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Conservation of Mass, Force and Pressure

m = O = Ao
1) Volume Adx = Adx,
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Hydraulic Excavator
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Hydraulic Brake Systems

Brake System

1 ) Wheel Cylinder

2 ) Brake Light

3 ) Brake Pedal

4 ) Rear Brake Lines

5 ) Stop Light Switch (Mechanical)
6 ) Front/Rear Balance Valve

7 ) Pressure Differentiavl Valve
8 ) Brake Warning Lamp

9 ) Brake Fluid

10) Brake Pad

11) Master Cylinder

Seoul National Univ. .
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and Aerospace Engineering




\ehicle Model - Brake Model

Brake Model
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Applications of Fluid Power

- Pneumatically controlled dexterous - Space shuttle Columbia
hand
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Applications of Fluid Power

- Hydraulically powered Sky-tram - Hydraulically driven turntable
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A8 HFE0UOlH(Linear Actuators)2
A= =d
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Hydraulic Systems : Landing Gear System
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Why hydraulic ?

Internal combustion Engine
Turbine

Electric motor

Hydraulic actuator
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Why hydraulic ?

1. smaller and lighter
horsepower to weight ratio > 2 hp/Ib
2. heat/lubrication — long component life
3. no saturation and losses
- saturation and losses in magnetic materials of electrical machine
- torque limit only by safe stress levels
4. high natural frequency/high speed of response/high loop gains
- electrical motors, a simple lag device from applied voltage to speed
5. dynamic breaking with relief valve without damage

15



Disadvantages

1. not so readily available

2. small allowable tolerances result in high costs

3. hydraulic fluids imposes upper temperature limit.
4. fluid contamination: dirt and contamination

5. basic design procedures are lacking and difficult, complexity of hydraulic
control analysis

6. not so flexible, linear, accurate, and inexpensive as electronic and/or
electromechanical devices

16



Hydraulic Systems
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Primary Functions of a Hydraulic Fluid

O O C
Qo 5 MY

2. LINES CARRY THE LIQUID TO

ACTUATORS WHICH ARE PUSHED
DRAULIC

1. THE PUMS E:.JSESES THE RY TO CAUSE A MECHANICAL OUTPUT
LIQUID INT . TO MOVE A LOAD.

3. SOME ACTUATORS OPERATE IN A
STRAIGHT LINE (LINEAR ACTUATORS).
THEY ARE CALLED CYLINDERS OR RAMS,
THEY ARE USED TO LIFT WEIGHT, EXERT
FORCE, CLAMP, ETC.

LOAD

TO RESERVOIR

O
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Conservation of Mass, Force and Pressure

m = O = Ao
1) Volume Adx = Adx,

41_] Pivot N dX2 — %dx1

Master cylinder
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Hydraulic Systems

Hydraulic pump

Control valve

&
<

Tank T l,

Load

Hydraulic actuator (70~ 210bar)

F=A(R=-P,)
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Gear Pumps (External)

— fixed displacement pump

— uses spur gear (teeth are parallel to the axis of the gear)
— noisy at relatively high speeds

4. DUTLET PRESSURT AGAIMST

TEETH CAUSES HEAWY SIDE-

LOADING OM SHAFTS AS GUTLET
IMDICATED BY ARROWS,

3. AND FORCED CUT
CJF PRESSURE PORT A5
TEETH GO BACK IMTO
FAEZH.

DRIVE GEAR

20 DIL 15 CARRIED ARDUND

HOUSING [N CHAMBERS INLET
FORMED BETWEEN TEETH, 1. WACUUM 15 CREATED HERE A%
HOUSING AND $I0E PLATES, | TEETH UMMESH, DIL EMNTERS FROM

RESERVOIR,
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Internal Gear Pump

INTERNAL GEAR PUMP AC

/

End Esc

Pause / Restart 'S
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Internal Gear Pump
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Internal Gear Pump
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Simple Vane Pump

