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A Study on the Energy Saving Hydraulic Control System
using Variable Displacement Hydraulic Pump/Motor

Yong-Rae Cho’, Kyoung-Kwan Ahn*

ABSTRACT

This paper proposes a flywheel hybrid vehicle to solve the energy crisis problem by the exhaustion of a fossil fuel
and air pollution for the conservation of environment. The proposed flywheel hybrid vehicle is composed of an
accumulator and a flywheel as the energy generation and storage component and three variable displacement hydraulic
pump/motors as the energy transfer devices. Flywheel has the characteristics of high energy density and easy energy
absorption and consumption. The effectiveness of the energy-saving of the proposed flywheel hybrid vehicle is verified
by simulation using Matlab/Simulink. First of all, analytical modeling for the flywheel hybrid vehicle is presented and
simulations are performed based on the experimental efficiency data of a variable displacement pump/motor. The resulis
of the simulation show that the effect of energy savings is realized by the proposed hybrid vehicle in 3 different city
driving patterns.
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Fig. 1 Schematic diagram of energy saving hydraulic control system
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Fig. 2 Control method of the displacement of flywheel
pump/motor

3. =83 o4

g AdAE AGd Beol ¥ golmels 3
F9 84 2de FE@D o W, ogHow
a7 9 BLEE 5o 5ge AANA A
FLe 2Y9e gt

3.1 Xtgzel

B A g olAdME 5% 1.5Ton o A2Fx-
£%

g 7Masd, muse Sasdt 4B £EY

AL g Zon, F AU Table 1 o YE-

W Ut

M, i =F-R-D 1)

dt

F=2R,T, R, @

R = #er-[g (3)
4)

D= % dpairAI/vf'l

A7V, My : B, Vi AFEE, F: 759,



C A

L

283 A 20@ AM00E

R: go}ol FEAY, D: 7)) AR, Ry: THS
v, Ty E¥olB FL/RE EF, R, : Bl &
AN, p: Bolo] 75 ARAT, g THMEE,
Co: BF7NAY AT, por: F718E, 4: AZFAE F

A ehan.

32 Zato|g
Zejo|By £5YHNE thest 2ol HAY
ik,

2~
N

dw
hatat', 3 +C L0y, =f
dt R,

J, (5)

fw

A7NVM, Jp: STOIHY BYRHAE, op,: S22
o JHEE, G, : BTOIEY APAIAT, Ry :
FEetolde] Z&ulelth ¢, & S0l S Fdsl
¢3N] AFEe s JFuEAAE

oz AR

L.

-

33 #e EE

ety oz [A3 29 FEA AlEHo| M
e, BRAAE REAFA 2E2 3331, F
U548 nHste o] "asy, B A
Feo|de] BHo] Rz JuRAZe] A
Alole] BAAE Wl Ao, £ AlEH| M
Ae FY A" ggtd JF A5AY T3
2 292N i Aol AFHY gEd &
e FAIG mEiA 7 PE/RE 9 o7 E
HolE g d&5UANL Xy HAY 4 AUtk

]
e

(6)
Q)
®

Qﬁn +0u— er =0,
O =V 04, I 0,
Oin =Vin @i ' 1, im

er = Vepa)ep /nv.ep (9)
_av, (10)

Quc = dt

Ty, =1, 4Py Vs, (1D

Tdr = nl,drPsys Vdr (12)

T, =10V, (13)

A7IAM, 0 FrF, v E/REH 8%, V. o FEH
ol 7}284, ™ HE/REY EF, 5, 3 A,

103

n: B3 &, Py A" 4EE 474 vea,
3G fin: Ztold HE/BE, dm: SElolH H
IR, ep: AR HI/RE, ac: AAFEHIH, f:
Zgolg F, dr ZYO|H F, o dIES Z2F
ERaT)

7t E/REHY §% &40 EF &4L oy
o ByFe g} 2 A A AFRL AA 9
HI/RE 9 A¥AE AHESIST.

