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Abstract

A 20 t parallel hybrid excavator was applied as the research object in the research. To
optimize the fuel economy of the engine and maintain the balanced electric quw of
power batteries simultaneously, a fuzzy logic based strategy was proposed to ral the
power train of the 20t parallel hybrid excavator. The torque required by, the system and
the state of charge (SOC) of the capacitor were regarded as the inpu ters, while
the power partition coefficient K was regarded as thés@t para@ 0 design the
fuzzy logic controller, so as to optimize the power outn% engine the motor. The
simulation and bench test results demonstratem[ ep gw‘uzzy logic based
control strategy can maintain the balanced el quaﬁ%t;l%of‘ the capacitor while
controlling the engine to be operated at the o | output powsr. Meanwhile, after being
optimized by the fuzzy logic, the engin uced t el consumption by 8.06%.
Therefore, it is concluded that this str. s applicablérto parallel hybrid excavators,

ﬁ?@ng

accompanying with significant energ eff C\
Keywords: hydraulic exca@%%rallel ybi;},energy saving, control strategy, fuzzy
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1. Introduction* Q ’Q,Q
As a kind of\kulatmruction robots with multi-degree of freedom,

hydraulic excavg have b idely applied in the construction operations related
to civil engng due @ jts multiple functions and strong operating adaptability.
Meanwhile, as one o&ssociated problems, the study on the energy saving of
hydraulic excavat as attracted much attention. The violently fluctuated
operating load vators gives rise to the unstable working points of engines,
and thus lead the high energy consumption, high emission and poor fuel
economy Tg;pavators. Hybrid technology has become the research focus for its
technical ntages in solving the aforementioned problems. Different from the
po er@f traditional hydraulic excavators, hybrid technology adopts compound
d% using more than one power sources. To be specific, the “peak load shifting”
funcgion of the auxiliary power source is utilized to balance the substantial change
of the power output of the primary power source (engine) induced by the load
fluctuation. In this way, it can stabilize the working points and optimize the fuel
economy of engines. In 2004, Komatsu Company in Japan developed the first
prototype of the oil-electric hybrid excavator in the world [1], in which the parallel
powertrain was adopted. Later, it launched the improved prototypes PC200-8EO and
HB215LC successively in 2008 and 2012. In 2006, Kobe Steel Ltd. in Japan
developed the prototype of the serial oil-electric hybrid excavator SK70H, which
has been put into batch production officially since 2007 [2]. Caterpillar Inc.
Company in America launched its own first hybrid excavator CAT336EH in 2012,
which adopts the oil hybrid technology and has been put into mass production since
2013. Compared with the tycoons in the international construction machinery
industry who have developed increasingly matured technology, the studies regarding
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the hybrid technology of excavators are still in the primary stage in China. In recent
years, Sany Heavy Industry Co. Ltd., Sunward Intelligent Machinery Co., Ltd and
Zoomlion Heavy Industry Science & Technology Co. Ltd. in China have developed
their own prototype of hybrid excavators successively B! The technology is still
immature for realizing the productization. Therefore, it is very necessary to carry
out the systematic and special research on the key hybrid technology.

As one of the research hotspots and the key part of the hybrid technology, the
energy management of the hybrid powertrain is, directly related to the energy saving
effect. In China, Zhejiang University firstly carried out the basic research
concerning the hybrid hydraulic excavators. Zhang Yan-ting et al. *® put forward a
strategy for controlling the invariable working points (including single working
point and double working points) of the engine for the 5 t hydraulic excav
strategy was proposed based on the parallel hybrid powertraln Wlth

capacitor applied as the energy storage system. Xiao Qing " propose oved
strategy for controlling the dynamic working points. Wang Dong yu forward
a strategy for controlling the dynamic mixing g&%\base condition
analysis, which was another kind of strategy c i i

mic working
points. Liu Gang et al. ! from Tongji Univeysi Ioped‘g})ategy which can
realize the balanced control over the torque par hybrid excavator. The
aforementioned strategies all can be concluded as the r ased logic threshold
control methods, and mainly focus on O@Vng en to have them work in the
high efficiency area. However, they pr poor op ation effect on the charge-
discharge balance of power ba@ HeaQifig-hua ™ from Central South

University proposed a strategy f rolli asi-stable working points based
on the prediction of Work%k tions fo parallel hybrid system of the 20 t
hydraulic excavator. Howe his strat exhibited poor real-time adaptability to

loads.

