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Abstract—This paper shows several structures of the hybrid
excavator with the supercapacitor and compares them with each
other from the aspect of fuel efficiency, the additional cost due to
the hybridization, and the expected payback time. According to
the comparison result, it can be concluded that a compound-type
hybrid structure is a better solution than others because of its
short expected payback time and higher reliability. In addition,
the power control algorithm of the engine and the supercapacitor
is proposed. To verify the proposed algorithm, the computer simu-
lation and the engine dynamo test were performed, and the results
are presented. The results show that the proposed control algo-
rithm can achieve balance of the power and the energy between
the energy sources and the load, and by hybridization, the fuel
consumption can be reduced by about 24% compared with the
conventional hydraulic excavator. The hardware implementation
is now in progress for a 22-ton class excavator.

Index Terms—Hybrid excavator, power control, supercapacitor.

I. INTRODUCTION

HE COST of the energy has increased very rapidly, and

pollution and global warming have become extremely se-
rious problems. Thus, the hybrid system, which means a system
having at least two of the energy sources including a combus-
tion engine, has widely been adapted to several applications like
vehicles, ships, and cranes to improve the fuel economy and the
emission characteristics of their engines [1]-[7]. On the other
hand, a hydraulic excavator, which is most widely used among
the construction machinery, can be one of the best candidates
for hybrid application because it consumes a large amount
of energy, whereas its efficiency from fuel to actuator is less
than 30%, and it emits lots of pollutants like nitrogen oxides
and particle materials. As shown in Fig. 1, the conventional
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hydraulic excavator consists of four parts: 1) the engine; 2) the
hydraulic pump; 3) the control valve (C/V); and 4) the hydraulic
actuators. The mechanical power generated by the engine is
converted to hydraulic power by the hydraulic pump. This
hydraulic power is divided by the control valve to the cor-
responding actuators, which convert this hydraulic power to
mechanical power.

One of the main reasons why the hybrid excavator can
improve the fuel economy and reduce the emission is that the
conventional hydraulic excavator cannot operate its engine in a
high-efficiency region. In the conventional excavator system,
the operating point of its engine should follow the power
required by the load, which varies widely when the excavator
works. The engine is operated around its maximum speed to
avoid a sluggish transition from a light load operation of the
excavator to a heavy load operation by keeping the hydraulic
pressure. However, in the hybrid excavator, an energy storage
device like a battery can be used as an energy buffer, and the
electric motor can assist the engine in the heavy load operation.
Thus, the engine can more efficiently be operated than the
conventional excavator system. Another possibility that can
improve the fuel consumption is the recuperation of the regen-
erative power. During the swing and boom motion in Fig. 1(b),
there should be regenerative power, which is dissipated as heat
in the conventional hydraulic excavator. However, in the hybrid
excavator, this power may charge the energy buffer and can be
reused for another operation.

Many research efforts on the structure of the hybrid excavator
have been undertaken, and most of them use batteries for their
energy buffer [8]-[10]. A supercapacitor can be used as the
energy buffer instead of the battery [11]-[13]. As an energy
storage device, it shows higher power density and lower energy
density than the battery. For excavator application, because the
load power of the engine fluctuates very fast and widely, a large
capacity of the peak power is required for energy storage. Thus,
the total weight of the energy storage device, which meets the
requirement of the power capacity, can be reduced by using the
supercapacitor instead of the battery. In addition, the charging
and discharging efficiency of the supercapacitor is superior to
that of the battery, and the price of the supercapacitor has dras-
tically been reduced in the past decade due to the development
of the manufacturing process. Therefore, the supercapacitor can
be a promising candidate for the energy storage device of the
hybrid excavator.

In this paper, several structures of the hybrid excavator
with the supercapacitor are compared from the aspect of fuel
efficiency, the additional cost due to the hybridization, and the

0093-9994/$26.00 © 2010 IEEE
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Fig. 1. (a) Structure and (b) operation of a conventionally hydraulic excavator.

expected payback time. According to the comparison result, the
authors conclude that a compound-type hybrid structure is a
better solution than others because of its short expected payback
time and reliability. In addition, the power control algorithm
of the engine and the supercapacitor is proposed. To verify the
proposed algorithm, computer simulation was performed, and
the results are presented. The hardware implementation is now
in progress for a 22-ton class excavator.

