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Abstract—This paper presents a hydraulic hybrid vehicle drive train to improve the fuel efficiency of a passenger car. The hydromechanical system demonstrates excellent fuel economy potential, yet requires development work in the area of pump/motors with
high efficiency at low displacement fractions. The fuel consumption of off-road machines is strongly reduced if part load operation of
the engine and throttled control of the hydraulic implements are avoided. This is the aim of the ‗Hydrid‘: a full hybrid hydrostatic
drive train and control system. The Hydrid has hydraulic accumulators for energy storage and power management, hydraulic
transformers for efficient power control, and highly efficient and compact in-wheel motors. System behavior demonstrates that the
new control strategy takes advantage of high power density and efficiency characteristics of hydraulic components, and minimizes
disadvantages of low energy density, to achieve enhanced overall efficiency.EPA is leading the development of hydraulic hybrid
vehicles. This breakthrough technology can cost-effectively reduce emissions and drastically reduce fuel consumption while
maintaining or improving performance. A delivery vehicle is an excellent application for hybrid technology since its service cycles
involve numerous braking events. Hydraulic hybrid technology has significant commercial potential for a wide range of medium-sized
vehicles such as urban delivery trucks, shuttle/transit buses, and waste disposal vehicles.
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1.INTRODUCTION
Global market competition, oil production forecasts, and environmental protection forces are stimulating work on significantly
improved fuel economy of all classes of vehicles. In recent years, fuel consumed by trucks grows at a much faster rate than that of
passenger cars. This is a consequence of increased proportion of light trucks and sport-utility vehicles, as well as a higher demand for
ground transportation of goods. In case of trucks, the availability of new technologies for improved fuel economy is somewhat limited
compared to passenger cars, due to the fact that heavier trucks already use very efficient diesel engines, as well as constraints on the
potential for weight and air drag reduction imposed by payload carrying requirements. Hence, advanced hybrid propulsion systems are
critical to achieving future fuel economy goals for trucks.A major component of global energy consumption is transportation, which
consumes 4.8 billion barrels of crude oil per year. Of the transportation industry, passenger cars consume 2 billion barrels of oil per
year with a value of $100 billion. [1]
A hybrid vehicle contains two sources of power consisting of an internal combustion engine and a second power source that allows
for energy storage. The energy storage is used during braking events and other drive train control strategies to minimize fuel
consumption. Two auxiliary power sources have been found most practical: electric motor/generators combined with batteries and
hydraulic pump/motors combined with hydraulic accumulators.Electric hybrid vehicles have been the first hybrid technology to be
mass produced for the commercial passenger car market. A strength of electric hybrids is the high energy density of electric batteries,
allowing for large energy storage in relatively compact and lightweight batteries. A substantial shortcoming of electric hybrids is the
relatively low power density of both electric motor/generators and batteries at approximately 30-100 W/kg.
Switching the second hybrid power source to hydraulics realizes benefits in a multiple areas:
1) The power density of hydraulic pumps/motors and accumulators is very high at approximately 500-1000 W/kg.
2) Hydraulic components are inexpensive when compared with electrical components, especially advanced battery packs.
3) Certain hybrid architectures allow for independent control of the torque at each wheel, which opens numerous possibilities for
vehicle dynamics control.
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4) Recent and developing technologies such as digital hydraulic valves and high energy density accumulators are improving the
future outlook of hydraulic hybrid vehicles. [1]
A prime advantage of certain hydraulic hybrid drive train architectures is leveraging the intrinsically high power density of the
hydraulic energy storage system through optimal engine management. Internal combustion engines create power most efficiently at
relatively high power levels near the RPM of the peak torque output. Operating at other conditions decreases the energy conversion
efficiency. An optimal engine management scheme runs the engine near the peak efficiency, with a portion of the power being
transferred to the wheels while the additional power is stored. Once the accumulator is charged to a desired state, the engine is shut off
and power for vehicle propulsion is supplied by the accumulator.

