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A new hydraulic hybrid excavator potential energy recovery system is proposed in this paper. The energy recovery system uses three-
chamber cylinders (TCCs) and accumulators to recover potential energy during work cycle. Within this structure, there is no throttle
valve in the primary loop, and the recovered energy is stored in the form of hydraulic energy. Hence, energy loss of throttle valve
and energy conversion process are avoided, and energy efficiency is improved. The mathematical model is established to analyze
dynamic and energy recovery characteristics. From simulation analysis, the usage of accumulators and TCC influences the dynamic
response and stability. The increase of accumulator volume weakens the control performance but heightens the stability. When the
cross sectional area of the TCC increases, the control performance of the system are improved. In addition, the maximum power and
energy consumption of pumps and engine with different accumulator volumes and different TCC diameters are obtained. Also, the
maximum power and energy consumption of each pump and engine in different working conditions are obtained and compared with
those without potential energy recovery system. According to the comparison, the potential energy recovery system can reduce the
maximum power and energy of engine by 50%.
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NOMENCLATURE D, = displacement of pump

) ) ) d, = diameter of pipe
Ay = cross sect{onal area of boom cyh.nder counterweght char.nber F, = output force of boom cylinder
/(11 12 = cross sectional area of boom cylinder chamber without piston F, = output force of arm cylinder
o . . L F; = output force of bucket cylinder
A3 = cross sectional area of boom cylinder chamber with piston rod . .
. . . . i = friction force of boom cylinder
B, = viscous damping coefficient of boom cylinder .
. . Floua = weight of load
C, = external leakage coefficient of counterweight chamber .
. . . Fg = weight of boom
C, = internal leakage coefficient between counterweight chamber .
Fg, = weight of arm

and the chamber with piston rod
Fg; = weight of bucket and load

Cy; = internal leakage coefficient between the chambers with and

without piston rod G, = barycenter of boom

C\4 = external leakage coefficient of the chamber without piston rod G = barycenter of arm

C,s = external leakage coefficient of the chamber with piston rod G = barycenter of bucket

C. = equivalent viscous damping of engine Ji1 = rotational inertia of boom rotating around point B

Cip = sum of internal and external leakage coefficient of pump Ji2 = rotational inertia of arm rotating around point B

C,. = compression loss coefficient of pump Ji3 = rotational inertia of bucket and load rotating around point B
C,; = structure leakage coefficient of pump J. = equivalent rotational inertia of engine

D, = viscous damping coefficient of boom J, = equivalent rotational inertia of pump

© KSPE and Springer 2017 N Springer



1576 / NOVEMBER 2017

INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING Vol. 18, No. 11

ky1, k2, ky3 = mechanical loss coefficient of pump

L = hydraulic inductance of accumulator

Ly, = length of boom cylinder when piston rod retracts

L, = displacement of boom cylinder piston rod

L., = displacement of arm cylinder piston rod and

L,; = displacement of bucket cylinder piston rod

I, = length of pipe connected to accumulator

M, = fuel efficiency

m; = mass of boom cylinder piston rod

my= fuel consumption of engine

n = polytropic exponent

P, = output power of engine

P, = power of pump

Pa = pressure of accumulator

Pa 1ine = pressure of pipe

P = outlet pressures of boom accumulator

Pa2 = outlet pressures of arm accumulator

Pus = outlet pressures of bucket accumulator

Py = pressure of boom cylinder counterweight chamber

Py, = pressure of boom cylinder chamber without piston rod

P53 =pressure of boom cylinder chamber with piston rod

P1p = outlet pressures of boom pump

D2 = outlet pressures of arm pump

P = outlet pressures of bucket pump

Pa = pressure of accumulator

P,p = pressure of pump outlet

Ap, = pressure difference between high pressure chamber and low
pressure chamber of pump

