used to provide the desired actuator force. To control the actuator's

motion, the HECM regulates the speed of the electric motor, which in turn cor-

responds to the actuator's speed. By adjusting the electric motor speed, the 
ow

of hydraulic 
uid to the actuator can be precisely controlled, allowing for smooth
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and accurate actuation.

In the case of linear actuators, with three Common Pressure Rails (CPRs),

there are 32 = 9 possible combinations for connecting the pressure rails to each side

of the actuator. The hydraulic force produced by each combination is determined

by the equation:

Fhyd = PA Acap � PB A rod (2.1)

where PA and PB 2 [Ptank ; Pmid ; Phigh ] and Acap and A rod are the capside and

rodside areas of the actuator. The hydraulic force can be modulated by bucking or

boosting the selected pressure by actuating the electric motor. The force provided

by the electric motor is given by:

Felec = A rod
2�
D

Telec (2.2)

where Telec is the electric motor torque and the total force of the actuator is

Fact = Fhyd + Felec. The HHEA system utilizes the electric motor torque (Telec)

and the hydraulic force (Fhyd) to produce the required actuator force (Fact). The

9 possible hydraulic forces that the common pressure rails can produce are rep-

resented by the horizontal lines in �gure 2.3. The actuator force requirement

(represented by the red curve) can be achieved by selecting the CPRs that cor-

respond to a hydraulic force close to the desired actuator force. In this way,

the electric actuation only needs to provide the di�erence between the hydraulic

force and the desired actuator force. In contrast, an electric-hydraulic actuation
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(EHA) system would require the electric motor to provide the entirety of the de-

sired actuator force as shown in �gure 2.3, without the bene�t of hydraulic force

assistance. Therefore, the HHEA approach can signi�cantly downsize the electric

motor compared to an EHA.

The utilization of only 2 common pressure rails (CPRs), which includes the

return CPR, in the Hybrid Hydraulic-Electric Architecture (HHEA) can result

in a reduction of 50% in the required torque and hence the size of the electric

drive, compared to a conventional electrically driven Electro-Hydrostatic Actua-

tion (EHA) without any hydraulic support (as depicted in �gure 1.7). With the

inclusion of three or four CPRs, the electric motor can be signi�cantly downsized

and CPRs pressure levels can be also optimized to reduce electric motor torque

even further [48][49].

2.2 HHEA beni�ts

The proposed Hybrid Hydraulic-Electric Architecture (HHEA) combines electri-

cal actuation and hydraulic actuation in a complementary manner to improve

e�ciency, performance, and compactness simultaneously. This architecture is ex-

pected to have the following features:

1. Hydraulics as the majority means of power transmission: In the HHEA,

hydraulics is used as the primary means of power transmission. This means

that hydraulic power is used to transmit power between the engine and

the hydraulic motors, and between the hydraulic motors and the machine's
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actuators.

2. Centralized hydraulic power supply: The HHEA uses a centralized hydraulic

power supply to feed the pressure rails. This is a more e�cient method than

having individual pumps for each hydraulic actuator.

3. Since the hydraulic system is more e�cient the engine does not need to

do as much work. Also, with the accumulators, the instantaneous engine

operation can be decoupled from that of the rest of the circuit thus allowing

the engine operation to be optimized.

4. Throttle-less control: Throttling is not used for control in the HHEA. In-

stead, precise control of hydraulic power is achieved via the electric power

inverter and the electric drive. This allows for better control and improves

e�ciency. This is in contrast to other common pressure rail systems [50].

5. Reduced size of electric drives: The HHEA reduces the size of the electric

drives (motor/generator and inverter) compared to systems with only elec-

tric actuation. This is because the hydraulic system takes over most of the

load from the electric drives, reducing their workload.

6. Fixed displacement hydraulic pump/motors: The HHEA uses �xed displace-

ment hydraulic pump/motors, which ensure high hydraulic e�ciency. These

pumps/motors are more e�cient than variable displacement pumps/motors.

7. Recuperation of regenerative energy: The HHEA can recuperate regenera-

tive energy either electrically or hydraulically. This means that the energy
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generated by the machine during deceleration or braking can be stored and

reused.

8. Energy storage: Energy can be stored either in hydraulic accumulators or

electric batteries. This allows the machine to store energy and use it when

needed.

9. Highly modular: The HHEA is highly modular and applicable to many

platforms. This means that it can be used in a wide range of machines,

including excavators, wheel loaders, skid steer-loaders, mowers, etc.

10. Integration of electric motor and hydraulic pump: The integration of the

electric motor and hydraulic pump in the HHEA improves power density

and reduces cost [51][52]. This is because it eliminates the need for addi-

tional bearings and shaft seals, reduces the number of energy conversion

stages, improves the power density of the electric motor and motor drive

electronics enabled by hydraulic cooling of the electric components, and im-

proves control response by reducing the rotational inertia of the integrated

electric-hydraulic machine.

In summary, the proposed HHEA combines electrical and hydraulic actuation in a

complementary manner to improve e�ciency, performance, and compactness. By

using hydraulics as the primary means of power transmission, a centralized hy-

draulic power supply, and �xed displacement hydraulic pumps/motors, the HHEA

can achieve higher e�ciency and power density than systems with only electric

actuation. Moreover, by using both electric and hydraulic energy storage, it can
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recuperate regenerative energy and store energy for later use. The HHEA is highly

modular and applicable to a wide range of machines, and its integration of the

electric motor and hydraulic pump can improve power density and reduce cost.

2.3 HHEA compared with other architectures

Siefert et al. [7] has compared the HHEA with STEAM [50] (popular multiple

CPR-based architectures) and the Load Sensing Architecture discussed in chap-

ter 1 for a 5-ton excavator and a 20-ton wheel-loader. The Load Sensing archi-

tecture is used as the baseline for this study. The STEAM architecture also uses

common pressure rail like HHEA but instead of HECM it uses throttling valves

to throttle to required service pressure. Figure 2.4 compares the energy distribu-

tion in the Load Sensing Architecture with HHEA for a 5 ton excavator using 3

pressure rails. As it can be seen almost 50% of the energy is lost in throttling

which reduces the e�ciency of load sensing architecture. While in HHEA there is

58% energy saving when compared to load sensing. There is also a reduction in

main pump losses. Based on the comparison results presented in �gure 2.5, it was

observed that the HHEA and the STEAM architecture both o�er energy-saving

bene�ts in comparison to a load-sensing baseline.

For a system with three common pressure rails (CPRs), the HHEA was found

to save between 62-70% of input energy in comparison to the load-sensing base-

line, while STEAM saved 34-43%. In a system with �ve CPRs, the HHEA saved

between 69-81% of input energy compared to the load-sensing baseline, while
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Figure 2.4: Comparison of Load sensing with HHEA for 5t excavator [7]
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Figure 2.5: Trade-o� studies for a 22-ton excavator comparing HHEA with
STEAM for di�erent numbers of common pressure rails [7]

41



Figure 2.6: Hydraulic Electric Control Module

STEAM saved 60-69%. Furthermore, it was shown that the HHEA utilized ap-

proximately 30% less energy than STEAM. This shows that HHEA has great

energy-saving potential. The incremental energy saving potential of moving to

higher common pressure rails is better for STEAM than HHEA. It has also been

shown in �gure 2.5 that the torque requirement for the electric motor used in the

HHEA architecture is 70-85% smaller than a similarly sized EHA. This shows how

HHEA can signi�cantly downsize electric components thereby saving cost.