The powertrain of @Iel hy@xcavators belongs to the nonlinear time-
varying system. 0% re, to ize the engine efficiency and maintain the
balanced electri % tity .0 er batteries simultaneously, fuzzy logic based
control strat@5 ires to ilized to coordinate the power distribution of power

components res tudied the fuzzy logic based strategy for controlling the
powertrain of the 20 allel hydraulic excavator in which the super capacitor
t

based energy stor stem was adopted. Meanwhile, the MATLAB/Simulink

software platfor employed to simulate the energy saving effect and optimal
performance o control strategy. Afterwards, the simulated results were verified
on the sel loped, integrated test bench for the parallel hybrid powertrain of the
excavato

z@gFuzzy Logic based Control Strategy

2.1 The System Structure of the Parallel Hybrid Excavator

The structure of the powertrain of the research object, namely, the parallel hybrid
hydraulic excavator, is shown in Figure 1.
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Engine ISG motor

Tank Controller Capacitor

Figure 1. Structure of the Parallel Hybrid Hydraulic eExcavator

The engine of the primary power source and the auxiliary power source—
integrated starter generator (ISG) motor are connected using the same axis4Q drive
the hydraulic pump jointly. The power balance among the engine, the | wor,
and the hydraulic pump is expressed as follows: %’

Pengine+ I:)motor = kl:)pump ﬁ (1)
Where, k and Ppmp represent the correction fact \f ci and the absorption
power of the hydraulic pump respectively.

Since they have same rotational speeds t Iatlor@ﬂong the torque of
three of them is formulated as:

T.+T,=kT (2

pump

Where, T, and T,, indicate the t tor G&@ﬁthe engine and the ISG motor

separately.

Electrical connection |:Ae% shed bgtw the super capacitor and the ISG
motor and its switch controllet. The® émotor can work by consuming and to
generate power, so as t C mpens power according to the variation of the
loads. As a kind of e storage &nt the super capacitor is designed to adjust
the power to hav t engme ork in the high efficiency area of specific fuel

consumption le ng s uthors attempted to offset the influence of the
violently fl load o engine.

2.2 The Optimal Wo Curve of the Engine

Both the rotatj peed and the power can be utilized to determine the optimal
working curve e engine, and the former is adopted in the research. The map of
&pmtion of the engine utilized in the research is shown in Figure 2,
d by applying certain a step selected from the workable rotational
in the range from the minimum to the maximum value) of the engine.
rtain a rotational speed, 1,800 rpm, for an example, the engine efficiency
at torque value T; within the preset working range (from point B to Point A) of
the torque of the engine is calculated in the research according to the map. Then, the
point with the maximum efficiency is regarded as the optimal working point of the
engine at current rotational speed. Afterwards, the optimal working curve of the
engine can be obtained by connecting the optimal working points at various
rotational speeds.

Copyright © 2016 SERSC 53



International Journal of Smart Home
Vol. 10, No. 8 (2016)

1200 1400 1600 1800 2000 2200

n, (rmpmy) x).
Figure 2. Fuel Consumption Map of the Engine Y’

2.3 The Control Strategy based on Fuzzy Logic

Excavators work in poor environment oads trong real-time
variation. Therefore, they show high requwe on th ty of components
while satisfying the power performance of .operation. T rid system not only
needs to guarantee the fuel economy of glnes thelr normal operation,
but also to stabilize the SOC of the s apamtor W|th|n a certain range, so
as to avoid the shortened working the tor caused by overcharging and
discharging. Thereby, control ép S ar d to have high robustness and
adaptability. In this aspect) Iog| ntrol exactly accords with the
requirements above. Unlik contrQJ hods based on the logic threshold value,
the fuzzy logic based co%)l strategy. m ds the knowledge base of expert system
into the fuzzy control the f control rules, and describes these control
rules using the fu % inste e accurate value. It presents low dependence
on the accurate I O@ystem, and therefore is endowed with strong

ability.