Fig 1.1 Basic structure for Hydraulic Hybrid Technology) [2]

2.LITERATURE SURVEY
1. WHY HYDRAULIC AND NOT ELECTRIC?
There are currently many electric hybrid vehicles on the market. Toyota and Honda provide many compact vehicles that utilize the
above technology using electricity instead of hydraulics. Even though the concept is very similar, the properties of hydraulics differ
slightly. The main difference is that hydraulic systems are able to store more energy at a faster rate than an electrical system. This
increase in energy storage is crucial to be able to effectively move and accelerate a heavy diesel engine. There is no practical way to
store the same amount of energy in an electrical system that would be stored in a hydraulic system. The cost would be far too great,
and designing batteries and capacitors to make the system work would be very difficult and inefficient. However a hydraulic system is
much larger than an electrical system which makes is much more reasonable for smaller compact cars which have less space to house
a hybrid system, and which require far less energy to operate effectively. [2]
2. PREVIOUS WORK
This project began in the spring semester of 2008. This was originally a Colorado State University Mechanical Engineering Senior
Design project that began in the fall semester of 2007. The first semester of this project, a large group of mechanical engineers began
to think through the design of the hydraulic hybrid. Most of this semester was spent researching previous experiments and possible
designs that could be applied to this project. Many Simulink models were created in MATLAB to determine experimental predictions
of what the efficiency of the vehicle, what size of vehicle was needed, and how much pressure needed to be stored in order to supply
sufficient power to the vehicle. Also in the fall semester of 2007, the group also purchased a ―test skid‖ from the University of
Michigan. The details of the test skid will be explained in detail in the following section.
There was relatively no electrical engineering work that was done on this project prior to the spring semester of 2008, however
Michael Neuberg and Evan Vleck researched the best methods of controlling this system and came upon a local company in Ft.
Collins called MotoTron. They design controllers (ECU‘s) for high performance vehicles. What made MotoTron the controller of
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choice was its seamless interface between the hardware and MATLAB. The only programming language that is needed is a working
knowledge of Simulink, and the Simulink models can be directly downloaded to the controller. MotoTron agreed to donate the
necessary supplies, software, and technical support to the project.
3. CURRENT WORK
There was a tremendous amount of work that went into the controls design in the spring semester of 2008. The majority of the time
and effort went into understanding, to a very detailed level, what was being controlled and why it needed to be controlled. In the figure
below, there is a schematic of the hydraulic system which illustrates where there are valves, release valves, accumulators, and
displacement controllers.

Fig.2.1 this schematic shows the layout of the hydraulic system
The Hydraulic Hybrid system is broken down into two main parts: the Safety Controller and the Displacement Controller. The safety
controller is very similar to the displacement controller because they both monitor the system for dangerously high speeds and
pressures. When there is a speed or pressure that is read in that exceeds set levels within the controller, the displacement controller is
the fires to react and attempt to adjust the displacement until the system reaches stability. Similar if the pressure is increasing too
rapidly or is reaching critical levels, the displacement controller will set the displacement pump to no longer pump hydraulic fluid into
the accumulator. Should the displacement pump not gain control of the system, or fail completely, the safety controller, which is a
completely separate unit will assume control of the system and turn off the hydraulic system. It will also release any pressure from the
accumulator, and in our test case, it does apply the brakes to reduce any dangerous speeds. [3]

TYPES OF HHV
1.

PARALLEL SYTEM

2.

SERIES SYSTEM

3.

HYDROMECHANICAL DRIVE TRAIN.

3.HYDRO-MECHANICAL DRIVE TRAIN
1. DEVELOPMENT
The hydro-mechanical system discussed in this paper, and shown in Figure, consists of a hydraulic pump/motor mount between the
engine and a mechanical transmission. The output of the transmission and a second hydraulic pump/motor are combined in a planetary
differential. The output of the differential powers the wheels. The two variable displacement pump/motors are connected to a high
pressure accumulator for energy storage. The goal during operation is to transmit as much power as possible through the highly87
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efficient mechanical transmission, while using the hydraulics to allow the engine speed and vehicle velocity to be independent.

