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ally and don’t consume a large
amount of energy, a simple and
less expensive throttle valve is
perfectly acceptable for control-
ling the cylinder. Figure 7 shows
two hydraulic diagrams for a
forklift truck. The upper diagram
is the conventional system with
a hydrostatic drive and a load-
sensing system for the cylinders.
The second diagram shows the
CPR- alternative with hydraulic
transformers for the hydrostatic
wheel motors as well as for the
lift cylinder. The other cylin-
ders for tilting and clamping are
controlled directly with valves,
thereby accepting the (limited)
throttle losses.

The CPR-system offers a
simple layout, and strongly re-

duces the complex design and
maintenance of current load-
sensing systems. In principle, the
CPR-system treats the hydraulic
loads (and the power plants) as
modules, which can be attached
or detached from the system as
long as there is enough power
capacity available.

ENERGY RECUPERATION

The possibilities for brake
energy recuperation in loaders,
excavators, and other mobile
machineries are often less than
in on-road applications like gar-
bage trucks and city buses. This
is for a part due to the fact that
loaders and other machines
don’t drive on asphalt but on
sand, mud, and dirt, which re-
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Fig. 7: Comparison of hydraulic circuits for a fork lift truck [28] (7a:
Conventional load sensing and hydrostatic drive system; 7b: Common
pressure rail (CPR) system)
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Fig. 8: (Normalized) engine power for a wheel loader
during a typical loading cycle [38]

sults in a much higher rolling
resistance. Moreover, a loader
needs the kinetic energy of the
vehicle to dig into a pile of dirt.

Still, there are many applica-
tions in which brake energy re-
cuperation can be of importance.
Examples are forklift trucks,
dump trucks, and articulated
haulers, but also for the swing
movement of the upper carriage
of an excavator, energy recuper-
ation could be a significant con-
tributor to a better fuel economy
of the vehicle. Depending of the
size, the accumulators in the
CPR- system can store at least
part of the recuperated energy.
But, first and for all, the accu-
mulators are important for al-
lowing power management and
load separation. The diagram of
Figure 8 shows the variation of
the engine power of a loader dur-
ing a typical loading cycle. The
graph is split for the drive power
and the power needed for the hy-
draulic implements.

The diagram clearly shows
the strong transient power de-
mand of both the drive and the
implement functions of the load-
er. Hydraulic accumulators are
ideal storage devices for power
management in these vehicles.
They are simple and robust, and
they have a high power density,
much higher than electric bat-
teries. Also their efficiency can
be higher than of batteries.

In the Hydrid, batteries are
however not excluded as an op-
tion for storing larger amounts
of energy. By combining a hy-
draulic and an electric ma-
chine, energy from the CPR-
system can be exchanged with
electric batteries. Because the
hydraulic machine will always
operate at a high pressure and
load, the efficiency of this unit
can be high.

Another function of the ac-
cumulators is to avoid load de-
pendency. In a hydraulic system,
the oil flow has to be distributed
across the various hydraulic
loads. Thereby, the oil always fol-
lows the path of least resistance
and a load change on one of the
hydraulic motors or cylinders
can cause a change in the oper-
ating speed of all the other mo-
tors and cylinders. Load sensing
systems compensate for these
load disturbance reactions. In
the CPR-system, the loads are
controlled at the motors and
cylinders (often referred to as
secondary control). The accumu-
lators act as system capacitance
separating the individual loads.

It is to be expected that the
accumulators can play an im-
portant role in recuperating
energy from the hydraulic cyl-
inders. Hydraulic cylinders have
by definition a limited stroke
and hence a limited amount of
energy. On the other hand, the
power transients generated by
the hydraulic cylinders can be
very high, too high to handle
for electric batteries but excel-
lent for hydraulic accumulators.
The hydraulic transformer is the
key enabling technology for dy-
namically managing the power
stream between the accumula-
tors and the hydraulic cylinders,
without loss of productivity.

IMPROVED FUEL ECONOMY

The hydraulic hybrid im-
proves the fuel economy in sev-
eral ways:

e Idle losses of the engine are
avoided.

e Losses of the hydrodynamic
torque converter are avoided.

e The engine is always oper-
ated around the sweet point.

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

e Auxiliaries like steering sys-
tems and cooling fans can be
decoupled from the engine and
optimized from an efficiency
point of view.

It will depend on the kind
of application how much all
of these factors will contrib-
ute to an improvement of the
fuel economy. Eriksson [40] has
calculated that a load sensing
control of a double-acting hy-
draulic cylinder has an efficiency
of around 37%. By means of a
hydraulic transformer, most of
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