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Abstract

A hydraulic system on the vehicle includes a reservoir, a pump that draws fluid from the reservoir
and provides the fluid under pressure to a pump outlet, and a hydraulic cylinder and ram
assembly that has a cylinder port and is mechanically connected to raise and lower the carriage.
The hydraulic system further includes an electrically operated, proportional first valve that
selectively controls a first path through which fluid flows between the pump outlet and the
cylinder port, and an electrically operated, proportional return valve that selectively controls a
second path through which fluid flows between the cylinder port and the reservoir, bypassing the
pump. The hydraulic system operates in a plurality of modes to lower the carriage. In a first
mode, the return valve is closed and the first valve is open to direct fluid to flow from the
cylinder port to the pump outlet. In this lowering mode, the pump operates as a hydraulic motor.
In a second mode, the return valve is open to direct some fluid to flow through the second path
from the cylinder port to the reservoir, and in which the first valve is open to direct other fluid to
flow from the cylinder port to the pump outlet, thereby operating the pump as a hydraulic motor.
Operating the pump as a hydraulic motor in both the first and second modes, causes the pump to
recover energy from the fluid exiting the cylinder through the cylinder port. In one example, the
pump drives an attached electric motor to generate electricity that can be used to power other
electrical functions on the material handling vehicle and to recharge the vehicle battery.
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HYDRAULIC REGENERATION SYSTEM AND METHOD
FOR A MATERIAL HANDLING VEHICLE

Cross-Reference to Related Applications
Not Applicable

Statement Regarding Federally
Sponsored Research or Development

Not Applicable

Background of the Invention

1. Field of the Invention

[0001] The present invention relates to material handling vehicles, such as lift trucks
-and reach trucks, that have electrically operated components and a hydraulic system; and
more particularly to techniques for recovering energy from the hydraulic system to power

the electrically operated components.

2. Description of the Related Art

[0002] Certain material handlihg vehicles have electric motors for driving and
steering the wheels that propel the vehicle across the floor of a manufacturing plant, a
warehouse or similar facility. These material handling vehicles also have a hydraulic
system for raising and lowering a load carrier, such as a pair of forks or a platform.
The hydraulic system has an electric motor that operates a pump which supplies
pressurized fluid. The pressurized fluid is controlled by a valve assembly to operate a

hydraulic cylinder and ram assembly to raise the load carrier.

[0003] The load carrier is lowered by the force of gravity. The rate of lowering is

controlled by opening a valve in a manner that proportionally controls the flow of fluid
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out of the cylinder to a reservoir. The fluid flows out of the cylinder under pressure due
to the force of gravity acting on the load carrier and any load thereon. That pressure is
reduced to the atmospheric level upon the fluid entering the reservoir. Therefore the

energy contained in that exhausting pressurized fluid is lost.

[0004] Some material handling vehicles have a mechanism for recovering the energy
in that exhausting fluid. Instead of routing that fluid directly to the reservoir, the fluid is
directed backwards through the pump to the reservoir, thereby driving the pump as a
hydraulic motor. Driving the pump in that manner also drives the electric motor coupled
to the pump causing the electric motor to act as a generator. The resulting electricity that
is generated is either used to power other active devices on the material handling vehicle

or used to recharge a vehicle battery.

[0005] A drawback of this energy recovery technique occurs at flow rates of the fluid
exhausting from the hydraulic cylihder. Excessively high flow can drive the pump and
electric motor at too great a speed resulting in excessive wear on both devices. Very
high speed also generates electric frequencies that may adversely affect the excitation

system on the vehicle.

[0006] Therefore, there is a desire to be able to recover energy from the exhausting

fluid at high flow rates without adversely affecting the pump-motor combination.