II. STRUCTURES OF THE HYBRID
EXCAVATOR AND COMPARISON

Fig. 2 shows several structures of the hybrid excavator. In
the series-type hybrid excavator in Fig. 2(a), all of the power
generated by the engine is converted to electric power by the
generator, and again, this electric power is converted to mechan-
ical power by the electric motors to drive the hydraulic pumps.
The swing actuator is replaced by the electric motor; hence,
the recuperation of regenerative power is possible. Moreover,
since the hydraulic line of the boom actuator is separated, the
regenerative power of the boom actuator can be recuperated
if a specific control valve is installed. The supercapacitor is
charged when the load power is light or the swing motor and
the boom actuator are operated in regenerative mode, and it
is discharged when the load power is heavy. The engine in
this structure can be operated at a more efficient operating
point regardless of the operating point that is governed by
the load since the engine is mechanically and hydraulically
disconnected to the load. In addition, the hydraulic pump is
divided into two parts in this figure to reduce the hydraulic
loss in the hydraulic control valve. Unlike the hydraulic pump
in the conventional excavator in Fig. 1(a), in this structure,
the hydraulic pump is operated only when the corresponding
actuator needs to operate; thus, the loss in the hydraulic control
valve can be reduced. However, because all of the power that
each hydraulic actuator requires should be supplied by the
electric motors and their associated power electronics, and the
generator should have almost the same capacity of the engine,
the electrical devices are more massive than that of the other
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structures. Moreover, the power train, including the hydraulic
devices, should be modified severely from the conventional one.
Thus, this structure could have severe cost penalty.

On the other hand, in the parallel-type hybrid excavator in
Fig. 2(b), the engine and the actuators are directly connected to
each other by the mechanical shaft or the hydraulic line. Thus,
the speed of the engine depends on the speed that the hydraulic
pump requires, and only the torque of the engine can be
modified from the required point by the amount of torque that
comes from the generator. In addition, the recuperation of the
regenerative power at the swing actuator is impossible. Thus, in
the parallel type, less improvement of fuel economy is expected
than in the series type. However, the generator does not need to
have the same capacity as of the engine, so it can be designed
smaller than that in the series type. Moreover, the modification
of the power train and the hydraulic line can be minimized
because of its simple structure. Hence, the additional cost for
the hybridization is much less than that of the series type.

As mentioned before, in the parallel-type hybrid excavator,
the regenerative power that might be generated in the swing
motion is dissipated as heat by the hydraulic actuator and
cannot be reused. To improve the fuel efficiency by using
this regenerative power, the electrical motor can replace the
hydraulic actuator for the swing motion, as shown in Fig. 2(c).
This structure, which is called the compound-type hybrid exca-
vator, has both of the advantages of the simple structure that
comes from the parallel type and the usage of regenerative
power that comes from the series type. Moreover, the hydraulic
loss can be reduced a little by separating the swing motion from
the hydraulic line. Table I shows the qualitative comparison of
the fuel improvement characteristics between the above three
structures.

A. Comparison of the Fuel Consumption

To compare them quantitatively, the fuel consumption is
estimated by simulation using the load power profile shown
in Fig. 3(a). The load profile is obtained from the real 22-ton
class excavator when it is operated in the typical digging and
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Fig. 2. Structures of the hybrid excavator. (a) Series type. (b) Parallel type.

(c) Compound type.

TABLE 1
COMPARISON OF FUEL IMPROVEMENT
High efficient Regenerative Reduction
: . control valve

engine operation | power Recovery loss
Series o o o
Parallel A X X
Compound A o A

Psum of actuator/ Pengine, rated [%]

Pengine/ P engine, rated [%0]

N I i i i i
% 20 40 60 80 100 120 140
Time [s]

(b)

Fig. 3. (a) Sum of the actuator power and (b) engine power profile of the
conventional excavator.

swing operation, so it consists of several cycles, including
the series of various motions, for example, swing—boom—-arm—
bucket—arm—boom—swing—bucket, etc. Fig. 3(b) shows the ac-
tual output power of the conventional hydraulic excavator with
the load power profile in Fig. 3(a). All the values in Fig. 3 are
normalized by the rated engine power. In the simulation, the
following assumptions are employed.

1) The efficiencies of the motors, the generators, the super-

capacitor, and their power electronic devices are all 95%.

2) The efficiency of the gear box is 90%.

3) The efficiencies of the hydraulic pumps and the control

valves are 85% and 70%, respectively.

4) The specific fuel consumption map is used for considera-

tion of the engine efficiency.

5) The fuel cost is 1.5 USD per liter.