2.4 System modeling

In this section, a dynamic model of the HHEA has been built based on the gov-

erning equations. All the components of the HHEA as shown in Fig. 2.1 has
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been modeled and simulated in Matlab Simulink. In HHEA, there areN common

pressure rails which are at di�erent nominal pressures (PR1; : : : ; PRN ). The pres-

sure on these rails is regulated by an accumulator and they are fed by a common

pump/motor. For the system model, it is assumed that the rails are at constant

pressure. For each degree-of-freedom, there is a hydraulic-electric control module

(HECM �gure 2.6) that combines hydraulic power from the pressure rails with

electric power to actuate the linear degree of freedom. The actuator with which

the HECM is connected can be modeled as follows:

M •x = PcapAcap � ProdA rod � FL � f (2.3)

where •x is the acceleration of the actuator.Pcap is the cap side pressure of the

actuator and Prod is the rod side pressure.Acap and A rod are the respective cap

and rod side areas.FL is the load force acting on the actuator andf accounts for

viscous friction and static friction of the actuator. The pressure dynamics for the

actuators can be modeled as:

_Prod =
�

Vrod (x)
(QHECM + A rod _x) (2.4)

_Pcap =
�

Vcap(x)
(Qcap � Acap _x) (2.5)

Here � is the bulk modulus of the 
uid and it can be assumed to be constant.

Vrod and Vcap are the volumes of 
uid on the cap and the rod side of the actuator

and they are a function of the position of the actuator(x). Vrod (x) = Vor � A rodx
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and Vcap(x) = Voc + Acapx, whereVor and Voc is the initial volume in the rod and

the cap side of the actuator. The 
ow on the rod side of the actuator is supplied

from the HECM pump which is driven by an electric motor. The HECM pump


ow can be modeled as :

QHECM =
Dw
2�

(2.6)

Here D is the displacement (per revolution) of the HECM pump andw is the

angular speed of the pump and of the motor as they are coupled together. The

torque from the electric motor drives the pump and this can be modeled as:

J _! =
(PB � Prod )D

2�
+ Tm (2.7)

Here J is the inertia of the electric motor and the hydraulic pump/motor.PB is

the pressure at the inlet of the HECM pump.Tm is the torque from the electric

motor. Unlike the rod side, the cap side of the actuator is directly connected to the

switching valves. The HECM pump inlet is also connected directly to the switch-

ing valves. The switching valve needs to be modeled in order to determine the 
ow

coming in the cap side of the actuator and the inlet of the HECM pump/motor,

The switching valve can be modeled by considering the spool dynamics of the
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valve and the ori�ce equation.

xs(s) =
w2

n

s2 + 2�w ns + w2
n

(2.8)

Qcap = kvxs

q
jPRc � Pcapjsign(PRc � Pcap) (2.9)

QRr = kvxs

p
jPRr � PB jsign(PRr � PB ) (2.10)

Here xs is the valve spool position,wn is the natural frequency and� is the

damping ratio. The valve constantkv is a valve parameter. The valve constant

determines the sizing of the valve.PRc and PRr are the cap and rod side pressure

rail selection and they belong to the setf PR1; : : : ; PRN g. QRr is the 
ow from the

rails on the inlet of the pump. The pressure dynamics between the pump and the

switching valve can be modeled as :

_PB =
� (QRr � Qrod )

Vrail
(2.11)

The mathematical model and equations presented here provide a foundation for

analyzing and controlling the HHEA system. By using these equations, we can

optimize the system design and control parameters to achieve the desired control

objectives. Ultimately, a better understanding of the HHEA system dynamics can

lead to the development of more e�cient and reliable hydraulic systems.
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2.5 Chapter summary

The proposed Hybrid Hydraulic-Electric Architecture (HHEA) combines electri-

cal and hydraulic actuations to improve e�ciency, performance, and compactness.

The HHEA uses hydraulics as the primary means of power transmission, a cen-

tralized hydraulic power supply, and �xed displacement hydraulic pumps/motors

to achieve higher e�ciency and power density. It can also recuperate regenerative

energy and store energy for later use. The HHEA is highly modular and appli-

cable to a wide range of machines, and its integration of the electric motor and

hydraulic pump can improve power density and reduce cost. HHEA saves more

energy than both Load Sensing and STEAM. For a system with three CPRs,

HHEA saved 62-70% of input energy compared to the load-sensing baseline, while

STEAM saved 34-43%. For a system with �ve CPRs, HHEA saved 69-81% of

input energy compared to the load-sensing baseline, while STEAM saved 60-69%.

HHEA also has the potential to downsize electric components and save costs.

The HHEA system has been modeled with pressure and inertial dynamics, and

the motion control system will be designed based on these governing equations. In

the next chapter the dynamics equations would be used to formulate the control

objective and develop the control architecture.
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Chapter 3

Control Architecture

The Hybrid Hydraulic Electric Architecture (HHEA) o�ers signi�cant potential

for energy savings compared to state-of-the-art systems. However, precise motion

control is imperative for the scalability and utility of this architecture. It is essen-

tial to note that a major part of the everyday utility of o�-road mobile machines

depends on their motion control capabilities.

This chapter provides a high-level understanding of the control objectives and a

preview of the proposed control strategy. The HHEA has unique requirements for

control compared to the Electro-Hydraulic Actuator (EHA), which was discussed

in the review of control systems provided in the introductory chapter. Therefore,

a core contribution of this thesis is to demonstrate the controllability of HHEA,

and this chapter lays out the high-level design of the motion control system.
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Figure 3.1: Hydraulic Electric Control Module

3.1 Control objective

Before designing the controller for the Hybrid Hydraulic Electric Architecture

(HHEA), it is crucial to establish the motion control goals of the system. The

HHEA consists of a Hydraulic Electric Control Module that can be retro�tted to

an existing hydraulic actuator. The motion of the hydraulic actuator is controlled

by an operator. Therefore, the primary goal of the motion control system is to

ensure that the motion of each actuator follows the operator's commands precisely.

The control system should be able to achieve this goal reliably and e�ciently. To

better understand the control objective here are the system dynamic equations

which are discussed in detail in chapter 2 :
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M •x = Pcap(t)Acap � Prod (t)A rod � FL (t) � f (t) (3.1)

_Prod =
�

Vrod (x(t))
(Q(t) + A rod _x(t)) (3.2)

Q =
D
2�

! (t) (3.3)

J _! =
(PB (t) � Prod (t))D

2�
+ TM (t) (3.4)

In �gure 3.1 the inlet of the pump-e-motor unit and the cap side of the actuator

are connected to the selected pressure rails. Because these selections can change

discretely PB (t) and Pcap(t) can undergo rapid changes in pressure. In between

a pressure rail transitionPB (t) and Pcap(t) are constant. The electric motor can

buck or boost the pressure fromPB to Prod to meet the duty cycle requirements.

The motion control objective of HHEA is then to utilize the motor torqueTM to

make the actuator position (x) track the desired positionxd(t) trajectory speci�ed

by the operator. It is assumed thatxd(t), _xd(t), •xd(t) and as well as the external

load acting on the actuatorFL (t) are known as of now. In addition, the desired rail

selections at any time are assumed to have been determined by another controller

concerned with maximizing energy saving [48][53].

