Lecture Note 8-1
Hydraulic Systems

System Analysis Spring 2015
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\ehicle Model - Brake Model

Brake Model

Font
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Conservation of Mass, Force and Pressure

m = O = Ao
1) Volume Adx = Adx,
b Pivot | —)dXz =%dx1

Master cylinder

i) Pressue p,=p,+pogh

i) Force f,=pA

T f, = p,A
L
l A
ff_ f,=—=1% (R=FR)
P A
Brake 3:if2_iif1
pad L, L, A
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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

System Analysis Spring 2015
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\ehicle Model - Brake Model

Brake Model

Font
Wheel
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Fundamental structure of a hydraulic brake

Rear
Wheel

Brake Pedal
b

System Analysis Spring 2015

7



Applications of Fluid Power

Pneumatically controlled dexterous
hand

- Hydraulically powered dexterous

- Space shuttle Columbia

- Space shuttle vehicle

CRYOGENIG
OXYGEN/HYDROGEN
FORWARD TANKS FUEL CELLS,
REACTION XYGEN FOR
PRESLLNIZED S CONTROI COMPARTMENT DEPLOYABLE
SYSTEM XYGEN
COMPARTMENT - FUGH DIATOR
T SUPPLY) PANELS
ET LIQUID
PAYLOAD
o e BAY DOORS
MID DEC
CREW.
INGRESS/
A
IDE

(NOT INSTALLED 8 CASING
FOR STS-1)

RCS RCS
FUEL OXIDIZER
TANK  TANK

HOLDDOWN  sag
POSTS (4) SEPARATION
MOTORS
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Applications of Fluid Power

- Hydraulically powered Sky-tram - Hydraulically driven turntable

O o
s

==yl g
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Automatic Transmission
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Linear Actuators

Motion
Simulator

Hydraulic

e re
Low pnimu Manipulators

o
Precise positioning

,\.m;d_\num-('(onlml surface of loads up to
1500 pounds
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Hydraulic Systems : Landing Gear System

HAND
WINCHING

UPPER
Howm D~ MECHANISM

SHOCK STRUT
SWITCH BOX

Landing gear system of AIRBUS A330

= _ " “Roos
/\K‘ /'/
- S

BRAKE TORQUE PLATES
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Hydraulic Systems

Hydraulic pump

&
<

T N

Hydraulic actuator (70~ 210bar)

Control valve

Load

F=A(R=-P,)
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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
- torgue 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
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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
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Primary Functions of a Hydraulic Fluid

2. LINES CARRY THE LIQUID TO

: PUMP PUSHES THE HYDRAULIC ACTUATORS WHICH ARE PUSHED
|1_1QLT|§ |[E,]J'|'O LINES TO CAUSE A MECHANICAL OUTPUT
\ TO MOVE A LOAD.

0 LOAD

PISTON & ROD
\ro RESERVOIR

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.
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Conservation of Mass, Force and Pressure

m = O = Ao
1) Volume Adx = Adx,
b Pivot | —)dXz =%dx1

Master cylinder

i) Pressue p,=p,+pogh

i) Force f,=pA

T f, = p,A
L
l A
ff_ f,=—=1% (R=FR)
P A
Brake 3:if2_iif1
pad L, L, A
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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 PRESSURE AGAINST

TEETH CAUSES HEAVY SIDE-

LOADING ON SHAFTS AS QUTLET
INDICATED BY ARROWS,

J. AND FCRCED QUT
OF PRESSURE PORT AS
TEETH GO BACK INTO
MESH.

DRIVE GEAR

2. OIL IS CARRIZED AROUND

HOUSING IN CHAMBERS INLET
FORMED BETWEEN TEETH, 1. VACUUM IS CREATED HERE AS
HOUSING AND SIDE PLATES . .. TEETH UNMESH. OIL ENTERS FROM

RESERVOIR,
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Internal Gear Pump

INTERNAL GEAR PUMP EF:T-N

End Esc

Pause /Restart S
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Internal Gear Pump