Fig 3.1 (Hybrid hydro-mechanical drive train with a single planetary differential)
An innovation of the hydro-mechanical drive train developed by the authors is a method to control the torque at each wheel
independently. Independent control of the torque at each of the wheels opens avenues to an array of vehicle dynamic controls. In
conventional drive trains, active vehicle dynamic controls, such as traction control, are accomplished by applying brakes to individual
wheels. This method is inefficient and imprecise. As a solution to this issue, the authors developed a drive train that allows direct
control of the torque at each wheel through varying the displacement of hydraulic pump/motors.

Fig 3.2(The novel hydro-mechanical drive train with independent wheel torque control. This figure demonstrates the concept
for two-wheel drive wheel.)
The hydro-mechanical drive train with independent wheel torque control is functionally similar to the standard hydro-mechanical
drive train presented in Figure 1, yet the power split is recombined in planetary differentials for each wheel. Figure 2 shows the
concept for independently controlling the torque at both rear wheels. The output of the mechanical transmission enters a right-angle
gear set which contains two directly coupled outputs. These outputs enter planetary differentials which combine the mechanical
branch with one of two hydraulic branches. While Figure 2 is a representation of a two-wheel-drive implementation for clarity, this
drive train can also be implemented for all wheel- drive by adding the front drive shaft, right-angle gear set, and differentials with
pump/motors for each front wheel.

4.ADWANTAGES OF HHT
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Idle losses of the engine are avoided



Losses of the hydrodynamic torque converter are avoided



The engine is always operated around the sweet point



Throttle losses in the control of hydraulic cylinders are minimized
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Energy recuperation can be maximized



Auxiliaries like steering systems and cooling fans can be decoupled from the engine and optimized from an efficiency point
of view.

 40% or more reduction in carbon dioxide, the primary greenhouse gas
It will depend on the kind of application how much all of these factors will contribute to an improvement of the fuel economy.
Eriksson has calculated that a load sensing control of a double acting hydraulic cylinder has an efficiency of around 37%. By means of
a hydraulic transformer, most of these losses could be avoided. As for the drive train, the total efficiency of a pump, a transformer and
the hydraulic in-wheel motors will not be higher than the current mechanical drive train, but it will certainly improve the average cycle
efficiency of the engine. The effects on the fuel consumption will be similar to the full hydrostatic drive train, which is developed for a
truck application.

5.ENERGY MANAGEMENT
A hybrid vehicle requires careful management of the kinetic and stored energy to minimize fuel consumption. The role of the
energy storage device is to capture and release the kinetic energy of the vehicle, while the role of the engine is to provide the power to
overcome the parasitic losses such as aerodynamic drag and rolling resistance. Furthering this concept reveals that the total energy of
the vehicle, defined as the sum of the energy stored in the accumulator, the kinetic energy, and the gravitational potential energy,
should remain approximately constant in an ideal hybrid operation. [5]
Due to the energy storage and high power density of hydraulics, the engine operation is drastically different than a conventional
drive train. The engine is not required to produce large amounts of power for rapid vehicle acceleration. Instead, the engine is sized to
overcome the average parasitic losses and system inefficiencies at the maximum cruising velocity as well as the ability to climb a
grade at a desired velocity. This means that the engine can be dramatically downsized from a conventional drive train without a
negative impact on performance.
As previously discussed, to maximize the efficiency, the engine is only operated at or near the minimum brake specific fuel
consumption. Operating at a fixed angular velocity and torque not only creates the most efficient conversion of fuel to shaft work, but
also allows for other engine optimization options. Current automobile engines are required to operate across a wide range of speed and
torque conditions and are not optimized for a specific operating condition. By designing an engine for a specific operating condition,
the emissions, economy, vibrations, and acoustics can be optimized.
Because the engine is only operated at one torque and angular velocity condition, it must be cycled on and off according to the
charge state of the accumulator. When the accumulator charge drops below a specified level, the engine is turned on. The engine
continues to run, propelling the vehicle and/or storing energy in the accumulator, until the accumulator charge exceeds a specified
high level, at which point the engine is turned off. The vehicle is then propelled solely by the accumulator until the charge drops
below the low charge level, causing the engine to restart.
Using this control strategy, the engine is started and stopped quite often. A sensible method of restarting the engine is using the
hydraulic system. By always keeping an adequate level of charge in the accumulator when the engine is off, the engine can always be
started with the hydraulic unit coupled to the engine, eliminating the need for a conventional electric starter. An exception to this
engine on-off operation is avoiding modes of power recirculation in the hydro-mechanical drive train. This will be further discussed in
the hydro mechanical sub-section. [5]