0, = flow of closed pump control system

q. = flow rate of accumulator

¢,1 = flow rate of boom closed pump control system

¢v> = flow rate of arm closed pump control system

q,; = flow rate of bucket closed pump control system

¢yp = flow rate of pump

0, = flow rate that the boom accumulator provides

Ag,11 = leakage rate of counterweight chamber

Ag,1> = leakage rate of chambers with and without piston rod

Ag,,, = flow rate loss of pump

R = hydraulic resistance of accumulator

T, = the friction torque of boom

T, = output torque of engine

T, = load torque

T,, = torque of pump

T, = needed torque of boom pump

T,» = needed torque of arm pump

T3 = needed torque of bucket pump

AT, = torque loss of pump

V11 = equivalent volume of boom counterweight chamber

V12 = volume of the chamber without piston rod

V13 = volume of the chamber with piston rod

V, = volume of accumulator

V,, = volume of pump outlet

v = piston rod speed of boom

X5 = horizontal ordinate of G,

Xo2 = horizontal ordinate of G,

Xgs = horizontal ordinate of G;

Q.om = target location of opening degree of throttle

a, = opening degree of throttle of engine

B = concluded angle between boom cylinder and boom (line BC)
. = effective bulk modulus of hydraulic oil

B, = viscous damping coefficient of pump

1y = volume efficiency of pump

6, = included angle between line BC and the horizontal direction
7= dynamic viscosity of oil

p = density of oil

¢ = included angle between line 4B and the horizontal direction
o, = rotate speed of engine

o, = rotate speed of pump

1. Introduction

Nowadays, engineering machineries are playing significant roles in
construction, transportation, mining and other fields. Generally,
engineering machineries have high power, large fuel consumption and
exhaust emission. However, the shortage of hydrocarbon resources and
environmental problems have gradually become a heated issue during
the past few years. Efforts to reduce power, fuel consumption and
exhaust emission are being made to reduce size and weight, as well as
to develop direct injection gasoline and diesel engine technologies to
improve fuel efficiency.' In the area of transmission technology, the
research core is focused on hybrid technology and fuel cell technology.
Since fuel cell technology is still in its early development stages, hybrid
technology seem to be the most viable solution.? So the energy recovery
of engineering mechanical using hybrid technology is of great
significance for alleviating resource and environmental problems.

As one of the main engineering mechanicals, excavator has typical
working condition characteristics. For instance, the average movement
velocity of excavator is low, the operation period is short with frequent
start-stops and reciprocating motion. The potential energy is usually
converted to heat energy and wasted when the mechanical arms move
downwards. What’s worse, this will cause system heating and shorten
the life of components. Meanwhile, the load of excavator mechanical
arms is gravity load with a great deal of recyclable energy. For the above
reasons, excavator becomes the focus in the research of energy recovery.

At present, the development tendency of hydraulic hybrid machineries
includes several directions. Some researchers focuse on using pump
controlled system to replace valve controlled system. Team of Professor
Monika Ivantysynova from Purdue University>* studied on hydraulic
hybrid system architecture for multi-actuator displacement controlled
systems. From the experiments on 5-ton excavator, the system reduces
fuel consumption by 40%, and decreases the engine size by 50%. Also,
Ken Sugimura et al from RWTH Aachen University,” Mikko Erkkil et
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Fig. 1 Schematic diagram of potential energy recovery system

al from Hydac International GmbH,® Seppo Tikkanen et al from Tampere
University of Technology’ and other researchers also raised several
hydraulic hybrid energy recovery systems for excavators with pump
controlled systems. The pump controlled system makes the flow rate of
pump outlet to meet the need of movements by changing the
displacement or rotate speed of the pump. Thus the throttle loss of
hydraulic valve is avoided, which raises the system efficiency.® Some
researchers preferred secondary regulation hydraulic system. As an
example, Jihai Jiang and Wei Shen et al. from Harbin Institute of