SIMPLE VANE PUMP F-T-N
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Balanced Vane Pump
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Piston Pump (Swash Plate Type)
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Piston Pump

Q = (No. of Pistons) x (Pistan Size) x (Pistan Stroke) x (Drive Speed)
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Pump

 SHAFT
COUPLING PUMP

Electric .
Motor or 'C] Eﬂ" _
Engine o\ Oy
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Hydraulic Pump

— the heart of a hydraulic system
— converts mechanical energy into hydraulic energy
- Y3 0M CHRE = M= hydrostatic pump
— 2oL 7| A, XA (positive displacement) H =
— X}IE cycle

- SYUECI=Y) S, &= 3 EZ(BO0H) 57
— Displacement (Hij&| 2 X)

« the amount of fluid ejected per revolution

e unit: cm3/rev, cc/rev, cm3/rad, cc/rad

i3y Seoul National Univ.
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Pump /S0l & 239t Torque
« Mechanical power supplied to pump
H.=To
« Hydraulic power delivered by pump
H,=PQ
P : pressure rise across the pump
Q : delivery rate

i

. £ BAMoREH

T,0=PQ, = Pa)DIO

Ty =PD, o1 7] XD, : 38 3% v} A& H[m3/ rad]
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Hydraulic Motors and Actuators
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Hydraulic Systems : Valve-motor Combination
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Application of Hydraulic Motors
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Gear Motors
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Gear Motors
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Hydraulic Systems : Valve-piston Combination

|

Valve-piston combination

Return
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Hydraulic Excavator
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Hydraulic Excavator
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Automotive Application

¥ Mid-Range Frequency Control
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Rough terrain forklift driven by hydraulic cylinders
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Double-acting Cylinder Design

LONG WEARING, DUAL PURPOSE 0" RING

CARTRIDGE TYPE, WITH BACKUP WASHER
BRONZE BUSHING ADEQUATE PORTING

STEEL TUBE

TIEROD CONSTRUCTION FOR
MAXIMUM STRENGTH

HIGH TENSILE STEEL,
SUPER FINISHED, HARD
CHROME PLATED

PISTON ROD
I
4WRENCH FLATS
.”'.'r."‘ »'ir,;-. =y .
DOUBLE ACTING 7 : . _
ROD WIPER S o Y SELF-LOCKING TIE ROD

NUTS

ASSIST OR PRY GROOVE FOR
EASY CARTRIDGE REMOVAL

LOW FRICTION, SELF-
ADJUSTING, LONG

WEARING, MULTI-LIP
ROD RACKING

ALL STEEL HEADS
AND MOUNTINGS

~4 & TAPERED CUSHION

EASILY REMOVED BRONZE
PISTONS FOR SHOCK FREE

ROD CARTRIDGE—HELD

IN PLACE BY STEEL DECELERATION
B L ELATESCREWED MODIFIED U-CUP PISTON
PACKINGS
DUCTILE IRON PISTON, THREADED :
AND DOWEL SCREWED TO ROD BALL CHECK “O” RING
SEALED
EXTRUSION PROOF
"0” RING
i Seoul National Univ.
Spring 2011
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Cylinder Construction
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Hydraulic Valves

o

=

=m O [}
O L=

?_In_'o

- 24| == 2l (fluid power source)?| S
2%, US Hoj8}7| §I3t0] 7| A
(mechanical motion)2 Al85}= A4

T (TAMEK) PASSAGE

"B PASEAGE
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Types of Valves: shearing elements

A__ - [ﬂnd

77777777

(a) Spool (b) Sliding Plate

-y a==h
[/ s

(c)Rotary Spool (d) Rotary Plate (e) Rotary Plug

b1y Seoul National Univ. )
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Types of Valves
i