6.FUTURE SCOPE
This project will never truly be finished. There are always opportunities to make it better, make it more efficient, and make it
cheaper. This semester most of the research and brute force work was done in order to get actual test results and data that can be used
to further develop the design. The bulk of this semester was spent learning the concept of the hydraulic hybrid and how to control it. It
was a huge undertaking to get a test skid and a vehicle up and running on one semester however those goals will be complete by the
end of the semester.
There is a bright future for this project. As stated before, the goal of this semester was just to get everything running. Now begins
the challenge of collecting data and designing a system that will perform most efficiently. One area that will see the largest
improvement over the next year is the automation of the control system. Currently the controls are all set by a user at a computer. In
the next semester, the main goal is to have all settings automatically set by the controller, and the only input from the driver will be
pressing the gas pedal. Having this system completely automated will allow for a more accurate picture of how the vehicle is
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operating. After we collect a lot of data, we will be able to determine what displacements will allow for improved operation, better
fuel efficiency, and reduced emissions.
As fuel prices increase as well as pollution, this project has the ability to provide solutions to both of those issues. Working on this
project was as educational about project management as it was engineering. There was so much to be learned about managing so many
people on such a large scale project. When mistakes were made, deadlines were missed and everyone suffered. It was very neat to see
how operating as a team can accomplish so much and if not organized correctly, can be more inefficient than a smaller team. [4]
As discussed above, the efficiency of the hydraulic pump/motors has much room for improvement, especially when operating at
low displacements. These improvements could come from optimizing existing designs, including the friction surfaces, or with new
designs specifically aimed at high efficiency across a wide operating range. Another approach to improving efficiency is to implement
digital valves to create virtually variable pump/motors from fixed displacement units. One area where digital valves would be
especially beneficial is in operating a hydraulic unit in both directions and as a pump and a motor. With a typical hydraulic unit, this
requires compromises in the valve plate design, which could be eliminated with digitalvalves.
The novel innovation presented in this paper that enables independent wheel torque control needs to be exploited for advances in
the control of vehicle dynamics. While a good deal of research has previously explored these types of vehicle dynamic controls, they
have primarily relied on applying braking systems to certain wheels, which is inherently inefficient. Furthermore, the high torque
capability of hydraulics allows a much greater torque differential between wheels, even allowing anti-lock braking without friction
brakes. This drive train architecture has the potential to spawn completely new vehicle dynamic control options. [4]

7.CONCLUSION
The novel innovation presented in this paper that enables independent wheel torque control needs to be exploited for advances in
the control of vehicle dynamics. While a good deal of research has previously explored these types of vehicle dynamic controls, they
have primarily relied on applying braking systems to certain wheels, which is inherently inefficient.
Furthermore, the high torque capability of hydraulics allows a much greater torque differential between wheels, even allowing antilock braking without friction brakes. This drive train architecture has the potential to spawn completely new vehicle dynamic control
options.
In summary, the hydro-mechanical drive train with independent wheel torque control has the potential for excellent fuel economy in
a passenger vehicle operated in an urban environment. The drive train combines a highly efficient power transmission through the
mechanical branch and infinite speed variation through the hydraulic branch. Through modeling it was demonstrated that the
pump/motor units typically operate at low displacements, creating poor efficiency in the current generation of pump/motors. This
reveals a significant research and development project to develop units that operate efficiently in this regime. Through continued
development and optimization, this drive train offers an attractive alternative to curb increasing energy consumption.
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