9-11

Technology™" proposed a hydraulic hybrid excavator based on constant
pressure rail and design control strategies. The system uses hydraulic
transformers to drive the mechanical arms and recover the potential
energy together with hydraulic accumulators. The system reduces fuel
consumption by around 1/3. What’s more, Shuwen Lin et al. from
Fuzhou University,'*> Peter Achten et al from Innas BV'? and others
also research on this direction with fruitful achievements. Secondary
regulation hydraulic systems eliminate the throttle loss to increase
energy efficiency. There are no interferences between loads and the
controllability is better, which brings a broad development prospect.'
Some other researchers developed new complex system and components
to recover potential energy of excavator mechanical arms. Yang Xiao
from Zhejiang University'* proposed a flow coupling hydraulic hybrid
excavator and designed a control strategy, which improved the energy
recovery rate by 10.1%. Torben Andersen et al. from Aalborg University'®
Mikko Huova'’ and Stauch'® et al from Tampere University of
Technology also showed great interests in complex system and
components. The systems reduce energy conversion components
between energy sources and actuators to decrease the loss of energy.
However, the manufacture of complex components is difficult, which
puts forward a higher request to control strategy.

In the aspect of energy recovery and storage, since the energy density
is not large enough, a majority of hydraulic hybrid excavators use
battery or super capacitance to store energy. Mostly, the electric system
provides 5-10% installed engine power,' and hydraulic system provides

peak power at the same time. However, the energy conversion between

Arm Cylinder

" ArmPu mp

Bucket Cylinder

‘BuckctPump I «E

electric system and hydraulic system is usually accompanied by great
energy loss. Therefore, developing a new potential energy recovery
system becomes the key to reduce the energy loss during transformation
and conversion among hydraulic system and to increase the efficiency.

In this paper, a new hydraulic hybrid excavator potential energy
recovery system based on complex cylinder is proposed. The
mathematical model of each part is built and the dynamic response is
analyzed. Also, simulation model is carried out and simulation result is

analyzed.

2. Working Principle

Based on the analysis of hydraulic hybrid excavator potential energy
recovery system, a new potential energy recovery system applicable to
hydraulic hybrid excavator is proposed. The schematic diagram is
shown in Fig. 1. The actuators of the specific system include a boom,
an arm and a bucket, which are driven by boom cylinders, arm cylinder
and bucket cylinder, respectively.

In the proposed hydraulic hybrid potential energy recovery system,
the mechanical arms are driven by three-chamber cylinders (TCCs).
The recovered potential energy is stored in hydraulic accumulators. A
TCC comprises three chambers, including a chamber with piston rod,
a chamber without piston rod and a counterweight chamber, shown in
Fig. 2. The volumes of the three chambers are equal. The counterweight
chamber is connected to the accumulator, and the chambers with and
without piston rod are connected to inlet and outlet of the variable
pump, forming closed pump control systems. The movements of the
mechanical arms is controlled by the closed pump control system.

During normal work cycle of the hydraulic hybrid excavator, the
variable pump charges the chamber with piston rod or the chamber
without piston rod according to the control signal, which drives the
TCC to retract or to extend, respectively. The accumulator provides high
pressure oil to the counterweight chamber. The counterweight chamber
provides average value of load force. When the piston rod extends, the
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Fig. 2 Schematic diagram of TCC
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Fig. 3 Movements of piston rod

variable pump charges the chamber without piston rod, and the
accumulator charges the counterweight chamber, as shown in Fig. 3(a).
On the contrary, when the piston rod retracts, the variable pump charges
the chamber with piston rod, and the counterweight chamber charges
the accumulator, as shown in Fig. 3(b). In this way, the potential energy
is recovered and stored in the accumulator in the form of pressure
energy.

The TCCs in the system is driven by closed pump control system.
The variable pumps are connected to the engine through power trains.
The engine provides needed power and maintains constant rotate speed.
The flow rate of the pump outlet is adjusted by the variable pump
displacement to meet the need of mechanical arms’ movement. In this
approach, the throttling loss of throttle valve is avoided, which increases
the system efficiency. Since there are no energy dissipating components
between energy sources and actuators, using a variable pump to control
the movements of a cylinder becomes the most efficient way at present.”
During the potential energy recover process, the gravitational potential

FGJ

Fig. 4 Force diagram of boom

energy of loads and mechanical arms are converted into the pressure
energy of the counterweight chambers, and then transformed into
pressure energy of the accumulators. There is no need to convert or
transform the pressure energy into other forms any further. However, as
a contrast, traditional hydraulic hybrid excavators converted pressure
energy into electric energy through throttle valves, hydraulic motors,
electric generators, super capacitances, batteries and so on, generally.
Compared with traditional ones, the proposed potential recovery system

simplifies the process of energy transfer, and reduces energy loss.