(a) Ball

. seating elements

ANY

(b) Cone

Spring 2011



Directional Control Valve

- HISFX|0f ¥ H (Directional control valve)
- 32 YoM ZFAMS0 w2t M| W2 EY

SAND O GROOVE BETWEEN

WALVE SPOOL LAMDS COMPLETES

BLOLRS PASSAGE B/ FLOW PASSAGE BETWEEN 4 5
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TWO FORTS ]

<

e [ e W -

- )

I P T 7 P -
PRESSURE TC "B FRESSLIRE TE "A"
AN BLGUEED A B "R BLOCKED
1 - SLIDING SPOOL TO
LEFT CHAMNGES FLOW
GRAPHICAL SYMBEOL —|r_ T PATH
Fl
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Hydraulic Systems : Single Stage Electrohydraulic Servovalve

Supply Return

]

=

3

Al =i; =13

’ —
——

A
=
1Y
e
Ii
1T ]

Schematic of a single stage electrohydraulic

Fluid motor with

servovalve connected to a motor with
displacement Dy,

Jy

inertia load

Spring 2011
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Solenoid-Actuated Valves

/]

H  Hx
H M

** Solenoid-actuated, three-position,

spring-centered, four-way,

directional control valve

AR

X Single solenoid-actuated, two-position,

spring-offset, four-way,
directional control valve

%J Seoul National Univ. .
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Operation of Solenoid to Shift of Valve

1. WHEN COIL IS 2. ARMATURE IS

ENERGIZED PULLED AGAINST
PUSH PIMN
ARMATURE COIL
\ PUSH PIN
A a
SPOOL

3. PUSH PIN MOVES
SPOOL

\.a‘? Seoul National Univ.
Eﬁ' School of Mechanical
o and Aerospace Engineering

Spring 2011



Hydraulic Systems : Two-stage Electrohydraulic Servovalve

r‘]D_—* Permanent magnet

| . 1+—1— Pole piece

Armature mounted on
stiff torsion spring ~]

A/(/ Flapper and nozzles

5 )
e e
T e N NE P,
Vo ._‘:______". Op
£T T Fixed tream
2 I L [ e kit il
P, Py Rei‘um P P, Schematic of a two-
Supply Vo Vo Supply stage electrohydraulic
\ / / servovalve with force
feedback controlling

a motor with inertia load

Fluid motor with
displacement D,

X Seotn Nauvna vmv. .
School of Mechanical Spring 2011
I and Aerospace Engineering




Solenoid-controlled, Pilot-operated Valve

| Seoul National Univ. )
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Servo Valve Structure

“*Moog 760 Series

MAGNET UPPER
POLE PIECE
con FLEXURE
ARMATURE FLAFRER
LOWER
POLE PIECE
FEEDBACK
WIRE
. .
“*Moog 30 Series
UPPER POLEFIECE
MOTCR COIL '
ARMATURE
.
FLEXURE . INLET
SLEEVE FILTER - » ORIFACE
FLAPPER FEEDBACK SPRING &
AN AR NN SXEXX T W W CHANERXER XX ’
7 /
A v V24 ea
NEZE) | |
OUTLET 1 OUTLET 2 ‘
TO LOAD TO LOAD
RETURMN INLET
\ : TO TANK SUPPLY
| o\ o PRESSURE
BUSHING FILTER
] Seoul National Univ. .
}| School of Mechanical Spring 2011

s and Aerospace Engineering



Operation of Servo Valve

A A
\4 v
Upper Polepiece
Coil gL — N
1 par- £
T Flexure Tube
Armature —
p R\ Lower Polepi
\ = 7 ower Polepiece
| M —
Nozzle Flapper

Feedback Wire

Spool

Filter

Inlet Orifice

b1y Seoul National Univ. :
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Operation of Servo Valve: Torque
*Torque Motor MOtOr