3 “ASE
GEROTCR ELEMENT ¢

FEMALE GEAR ROTOR

piscHarce poz1 D
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Internal Gear Pump

OUTLET

INLET
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Simple Vane Pump

SIMPLE VANE PUMP F:T-N

OUTLET

Pause f R¢
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Balanced Vane Pump

BALANCED VANE PUMP F-T-N

AN

Pause / Restart S
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Piston Pump (Swash Plate Type)

SHOE PLATE
(RETRACTING RING)

PISTON

PORT CONNECTIONS
SWASH PLATE

BEARING

YALVE PLATE DRIVE SHAFT

SHAFT SEAL

SPHERICAL
WASHER

PISTON SHOE r

ROTATING GROUP HOUSING

k> =T 11 L

H

PISTCHN
SHOE FLATE

PINS TRANSMIT
SPRING FORCE
TO SPHERICAL
WASHER WHICH
IN TURN HOLDS
SHOE PLATE
(RETRACTOR RING)
OurT.
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Piston Pump

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

System Analysis Spring 2015
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Pump

SHAFT /_ p
Electric COUPLING PUMP
Motor or | S—
i Q
Engine A
OIL LEVEL:
OIL TANK
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Hydraulic Pump

the heart of a hydraulic system
converts mechanical energy into hydraulic energy
hydrostatic pump
Displacement
« the amount of fluid ejected per revolution
e unit: cm3/rev, cc/rev, cm3/rad, cc/rad

System Analysis Spring 2015
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Pump Torque

« Mechanical power supplied to pump
H.=Tw
« Hydraulic power delivered by pump
H,=PQ
P : pressure rise across the pump

Q : delivery rate

« Therefore

T,0=PQ, = Pa)Dp

Ty, =PD, o1 7] XD, : 38 3% ¥} A & H[m3/ rad]

System Analysis Spring 2015
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Hydraulic Motors and Actuators

System Analysis Spring 2015
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Hydraulic Systems : Valve-motor Combination

irr gy iy

1IIAL

\\ /%
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Application of Hydraulic Motors

0

GREENLEE’
Y EARMONT

aayana
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Gear Motors

4, THESE TWO TEETH HAVE CNLY
TANK LINE PRESSURE OPPOSING
THEM

THIS SEGMENT PUSHES BOTH WAYS THIS SEGMENT PUSHES BOTH WAYS
AND DOES NOT AFFECT TORQUE AND DOES NOT AFFECT TORQUE

AS OIL IS CARRIED AROUND TO AS OIL 1S CARRIED ARCUND TO
OUTLET CUTLET

2. SEGMENTS OF TWO MESHING

1. THESE TWO TEETH ARE SUBJECT TEETH TEND TO OPPOSE ROTATION

TO HIGH PRESSURE AND TEND 1O MAKING NET TORQUE AVAILABLE

ROTATE GEARS IN DIRECTION QOF A FUNCTION OF ONE TOOTH.
ARROWS
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Hydraulic Systems : Valve-piston Combination

N
E B
AV
, -
N

Mt 4—-"‘"‘

1l
Ll
By

Valve-piston combination

Supply Return
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Hydraulic Excavator

Swing(413])

Travel(?‘*?'fg)// = =

t — T .
Dump <:I I::> ( —__joT o :,-.:,-:,l. -.l:;
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Hydraulic Excavator
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Automotive Application

V¥ Mid-Range Frequency Control

ADUUSTASLE CANWPER

®.