3. Mathematical Model

From Fig. 1, we can get that the basic principles of the boom, arm
and bucket potential energy recovery hydraulic circuits are the same.
Hence, the mathematical model of each circuit are almost the same.
Therefore, in this paper, only boom mathematical model is established

as an example.

3.1 Mathematical model of load

For the proposed hydraulic hybrid excavator potential recovery
system, the force diagram of boom is shown in Fig. 4.

We assume that point B is the origin of coordinates, consider the
horizontal direction as X axes and the vertical direction as ¥ axes to
establish coordinate.

The kinetic equation of the boom is shown as the following equation.

d’e
(Ju +J, +J13) dr’ )
)
- do,
ELEC sin ﬂ‘ - FGlXGl - FGlXcz - FGsXcs - D' ; - T;

According to cosine law, the geometrical relationships of the boom

and the cylinders can be described using the following equations.

r +0 —(L +L)
9. = arccos 4B BC ( 01 xl) -0, (2)
2L L

AB”~TBC

2 2 2
LBF + (Lﬂl + L\'l - L:lb‘
2LB(‘ (LDI + L,\'l

3

B, = arccos

Where ¢, is a constant value.

The speed of the boom cylinder piston rod is calculated as follows.
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dL 1
v =—2L )
dr

3.2 Mathematical model of engine
The fuel consumption model is shown in the following equation.

m.= JTZMC(]:,QC)Q)G(YZ,QC)C{I (5)

The output torque of the engine is calculated in the following

equation.”!

7 do n
—J —+—Cao +T, 6)

7: =
30 dr 30

The output torque of the engine is determined by the engine
performance and the opening degree of throttle.
In the proposed hydraulic hybrid system, the rotate speed of the

engine is constant, which means:

do,
—t= ™
dt
Then the output torque of the engine can be rewritten as:
b
L= Co +T, ®
30
The output power of the engine is expressed as follows.
P=To, ©

The dynamic response of the engine governor can be regarded as a
first order inertia process, and the mathematical model can be written

as the following equation.?

da
T—+ka =a_, (10)
dr

Where 7 and k are constants.

3.3 Mathematical model of pump
The input power of the pump is shown in the following equation.

P=Tw (1n

P Ppr

The torque of the pump is shown as follows.”

do
T=J—+Bw +ApD (12)
p P df PP PP

The flow rate of the pump is calculated in the following equation.

4, =1,D,0 (13)

wop P

The continuity equation of the variable displacement piston pump
can be obtained as the following equation.?*

Vn dpv =q —wpr—CAp

g od 7 2m "

14

3.4 Mathematical model of TCC
The kinetic equation of the boom cylinder can be shown as follows.

dv,
ml_1:E+pllAll +pI7AI7 _pl‘\AI‘v _Blvl _E'l (15)
dr c
The continuity equation of the boom cylinder counterweight chamber

can be expressed as:

v, dp,

ﬂ dt = Allvl _qral - Cllpll _CIZ (pll - pll)_ CI3 (pll - plj) (]6)

Where 7}, includes the volume of the boom cylinder counterweight
chamber, accumulator, and connecting pipe between the boom cylinder
and the accumulator.

The continuity equation of the boom cylinder chamber without

piston rod can be shown as the following equation.

Yo 4Py

ﬂ dt = AIZVI - qu - CHp12 - CIZ (pll - pll) (]7)

The continuity equation of the boom cylinder chamber with piston

rod can be obtained as follows.