E + »
' ]
o i 5| $ e
y‘ ARMATURE ST | ATTRACTIVE
| Torque Maotar| skan i h
PEANANEN _ |
MAGNET = =
e : COIL LUK ].
“*Hydraulic Amplifier
ARMATURE
|.--.‘
‘ . | .-.‘ t

—

IMLET FLEXUHE ~

JRIFICE SLEEVE _ . — MNOIILE

Py = 7 ---l l_I— Pg
A DRAIM H

QRIFICE
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Operation of Servo Valve: Valve
Spool

“*Valve Spool

SPOOL AT MULL FEEDBACK SPRING SPO0OL

/ — BUSHING
R

WValve Spoal Schematic

ok Seoul National Univ. .
gﬂﬂtff School of Mechanical Spring 2011
o and Aerospace Engineering



Basic Modeling of Dynamic Cylinder

« Generalized Flow - Continuity equation

dv, v, dR

—0=
2 dt ,8 dt
0-Q, - dv, . Vv, dp,
dt B dt

v, dP V, dP
L= A 1 1 . _ 2 72
Q ﬂe dt Q2 AZ +,Be dt
« Equation of motion Q| Q1
p| V.
dv " : —h
PA —P,A, = mE+ bv + f, V, |Oad
A~ \A2 mass m

b1y Seoul National Univ. .
Qﬁ '} School of Mechanical Spring 2011
o and Aerospace Engineering



Hydraulic Servo System

& s ° P. : supply pressure
5 T spool
lecd'a'x\/E(Ps_Pl) [m2/3:|
o,
Q,

ﬁ/ a:area gradient, x:displacement
servo _| P p L p . density, C, :discharge coefficient
system - .

' 2
\ piston Q, =C, 'a'x\/;(Pz_Po)

=C,-a-X gP2 (P, =0)
\ o

E{‘-@: Seoul National U_mv.
B School of Mechanical
s and Aerospace Engineering
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Hydraulic Servo System

no leakage, no compressibility

Q1:Q2 — PS_P1:P2 — Ps:P1+P2

P =AP=P-P, N P,+P. =2P, P,—P =2P,
L pPrR AR
2 2
2P, —P, Y
Q:Ql:szcd.a. \/p C

d
Q=Ap-d—¥=C-x1/PS—PL
dy B o
EZC’X PS_PL

5 '{;’ Seoul National Univ.
F3lrY .
4 f] School of Mechanical

0 - -
vy and Aerospace Engineering
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Hydraulic Servo System

ﬂ:C-x\/ Ps _EL’ y:§+Ay, X:;+AX’ PL:EL+APL

dt
d -~ — o -
d_%[/:f(X,PL)"‘&;p—L _X)+a?§p_.(L_PL)
L
LY o fR R (x-x) (- 2ck —E—)(R -F)
dt 2 P - P
f x=0, P=0, Y_g
dt
3—¥:C P, - X =K, -X
_Y(s) _ K
X(s) S

5 '{;’ Seoul National Univ.
F3lrY .
4 f] School of Mechanical

0 - -
vy and Aerospace Engineering
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Hydraulic Servo System : Compressibility

—— A
Vl

where, fB=Compressibility

V. P
PV =mRT
1 AP
AV
poaYy
AP=dP , AV =V, -V,=-(V,-V,)=-dV
1 — _vd—P = K; ; Bulk modulus
Yij dVv
p-->tav-_klav
Vv Vv

P 1av
dt VvV dt

Ly Seoul National Univ.