Fig. 4 shows the simulated engine power of each hybrid
structure under the above assumptions. It can be known that the
amount of engine power is getting reduced for the same load
power profile from top to bottom, that is, from the parallel to
the series type. The difference of the engine power between
the conventional excavator and the hybrid ones corresponds
to the supercapacitor power. If this difference is positive, then
the surplus power is charged at the supercapacitor, and if the
difference is negative, then the shortage is supplied from the
supercapacitor. In the parallel-type hybrid system, any regener-
ative energy cannot be recuperated; thus, the amount of reduced
engine power is not much. However, in the compound-type
system, the regenerative power from the swing motion can be
recovered, so the engine power can be reduced more than in the
parallel type. In the series type, the regenerative power from the
boom motion can also be recuperated, and the hydraulic loss of
the control valve can be reduced; thus, the amount of reduced
engine power is the largest.

Fig. 5 shows the comparison result of the fuel consumption
with the load power profile shown in Fig. 3. All of the value
is normalized with the fuel consumption of the conventional
excavator. As expected, the series-type hybrid system shows
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Fig. 4. Engine power profile of (a) the parallel-type, (b) the compound-type,

and (c) the series-type hybrid excavator.
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Fig. 5. Comparison of the fuel consumption with respect to that of the
conventional excavator.

the lowest fuel consumption, which is about 45% of the fuel
consumption of the conventional excavator.

B. Comparison of the Additional Cost

According to the analysis from the previous chapter, the
series-type hybrid excavator is the most promising solution
from the aspect of fuel efficiency. However, for the series-type
hybrid excavator, a high cost should be paid for the hybridiza-
tion. The capacity of the generator and its power converter
should be large enough to cover the whole power range of the
engine since all of the mechanical power should be converted
to electrical power. In addition, a relatively large number of the
motors and their power converter are required because to reduce
the loss of the hydraulic line, each actuator should have its own
hydraulic pump and control valve. Moreover, to achieve this
loss reduction, the design of the hydraulic system is drastically
changed, and additional hydraulic units are needed. To recover
all of the regenerative power, the capacity of the supercapacitor
should also be larger than that of the other structures.

On the other hand, for the parallel-type hybrid excavator, the
capacity of the generator and its power converter is much less
than that of the engine. Since the generative power is dissipated
in the hydraulic line as a loss, the capacity of the supercapacitor
is also less than the other structures. Moreover, an only minor

[ |
. Hydraulic
Engine ump
PSC i
I I P gen
DC/DC PWM
- | ~ CONV. CONV.
Super L
Capacitor N Electrical I.
: Motor
P swing i
(2
Pcngfmax =P, pump
ngn
. Lgen P gen_max .
Vi dc X +" T £ en
—{ Dc link voltage + A N N . sen.
»  controller :‘{ ] | g
v, * £
de SC¢_max .
- P gen_max ¢ + P sc
P, +
H - Psc_max
51
Ly
(b)
Fig. 8. (a) Notation of the power directions. (b) Block diagram of the power

controller.

modification of the hydraulic system is required; thus, the cost
for this modification would be neglected.

Fig. 6 shows the comparison result of the additional cost for
composing each hybrid system. All of the value is normalized
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with the cost for the series hybrid system. As expected, the
series-type hybrid system requires a high cost, which is about
500% higher than that of the parallel-type hybrid system.

The compound-type hybrid system shows moderate charac-
teristic for the fuel economy and additional cost. About 25%
reduction of the fuel consumption is expected compared with
the conventional excavator. Although this value is almost half
of that of the series-type hybrid system, the additional cost for
the compound system is almost one-third of that for the series
system. Fig. 7 shows this characteristic with payback time.
Payback time means the time in which the fuel cost reduced
by applying the hybrid system is equal to the additional cost
for composing it. All the value in Fig. 7 is normalized by the
payback time of the series hybrid system. The saved fuel cost
is obtained under the assumption that the operation time is
2000 h/year; during 30% of the operation time, the excavator is
idling, and for the rest of the time, the excavator is continuously
repeating the work shown in Fig. 3.

As shown in Fig. 7, although the series hybrid shows the
largest fuel reduction, it presents the longest payback time. It is
because the cost of the electrical machines and their converters
is still high, and if their price goes down in the future, then
the results would be totally different. Hence, the best candidate
structure, right now, is the compound-type hybrid system from
the aspect of the economical reason, as shown in Fig. 7. In
addition to this point, the compound type and the parallel
type can be considered as more reliable than the series-type
excavator. In the series type, all the power flows through the
electric path; thus, if failure to keep the dc-link voltage occurs,
then the total system would stop. However, in the compound
and parallel types, both electric and mechanical paths can be
used for the power flow, and if one of them is to fail, then the
total system can still be operated with unavoidable degraded
performance. Thus, considering the economical point and the
reliability, it can be concluded that the compound-type hybrid
excavator is the best solution.
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Fig. 10. Simulation result of the compound hybrid controller with the pro-
posed power control strategy.