Summary of the Invention
[0007] A material handling vehicle has body and a carriage for carrying a load being
transported, wherein the carriage is raised and lowered with respect to the body. A

hydraulic system on the vehicle includes a reservoir, a pump that draws fluid from the
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reservoir and provides the fluid under pressure to an pump outlet, and a hydraulic
cylinder and ram assembly that has a cylinder port and is mechanically connected to
raise and lower the carriage. The hydraulic system further includes an electrically
operated, proportional first valve that selectively controls a ﬁrst path through which -
fluid flows between the pump outlet and the cylinder port, and an electrically operated,

proportional return valve that selectively controls a second path through which fluid

flows between the cylinder port and the reservoir, bypassing the pump.

[0008] The hydraulic system operates in a plurality of modes to lower the carriage.
In a first mode, the return valve is closed and the first valve is open to direct fluid to
flow from the cylinder port to the pump outlet. In this lowering mode, the pump
operates as a hydraulic motor. In a second mode, the return valve is open to direct some
fluid to flow through the second path from the cylinder port to the reservoir, and in
which the first valve is open to direct other fluid to flow from the cylinder port to the
pump outlet, thereby operating the pump as a hydraulic motor. Operating the pump as a
hydraulic motor in Both the first and second modes, causes the pump to recover energy
from the fluid exiting the cylinder through the cylinder port. In one example, the pump
drives an attached electric motor to generate electricity that can be used to power other

electrical functions on the material handling vehicle and to recharge the vehicle battery.

[0009] In another embodiment, the hydraulic system selectively operates in a third
mode in which the first valve is held closed and the return valve is open to direct all the

fluid from the cylinder port through the second path to the reservoir.

[0010] Another aspect of the present invention provides logic for selecting which

of the three modes to use to lower the carriage at a particular time. The first mode is |
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selected when a desired speed for lowering the load carriage is less than a first level.
The second mode is selected when the desired speed for lowering the load carriage is
greater than the first level and less than a second level. The third mode is selected
when the desired speed for lowering the load carriage is greater than the second level.
As a further variation, the third mode is selected when the desired speed is greater than
the second level, the load carriage is above a given height, and a load on the load

carriage has less than a given weight.

Brief Description of the Drawings

[0011] FIGURE 1 is a perspective view of a material handling vehicle incorporating

the present invention;

[0012] FIGURE 2 is a schematic diagram of the control system for the material

handling vehicle; and

[0013] FIGURE 3 is a schematic diagram of the hydraulic circuit in the control

system.

Detailed Description of the Invention

[0014] Referring initially to Figure 1, a material handling vehicle 10, such as a lift
truck, includes body 14 mounted on wheels 16 and 17 for movement across a floor of a
warehouse or a factory, for example. The body includes an operator compartment 18
with an opening 20 for entry and exit of the operator. The operator compartment 18
contains a multi-function control handle 22 and a deadman switch 24 positioned on the
floor 26. The deadman switch 24 must be closed by the operator’s foot before any of the

motors on the material handling vehicle can operate, which prevents run away operation
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of the vehicle. A steering wheel 28 is also provided in the operator compartment 18.
Although the material handling veﬁicle 10 is shown by way of example as having a
standing, fore-aft operator stance configuration, the present invention is not limited to
vehicles of this type, and can also be used with other kinds of material handling vehicles
including, without limitation, pallet trucks, platform trucks, sideloaders, swing reach
trucks, counterbalanced fork lift vehicles, orderpickers, stacker/retrieval machines, tow

tractors, and other powered vehicles used in a warehouse or a factory to transport, store,

and retrieve items.

[0015] The material handling vehicle 10 includes a vertical mast 30 secured to the
body 14 with a carriage 32 is slideably mounted to the mast for vertical movement
between different positions. A pair of forks 34 form a load carrier that extends from the
carriage 32 to support a load 50 (F igure 2) that is being transported. By manipulating
the multi-function control handle 22, the operator controls the raising and lowering of
the carriage 32 on the vertical mast 30. The mast 30 has multiple sections that telescope
as the carriage 32 is raised. The mast has a minimum height when fully collapsed and

all the sections are retracted.