VERTICAL ACCELERATION SENSCR Ac t ive

Suspension
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Rough terrain forklift driven by hydraulic cylinders

System Analysis Spring 2015
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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
4WRENCH FLATS
sy o
DOUBLE ACTING LS
ROD WIPER 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

EASILY REMOVED BRONZE TAPERED CUSHION

ROD CARTRIDGE— HELD PISTONS FOR SHOCK FREE
IN PLACE BY STEEL DECELERATION
?gﬂ'&'ﬁg;““ SCREWED MODIFIED U-CUP PISTON

PACKINGS

DUCTILE IRON PISTON, THREADED

AND DOWEL SCREWED TO ROD BALL CHECK “O” RING
SEALED
EXTRUSION PROOF
“0"” RING
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Cylinder Construction
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Types of Valves: shearing elements

5—— H/lond
A/
(a) Spool (b) Sliding Plate
|

*—%

I

L

% U S
(c)Rotary Spool (d) Rotary Plate (e) Rotary Plug

System Analysis Spring 2015
42



Types of Valves
|

b

(a) Ball

. seating elements

(d) Flapper -

Nozzle
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Directional Control Valve

il i GROOVE BETWEEN
VALVE 5PO0L LANDS COMPLETES
BLOCKS PASSAGE g/ FLOW PASSAGE BETWEEN A 3
P TWO FORTS
\ i , J | ]
O O
T P T T p I
PRESSURE TC " 8" PRESSURE TO "A"
‘A" BLOCKED A B “B" BLOCKED
L SLIDING SPOOL TO
LEFT CHANGES FLOW
GRAPHICAL SYMBOL T PATH
P
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Hydraulic Systems

Supply  Return

3 P'

) § ) i LE—IE
Ai:il-ﬁig El LQF———
kEIE;J l =

Q Q

il

)
11¥e]
{ ~]

P1 P2 PL=P1—P2

Schematic of a single stage electrohydraulic

servovalve connected to a motor with
Fluid motor with ik .

Ji

: : displacement D
inertia load E

Single Stage Electrohydraulic Servovalve
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Solenoid-Actuated Valves

B
SE
><z
N M

HX>»

2N

T
T

o

** Solenoid-actuated, three-position,

spring-centered, four-way,

directional control valve

N\‘ XE

X Single solenoid-actuated, two-position,

spring-offset, four-way,

directional control valve
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Operation of Solenoid to Shift of Valve

1. WHEN COIL IS 2. ARMATURE IS

ENERGIZED PULLED AGAINST
PUSH PIN
ARMATURE COIL
\ PUSH PIN
> o T
\ f 1| ) A=
SPOOL

3. PUSH PIN MOVES
SPOOL

System Analysis Spring 2015
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Hydraulic Systems : Two-stage Electrohydraulic Servovalve

—
[ ) L~ Permanent magnet

Armature mounted on

stiff torsion spring ~ | «+—1— Pole piece

i

s

i2

= |_—~ Flapper and nozzles
e ’ Eat
5} e 1— Spool
P2 ; — - \\:.: —— ) _: P]p
Vo : — = | = .E-_r’_i: Vop
~— Fixed upstream
2 l '1 a orifice
P, P Refum Py P, Schematic of a two-
Supply Vo Vo SUpply stage electrohydraulic

&\ / / servovalve with force
| feedback controlling

a motor with inertia load

LS

!|

Fluid motor with
displacement D,
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Solenoid-controlled, Pilot-operated Valve
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Servo Valve Structure

“*Moog 760 Series

MAGNET

UPPER
POLE PIECE

/:\ FLEXURE

\N/ TUBE

i .“n\] r FLAPPER
: PEE— / LOWER
NOZZLE ‘{‘é&{/[—‘ }\ POLE PIECE
1_)/ ‘R\k/ FEEDBACK

WIRE

COIL

SPOOL

“*Moog 30 Series

UPPER POLEPIECE

R,

MOTCR COIL
ARMATURE
™~ MAGNET
FLEXURE : INLET
SLEEVE ORIFACE

FLAPPER -

@@
0. o.o.o.o.o:o.o.o.o:o.o:o:o:o:o-o..;o;o;o:o:o:o:o:o.oy/
/ S

NOZZLE
OUTLET 1 OUTLET 2
TO LOAD TO LOAD
i i RETURN INLET
4 \ TO TANK SUPPLY
\ s\ PrEsSURe

BUSHING FILTER
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Operation of Servo Valve

Coil

Armature

Nozzle

Feedback Wire
Spool

A A
A 4 A 4

Upper Polepiece

N _len| [@al| N

Flexure Tube

SN Lower Polepiece

Flapper

- L & L o
- (R (¢ A W .