robustness

The torq o Fequi e@y the system and the SOC of the super capacitor are
input into the fuzzy Léoller in the research. After the fuzzy logic reasoning, the
partition coeffici of the torque is outputted, which is then defuzzified
segmentally to the target output torque T,of the optimized engine. Then, the

target torqﬁﬁm of the motor can be obtained by calculating the difference between
the re @ orque T, and the target output torque T,of the engine. The principle

0 zy logic based control strategy is shown in Figure 3.
Required Tr:,r

torque :
> £ 1 g

§ £ :

s K, &

= ] g
SOC =S z s

—> = = .

Figure 3. The Principle of the Fuzzy Logic based Control Strategy
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The torque required by the system T, is determined by the absorbed torque of
the hydraulic pump, and is formulated as:
To=Tom=od o)
2z.m,1,
Where, p, qand 7, represent the output pressure, the displacement and the

volumetric efficiency of the hydraulic pump respectively, while 7, indicates the
mechanical efficiency of the system.

The computational formula of the target output torque T, of the engine is
expressed as:

- {K Tos K <1 6?24)

opt+(K 1)(T opt)! K>1
Where, T, denotes the optimal theoretical \'é ine at current
rotational speed, which is corresponding to @fore optlmal working
point. T . represents the maximum output torque of the e at current rotational

speed. . CQ

The universe of the input varlab%p Mge of [0, 2]. Thereinto, O
indicates that the load torque is b , while 1 indicates that the load
torque is equal to the current theor(%; orque of the engine. In addition, 2
denotes the maximum valu he load t The universe of SOC is in the range

of [0, 1], where O and 1 r resent the t ical upper and lower limits of the super
capacitor respectlvely partly&fflment K of the torque ranges in the
universe of [0, 2] h 0 signi that the target output torque of the engine is
0, while 1 |nd|c that the h&)mtorque of the engine is the optimal efficiency
torque at preseqt ides, eJmaximum target torque of the engine.

The me ip functiens of the input and output variables are established to
construct the fuzzy r t. The membership functions of each parameter are
demonstrated in Fi . The fuzzy rule set utilized in the research is illustrated in

Mamdani’s inf method is adopted 1.

QQ\LV 10 MNE NS z P3 FB
@

Table 1, whiz@ mposed of 25 pieces of If-Then rules. Meanwhile, the

0.5

0.0 :
0.0 0.5 1.0 1.5 2.0

Negative big (NB) Negative Small (NS) zero(Z) Positive Big (PB) Positive Small (PS)
The membership Function of the Input Variable T,,
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Figure 4. The Membb&ﬂgﬁunctgls Input and Output Variables

e @of Fuzzy Logic Rules

0. 2.0
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SOC "
7\ N NS Zero PS PB
Excessively low PS PB PB PB
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Moderate (b, NB NS M PS PB
High NB NB NS M PS
Excessively M@ NB NB NB NS M

3. Systém Modeling

the system structure of the parallel hybrid excavator illustrated in Figure 1,
thetheoretical formula is combined with the experimental data to perform modeling
on the main components including the engine, ISG motor, hydraulic pump and super
capacitor. Meanwhile, the MATLAB/Simulink software platform is utilized to
construct the systematic simulation model shown in Figure 5.

3.1 Engine Model

This research aims to investigate the variation of the working points and the fuel
consumption as the engine operates instead of the real-time dynamic performance of
the engine. Therefore, the modeling of the experimental data and the theoretical
modeling are applied as the main and auxiliary methods respectively to establish the
mean model of the engine. After the data measured in the universal characteristic
test of the engine are processed by using the interpolation method, the steady output
torque of the engine illustrated in formula (5) is obtained.
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T.=f(n,a) Q)

Where, T,, n,and « represent the steady output torque, rotational speed, and

throttle opening of the engine respectively.