[0016] With reference to Figure 2, the multi-function control handle 22 and steering
wheel 28 are part of a control system 40 for the material handling vehicle 10. The
control system 40 includes a vehicle controller 42 that is a microcomputer based device
for executing software which controls operation of other components on the vehicle. A
conventional information display 41 and a keyboard 43 enable the operator to interface
with the vehicle controller 42. The vehicle controller 42 also receives operator input

signals from the multi-function control handle 22, the steering wheel 28, a key switch
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45, and the deadman switch 24. In response to those received signals, the vehicle
controller 42 provides command signals to a lift motor control 44 and a propulsion
system 47 that includes both a traction motor control 46 and a steer motor control 48.
The propulsion system 47 provides a motive force for propelling and steering the
material handling vehicle 10 in a selected direction, while the lift motor control 44
governs motion of the carriage 32 along a mast 30 to raise or lower the load 50, as
described below. The material handling vehicle 10 and its control system 40 are

powered by one or more batteries 38, coupled to the vehicle controller 42, propulsion

system 47, and lift motor control 44 through a bank of fuses or circuit breakers in an.

electrical power distributor 52. Although a battery powered material handling vehicle is
being used in the disclosure herein, the present invention also can be used on a vehicle

that is powered by an internal combustion engine or a fuel cell.

[0017] The traction motor control 46 activates an electric traction motor 54 that is
connected to the wheel 16 to provide motive force to the material handling vehicle 10.
The speed and direction of the traction motor 54 are selected by operation of the
multi-function control handle 22. The wheel 16 is also connected to friction brake 56
through the traction motor 54, thereby providing both a service and parking brake
functions for the material handling vehicle 10. The steer motor control 48 is connected to
operate a steer motor 57 and associated steerable wheel 58, in response to the operator
rotating the steering wheel 28. The direction of rotation of the steerable wheel 58 and the
travel control command from multi-function control handle 22 determine the direction of
motion of the material handling vehicle across the floor of a facility in which the vehicle

is used.
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[0018] Operation of the multi-function control handle 22 also designates the speed at
which operator desires to raise and lower the carriage 32. The vehicle controller
responds to that designation by sending a command to the lift motor control 44. The lift
motor control 44 controls application of electric current to a hydraulic lift motor 60 that is
connected to a hydraulic system 62. The hydraulic system 62 propels the carriage 32 and
forks 34 along the vertical mast 30, thereby moving the load 50 up or down, depending
on the direction selected at the multi-function control handle 22. The lift motor 60 drives
a fixed positive displacement pump 64 that produces flow of fluid from a reservoir 66 to
a hydraulic cylinder and ram assembly 68 connected between the body 14 of the material
handling vehicle and the carriage 32. A hydraulic circuit 65 comprises a valve assembly
that controls flow of fluid from the pump 64 to the cylinder and ram assembly 68 to raise
the carriage 32 and at other times controls flow of fluid from the cylinder and ram
assembly back to the reservoir 66. The valve assembly is electrically operated by signals

from the vehicle controller 42.

[0019] A speed sensor 59 provides a signal to the vehicle controller 42 indicating the
speed of the hydraulic lift motor 60. A height sensor 67 detects the height to which the
carriage 32 is raised above a lowermost position closest to the floor. A weight sensor 69

detects the weight of any load 50 that is present on the carriage 32.

[0020] With reference to Figure 3, the hydraulic circuit 65 includes a fluid reservoir
66 connected through an inlet check valve 70 to an inlet 71 of the pump 64. A first path
73 connects an outlet 72 of the pump 64 to a cylinder port 76 of the hydraulic cylinder
and ram assembly 68. That first path 73 is provided by first and second valves 74 aﬂd 75

that are connected in series and are electrically operated by signals from the vehicle
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controller 42. The first valve 74 is a proportional valve that provides high resolution of
flow control and the second valve 75 is a two position valve with open and closed
positions. Many types of proportional valves have some degree of leakage that is
undesirable in this application. As a consequence, the second valve 75, which has
relatively low leakage, is provided to prevent flow of fluid between the pump outlet 72
and the hydraulic cylinder and ram assembly 68 when such flow is not desired.
Alternatively, the second hydraulic valve 75 could be eliminated if the first valve 74 has
relatively low leakage in the closed state. A supply check valve 77 is connected in
parallel with both the first and second solenoid valves 74 and 75 and allows flow of fluid

in a direction from the pump outlet 72 to the cylinder port 76.