AQ = AQ, +AQ, +AQ, 14
AQ, =176 x10(@/27)+1.7x107*P, (15)
AQ, =(5.10x10™" - 2.83x10 )

x(@/27)P,, (16)
AQ, =5.80x10"%(w/27)B, V 17
AT = AT, + AT, + AT, (18)
AT, =4.27x10%(w/21) (19)
AT, =5.84x107a(w/27)

+8.02x10*(@/27) (20)
AT, =2.50x107P,, -8.1x10™°P, * @n

714, AQ;: =dAAF, AQ: EAF AQs FF9
A& BAY, AT B, AT, 39 ¢4
3 AT 48T 2 454, o HAES YER
th AMgEtE HZ/REY giEFH a&2A4, o
HE B9, &9 20MPa), 3 A4S 300[rpm] ¥ H
AE 100%A AaEL2 93%°]th

o FEHCIEY =, F%F9 BANL ZYE
2y 4% #3 AAHoZ A9 oL Ho=
RN
P V"0 =const (22)

ac0

= RH(‘ Qﬂ(‘

I:’acV""" =

P -P (23)

A71M, P o EH Y 7t v, o FED
O|E} 7FEEH, Py O1FEHCIH 7] 7h2%HE,

Vao: Q1T EEUIE 8%, R, o EEIH 4FA
#,n: TYERY AFE YErA

3.4 98 AH|
CPS 2o AN F&d Ay Zol, I A
o BUY RaAzANH eAsnE, Yuyoes



3]z 4204 A 003

29 B39 Ay 52 HE A7 Hud
FaHl by FTEA A9 7 Aok wehA
A8 AHEE g5 Zo] ANE F AU
M, =bsfe| W, dt = bsfe[ T, w,,dt (24)
4. Al 2d8o]M
3 3 AEYeld Bdg o] &3t LP5E

2ol AdFHe AT AEHIEE Matlab/
Simulink £ °©]-&3ste] TR HLYYPL 4 &

Runge-Kutta S AH§3IL, 2HFe FIRPRE=R
A 10 EE(10 mode), 7} 10 E=(Modified 10

mode), ¥ 7}4 2 (Full acceleration mode)2] A7}
A 38 e gistd 4 F7] 54 ABHEE
st A Bao| Mol ALEE A2 2 7+ §
Yol AYE Tablel Z 29 Yehich

Table 1 Specifications of vehicle model!

Vehicle frontal area, 4 1.7 m?
Vehicle aerodynamic drag coefficient, C; 0.4
Flywheel loss coefficient, Cy. 0.00036
Coefficient of gravity, g 9.8 m/s’
Moment of inertia of flywheel, J, 0.62 kgm’
Vehicle mass, M,y 1500 kg
Polytrophic exponent, n 2.0
Initial accumulator pressure, Pay 24 MPa
Final drive reduction ratio, Ry 6.68
Reduction ratio of flywheel, Rs 2.2
Effective tire radius of vehicle, R, 0.284 m
Coefficient of tire rolling resistance, z, 0.015
Air density, p u 1.2 kg/m3
Table 2 Specifications of Engine and Pump/Motor
Engine speed, Epax 314 rad/s
Max. volume of pump/motor Ve 8.00e-6 m'/rad
(50 cc/rev)
Initial accumulator gas volume, Vo 0.0l m’
Output power of the engine 200 rad/s
Brake specific fuel consumption, bsfc | 270 g/kWh
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Fig. 3 Matlab/Simulink model in the case of proportional
control as pressure compensator
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Fig. 4 Matlab/Simulink model in the case of On/Off
control as pressure compensator
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Fig. 5 Simulation result of controller A
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Table 3 Comparison of fuel consumption in the case of
controller A with constant pressure setting

Condition Prom  (AP=2.5 [MPa))
Driving patterfl 200 ] 22.5 1 250 | 275 | 300
10 mode 565 | 633 ] 64.1 | 77.5 | 80.2
Modified 10 mode 67.1 | 69.6 | 70.2 1 71.2 | 72.8
Full acceleration mode | 64.7 | 66.3 | 74.6 | 77.5 | 79.1