Fa 3 -

}| School of Mechanical
el and Aerospace Engineering

Spring 2011



Bulk Modulus

R = Er 3 4

- Hl OI-=_=/\-|9_| J_C-IE

- HINSMHAI 24E S H 2 A4S 2D YN 2ELD)
ot &L

AP AP

CAVIV AV
_ MENOI 20t20| HFEHAH A 250,000psi (1,720MPa)

hey
Il

=5 == M & EHS H 2= HI D
[cm?/Kgf] [kgf/cm?]
SRS PNE==} 6.0 X 10° 1.7 X 10*
5.2~7.2 X 10° 1.4~1.9 X 10*

SIDA=S 5.0 X 107 2.0 X 10* ofed
(MIL H 5606A) 40~60kgf/cm?
U= A28 5.0 X 10° 2.0 X 10*
A~ 22|12 2.9 X107 3.5 X 10* 20°C,
W/O & o= 4.4 X 107 2.3 X 10 700kgf/cm?
OIALOI A HI 2 3.3X10° 3.0 X 10*

ik Seoul National Univ.
[ k- -
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Hydraulic Servo System

P Ps :
TL Jlt JT N Flow equations :
‘ 2 o] J22 | 77 2
| = \Tf Q11:Cd(Ao+aX)\/_(Ps_P)
N P
ﬁl Qz\ P, : supply pressure 5
Q. =C, (Ao_ax)\/ — (Pl—O)
| = y P
¢ P, & P — D Q =Qu —Qp
Q21_Cd (Ao_ ax)\/ E (Ps_Pz)
yo,
2
= Cy (A + ax)\/—(P 0)
o,
Q, =Q, —Qy
ik Seoul National Univ. Spring 2011
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Y 4
> and Aerospace Engineering



Hydraulic Servo System

Assume no leakage Q =Q,

y201
b _ 1 1av

it AV dt

11
__E\Z(_Ql)

=0,
dp, 11 ~odp, 11 .
- _A , — = — (- +

dt - 5V, (Q-AY) " ,BVZ( Q,+AY)

Equation of motion:  my=A_ (p,— p,)—by

my+by: Ap(pl_ p2)
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Hydraulic Servo System Model

my +by = A, (p, - p,)

dp, 11 :
M~ (0 =-A
dt ,BVl (Ql py)
dp, 11

EZEE(—Qz +AY)

Q. =Q, -Q, ={Cd (Awax)J % (Ps—a)}—{cd (Ao—ax)J % (Pl—O)}

Q,=Qp-Q ={Cd (Ay+ ax)J % (PZ—O)}—{Cd (A~ ax)J % (PS—PZ)}
Q1:Q2

g&;@ Seoul National Univ.
re Y, "
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Hydraulic Servo System : Linearization

Q1:Q2 - Ql_Q2:O

C. (Awax){\/ 2 (Ps—a)—\/ 2p }—cd (Ab—ax){J Zp —J 2 (PS—PZ)}
p p p p

when x =0,

cdax{Jz(ps_pl)_szz 2w _Jz@_pz)}
p p p p

+CdAOJ\/3(PS—P1)— EP2 —\/EP1 +\/£(PS—P2)120

N \ » p p J

To make an identical equation, P,-P =P,, FB=P.-P, = P =PF+PR
Iet PL:F)1+P27 :> F}_:%, P2:Ps;PL

1;:;.: Seoul National Univ. .
% }] School of Mechanical Spring 2011
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Hydraulic Servo System : Linearization

Q1=Cd(ax+'%)\/ (R-FR)-Ci(A- aX)\/ (R+R)

o (X— O)+ R
op,

x=0,p, = O(pL

QL :QL(X’ PL)
Operating point : Xx=0, p =0
0Q
Q.(x, p.) =Q,(0,0) +8—X1 x=0, p =0
0 1
% ve0,p. 0= 2C4 'a,’; ps =K,
oQ 1
X= - C AO =—K
op e \ P BPs 2
Q: le_szL :Qz :QL
o dp, dp, _ dp,
=R P dt  dt dt
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Hydraulic Servo System

my+by:AppL

dp, 11 N 11 .