[0021] A pressure relief valve 78 is connected between the pump outlet 72 and a
reservoir return line 79 and opens when pressure at the pump outlet exceeds a predefined
level. An outlet check valve 80 is connected so as to provide a path that allows fluid to
flow only in a direction from the reservoir return line 79 to the pump outlet 72. A return
check valve 82 opens to allow fluid flow either from the reservoir return line 79 or the
inlet 71 to the reservoir 66. A manually operated valve 84 is connected between the
cylinder port 76 and the reservoir return line 79 and is operated to lower the load
carriage 32 in the event of a loss of electrical power on the material handling vehicle 10

or another situation in which the load carriage 32 cannot be lowered normally .

[0022] An electrically operated, proportional return valve 86 is connected in a
second path 85 between the cylinder port 76 and the reservoir 66 and is operated by an
signal from the vehicle controller 42. The return valve 86 provides a relatively large

passage for fluid to flow there through and thus when fully opened, produces a
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negligible pressure drop to that flow of fluid. An electrically operated, auxiliary valve
88 has a port connected to the cylinder port 76 and another port to an accumulator 90.
The electrically operated valves 74,75, 86 and 88 are controlled by signals from the
vehicle controller 42 that includes the appropriate drive circuits for producing the

requisite electric current levels necessary to operate those valves.

[0023] To raise the carriage 21, the operator manipulates the multi-function control
handle 22 which sends the appropriate electrical command to the vehicle controller 42,
The vehicle controller responds by commanding the lift motor control 44 to energize the
lift motor 60, thereby driving the pump 64. The speed of the motor, and thus the speed of
the pump is regulated to control the rate at which the carriage raises. This produces a
flow of pressurized fluid at the outlet 72 of the pump 64. That pressurized fluid forces
the supply check valve 77 to open causing the fluid to continue to flow into the cylinder
port 76. That flow then causes the ram to extend out of the cylinder raising the carriage
33 and, if necessary, extending the mast 30. If desired, the vehicle controller 42 may also
open the first and second solenoid valves 74 and 75 to open the first path 73 for fluid to

flow from the pump outlet 72 to the cylinder port 76.

[0024] When the carriage 32 reaches the desired height, the operator manipulates. the
multi-function control handle 22 to signal the vehicle controller 42 to terminate raising
the carriage 32. In response, the vehicle controller commands the lift motor control 44 to
de-energize the lift motor 60 thereby de-activating the pump 64. If during the raising
operation, the first and second solenoid valves 74 and 75 were opened, both those valves

are now closed by the vehicle controller 42. Closure of those valves and the supply
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check valve 77 prevent fluid from ﬂowing from the cylinder port 76 back through the

pump 64.

[0025] The process for lowering the load carrying carriage 32, varies depending
upon the desired lowering speed as indicated by operation of the multi-function control
handle 22. The speed of the carriage 32 determines the rate at which fluid flows out of
the cylinder port 76 during the lowering operation. If practical, that flow is applied to
the outlet 72 of the hydraulic pump 64 to operate the pump in a motoring mode which
uses the energy of the fluid to drive the electric lift motor 60, which thereby acts as a
generator. The electricity generated by the electric lift motor 60 is applied by the lift
motor control 44 to power other electrical functions on the material handling vehicle 10

and to recharge the battery 38,

[0026] When operation of the multi-function control handle 22 designates a lowering
speed (S) below a first threshold level (LL1), i.e., S<L1, a first lowering mode is chosen.
In that first lowering mode, the vehicle controller 42 only the first and second valves 74
and 75 are opened to enable fluid exiting through the cylinder port 76 to ﬂov;f via the
first path 73 through the pump 64, out the pump inlet 71, and through return check valve
82 to the reservoir 66. The non-proportional second valve 75 is opened fully, while the
position of the proportional first solenoid valve 74 is opened to proportionally control
the fluid flow and thus the lowering speed of the carriage 32 as desired by the vehicle

operator. The return valve 86 is held closed in the first lowering mode.