Although the HHEA o�ers numerous bene�ts, its reliance on downsized electric

motors as a core principle can present limitations in terms of available torque for

control. Hence, the control objective needs to be achieved with limited electric

motor torque TM . It is important to note that the operator expects the actuator to

move exactly as commanded, making the control system responsible for achieving
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this. With this objective in mind, the motion control system is designed to ensure

precise motion control for HHEA

3.2 Control strategy

The HHEA control strategy incorporates two levels of control design, namely the

high-level controller and the low-level controller. The primary responsibility of

the high-level controller is to select the appropriate pressure rail for the system.

The pressure rail selection plays a crucial role in both reducing the size of electric

components and maximizing the energy-saving potential of the architecture. To

achieve this, the high-level controller determines the pressure rail choices through

an optimization process (currently o�ine when the desired trajectory is known),

which is carried out over a known drive cycle. The objective of this optimization is

to minimize losses in the system. A detailed study of the optimization method used

to choose the optimal pressure rails has been discussed in [48] [53]. Furthermore,

the rail switch decision also considers the switching losses [49]. The output of the

high-level controller includes the pressure rail selections on both the cap and rod

side of the actuator, which are then fed to the low-level controller.

The low-level controller plays a critical role in the motion control of HHEA.

Although some of the control strategies discussed in chapter 1 have been imple-

mented on EHA systems, the HHEA system poses a unique challenge to motion

control. This is due to the discrete pressure changes that occur when the pres-

sures for the pump/motor inlet (PB ) and the cap side of the actuatorPcap switch
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from one selection to another. These changes are necessary to either maximize

system e�ciency or keep the system within the torque capability of the electric

motor. The sudden jump inPB (t) and Pcap(t) can cause jerks in the position of

the actuator (x) as it can be seen from equation (3.1).

Compared to EHA systems, the discrete nature of the pressure changes in

HHEA adds complexity to the motion control process. The low-level controller

must be able to quickly and accurately adjust the system to the changing pres-

sure rails while maintaining the desired performance speci�cations. This requires

a precise understanding of the dynamics of the HHEA system and careful consid-

eration of the system's energy consumption, response time, and stability. Overall,

the unique challenges posed by HHEA require a specialized approach to motion

control that accounts for the system's discrete pressure changes. However, with

an e�ective low-level controller, HHEA can achieve improved performance, energy

e�ciency, and overall system reliability.

The control of the HHEA system in the presence of discrete pressure switches is

a challenge that has also been encountered in other systems, such as the switched

mode hydraulic transformer. In the control of the switched mode hydraulic trans-

former by Lee et al [20], a bumpless transfer strategy was implemented by delaying

the mode switch such that the controller could know about the switch slightly be-

fore the actual switch occurred. This allowed for a smooth transition between

di�erent modes and helped to maintain stability in the system.

There are other studies with similar bumpless transfer concepts. Ding et al.

proposed a bumpless mode switch approach for independent metering systems
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that can solve the instability and chattering problems caused by the discrete

switches [54]. The proposed approach includes a dynamic dwell-time switch and a

bidirectional latent tracking loop. This strategy is veri�ed by a mini-excavator and

shown to improve energy e�ciency without reducing motion control performance

compared to conventional valve control systems.

Malloci et al. [55] presents a bumpless transfer controller for discrete-time

switched linear systems that reduce the transient behavior by activating at every

switching time. The controller is designed using a linear quadratic optimization

problem and provides dwell time conditions for assessing the asymptotic stability

of the closed-loop switched system. Herbst et al. [56] examined discrete-time vari-

ants of active disturbance rejection control (ADRC) and extended them to meet

practical requirements such as bumpless transfer and control signal limitations.

This idea is very commonly used in power electronics mode switching.

Heybroek et al. [57] implemented a Model Predictive Controller (MPC) on a

multi-chamber actuator, which has a design similar to HHEA in that it is able

to generate discrete hydraulic forces. The MPC controller was implemented on

an excavator and used solely for mode switching. The results of their study

demonstrated that the MPC controller was able to e�ectively reduce force spikes

during discrete force level switches. Although the primary focus of Heybroek's

study was on force control rather than motion control, the reduction of force spikes

during mode switches can also contribute to smoother transient motion. The

reduction of these spikes can help to improve the overall performance and stability

of the system by minimizing the impact of discrete force changes on the system's
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Figure 3.2: Overview of control strategy for HHEA

response. A major limitation of using MPC controller is that it is computationally

very expensive. Many other approaches to using bumpless transfer in hydraulics

and aerospace applications have been explored by researchers around the world

[58] [59] [60].

In the context of the HHEA system, similar strategies to those discussed ear-

lier can be utilized to design a separate transition controller that can antici-

pate discrete pressure changes occurring during pressure rail switching, leading

to smoother transitions and better overall system performance. By using a pre-

dictive control strategy, the transition controller can adjust the system's behavior

accordingly. Additionally, a nominal controller can be designed to maintain de-

sired performance speci�cations under normal operating conditions. The nominal
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controller is used in between two pressure rail switches which accounts for the

majority of operating time. The combined control strategy is shown in �gure 3.2,

where the high-level controller aims to save energy while the low-level controller

is responsible for motion control. The low-level motion control strategy in turn

uses two di�erent controllers: a nominal and a transition controller to handle

motion control between pressure rail switches and during pressure rail switches

respectively. The nominal and transition controllers will be discussed in detail in

chapter 4 and chapter 5, respectively.

3.3 Chapter summary

This chapter highlights the crucial role that motion control performance plays in

the e�ectiveness of o�-road mobile machines. The speci�c focus is on de�ning

the motion control objectives for HHEA, which is achieved by tracking a prede-

termined position trajectory using electric motor torque as the primary control

input. The trajectory's duty cycle is predetermined, and the actuator is subject to

a load, while pressure rails switch on the cap side of the actuator and inlet of the

HECM pump. By successfully achieving these objectives, the HHEA can operate

at its optimal level, delivering the required performance for its intended appli-

cation. The control strategy for HHEA is designed with a two-tiered approach,

consisting of a high-level and a low-level controller. The high-level controller is

primarily responsible for optimizing energy e�ciency within the system by mak-

ing informed pressure rail selections. On the other hand, the low-level controller
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focuses on motion control of the HHEA, which is essential for achieving the de-

sired position trajectory. To accomplish this, the low-level controller employs

a nominal controller that handles the motion control between two pressure rail

switches. Additionally, a separate transition controller is used to manage motion

control during pressure rail transitions. The combination of both high and low-

level controllers allows for e�cient and precise motion control while also achieving

maximum energy e�ciency, resulting in optimal performance of the HHEA.
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Chapter 4

Nominal Controller

The proposed control design for the HHEA system involves a main controller that

comprises two levels of control: a high-level controller and a low-level controller.

The high-level controller focuses on the optimal selection of pressure rails to min-

imize energy losses [48], and the low-level control is used for motion control. The

pressure rail con�gurations selected by the high-level controller are then fed to

the low-level controller. The high-level control strategy is not the subject of the

proposed research.

Since the switching of pressure rails is an essential aspect of the HHEA ar-

chitecture, it is vital to understand the dynamics involved during a pressure rail

switch. There are three possible pressure rail switches for a linear hydraulic ac-

tuator: cap-side pressure rail switch only, rod-side pressure rail switch only, and

both cap and rod-side pressure rail switch. In cases where both pressure rails

are changing, the pressure on the cap side of the actuator will change faster than
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the rod-side pressure, which is limited by the pump 
ow from the HECM. This

pressure mismatch can lead to tracking errors that the controller needs to address.