Y, dp,

ﬁ ar =9, ~ Aljvl - ClipIJ - C|3 (pu - pn) (18)

3.5 Mathematical model of accumulator
According to Boyle's law, the thermodynamic equation of the

accumulator is shown in the following equation.
pV" = const. (19)

Where 7 is determined by the working condition of the accumulator.
The kinematical equation can be written as follows.®

dg
L—+Rq =p, . —D, (20)
dr
Where
41
L=p—~ @1
7rdp
And
. 12841,
= " (22)
Ttdp

According to the equations above, the equilibrium equation can be

written as the following equation.
4l dy’ 128ul dv,
e s

nd’ &'t owd de

=D, e — P, (23)

3.6 Energy loss
The energy loss of the process from the TCC counterweight chamber
to the accumulator is calculated in the following equation.

Ro::l :pllAq\ll (24)

The energy loss of the process from the TCC to the pump is calculated
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Fig. 5 Principle diagram of simulation model
in the following equation. Table 1 Simulation parameter of main components
Parameter Specification
R, =p,Aq,, (25) Variable pump
Boom pump displacement 100 mL/r
The mechanical energy loss of the pump is calculated as follows. Arm pump displacement 100 mL/r
Bucket pump displacement 50 mL/r
P =ATw =k Apo +k.q o +k g Ap 26) Maximum WOI.‘kll‘lg pressure 35 MPa
pm PP P PP P wor P35 Swp P Englne
Th ' | ; is calculated as foll Rating power 122 kW (2000 rpm)
e volume energy loss of pump is calculated as follows. Maximum forque 650 Nm (1500 rpm)
Rotate speed setting value 2000 rpm

P, =0q, p,=C.Ap, - p,+C.q,00,p, @7)

wop

We can obtain the total energy loss of the pump as:

P.=P +P (28)

With the development of sealing material and process, the leakage
of cylinders and piston pumps has been decreased greatly. Also, from
parameter identification we can get that the values of coefficients £,
k> and k,; are small with magnitude orders of 10°~10"*. So the energy
loss of the potential energy recovery system is low.

4. Parameter Matching

The objective of parameter matching is to choose the volume of
accumulators and diameter of TCCs according to the dynamic
characteristics and energy recovery characteristics of the excavator. The
selection of parameters makes the system to achieve a better and more
balanced performance between control performance and energy
recovery rate, and minimize the geometric dimensioning and weight of
actuators at the same time.

In order to analyze dynamic characteristics and energy recovery
efficiency of the hydraulic hybrid excavator potential energy recovery
system, simulation model is established in MATLAB/Simulink. The

| — natural frequency
38.25 L= damping ratio| _g22

38.00 - L 021
~ .-
3775 o -0.20
\_\\ - -
37.50 -~ L0.19
w )
T 37254 L 0.18 e
z
37.00 4 L 017
36.75 L0.16
36,50 - N L 0.15
36.25 ; . - : T 0.14
0 20 a0 80 &0 100

Va (L)

Fig. 6 Natural frequency and damping ratio of TCC piston rod with
different accumulator volumes

principle diagram of the simulation model is shown in Fig. 5.
Parameters of variable pumps and engine are shown in Table 1.

4.1 Dynamic characteristics
In order to analyze how the parameters of the accumulators and the
TCCs influence the dynamic characteristics of the potential energy

recovery system, simulations on the velocity of the cylinder piston rod
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Fig. 7 Natural frequency and damping ratio of TCC piston rod with
different cylinder diameters

are carried out with different accumulator volumes and different
cylinder diameters. Also, since the basic principles of the boom, arm
and bucket potential energy recovery hydraulic circuits are the same,
the simulation is made only on the boom circuit as an example. Fig. 6
shows variation of natural frequency (f) and damping ratio (£) of the
boom TCC piston rod with different accumulator volumes.

From Fig. 6, when the volume of the accumulator is 10 L, the
natural frequency of the system is 37.9 Hz. As the accumulator volume
gets larger, the natural frequency of the TCC piston rod becomes
smaller. When the volume of the accumulator is 100 L, the natural
frequency is 36.4 Hz. Hence, with the increase of the accumulator
volume, the natural frequency decreases, which weakens the control
performance of the system. On the other hand, when the accumulator
volume is 10 L, the damping ratio of the TCC piston rod is 0.15. As
the accumulator volume gets larger, the damping ratio of the TCC
piston rod increases. When the accumulator volume is 100 L, the
damping ratio of the TCC piston rod is 0.21. Hence, with the increase
of the accumulator volume, the damping ratio increases, which
heightens the stability of the system.