[0027] When the multi-function control handle 22 designates a lowering speed
above the first threshold level and below a second threshold level (1.2), i.e., L1< S<L2,

vehicle controller 42 selects a second lowering mode. In the second mode, the first and
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second valve 74 and 75 are opened and the return valve 86 is opened. The first valve
74 and the return valve 86 are propprtionally opened to apportion the amount of the
flow exiting through from the cylinder port between the first and second paths 73 and
85. That apportionment control the amount of the flow through the first path so that the
pump will not be driven as a motor at an excessive high speed. In addition, electric
current from the battery 38 can be applied to the lift motor 60 to produce a opposing
force that prevents overspeed of thé pump-motor combination. The speed of the pump-

motor combination is measured by a sensor 59.

[0028] A third lowering mode is active when the multi-function control handle 22
designates a lowering speed above the second threshold level, i.e., L2<S, and the
carriage 32 is above a first height. As a safeguard, the load also must be less than a first
weight so that the carriage 32 does not drop too fast. In the third lowering mode, vehicle
controller 42 opens the return valve 86 fully so that all the flow exiting through from the
cylinder port flows to the reservoir via the second path 85. Since a negligible amount of
fluid will flow through the first path when the relatively large return valve 86 is fully

open, the first and second valve 74 and 75 can be closed in the third lowering mode.

[0029] If the multi-function control handle 22 designates a lowering speed above
the second level, but either the carriage 32 is below the first height or the load is

heavier than the first weight, the vehicle controller 42 selects the first lowering

mode.

[0030] Thus the present lowering method routes fluid from the cylinder to drive
the pump as a hydraulic motor whenever practical. Under lowering condition that

could overdrive the pump at too high a speed some or all of the fluid from the
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cylinder is routed around the pump to the reservoir. This lowering method enables
energy to be recovered under a wide range of carriage lower speeds without

overdriving the pump.

[0031] The foregoing description was primarily directed to a preferred
embodiment of the invention. Although some attention was given to various
alternatives within the scope of the invention, it is anticipated that one skilled in the art
will likely realize additional alternatives that are now apparent from disclosure of
embodiments of the invention. Accordingly, the scope of the invention should be

determined from the following claims and not limited by the above disclosure.

-12-
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CLAIMS

1. A hydraulic system for a material handling vehicle that has body and a carriage for
carrying a load being transported, said hydraulic system comprising:

a hydraulic cylinder and ram assembly operatively connected to raise and lower the
carriage with respect to the body and having a cylinder port;

a reservoir;

a pump operatively connected to draw fluid from the reservoir and provide the fluid
under pressure to an pump outlet, the pump operable as a hydraulic motor;

a proportional first valve that is electrically operated and that selectively controls a first
path through which fluid flows between the pump outlet and the cylinder port;

a proportional return valve that is electrically operated and that selectively controls a
second path through which fluid flows between the cylinder port and the reservoir bypassing the
pump;

a speed sensor that detects a speed of the hydraulic motor;

wherein the hydraulic system operates in a plurality of modes to lower the carriage
comprising:

(a) a first mode in which the return valve is closed and the first valve is open to direct
fluid to flow from the cylinder port into the pump outlet, thereby operating the pump as the
hydraulic motor; and

(b) a second mode in which the return valve is open to direct fluid to flow through the
second path from the cylinder port to the reservoir, and in which the first valve is open to direct
fluid to flow from the cylinder port into the pump outlet, thereby operating the pump as the
hydraulic motor, wherein an apportionment of flow through the first valve and the return valve

is controlled in response to the speed of the hydraulic motor.

2. The hydraulic system as recited in claim 1 further comprising an electrically

operated second valve connected in the first path in series with the first valve.

3. The hydraulic system as recited in claim 1 further comprising an inlet check valve
operatively connected to provide an inlet path through which fluid flows from the reservoir to

an inlet port of the pump.