The low-level controller involves two di�erent controllers for tackling a nominal

case and a transition case.

This chapter will provide a comprehensive explanation of the design process

for the nominal controller, which is utilized during the periods between pressure

rail switches. Additionally, we will investigate the potential outcomes of using the

nominal controller during a pressure rail switch. To achieve this goal, a passivity-

based backstepping control approach has been selected for the nominal controller.

A step by step derivation of the control law is discussed and the controller per-

formance is evaluated. The next chapter, Chapter chapter 5, will explain the

transition controller.

4.1 Nominal control design

Between two pressure rail switches, a constant pressure rail is selected on both

the cap and the rod side of the actuator. The pump can buck or boost pressure

on the rod end of the actuator to extend or retract the cylinder based on the load

force applied. Passivity property has been used in many non-linear systems to get

robust control laws [61]. Using the mechanical systems' physical energy functions

and their change incorporated into Lyapunov functions, a passivity property (with

mechanical power input being the supply rate) can be derived. A whole class

of �xed and adaptive control laws with extensive analysis and arbitrary gains
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have been obtained from the passivity property [62]. The passivity property of

a mechanical system is an extension of the Euler-Lagrange structure, controls

based on such structure have been developed in other domains [63]. A hydraulic

actuator has been shown to be a passive two-port system [43]. Wang et al. [64]

have developed a passivity control framework for mechanical-pressure dynamics in

a hydraulic actuator which is based on the natural physical energy of the system.

This has been incorporated into the popular back-stepping technique so that the

natural physical property of the system can be taken into consideration. With

this, the back-stepping approach can be enhanced so that it is more robust, easier

to tune, and less sensitive to velocity measurement error.

Passivity-based back-stepping control has been used for trajectory tracking of

the hydraulic actuator using hydraulic Transformer [19]. For HHEA, the controller

proposed in [43, 44] where 
ow is the control input can be extended to make torque

from the electric motor as the control input. For the nominal control, we propose

to use passivity-based back-stepping with an integral controller. The integral

controller with a back-stepping design would improve the system's robustness

against modeling uncertainties and external disturbances [65].
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Referring to the system dynamics for HHEA as shown:

M •x = PcapAcap � ProdA rod � FL � f (4.1)

_Prod =
�

Vrod (x)
(Q + A rod _x) (4.2)

Q =
D
2�

! (4.3)

J _! =
(PB � Prod )D

2�
+ TM (4.4)

the control design would proceed successively by assumingProd , QHECM and Tm

as the control inputs. At each step, the Lyapunov function for proving stability is

successively extended to include additional states by adding the energy associated

with that state [19]. The process for the design is as follows:

Consider a system in which the control input is the velocity, _x, and the output

is the actuator position. To track a known desired position trajectoryxd, let the

position tracking error e be de�ned ase := x � xd. Now, let us de�ne the reference

velocity as the control input to achieve stable dynamics :

r := _xd � � pe; (4.5)

Next, since velocity _x cannot be adjusted directly, we consider the control

input to be the rod side chamber pressureProd and the actuator positionx as the

output. Let us de�ne an additional state variable, the reference velocity error,ev
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as:

ev = _x � r (4.6)

An integral term eI de�ned as

_eI = ev (4.7)

is also introduced to compensate for any steady-state errors that may arise due to

factors such as model uncertainties, disturbances, or parameter variations. Now,

the desired rod side pressure can be designed as :

Pd =
1

A rod
(PcapAcap � FL � f � M _r + K vev + K I eI ) (4.8)

whereK v > 0 and K I > 0. Then the reference velocity error dynamics becomes:

M _ev = M (•x � _r )

= PcapAcap � (Pd + ~P)A rod � FL � f � M _r

= � K vev � K I eI � ~PArod (4.9)

where ~P = Prod � Pd. The Lyapunov function can be de�ned as :

V2 =
1
2

Me2
v +

1
2

K I e2
I (4.10)

60



Now we can show that the time derivative of the Lyapunov function on sim-

pli�cation becomes:

_V2 = � K ve2
v � ~PArodev (4.11)

Note that from (4.10) and (4.11), the mechanical system is passive with respect

to the supply rate ~PArodev. As _V2 is negative semi-de�nite when ~P = 0, by

applying Barbalat's lemma, we can showev converges to zero asymptotically.

However, sinceProd cannot be manipulated directly, the design needs to be further

extended.

In the next step, we take into account pressure dynamics in the system and

consider the output 
ow QHECM from the pump/motor as the control input.

Following [43], we de�ne an augmented Lyapunov function using the pressure

error energy function

Wp(x; ~P ; Pd) := Vrod (x)WV ( ~P ; Pd) (4.12)

WV ( ~P ; Pd) :=
Z Pd

Pd + ~P
[eg(Pd + ~P ;P

0
) � 1]dP

0
(4.13)

whereWV ( ~P ; Pd) is the energy density associated with compressing the 
uid from

Pd to Prod = Pd + ~P with

g(Pd + ~P ; Pd) =
Z Pd

Pd + ~P

dP
0

� (P 0)
(4.14)

and � (P
0
) is the bulk modulus at that pressure. For details, please see [43]. This
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is where the passivity-based approach di�ers from a conventional backstepping

approach where a quadratic pressure error term is typically used instead of a

physically motivated Lyapunov function. The augmented Lyapunov function then

becomes :

V3 := V2 + Wp(x; ~P ; Pd) (4.15)

The derivative of the Lyapunov function is given by :

_V3 = � K ve2
v � ~PArodev + _Wp(x; ~P ; Pd) (4.16)

It has been shown in [43] that:

_Wp(x; ~P ; Pd) =
h

~P + WV ( ~P ; Pd)
i

Q � ~PArod _x � V(x)
�
eg(P;Pd ) � 1

� _Pd (4.17)

We de�ne Qd to cancel out the trajectory terms and to make the system stable:

Qd = � A rod r +
Vrod (x) _Pd

�
� � 3

~P (4.18)

where� is the bulk modulus. Using bounds on

�
�
�
�
�

~P
[eg(P1 ;Pd ) � 1]

�
1

� (Pd)

�
�
�
�
�
; and

WV
~P ; Pd

~P2

it can be shown (see [43]) that with� 3 chosen to be su�ciently large, _V3 satis�es
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:

_V3 :� �
�

ev
~P

�
M

2

6
4

ev

~P

3

7
5 + 	( ~P ; Prod;d ) ~Q (4.19)

Here,

	( ~P ; Prod;d ) := ~P + Wv( ~P ; Prod;d ) (4.20)

is the hydraulic e�ort (conjugate to hydraulic 
ow Q), ~Q = Q � Qd is the 
ow

error, andM is a positive de�nite matrix. Eq.(4.19) signi�es that with the control

design, the system is passive with respect to the supply rate, 	(~P ; Prod;d ) ~Q.

The desired pump 
ow can be converted to the desired shaft speed command

for the HECM's e-motor and pump combination as:

Qd =
D
2�

! d (4.21)

Here, D represents the displacement for the pump, and! d is the desired angular

speed of the electric motor.