LIE S — —A =——(Kx—K - A

it BV, (Q.—-AY) ,Bvl( 1 PL=AY)

dp, 11 :

d—'[ZZE\TZ{_(le_szL)+Apy}

let V, =V,

11 oK x—2K,p -2AY)

dt BV ’

Y(s) :( ) ( ):cubic equation form
X(s) ()
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Hydraulic Servo System

Simplification : No compressibility, No leakage

my +by = p_A,

QL:le_KZpL:Apy —

A2
= my+|b+—— y:Apﬁx
K2 KZ

CY(s) . K
UX(s)  s(Ts+1)

_ KlAp T sz
Kb+A? Kb+A?

1 :
P :K_(le_ Apy)

2
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Appendix
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WA T1: 2 s AIAE

ch2td =s4elld= 0l&olH HIOISS #sot Ui

rol
0

- IOAE HEHEZ 150mm, 2& 2 H 2 85mmO| Ch.
- IAE &% 12m/min, JFSAI2H2 0.4s 0| C.
- AEIH =5 kgf /em* O|CH.

- HIAEHAEZ2 1000mmO|Ch

— HIOI=Z %‘s%tE 1 ton, OF& Hl%== 0.22 0| Ct.
— AIgIHO 2HESE2 90%0]|C}.

9lo] ZANA HOIZS M

| S—

[E4] (1) 5.48 kof /cm?
(2) 211.9 I/min

Ly Seoul National Univ. .
i:'; j School of Mechanical Spring 2011
el and Aerospace Engineering




\ehicle Model - Brake Model

Master cylinder

Fluid Reservoir

Secondary Primary ‘ Fout
Circuit Circuit
From

Vacuum

‘ l, Booster
To Brake Lines
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Brake System

Font
™ Wheel
Brake Vacuum ,| Master | || Proportionnig ||
Pedal "] Booster "I Cylinder Valve
Rear
> Wheel
Master Cylinder Vacuum Booster
| I
I 1 T 1
i rimery acum
i

Secondary

How a Master Cylinder Works -
i

10 Master
Cylinder

Secondary

Primary
Reservoir

Reservoir

e

S

i
Springs Primary Piston Vacuum

Apply Brake (Lower Pressure) Atmosphere

(Higher Pressure}
Vacuum

an both sides
Brake ] ¥ s
Linss of Diaphragr

©2030 How Sttt Works

J L Apply brake

©2000 How Stufl Works

o Prdal

AR PO How Stuft Woeks

Vacuum Booster

w/o leak with leak

with a leak!

Secondary Primary sneoonda_ry RP"""“’V.
Reservoir eservoir eservoir

ta Master
Cylinder

Release Brake

L

Vacuum
(Lower Pressure)

Atmosphere
(Higher Pressure)

@00 How Sttt Woeks

©2000 How Stuff Works

@2000 How Stull Works Master cylinder with leak
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\ehicle Model - Brake Model

Vacuum Booster

CHECK VACUUM
VALVE CHAMBER
(TO INTAKE
MANIFOLD)
%///’«,..a,,///////l//u///z//1//1//1///1/1////1///y vy (PTLJOSHBROD PEDAL)
T o R I ///%’/I/III; m RAK E
CYLINDER v .\\\\ ST N

Vacuum Booster Diagram

}] School of Mechanical Spring 2011
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ok Seoul National Univ.
-



\ehicle Model - Brake Model

Vacuum Booster Control Valve Model

VACUUM APPLY
CHAMBER CHAMBER

Control Valve — Apply stage

(////

NN

ATMOSPHERIC
PRESSURE
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\ehicle Model - Brake Model

Vacuum Booster Control Valve Model

VACUUM APPLY
CHAMBER CHAMBER

\ \\\\\\\\\\\\\\\\\ \

GASKET

REACTION
WASHER

;IIIIIIIIIII/IIIIIII /IIIIIII/I/I L

DIAPHRAGM .

Control Valve — Hold stage

78
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\ehicle Model - Brake Model

Vacuum Booster Control Valve Model

VACUUM
CHAMBER

APPLY
CHAMBER

Control Valve- Release stage

o

NN

N
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