Fig. 7 shows the variation of natural frequency and damping ratio
of the TCC piston rod with different diameters of chamber without
piston rod.

From Fig. 7, when the diameter of the chamber without piston rod
is 80 mm, the natural frequency of the TCC piston rod is 15.9 Hz.
When the diameter of the chamber without piston rod gets larger, the
natural frequency of the TCC piston rod increases. When the diameter
of the chamber without piston rod is 140 mm, the natural frequency of
the system is 44.4 Hz. Hence, with the increase of diameter of the
chamber without piston rod, the cross sectional area of the complex
cylinder increases, and the natural frequency increases, which
strengthen the control performance of the system. On the other hand,
in the range of 80~117 mm, when the diameter of the chamber without
piston rod increases, the damping ratio gets smaller. When the diameter
of the chamber without piston rod is larger than 117 mm, the ratio rate
increases first, and then decreases with the increase of the diameter of
chamber without piston rod. When the diameter of the chamber without
piston rod is 123 mm, the damping ratio of the TCC piston rod gets the

maximum value, which is 0.38.
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Fig. 8 Power of pumps with different accumulator volumes

Meanwhile, the increase of accumulator volume and TCC cross
sectional area makes it more difficult to install the components since
the weight and volume become larger. Therefore, the selection of the
accumulator volume and the TCC diameter should take all the factors
into account, including control performance, stability, install size, total
weight and so on.

4.2 Energy recovery characteristics
In order to analyze the energy recovery characteristics of the potential
recovery system with different accumulator volumes, constant load is
chosen as the typical working condition. The power of each pump with
the accumulator volumes of 10 L, 50 L and 100 L are shown in Fig. 8.
The engine power with the accumulator volumes of 10 L, 50 L and
100 L is shown in Fig. 9.
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volumes

Table 2 Maximum power of the pumps and the engine with different
accumulator volumes (Unit: kW)

V,=10L V,=50L V,=100 L
Boom pump 80.6 56.8 33.0
Arm pump 88.0 63.9 56.6
Bucket pump 12.8 9.2 9.2
Engine 91.1 67.1 63.2

Table 3 Energy consumption of the pumps and the engine with
different accumulator volumes (Unit: kJ)

V,=10L V,=50L V,=100 L
Boom pump 436 208 191
Arm pump 131 117 115
Bucket pump 21 18 18
Engine 576 333 313

And the energy consumption of each pump with different accumulator
volumes is shown in Fig. 10.

Energy consumption of the engine with accumulator volumes of 10
L, 50 L and 100 L is shown in Fig. 11.

According to the simulation results, the maximum power of each
pump and the engine with different accumulator volumes is summarized
in Table 2.

From Table 2 we can get that when the volume of the accumulators
increases, the maximum power of the pumps and the engine decreases.
Also, the smaller the volumes of accumulators are, the more obvious
the effect is to decrease the maximum power when the values of volume
change are the same.

The energy consumption of each pump and the engine with different
accumulator volumes is summarized in Table 3.

From Table 3 we can get that when the volume of accumulators
increases, the energy consumption of the pumps and the engine
decreases. However, when the volume of the accumulators gets larger,
the recovered energy of unit volume is lower. This will lead to less
obvious contribute to energy recovery efficiency when the accumulator
volume increases. Meanwhile, the increase of accumulator volume will
occupy more space in the excavator, and brings difficulty in installation.
As a result, the volume of the accumulators should be chosen reasonably
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Table 4 Maximum power of the pumps and the engine with different
TCC diameters (Unit: kW)

d, =100 mm d, =125 mm d, =156 mm
Boom pump 81.1 432 422
Arm pump 121.2 85.6 472
Bucket pump 11.1 9.2 10.1
Engine 122.5 88.7 54.5

Table 5 Energy consumption of the pumps and the engine with
different TCC diameters (Unit: kJ)

d. =100 mm d. =125 mm d. =156 mm
Boom pump 294 205 205
Arm pump 331 134 108
Bucket pump 15 18 26
Engine 632 346 326
Table 6 Parameters of TCCs
D,/ mm d,/ mm L./ mm V.l L

Boom 177 125 1160 70

Arm 198 140 1350 50

Bucket 177 125 970 40

based on installation space, engine power and expect energy recovery
efficiency.