If the electric motor is capable of accepting a speed reference, the solution

described up to this point is su�cient. In such a case, the electric motor would

have an internal speed control loop or an inner PID control loop. This control

loop enables the electric motor to receive the commanded electric motor torque

as the input and the desired speed as the reference. By utilizing this control loop,

the electric motor can adjust its torque output to achieve the desired speed.

It is also possible to expand the existing backstepping framework by utilizing
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the torque generated by the electric motor,Tm , as a control input to operate the

HECM pump/motor. This is the �nal step with an assumption that the response

of the power electronics is fast enough to generate the desired torque command

as requested. The Lyapunov function for this step includes the rotational kinetic

energy term, which is used to model the dynamics of the combined pump and

electric motor unit. The angular velocity error is de�ned as the di�erence between

the actual and desired angular velocities and is denoted by ~! then the desired

electric motor torque can be de�ned as:

Tm =
D
2�

(Prod � PB � ~P) � � 4~! (4.22)

This makes the angular velocity error dynamics as :

J _~w = �
D
2�

~P � � 4 ~w (4.23)

whereJ is the inertia of the combined pump and electric motor unit and� 4 is a

positive control parameter. The Lyapunov function is de�ned as :

V4 := V3 +
1
2

J ~! 2 (4.24)

Substituting the desired control input in the time derivative of the Lyapunov

function we can show that the time derivative is negative de�nite implying that
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the Lyapunov function decreases with time.

_V4 � �
�

ev
~P

�
M

2

6
4

ev

~P

3

7
5 � � 4 ~! 2 (4.25)

This indicates that V4 and the errorseI , ev, ~P, ~! all converge to 0 asymptoti-

cally. The block diagonal matrix diag(M ; � 4) is positive de�nite with a strictly

positive lower bound for its eigenvalues, andV4 is positive de�nite, which ensures

the stability of the control system. Although the current control input achieves

asymptotic convergence, with slight modi�cation to the Lyapunov function (4.10),

exponential convergence can be proved. One such modi�cation is to rede�ne the

Lyapunov function (4.10) as:

V2 =
1
2

Me2
v + 2�eI ev +

1
2

K I e2
I (4.26)

where� > 0 is a small constant.

The conventional back-stepping approach which employs a quadratic pressure

error term di�ers from passivity-based backstepping control in terms of the re-

quirements for system parameters, parameter uncertainty, and the treatment of

the piston velocity.

Firstly, the actuator volume and bulk modulus are needed only for the feedfor-

ward term in the passivity-based backstepping approach, while both feedback and

feedforward terms in the basic backstepping control equation require knowledge

of these parameters. This makes the passivity-based approach more immune to
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measurement noises and parameter uncertainty.

Secondly, there is a di�erent treatment of the piston velocity between the

two control approaches. The passivity-based approach uses only the reference

velocity, while the traditional backstepping approach actively cancels the actual

piston velocity and feeds back a velocity error.

Finally, the conventional backstepping approach which uses a quadratic en-

ergy function requires tuning additional gain to achieve the required performance.

Moreover, if the gain is not tuned properly, it may lead to unstable or undesirable

control behavior. The passivity-based control strategy discussed in this section

also involves gain tuning that plays a very crucial role in dictating the perfor-

mance of the system. The state error dynamics of the system can be represented

as :

2

6
6
6
6
6
6
6
4

K I _eI

M _ev

Vrod (x)
�

_~P

J _~!

3

7
7
7
7
7
7
7
5

=

2

6
6
6
6
6
6
6
4

0 K I 0 0

� K I � K v � A r 0

0 A r � � 3
D
2�

0 0 � D
2� � � 4

3

7
7
7
7
7
7
7
5

2

6
6
6
6
6
6
6
4

eI

ev

~P

~!

3

7
7
7
7
7
7
7
5

(4.27)

The system matrix consists of di�erent gains such asK I , K v, � 3, and � 4 which

need to be tuned. The goal of tuning these gains is to ensure that the eigenvalues

of the linearized dynamics are real and negative with all the eigenvalues close to

each other. Once the gains are tuned, they can be used to calculate the control

inputs required to achieve a desired state. Speci�cally, the gainsK I and K v are

used to compute the integral and derivative gains for the velocity and position
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controllers, respectively. The gain� 3 is used to calculate the feedback gain for the

pressure controller, and� 4 is used to determine the feedback gain for the motor

velocity controller

To tune the gains, the eigenvalues of the linearized dynamics at typical cham-

ber volume are evaluated. The gains are then adjusted until all the eigenvalues

are real and negative, and all the eigenvalues are close to each other. This ensures

that the system is stable and that the response to disturbances is well-damped.

This methodology can be used to tune the nominal controller for di�erent systems.

4.2 Modi�ed control with exponential conver-

gence

The control law formulated in the preceding section establishes asymptotic sta-

bility. This section derives an alternative algorithm such that exponential con-

vergence can be demonstrated directly from the Lyapunov analysis. The key

di�erence lies in the way that integral error is handled. Due to the integral error,

the previous control algorithm only shows asymptotic stability, not exponential

stability, using direct Lyapunov analysis.

Similar to the previous analysis let us consider a system with velocity as the

control input and position as the control output. Let us de�ne position tracking

error ase = x � xd, wherexd is the desired position. This time, let us de�ne the
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integral error as _eI = e. The reference velocity can be designed as:

r := _xd � 2�! ne� ! 2
neI (4.28)

Here ! n � 0 and � � 0. With this reference velocity,ev de�ned in equation (4.6)

can be written as:

ev := _x � r

:= _e+ 2�! ne+ ! 2
neI

:= •eI + 2�! n _eI + ! 2
neI (4.29)

Note that this represents an exponentially stable system driven byev.

With the rod side pressure as the control input, the desired pressure can be

de�ned as:

Pd =
1

A rod
(PcapAcap � FL � f � M _r + kvev) (4.30)

wherekv > 0 and the reference velocity error dynamics is:

M _ev = � kvev � ~PAr (4.31)

where ~P = Prod � Pd. The Lyapunov function can be de�ned as :

V2 =
1
2

Me2
v (4.32)
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Now we can show that the time derivative of the Lyapunov function on sim-

pli�cation becomes:

_V2 = � kve2
v � ~PArodev (4.33)

Since _V2 is negative de�nite when ~P = 0, we can showev ! 0 exponentially

when ~P ! 0. As ev ! 0 exponentially, we can show from equation (4.29) that

eI ! 0 exponentially also. This indicates that the system has achieved its desired

state. The rest of the proof is similar to the previous analysis from equation (4.11)

- equation (4.24). The Lyapunov function for the �nal step is de�ned as :

V4 :=
1
2

Me2
v + Vrod (x)WV ( ~P ; Pd) +

1
2

J ~! 2 (4.34)

The time derivative of the Lyapunov function becomes:

_V4 � �
�

ev
~P

�
M

2

6
4

ev

~P

3

7
5 � � 4 ~! 2 (4.35)

Compared with (4.34), since there exists
 > 0 such that :

_V4 � � 
V 4

we can showV4 and the errors ev, ~P, ~! all converge to 0 exponentially. The

block diagonal matrixdiag(M ; � 4) is positive de�nite with a strictly positive lower

bound for its eigenvalues, andV4 is positive de�nite, which ensures the stability
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of the control system. Sinceev converges to 0 exponentially from equation (4.29)

we can also showeI to converge exponentially. Hence the system converges expo-

nentially. The state error dynamics of the system can be represented as :

2

6
6
6
6
6
6
6
6
6
6
6
4

_eI

_e

M _ev

Vrod (x)
�

_~P

J _~!