III. POWER CONTROL STRATEGY

Fig. 8 shows the block diagram of the power controller
of the compound-type hybrid excavator. The power controller
should provide a balance of the instantaneous power among the
engine, the supercapacitor, and the load. It should also provide a
balance of the supercapacitor energy during a period of a work.

As shown in Fig. 8, the power balance is achieved by the dc-
link voltage control of the pulse width modulation converter,
that is, the generator controls the dc-link voltage to a constant
value in a feedback manner, and the energy balance is obtained
by maintaining the supercapacitor voltage to a certain range in
a feedforward manner, whereas the engine controls its speed
to a nearly constant speed [4]. The swing power is supplied
by the supercapacitor or the generator according to the value
of the Flag. In Fig. 8, Hy. and L. are the upper and lower
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limit values of the power command of the supercapacitor,
respectively. Similarly, Hgen and Lge, denote the upper and
lower limit values of the power command of the generator.
These values are decided considering the maximum efficiency
engine power Fo,g max, the power requested by the hydraulic
pump Ppymp, and the voltage of the supercapacitor V. using
the state flowchart in Fig. 9. It is notable that Peng max does
not mean the maximum engine power in the whole operating
region of the engine, instead of that it means the engine power
that shows the maximum efficiency at the speed where the
engine is operated. When the voltage of the supercapacitor is in
the range between its higher limit V. nign and its lower limit
Vic_low; the operating state corresponds to state 1. In this state,
the supercapacitor could be discharged or charged according to
Peng max — Ppump. Hence, the limit values of the power com-
mands of the generator and the supercapacitor are set to their
maximum values. The swing power is supplied or absorbed by
the supercapacitor in this state, thus “Flag” is set to 1.

If the voltage of the supercapacitor is larger than Vi pigh,
then the supercapacitor cannot be charged; thus, the lower limit
of the power command of the supercapacitor L. and the higher
limit of the power command of the generator Hy,, are set to
0. The swing power is supplied by the supercapacitor if it is
positive; this corresponds to state 2, so “Flag” is set to 1. Other-
wise (state 3), it is absorbed by the generator so the generator is
operated in the motoring mode; thus, the regenerative power
from the swing motion can share the power required by the
hydraulic pump Ppyump With the engine. Although the voltage
of the supercapacitor is higher than V. ;1. the supercapacitor
may be charged if the regenerative swing power is larger than
the maximum power of the generator; thus, Vi, nign should be
selected considering the maximum regenerative power.

Fig. 10 shows the simulation result of the compound hybrid
excavator at a certain moment with the power controller in
Figs. 8 and 9. It is assumed that the excavator conducts the
work described by the load profile in Fig. 3. From the top to
the bottom in Fig. 10, it represents the power of the hydraulic
load and the swing motor, the voltage of the supercapacitor, the
power of the generator, and the power of the supercapacitor.
The values of the power are normalized by the maximum
efficiency engine power, and the higher limit voltage of the
supercapacitor is set to 270 V. From T1 to T2, since the voltage
of the supercapacitor is larger than its higher limit and the swing
power is zero, this region corresponds to state 2. Therefore, the
generator is operated in motoring mode, and the supercapacitor
is discharged according to the difference between the hydraulic
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Fig. 13. (a) Comparison result of the fuel consumption and (b) pie chart of
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load power and the engine maximum efficiency power. During
T3-T4, the voltage of the supercapacitor is lower than its higher
limit, so the rule of state 1 in Fig. 9 is applied. Thus, the swing
power is supplied by the supercapacitor, and the generator
tries to charge the supercapacitor. From T5 to T6, the voltage
of the supercapacitor is larger than its higher limit, and the
swing power is negative; thus, the state 4 in Fig. 9 decides
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the limit values of the power commands for the generator and
the supercapacitor, and the regenerative swing power assists the
engine through the generator.

Fig. 11 shows the dc-link voltage and the supercapacitor
voltage during one work cycle of the excavator. It can be noticed
that the balance of the instantaneous power among the engine,
the supercapacitor, and the load is maintained, whereas the
voltage of the supercapacitor is kept to a certain range during
the cycle.

The comparison between the engine power of the conven-
tional excavator and the hybrid excavator is shown in Fig. 12. It
is obvious that the engine power of the hybrid excavator is lower
than that of the conventional one. It is because the engine of the
hybrid excavator shares the load with the supercapacitor power
through the generator. Another reason is that in the hybrid
excavator, the swing motor is not fed by the engine directly,

(a) Profile of the load power for the dynamo meter and (b) simulated swing power.

instead of that it is fed by the supercapacitor; thus, the loss in
the hydraulic line can be reduced, and the regenerative power
of the swing machine can be recuperated.