Condition Prom  (AP=5.0 [MPa})
Driving patteril 20.0 [ 22.5 [ 25.0 | 27.5 | 30.0
10 mode 56.3 1 63.2 1 640 | 77.5 | 80.1
Modified 10 mode 66.7 | 693 ] 699 | 714 | 72.6
Full acceleration mode | 67.1 | 66.6 | 72.9 | 77.5 | 80.3

Condition Poom  (AP=1.5 [MPa])
Driving patterit 20.0 | 22.5 | 25.0 | 27.5 | 30.0
10 mode 66.4 1 63.0 ] 639 | 774 | 80.1
Modified 10 mode 664 | 69.1 | 69.8 | 71.2 | 73.5
Full acceleration mode | 67.1 | 66.3 | 69.3 | 76.1 | 80.5

Table 4 Comparison of fuel consumption in the case of
controller A with variable pressure setting
during driving (During braking: P,,»=25.0

[MPa])

Condition Pom (AP=25[MPa))
Driving patteril 20.0 22.5 25.0 27.5
10 mode 63.5 63.8 64.1 64.4
Modified 10 mode 69.4 69.8 70.2 70.5
Full acceleration mode 71.2 72.9 74.6 76.5

Condition Poom (AP=5.0 [MPa])
Driving patterii 20.0 22.5 25.0 27.5
10 mode 63.4 63.7 64.8 64.3
Modified 10 mode 69.3 69.6 68.4 70.4
Full acceleration mode | 66.2 64.9 72.4 74.9

Table 5 Comparison of fuel consumption in the case of
controller A with variable pressure setting
during braking (During driving: P, =25.0

[MPa})

Condition Poom  (AP=2.5 [MPa])
Driving patterii 20.0 22.5 I 25.0 27.5
10 mode 684 | 637 ' 64.1 | 769
Modified 10 mode 67.9 700 | 70.2 71.2
Full acceleration mode | 67.9 716 | 74.6 76.5

Condition Puom  (AP=5.0 [MPa])
Driving pattei 20.0 22.5 25.0 275
10 mode 68.3 63.5 64.8 76.8
Modified 10 mode ' 67.5 69.7 68.4 71.1
Full acceleration mode | 70.1 68.1 72.4 75.8
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Table 6 Comparison of fuel consumption in the case of
controller B with constant pressure setting

Condition | 4P, = 2.5 [MPa], 4P,=7.5 [MPa}
Pi=17.5 | Pu,,=200 | P,,~22.5
Driving pattern Pugi=21.5 | Prp=30.0 | Pry=32.5
10 mode 543 54.7 50.3
Modified 10 mode 54.5 61.4 55.5
Full acceleration mode 54.7 65.2 61.0
Condition | 4P;=5.0 [MPa), AP,=5.0[MPa]
Piow=17.5| Pi,=20.0 | P,,=22.5
Driving pattern Pri=27.5 | Pugy=30.0 | Pyyyi=32.5
10 mode 46.7 55.1 55.3
Modified 10 mode 59.9 61.4 67.0
Full acceleration mode 50.5 53.8 61.0
Condition | 4P;= 7.5 [MPa], AP,=2.5[MPa]
Piow=17.5 | Pi,=20.0 | Pp,,=22.5
Driving pattern Prigr=27.5 | Phgy=30.0 | Pppi=32.5
10 mode 54.0 542 57.2
Modified 10 mode 61.7 64.2 69.9
Full acceleration mode 56.1 57.9 63.6
70 -
(1) € IDunng driving and stoppage P, 200MPa, P, 0OMPa. DP, 0.5MPa. DP, SOMPa
Durmg braking P._ 225 MPa, Pm 27 S MPa, I?PI 05MPu, NP, 2 SMPa
(2) 222 Dunmg driving and stoppage P, 200MPa, P, 30.0MPa, DP, $0MPa, DP, 5.0MPa
— 65k During braking P, 2SMPLP | I7SMPa DP. 25MPa OP, 25MPs |
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Fig. 7 Comparison of fuel consumption in the case of
controller B with variable pressure setting
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