3

7
7
7
7
7
7
7
7
7
7
7
5

=

2

6
6
6
6
6
6
6
6
6
6
6
4

0 1 0 0 0

� ! 2
n � 2�! n 1 0 0

0 0 � kv � A r 0

0 0 A r � � 3
D
2�

0 0 0 � D
2� � � 4

3

7
7
7
7
7
7
7
7
7
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7
7
7
7
7
7
7
7
7
7
7
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(4.36)

Similar to the previous analysis the gains� ,wn , kv, � 3, and � 4 are tuned to make

the eigenvalues real and negative. It is worth highlighting that, despite the suc-

cessful demonstration of exponential convergence in this section, the subsequent

content of the thesis employs the control law established in section 4.1 for all

experimental and simulation results related to the nominal controller.

4.3 Simulation results

The control strategy developed in section 4.1 is implemented on a 21-ton wheel

loader using the HHEA model. This study aimed to evaluate the performance of

the lift cylinder of the wheel loader in tracking a given duty cycle, which was used

to provide reference trajectories and load force. Based on the load force, pressure

rail switches were employed and the tracking performance of the lift cylinder was

observed.
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Table 4.1: Simulation Parameters

Parameter Symbol Value

Cap Area Acap 0.0101m2

Rod Area A rod 0.0075m2

HECM pump displacement D 107 cc
rev

e-motor-pump inertia J 0.004Kgm2

Mass M 1200 Kg

Bulk Modulus � 1:6GPa

velocity error dynamics gain � p 20

Reference velocity error gain K v 1000

Pressure feedback gain � 3 10� 9

angular velocity feedback gain � 4 0.1

The results of the study using the parameters shown in table 4.1 showed that

the controller was able to track the duty cycle with a maximum error of 0.2mm as

shown in �gure 4.1. This indicates that the controller was e�ective in maintaining

the desired position of the lift cylinder throughout the duty cycle. However, it is

important to note that the controller required a peak control input of 2000 Nm

of torque. This suggests that the controller had to exert a signi�cant amount of

e�ort to maintain the desired position of the lift cylinder when the pressure rails

were switching.
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Figure 4.1: Position tracking with pressure rail switches

The HHEA architecture is designed to make the electric components smaller,

which implies that the peak available torque for control is limited. This approach

is based on the core principle that smaller electric components lead to a more

compact and cost-e�ective hydraulic hybrid system. However, it is important to

analyze the e�ects of torque saturation on the position-tracking performance of

the system.

To investigate the impact of torque saturation on the performance of the HHEA

system, a single switch was demonstrated where the cap side pressure rail switches

from 30 Mpa to 40 Mpa and the rod side pressure rail switches from tank to 20

MPa. This switch was designed to simulate the real-world operating conditions of

the wheel loader during a typical duty cycle. The position tracking error during

this switch was demonstrated in �gure 4.4, which shows that the peak error is 0.3
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Figure 4.2: Pressure rail switches

Figure 4.3: Electric motor torque with and without saturation
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Figure 4.4: Position tracking error with and without electric motor torque satu-
ration

mm when a peak torque of 4500 Nm is applied at the start of the rail switch, as

shown in �gure 4.3.

However, when the motor torque is limited to 350 Nm, the position-tracking

performance is a�ected. The peak tracking error increases to 7.1 mm, as depicted

in �gure 4.4. These results indicate that while the passivity-based integral back-

stepping controller can provide excellent trajectory tracking performance when

the electric motor torque is not limited, it is a�ected when the motor torque is

limited during a pressure rail switch. Therefore, a separate controller is required

that can take over control during a pressure rail switch to improve the tracking

performance when a pressure rail switch takes place.

The nominal conditions are de�ned between two consecutive switches and this

condition prevails for a majority of the trajectory. The passivity-based integral
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controller serves as the nominal control for the HHEA motion control system.

In the following chapter, we will delve into the speci�cs of designing a separate

controller to manage pressure rail switches.

4.4 E�ect of parameter uncertainty

Table 4.2: Model paramters

Parameter Symbol Value

Cap Area Acap 0.002m2

Rod Area A rod 0.0012m2

HECM pump displacement D 8 cc=rev

e-motor-pump inertia J 0.0024Kgm2

Mass M 5 Kg

Bulk Modulus � 1:3GPa

Velocity error dynamics gain � p 15

Reference velocity error gain K v 100

Integral gain K I 300000

Pressure feedback gain � 3 10� 10

Damping coe�cient B 1000N=m

Stiction F 600 N
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An investigation was conducted to assess the robustness of the passivity-based

integral backstepping controller against parameter uncertainties in mass, viscous

damping coe�cient, and stiction in a hydraulic cylinder. The controller was in-

tentionally unaware of the correct model parameters (denoted asM , B, and F ),

and a trapezoidal trajectory was utilized for testing purposes, with varying pa-

rameter values provided to the controller. The control gains were maintained at

a consistent level across all cases. The speci�c model parameters are outlined in

table 4.2, and an unchanging load force of 14000 N was applied to the hydraulic

cylinder throughout the experiments.

As depicted in �gure 4.5, the controller demonstrated e�ective tracking of

the desired trajectory even in the presence of parameter variations, exhibiting

no steady-state errors. Notably, the in
uence of uncertainty in stiction became

apparent during the actuator's initial movement. Assuming zero stiction resulted

in a maximum tracking error of 0.6 mm, while overestimating the stiction by

three times led to a peak error of 1.8 mm. Consequently, it can be concluded that

uncertainty in stiction a�ects the initial motion of the actuator, but the controller

promptly adapts and achieves accurate tracking within a short period of time.
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Figure 4.5: Position tracking with parameter uncertainty
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4.5 Chapter summary

Pressure rail switches are crucial components in reducing the size of electrical com-

ponents and improving e�ciency in the Hybrid Hydraulic Electric Architecture

(HHEA). To handle pressure rail switches, the motion control design employs

two di�erent controllers: the nominal controller and the transition controller.

The nominal controller is used between two pressure rail switches and utilizes

a passivity-based integral backstepping controller, which considers the system's

intrinsic energy. This chapter dives into the details of designing the nominal

controller.

The passivity-based controller is an improvement over the conventional back-

stepping design which uses a quadratic energy function. The backstepping design

begins with velocity as the control input and progresses to the �nal stage, where

the electric motor torque is the control input. At every step, each additional term

in the Lyapunov function is inspired by the di�erent energy storage elements in

the system. The nominal controller is capable of tracking the duty cycle even dur-

ing a pressure rail switch when no torque restrictions are applied. However, the

torque required during a switch is very high, which contradicts the core principle

of reducing the size of electrical components.

Therefore, a di�erent controller is needed when the pressure rails are switching

which can reduce the electric motor torque usage during switching. The track-

ing accuracy for nominal cases is less than 0:2 mm, making the passivity-based

framework an excellent choice for the nominal controller in the architecture.
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Chapter 5

Transition Control

The nominal controller is designed to ensure good motion tracking performance

under normal operating conditions. However, when the pressure rails switch, the

pressure error can suddenly become very large, requiring a signi�cant torque input

that exceeds the capabilities of the electric motor/drive. This becomes even more

problematic when both pressure rails switch at the same time. This is a signi�cant

issue because the system architecture is based on the premise that it requires only

small electric machines. Attempting to saturate the torque at its maximum level

in response to the pressure rail switch can lead to a signi�cant increase in tracking

error and it takes a long time for the controller to recover.