Fig. 13 shows the comparison result between the fuel con-
sumption of the hybrid excavator and the conventional one with
the proposed power control strategy and the contributions of
the reasons for fuel reduction. It can be known that the hy-
brid excavator could reduce the fuel consumption with the
proposed power controller by about 24%, and the most of the
improvement comes from the efficient operation of the engine.

IV. EXPERIMENTAL RESULTS

To prove the power control strategy proposed in Section III,
the engine dynamo test is performed. Fig. 14 presents the ex-
perimental setup, which shows the generator, which is directly



1454

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 46, NO. 4, JULY/AUGUST 2010

380 T T T T T T o ! 40
36OL777\7777\7777‘7777,777‘7777‘7777,7777 Motoring = 0
Ve V] v it | Lo . L | 0 %]
34%”T”T”T”T”*r”T”T”* A / ; ; T -~
320 | | | I | | | Generating . : ) : 40
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
T T T T T T T 40
,DiSCh@rgiL}/é\\,,,J,,D.i,,,L,,,L,,,\,,, 20
1 : i | I M P
Ve [V] [ ,qui,x‘\;\jnr”m — Mo < e [o4]
i~ sery ] Fae
0 0 10 20 30 40 50 60 70 80
60 T — T — T T T T T T T T T 40
P ’ JAM**’MWM‘LWWWWWMW«M Panguna.\ | | ‘T‘f‘lj‘% L MOt‘oDn,gf/ L A TR - - ,/A 20 P
B g TN et LT T T I T T 1 e
engrate 20 e T S S e | ****I\C/;ﬁﬂ;/fﬂff*#\#,**f\‘g‘ffk**ﬂﬁi*-zo Fong rate
0! 1 I I 1 ! | L L Geneyting , | L . I ! 140
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time [s] Time [s]

Fig. 16. Performance of the proposed power control strategy.

connected to the engine and the dynamo meter, the power
converter, the supercapacitor, and the swing power simulator.
The swing motion of the excavator is simulated in the power
level by controlling the power from the power level. The load
power profiles for the dynamo meter and the simulated swing
power are shown in Fig. 15. All the values in Fig. 15 are
normalized by the maximum efficiency engine power. Since the
capacity of the dynamometer is not enough to cover the whole
engine power, the tested load power is in the range between
20% and 60% of the maximum efficiency engine power, as
shown in Fig. 15. Thus, 40% of the “real” maximum efficiency
engine power is taken as Feng max for the proposed power
control strategy shown in Figs. 8 and 9.

Fig. 16 shows the performance of the proposed power control
strategy. It can be shown that the dc-link voltage is well
regulated in spite of the change of the load power and the swing
power, and the voltage of the supercapacitor is kept in a certain
range during the work cycle. This means that the proposed
power controller achieves the instantaneous power balance and
the energy balance during the work cycle.

To examine the effect on the fuel consumption, the load
profile in Fig. 15(a) is applied without the simulated swing
power. Since in the hydraulic excavator the swing power is
supplied by the engine through the hydraulic line, whereas in
the hybrid excavator it is supplied through the electrical line,
the simulated swing power is not applied for this comparison
to compare more fairly. As a result, the authors obtain 8% fuel
reduction, whereas 24% fuel saving is expected in Section III.
It is because in these experiments, the load power level is too
low compared with the maximum efficiency engine power and
the regeneration power, and the idling state is omitted.

V. CONCLUSION

In this paper, several structures of the hybrid excavator with
the supercapacitor have been compared from the aspect of fuel
efficiency, the additional cost due to the hybridization, and the
expected payback time. From the comparison result, it can be
concluded that a compound-type hybrid structure is the best
solution among them because of its shortest expected payback
time. In addition, the power control algorithm of the engine
and the supercapacitor is proposed. To verify the proposed
algorithm, computer simulation and experiments using engine
dynamo set were performed, and the results are presented.

From the result, it can be known that the proposed power
controller can keep the balance of the instantaneous power
and the energy of the supercapacitor. Moreover, about 24%
of the reduction of the fuel consumption with this controller
is expected, and 8% fuel reduction can be obtained by the
engine dynamo test. The reason for this difference between
these results is that, due to the limitation of the dynamo setup,
the load power level is too low compared with the maximum
efficiency engine power and the regeneration power, and the
idling state is omitted. The implementation of the prototype
22-ton class hybrid excavator is in progress to show the fea-
sibility of the proposed controller and system.
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