Meanwhile, the energy recovery characteristics of the potential
recovery system with different TCC diameters is analyzed. The power
of each pump with the TCC diameters of 100 mm, 125 mm and 156
mm are shown in Fig. 12.

The power of the engine with TCC diameters of 100 mm, 125 mm
and 156 mm is shown in Fig. 13.

The energy consumption of each pump with different TCC diameters
is shown in Fig. 14.

The energy consumption of the engine with different TCC diameters
is shown in Fig. 15.

According to the simulation results, the maximum power of each
pump and the engine with different TCC diameters is summarized in
Table 4.

From Table 4 we can get that when the diameters of TCCs increase,
the maximum power of the boom, arm pumps and the engine decreases.
However, the difference of the bucket pump maximum power is little.
The maximum power of the bucket pump when the diameter of the
bucket TCC is 156 mm is larger than that of 125 mm.

The energy consumption of each pump and the engine with different
TCC diameters is summarized in Table 5.

From Table 5 we can get that when the TCC diameter increases, the
energy consumption of pumps and engine decreases. However, when
the diameter of TCCs gets larger, the recovered energy is lower. Also,
the energy consumption of bucket pump when bucket TCC diameter is
156 mm is larger than that of 125 mm. This is because when the TCC
diameter is large enough, the increment of needed flow rate is large,
which will increase the resistance loss of pipeline and other energy
loss. But the pressure decrease due to the TCC cross sectional area
increase is limited. Then the pressure and the flow rate of pump outlet

increase, which increases the power and energy consumption of pumps
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Fig. 16 Control signals of pump displacement in different working
conditions

and engine. Meanwhile, the increase of TCC diameter will add the
weight of the excavator, and makes the TCCs more difficult to install
on the excavator. So the diameter of TCCs should be chosen reasonably
based on load and engine power.

According to dynamic characteristic and energy recovery
characteristics of the energy recovery system, taking installation space,
engine power and load of excavator into account, the parameters of TCCs
and accumulator volume are selected, which are shown in Table 6.

Where D, is the diameter of the chamber with piston rod, d. is the
diameter of the chamber without piston rod, and L, is the stroke of the
piston rod.
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Fig. 17 Displacement of TCC piston rods in different working
conditions

5. Energy Recovery Analysis in Different Working
Conditions

Within this paper, three kinds of working conditions are simulated.
Parameters of main components are shown in Table 1 and Table 6.
According to the requirements of working conditions, the given control
signals of pump displacement are shown in Fig. 16. In the figures, # is
the time.

The piston rods’ displacement (S) of each TCC over time # is shown
in Fig. 17.

As the results of the simulation, the power of each pump (P) is
shown in Fig. 18.

(c) Working condition 3

Fig. 18 Power of pumps in different working conditions

And the energy consumption of each pump (E) is shown in Fig. 19.

As a contrast, for a traditional hydraulic excavator without potential
energy recovery under the same working conditions, the power of each
pump is shown in Fig. 20.

The energy consumption of the pumps without energy recovery is
shown in Fig. 21.

The comparison of the engine power between with and without
potential energy recovery in different working conditions is shown in
Fig. 22.

The comparison of the engine energy consumption between with
and without potential energy recovery in different working conditions
is shown in Fig. 23.

According to the simulation results, the maximum power of each

pump and the engine under different working conditions with and
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Fig. 19 Energy consumption of pumps in different working conditions

without energy recovery is summarized in Table 7.