To address this issue, the system design includes a short transition period

during which a special transition controller is used. The purpose of this controller

is to minimize the e�ect of the pressure rail changes on motion tracking while

keeping the control input within feasible limits. The transition controller aims
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to reach a state with zero error at the end of the transition period, after which

control is returned to the nominal controller.

This particular approach to managing the transition period between the pres-

sure rail switch is designed to minimize the impact of the pressure rail changes on

the motion tracking performance. By keeping the control input within a feasible

range and aiming for a state with zero error at the end of the transition, the tran-

sition controller helps to ensure that the system remains stable and the motion

tracking performance is not signi�cantly impacted.

The nominal controller operates without any knowledge of the pressure rail

switches. It has to rely on changes in the desired pressure rate to detect potential

switch cases and take action. In this scenario, the nominal controller is reactive

rather than proactive. In contrast, the transition controller can be thought of as

a proactive control mechanism. This means that the controller has prior knowl-

edge of the pressure rail switch events and is designed to mitigate their impact on

motion control performance. By taking control before a switch occurs and mini-

mizing the impact of the switch, the transition controller aims to ensure that the

motion control performance remains stable and that the system is not impacted

by any sudden changes in pressure.

The current chapter provides an in-depth discussion of the design and require-

ments of the transition controller [66], with a focus on addressing the control

problem that arises during a pressure rail switch. To tackle this problem, a Least

Norm Control approach is utilized and the results are presented. Additionally,

a comparison of tracking performance is presented, demonstrating the bene�ts
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of using both the nominal and transition controller together, as opposed to rely-

ing solely on the nominal controller. This �nding reinforces the importance and

advantages of incorporating the transition controller during a pressure rail switch.

5.1 Least Norm Control

In order to drive a system from its starting point to its desired end state in a

�nite duration, multiple control input trajectories can be used. An e�ective way

to calculate the optimal input is through Least Norm Control, which is a control

strategy where the control input is selected in a way that minimizes theL2 norm

of the input, while ensuring that the system satis�es a speci�ed desired behav-

ior, such as reaching a target state. In addition, by minimizing theL2 norm of

the control input, the least-norm control approach provides a mathematical opti-

mization problem that can be easily solved using a variety of numerical methods.

This makes the approach widely applicable to a variety of control problems and

systems and enables researchers to �nd e�cient and e�ective control solutions for

their systems.

The formulation presented in the description is a method to solve the least-

norm control problem for the system:

_X = A(t)X + B(t)u (5.1)

The goal is to �nd the control input u(t) that steers the state from X (t0) = X 0

to X (t f ) = X f at the �nal time t f while minimizing the L2-norm of u(t) [67].
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This problem is posed as a reachability problem and the reachability mapL r is

used to �nd the control input that achieves the desired state transition. From the

transition map of a linear system:

X f � �( t f ; t0)X 0 =
Z t f

t0

� (t f ; � )B (� )u(� )d� (5.2)

The least norm problem is to �nd the u(�) with the minimum L2 norm such that

(5.2) is satis�ed. De�ne the reachability map L r over the period [0; t f ] to be the

�nal state reached from zero initial state (X 0 = 0) by applying the control input

u(�) to be: L r : u(�) 7! X (t f ),

L r [u(�)] :=
Z t f

0
�( t f ; � )B (� )u(� )d�

and let L0
r to be its adjoint for the inner products on the spaces of the inputu(�)

and of the �nal states X (t f ). According to the �nite rank theorem [68], any input

u(�) can be expressed asu(�) = u1(�) + u2(�) where u1(�) is in the range space of

the adjoint of the reachability map L0
r , and L r [u2(�)] = 0. Hence, since theu2(�)

component contributes to theL2 norm of the u(�) but does not contribute to the

output of L r , the optimal input that minimizes the L2 norm input must not have

a u2(�) component but must be in the range space ofL0
r . Hence, the optimal input

is given by:

u(�) = L0
r �

82



for some � 2 < n . Then the Least Norm Control solution can be derived as :

L r [u(�)] = L r L0
r � = ( X f � �( t f ; t0)X 0) (5.3)

From this, we solve for � and u(�):

� = ( L r L0
r )

� 1(X f � �( t f ; t0)X 0) (5.4)

u(�) = L0
r (L r L0

r )
� 1(X f � �( t f ; t0)X 0) (5.5)

With the inner products applied to statesX 1; X 2 2 < n and inputs u1(�); u2(�) as

hX 1; X 2i := X T
1 X 2;

hu1(�); u2(�)i :=
Z t f

t0

uT
1 (� )u2(� )d�

The adjoint L0
r applied to X 2 < n is:

(L0
r X )(� ) = B T (� )� T (t f ; � )

Therefore, the optimal control can be written explicitly as:

u(� ) = B T (� )� T (t f ; � )G� 1(t0; t f )(X f � �( t f ; t0)X 0) (5.6)

G(t0; t f ) :=
Z t f

t0

�( t f ; � )B (� )B T (� )� T (t f ; � )d� (5.7)

where G(t0; t f ) = L r L0
r is the reachability Grammian. This generalized solution
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presented above will be applied for HHEA during a pressure rail switch.

5.1.1 Least Norm Control for HHEA

The least norm solution can be used to compute the optimal torque required from

the HECM electric motor to minimize any deviation from the desired performance

during a pressure rail switch. The dynamics of the system are shown below :

M •x = PcapAcap � ProdA rod � FL � f (5.8)

_Prod =
�

Vrod (x)
(Q + A rod _x) (5.9)

Q =
D
2�

! (5.10)

J _! =
(PB � Prod )D

2�
+ TM (5.11)

The system dynamics has four states : actuator position (x), actuator velocity( _x),

rod-chamber pressure (Prod ) and HECM e-motor/pump speed (w). The transi-

tion period is very short and hence a reasonable assumption of constant rod-side

volumeVrod (x) and constant bulk modulus (� ) during the transition period makes

the state dynamics a linear time-invariant system which can be represented as:

_X = AX + BP

2

6
6
6
6
4

FL (t)

Pcap(t)

PB (t)

3

7
7
7
7
5

+ BUTm (t) (5.12)
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where,

X =

2

6
6
6
6
6
6
6
4

x

_x

Prod

!

3

7
7
7
7
7
7
7
5

; A =

2

6
6
6
6
6
6
6
4

0 1 0 0

0 0 � A rod
M 0

0 �A rod
Vrod

0 �D
2�V rod

0 0 � D
2�J 0

3

7
7
7
7
7
7
7
5

BP =

2

6
6
6
6
6
6
6
4

0 0 0

� 1
M

A cap

M 0

0 0 0

0 0 D
2�J

3

7
7
7
7
7
7
7
5

; BU =

2

6
6
6
6
6
6
6
4

0

0

0

1
J

3

7
7
7
7
7
7
7
5

The pressure railsPcap(t), PB (t), and the load forceFL (t) are characterized as

input disturbances to the system. We assume for the moment that we know the

time course of the input disturbances during the transition period. The goal then is

to use the motor torque (TM (t)) to control the system such that it reaches a desired

�nal state ( X f ) at the end of the transition period (t f ), starting from the initial

state (X (t0)) at the beginning of the transition. The least norm solution makes it

possible to e�ciently calculate the optimal motor torque (TM (t)) required to reach

the desired �nal state, taking into account the initial state, input disturbances,

and desired performance criteria. This allows for precise control of the system,

ensuring that the desired �nal state is reached even in the presence of disturbances.