The engine works at the non-steady state in most of the time. Therefore, in order
to reflect the dynamic characteristics of the engine, the dynamic output model of the
engine is established as follows:

Ted (ne'a) :Te - ‘]ene _Cene (6)
Where, T, (n,,) and J, indicate the dynamic output torque and equivalent

rotational inertia of the engine separately, while C, represents the viscosity @Qg

coefficient.
The fuel consumption model of the engine is illustrated in formula (7); YV

Ge:kIge.Te.nedt ,%[ @
Where, G, denotes the fuel consumption, and \ fcat el eff|C|ency,

which is obtained by processing the exper@a data@ the interpolation

method. ‘x

Torque output Miotor speed ’|
Power outps st Bamry Ude
156 Motor

J
Fiﬁf@Simulaﬂon Model of the Parallel Hybrid System

3.2 h@gjel of the I1SG Motor

n important element for energy conversion in the powertrain, the ISG motor
is intensively studied in the research in terms of the dynamic output characteristics
and the energy conversion efficiency. The dynamic output torque of the motor is a
first-order inertia link illustrated in formula (8).

1
Tog = Te - 8
md ms TS+1 ()

Where, T, and T . represent the dynamic output torque and the steady output
torque of the motor respectivley. Thereinto, the latter can be obtained by looking-up
table or performing the interpolation method on the steady data obtained in the
experiment. T and sindicate the system time coefficient and the Laplace transform

separately.
The efficiency model of the motor can be obtained by performing interpolation on
the experimental data using formula (9):
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nm (n md ) (9)

3.3 The Model of the Super Capacitor

The working voltage of the super capacitor is V . Assume that the capacitor
voltage at a moment is V (n), then the working voltage V (n+1) at the next moment
is:

At

V(n+l)=V(n)-1I e (10)
Where, | and C represent the working current and the capacity of the capacitor,
while At indicates the time step. o
The SOC of the super capacitor is formulaed as: x)
SOC=E./E,=05C-VZ/05C-V? =V V¢ Z (11)
Where, E.and E; represent the energy of the ca@ at curseht)SOC and full
SOC respectively, while V. and V, denote the open M voltage and the

rated voltage of the capacitor separately.
The output energy E of the capacitor caq@calculaé g formula (11):
E =0.5C(V; -V,%)

Where, V, and V, signify the qu of the capacitor at the initial
moment and the final mome t e |ver Q

4. Simulation and E)@rlmem@ly

(b,. 2

,,

=

S
0 L L

Q 0 10 20 30 40 50 60

tfs

(12)

@Q Figure 6. The Load Spectrum Utilized in the Test

In order to enhance the comparabililty between the research results and the real
vehicle operation, the load spectrum acquisited by the 20 t excavator of the
company under the standard excavation conditon of the testing field was adopted for
loading. The data containing five complete working cycles in the load spectrum were
applied as the experimental load, whose power spectrum is illustrated in Figure 6.
Meanwhile, the condition analysis was combined with the theoretical formula to
design parameters for the parallel hybrid power assemby of the excavator according
to the operating load. Thereinto, the rated power of the engine was set as 82 kW.
Since high power reserve coefficient of the electric elements was required in the
experment, the rated power, capacitance and maximum working voltage of the 1ISG
motor were determined to be 60 kW, 40 F and 400 V respectively.
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4.1 Simulation Verification

The backward simulation was conducted to verify the optimizition effect of the
fuzzy logic based control strategy. By applying the load spectrum illustrated in
Figure 6 as the input load, this research carried out the simulation comparison on the
fuel consumptions of the hybrid system under the ordinary mode (merely driven by
the engine) and the fuzzy control mode. The intial rotational speed of the engine
was set as 1,800 rpm, and the initial value of the SOC of the capacitor was 0.6.
Figure 7 illustrates the theoretical power outputs of the engine and the motor after
being optimized by the fuzzy logic. Compared with the fuel consumption map of the
engine in Figure 2, it can be discovered that the real-time servo of the motor to the
load power guaranteed that the engine can work in the high efficiency area all the

logic, and it can be seen that the SOC of the capac
after five complete working cycles. Meanwhile, th