-13-
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4. The hydraulic system as recited in claim 1 further comprising a return check valve
operatively connected to an inlet port of the pump and providing a return path through which

fluid flows from the pump to the reservoir.

5. The hydraulic system as recited in claim 1 further comprising a supply check valve
operatively connected to provide a third path through which fluid flows from the pump outlet
to the cylinder port.

6. The hydraulic system as recited in claim 1 further comprising an accumulator; and an
electrically operated accumulator valve for controlling fluid flow between the cylinder port and

the accumulator.

7. The hydraulic system as recited in claim 1 further comprising a third mode for
lowering the load carriage in which the first valve is closed and the return valve is open to direct

fluid to flow from the cylinder port to the reservoir.

8. The hydraulic system as recited in claim 1 further comprising:

an inlet check valve operatively to provide an inlet path through which fluid flows from
the reservoir to an inlet port of the pump;

a return check valve operatively connected to provide a return path through which fluid
flows from the inlet port to the reservoir; and

a supply check valve operatively connected to provide a third path through which fluid

flows from the pump outlet to the cylinder port.

9. A method for operating a hydraulic system that has a reservoir, a pump having an
inlet connected to the reservoir and having an outlet, the pump operable as a hydraulic motor, a
speed sensor that detects a speed of the hydraulic motor, a hydraulic cylinder and ram assembly
having a cylinder port and operatively connected to raise and lower a load carriage on a material
handling vehicle, a first path for fluid to flow between the outlet and the cylinder port, and a
second path for fluid to flow between the cylinder port and the reservoir bypassing the pump;
said method comprising:

(a) lowering the load carriage in a first mode in which the second path is closed and the
first path is open to direct fluid to flow from the cylinder port to the outlet, thereby operating

the pump as the hydraulic motor; and

-14-
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(b) lowering the load carriage in a second mode in which the second path is open to direct
fluid to flow from the cylinder port to the reservoir, and in which the first path is open to direct
fluid to flow from the cylinder port to the pump outlet thereby operating the pump as the
hydraulic motor, wherein an apportionment of flow through the first path and the second path is

controlled in response to the speed of the hydraulic motor.

10. The method as recited in claim 9 wherein lowering the load carriage in the first mode

comprises closing a return valve to close the second path.

11. The method as recited in claim 9 wherein lowering the load carriage in the first mode

comprises opening a first valve to open the first path.

12. The method as recited in claim 9 wherein lowering the load carriage in the second
mode comprises opening a proportional first valve to open the first path; and opening a

proportional return valve to open the second path.

13. The method as recited in claim 12 wherein the apportionment of flow comprises
opening the proportional first valve and the proportional return valve to limit operation of the

hydraulic motor to less than a given speed.

14. The method as recited in claim 9 wherein:

the first mode is selected when a desired speed for lowering the load carriage is less
than a first level; and

the second mode is selected when a desired speed for lowering the load carriage is

greater than the first level and less than a second level.

15. The method as recited in claim 9 further comprising lowering the load carriage in
a third mode in which the second path is open to direct fluid to flow from the cylinder port to

the reservoir, and the first path is closed.

16. The method as recited in claim 15 wherein lowering the load carriage in the third

mode comprises opening a return valve to open the second path.

-15-
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17. The method as recited in claim 15 wherein:

the first mode is selected when a desired speed for lowering the load carriage is less
than a first level;

the second mode is selected when the desired speed for lowering the load carriage is
greater than the first level and less than a second level; and

the third mode is selected when the desired speed for lowering the load carriage is

greater than the second level.

18. The method as recited in claim 17 wherein the third mode is selected when desired

speed is greater than the second level and the load carriage is above a given height.

19. The method as recited in claim 17 wherein the third mode is selected when desired
speed is greater than the second level and a load on the load carriage has less than a given

weight.

20. The method as recited in claim 17 wherein the first mode is selected when desired
speed is greater than the second level and an occurrence of at least one of the load carriage is

above a given height and a load on the load carriage has less than a given weight.

-16-
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