The comparison between working conditions with and without
potential energy recovery shows that the usage of TCCs and
accumulators reduces the maximum power of the boom pump from
about 110.0 kW to 43.2-27.6 kW, reduces the maximum power of the
arm pump from about 110.0 kW to 64.2-46.2 kW, and reduces the
maximum power of the arm pump from 18.8-55.0 kW to about 10.0
kW. Meanwhile, in the working condition without potential energy
recovery, the maximum power of the engine is 114.5 kW, 128.8 kW
and 170.8 kW, respectively. By contrast, the maximum power of the
engine is about 65.0 kW with potential energy recovery.

Using TCCs and accumulators to recover potential energy of the
mechanical arms of the excavator can reduce the maximum power of
each pump to a great extent, and reduce the maximum power of the
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Fig. 20 Power of pumps without potential energy recovery in different

working conditions

engine by 45.8% to 63.6%. The potential energy recovery system shows
a more significant effect to reduce the maximum power of the boom
and bucket pumps. But the effect of the arm pump is poorer.

The energy consumption of each pump and the engine under different
working conditions with and without energy recovery within 5 work
cycles is summarized in Table 8.

Table 8 shows that the usage of TCCs and accumulators reduces the
energy consumption of the boom pump by 59.2-69.0%, reduces the
energy consumption of the arm pump by 32.8-37.2%, and reduces the
energy consumption of the bucket pump by 43.8-59.2%. Meanwhile,
the energy consumption of the engine can be reduced by 49.9-57.3%.

On the basis of energy consumption simulation results, the potential
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Fig. 21 Energy consumption of pumps without potential energy
recovery in different working conditions

energy recovery system has more significant effect to the boom. Since
the direction of the boom cylinder load force is constant, the dead load
is larger and the load fluctuation is smaller than the other two
mechanical arms, and the energy recovery rate is higher. On the
contrary, the direction of the arm cylinder load force is variable, and the
load fluctuation is large, so the energy recovery rate is lower.

6. Conclusion

In this paper, a hydraulic hybrid excavator with potential energy
recovery system is proposed. The system is based on the combination
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Fig. 22 Power of engine in different working conditions

of TCCs and accumulators. The simulation results show that the increase
of the accumulator volume weakens the control performance but
heightens the stability of the system. However, the increase of the cross
sectional area of the TCC strengthens the control performance, and
influences the stability of the system. The increase of the accumulator
volumes and the TCC diameters decrease the maximum power and
energy consumption of the pumps and the engine, in general. But
oversize accumulators and TCCs also bring disadvantages. So the
selection of accumulator volume and TCC diameter should take
installation space, engine power, load and expect energy recovery
efficiency into account.

The potential recovery system reduces the maximum power and
energy consumption in significant measure. The energy recovery rate is
around 50% under different working conditions. Meanwhile, from the
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Fig. 23 Energy consumption of engine in different working conditions

comparison of energy recovery rate among boom, arm and bucket, the
conclusion can be obtained that the recoverable energy of the boom is
larger, and the recoverable energy of the bucket is smaller. The energy
recovery rate of the boom is higher. Meanwhile, the energy recovery
rate of the bucket and the arm is lower.

Moreover, a method to establish mathematical model of a hydraulic
hybrid excavator is proposed in this work. With this method, dynamic
characteristics and energy recovery characteristics of the system with
different component parameters can be analyzed, which further
contributes to parameter matching of the excavator. Also, simulation
model is built using the mathematical model to acquire the energy
recovery rate. In these respects, this work puts forward an approach to
analyze excavator system performance and has some reference value

for similar type of machineries.

Table 8 Energy consumption of pumps and engine in different

working conditions (Unit: kJ)

Energy Working Working Working

recovery  condition 1  condition 2  condition 3
Boom pump With 205 141 38
Without 503 399 284
Arm pump With 117 268 125
Without 174 423 199
Bucket pump With 18 30 51
Without 32 55 125
engine With 340 439 264
Without 709 877 618

However, the mathematical model and the simulation model in this
paper are idealized models, which rarely consider the efficiency or
energy loss of each component. In order to reduce the calculation
amount, some of the models are further simplified. Also, this work is
at its early stage and the experiment validation condition is not mature.
With the limitations mentioned above, future research will focus on
mathematical model refinement and experiment validation.
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