0.58 during the whole working process, k atm

according to the membership function of the an be seen that the
proposed strategy presented a favorabel ef on stabilizing the working condition
of the capacitor. The simulated curve.s fuel tq@wptlon of the engine under
the ordinary mode and the fuzzy co de arg, compared in Figure 9. It can be
seen that under the same load, I con ns of the engine reduced from
252.5 g under ordinary mode o g mi{ zy logic control, with the rate of
fuel saving being 10.32% e aII uzzy logic based control strategy

presented a favorable effect oh impf the fuel economy of the engine and
maintaining the balanced ctric q%@mf power batterties simultaneously.
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Figure 7. Power Partition of the Power Source under the
Control of the Fuzzy Logic
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In order to verify the validity of the simulation results, the fuel consumptions
were compared on the self-developed, integrated test bench for the parallel hybrid
powertrain of the middle-sized hydraulic excavator. The structure principle and
picture of the test bench are shown in Figures 10 (a) and (b). Meanwhile, the
hydraulic system which is same with that of the commercially available 20 t
excavators was configured on the test bench. Besides, the electron-hydraulic
proportional technology was utilized to design the artificial load system, in which
the load spectrum collected above can be used for loading. The initial value of the
SOC of the capacitor and the working speed of the engine were 0.85 and 1,800 rpm
respectively. Figures 11 and 12 illustrate the power partition of the powertrain and
the variation of the SOC of the capacitor under the influence of the fuzzy logic
control. It can be discovered that the output power of the engine basically fluctuated
up and down slightly near to the optimal working point, that is, 70 kW, ag theyfinal

value of the SOC of the capacitor was 0.71. Since the value of the.S f the

capacitor was high during the whole experimental process, under the ence of

the control strategy, the engine mainly output the r2assis itive torque

instead of the great negative torque—a rapidly elec%g'e ous sta peared in the

simulation process. Figure 13 exhibits the actu nsump%%n)urves, and it can

be seen that the fuel consumptions of the um@? rdinary mode and
|

subjected to fuzzy logic optimization we @ and 285 ith the actual rate of

fuel saving being 8.06%. The reason fo ate of aving in the bench test
lower than the simulated one was the® |C|ency e components. The results
of the bench test verified the valj f th sifhulation results. Therefore, it is
concluded that the fuzzy logic b ontr y exhibits a favorabel effect on
optimizing the fuel econo y engin (% maintaining the balanced electric
guantity of the capacitor, a us |s.a fective mehod when applied in parallel
hybrid excavators.

et NN ITE pOWET

| T Motor power

tfs

;igure 11. Experimental Curve of Power Output of the Power Source
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Figure 12. Experimental Curve of the SOC of the Capacitor
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Figure 13. Fuel Consumption Curves
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5. Conclusion

This research investigated the fuzzy | Qsed strate
powertrain  of %b
MATLAB/Simulink simultion model G
load spectrum collected by the com
load model for simulation. The v
verifed through the S|mulat|o
bench of the parallel hybrl

for controlling the
rid , vator. Meanwhile, the
@hybrld SN was established, with the
IIy le’20 t excavator applied as the
ogic based control strategy was

5|s B %‘ the self-developed, integrated test
ertraln 0 iddle-sized hydraulic excavator was

the 20 t parallel

adopted to verify the S@HIOI’I res Iﬁ» s demonstrated in the bench test, the

control strategy based

zy logi stabilize the engine to have it work around

the optimal worki N t whil taining the balanced electric quantity of the
capacitor. Mean % it also %?nced the fuel economy of the engine and thus

presented a

nt ener vihg effect.
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