The solution to the linear system (5.12) with disturbances of pressure rail and
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loads, and with electric motor torque input is:

X (t f ) = �( t f ; t0)X (t0) +
Z t f

t0

�( t f ; � )BP

2

6
6
6
6
4

FL (� )

Pcap(� )

PB (� )

3

7
7
7
7
5

d� +
Z t f

t0

�( t f ; � )BUTM (� )d�
| {z }

L r [TM (�)]

(5.13)

where �( t2; t1) is the state transition matrix of A, L r : < [t0 ;t f ] ! < 4 denotes the

reachability map. The input disturbances and the initial conditions can a�ect the

�nal state of the system, causing deviation from the desired outcome. We �rst

analyze the impact of the disturbances and the initial conditions on the �nal state

X f of the system without any control e�ort (TM ). This helps to understand the

magnitude of the correction needed. This can be de�ned as :

� x := X f � �( t f ; t0)X (t0) �
Z t f

t0

�( t f ; � )BP

2

6
6
6
6
4

FL (� )

Pcap(� )

PB (� )

3

7
7
7
7
5

d� (5.14)

where the �nal state X (t f ) has been substituted by the desired �nal stateX f .

The control input can now be designed to correct the disturbance and guide the

system to the desired �nal state using the least norm solution. The objective

function and constraint equations are:

min
TM (�)

Z t f

t0

T2
M (� )d� ; s.t. � x = L r [TM (�)]
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Since the system (5.12) can be shown to be completely controllable fromTM , the

reachability map L r is surjective and the least norm control can be derived by

applying the equations (5.2)-(5.5) [68]:

TM (�) = L0
r (L r L0

r )
� 1� x (5.15)

Explicitly, it is written as:

TM (� ) = B T
U � T (t f ; � )G� 1(t0; t f )� x (5.16)

G(t0; t f ) :=
Z t f

t0

�( t f ; � )BUB T
U � T (t f ; � )d� (5.17)

As a reminder,G(t0; t f ) is the reachability Grammian andL0
r is the adjoint of L r .

5.2 Scaling the Least Norm Control

The Hybrid Hydraulic Electric Architecture (HHEA) is designed to minimize en-

ergy loss by utilizing multiple pressure rail switches throughout its duty cycle.

While the least norm control solution described earlier provides an e�ective way

to drive the system to a desired �nal state in response to a single pressure rail

switch, computing this solution for each individual switch would require signi�-

cant computation and might be challenging to implement in real-time applications.

Therefore, it is necessary to scale the solution in a way that it can be applied to

all possible pressure rail events, thus making it more practical and e�cient for

real-world applications. To gain insights into the scalability of the solution for
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di�erent switches, we can examine the e�ect of disturbances on the states and the

least norm solution:

� x := X f � �( t f ; t0)X (t0) �
Z t f

t0

�( t f ; � )BP

2

6
6
6
6
4

FL (� )

Pcap(� )

PB (� )

3

7
7
7
7
5

d� (5.18)

TM (� ) = B T
U � T (t f ; � )G� 1� x (5.19)

G(t0; t f ) =
Z t f

t0

�( t f ; � )BUB T
U � T (t f ; � )d� (5.20)

The transition matrix �( t f ; � ) can be precomputed as it is dependent only

on the system dynamics. Although the rod side chamber volumeVrod (x) can

be assumed to remain constant during the transition time, it di�ers for di�erent

transitions. Hence �( t f ; � ) and G(t0; t f ) need to be parameterized by chamber

volume. Furthermore, if the valve dynamics are known, �x expression can be

expressed as a linear function ofX (t0), X f , the old and new values ofPB and

Pcap (Rail changes) as seen in (5.18). The behavior of the pressure rail changes in

the HHEA system during the transition is linked to the dynamics of the switching

valve. Since the previous and current pressure rail selections are known, the

pressure rail dynamics can be estimated using a �lter. This estimation allows

us to determine the exact behavior ofPB (� ) and Pcap(� ) over time by scaling

them with the known magnitude of the current and previous pressure rails. For
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example, the cap side pressure time course can be assumed as :

Pcap(� ) = PR
old + ( PR

new � PR
old)H (t) (5.21)

wherePcap(� ) is the cap side pressure andPR
old is the cap side pressure rail selection

before a rail switch and thePR
new is the cap side pressure rail selection after the

rail switch. H (t) is a second-order �lter that can be estimated experimentally or

from the valve dynamics. In other words, this �lter H (t) is a prediction of how

the pressure in the rails will change based on the previous and current choices

(used for scaling), and the exact course of the pressure changes can be found

by adjusting these predictions according to the known magnitude of the pressure

rails.

The load forceFL (t) is assumed to vary linearly with time between the ini-

tial and �nal loads that are assumed to be known from the duty cycle for the

transition period. The initial states X (t0) are measured in real-time from sensor

measurements and the �nal statesX f are assumed to be known from the duty

cycle data. Therefore, the least-norm control at any timeTM (� ) can be computed

by multiplying a pre-computed kernelL0
r (L r L0

r )
� 1 with a scaling matrix � x.

5.3 Simulation Results

To illustrate the transition control, only the transition controller has been applied,

in simulations, to the rail switching event where the cap side pressure rail switches

from 30 Mpa to 40 Mpa and the rod side pressure rail switches from tank to 20 Mpa
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and the same system parameters are used as table 4.1.The simulation used in this

investigation is an extreme case, where the pressure rail changes are assumed to a

step function. In reality, the pressure rail changes would have associated dynamics

that would be favorable for the controller. The dynamics of the cap and rod side

pressure rails during the transition process can be modeled and incorporated into

the control strategy to improve its performance in real-world applications. The

rod side volume is assumed to be 700 ml and the bulk modulus is kept constant.

The desired trajectories and the pressure rail switches are assumed to be known

ahead of time for these simulations.

The least norm control has been used with motor torque (TM ) as the control

input. The cap-side pressure rail switch has been delayed. Delaying the time

when the cap-side rail switch takes place allows time for the rod-side pressure to

build towards the desired pressure, thus reducing the error during the transition.

The time delay shows up in the cap side pressure time coursePcap(� ). All the four

states (de�ned in equation (5.12) tracking errors have been plotted in �gure 5.1,

where the transition period (t f ) has been varied with a constant 8 ms delay for

the cap side pressure rail. If the transition period is short then the control input

required is higher which has been shown in �gure 5.2. Also, if the transition

period is too long then the tracking error increases as it can be seen in �gure 5.1.

In �gure 5.3 the control input (motor torque) is plotted with di�erent cap side

pressure rail switch delays. It can be seen that for delays between 7-9 ms the

control input is the least.

A comparison between two control strategies: the backstepping controller and
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Figure 5.1: Performance for di�erent transition times - Least Norm Control using
only motor torque as input. Time delay of thePA switching is 8 ms
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Figure 5.2: Torque inputs for di�erent transition times - Least Norm Control
using only motor torque as input. Time delay of thePA switching is 8 ms.

Figure 5.3: Torque input for various cap-side delays - Least Norm Control using
only motor torque as input.
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