- - - —

gBisss o
i e Inlet Orifice
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Operation of Servo Valve: Torque
*Torque Motor MOtOr

= A Y 3 Y
|/ ” -\. I/— 7- - --\'
(] 1) A . 1.
| TORQUE 1O . rd B E o | PP aall |
53 ROTATE e | 9| Moz MAGN 208 | %1 | B o o
,‘ e | [y LT I NS | aTrAkcTive i US| (LR
[Torque Motor] L[5 vroree s i (2]
1 ls | , /s
—— i\-. _j_ . ._‘_-/'
PEAMANENT 9 A
MAGNET | COM. FLUX SUE
‘t
|
| i
! H
l f 1.
. . s
“*Hydraulic Amplifier
ARMATURE
-

w4

S

.

_ -~ FLAPPER

INLET FLEXURE ~—
ORIFICE SLEEVE __— NOZZLE
A B
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Operation of Servo Valve: Valve
Spool

“Valve Spool

SPOOL AT NULL FEEDBACK SPRING SPOOL
~~ BUSHING

Valve Spool Schematic

System Analysis Spring 2015
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Hydraulic Servo Systems
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Hydraulic Excavator

Swing(413])

Travel(?‘*?'fg)// = =

t — T .
Dump <:I I::> ( —__joT o :,-.:,-:,l. -.l:;
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Hydraulic Systems : Valve-piston Combination

N
E B
AV
, -
N

Mt 4—-"‘"‘

1l
Ll
By

Valve-piston combination

Supply Return
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Operation of Solenoid to Shift of Valve

1. WHEN COIL IS 2. ARMATURE IS

ENERGIZED PULLED AGAINST
PUSH PIN
ARMATURE COIL
\ PUSH PIN
> o T
\ f 1| ) A=
SPOOL

3. PUSH PIN MOVES
SPOOL
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Hydraulic Servo System : Compressibility

—— A
Vl

where, SB=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--2tav-_klav
Vv Vv

P _ 1V

dt BV dt
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) Return Supply Return
Pilot

valve

e ‘ 7 Piston
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Basic Modeling of Dynamic Cylinder

« Generalized Flow - Continuity equation

Q1—0= dvl + Vl dPl
dt g, dt
dv, V, dP.
0-Q,=—2+-2—2
Q2 dt + ﬂe dt
) v, dpP, B v, dP.
Ql—Alu-I-ﬂe at _Qg__Azu +Fid—t2
« Equation of motion Q| Q, T v
dv k eSS f
PlA]__ P2A2 = mE‘F bV+ f|_ Vl V2 Ioad
A A, massm

System Analysis Spring 2015
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Hydraulic Servo System

& s ° P. : supply pressure
5 T spool
| lecd-a-x\/%(Ps—a) (m?/s]
Q,
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 gF’2 (P, =0)
\ o

System Analysis Spring 2015
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Hydraulic Servo System

no leakage, no compressibility

Q1:Q2 — PS_P1:P2 — Ps:P1+P2

P=AP=P-P,

Q:Q1:Q2:
dy

Q=A it

—> P,+P =2B, B, -PF =2PF,
P, +P P, —-P
SN Pl: S L’ P2= S L
2 2
a.sz -P _¢. oy
Jo
Xy/Ps =P,

%:C-x,/PS—PL

System Analysis Spring 2015
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Hydraulic Servo System

=C-xy P, =P, y=V+Ay, X=X+AX

=%+C«/PS - P .(x—i)+(—%c§

P =P +AP,

1

\/Ps _EL

)-(P.-PR)

System Analysis Spring 2015
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Hydraulic Servo System

J? X Flow equations :
Q11:Cd(Ao+aX)\/£(Ps_P)
o,
\ P. : supply pressure >
Q12:Cd(Ao_aX)\/_(Pl_O)
i — Yy P
— D Q1:Q11 Q12
Q21_Cd(Ao_aX)\/£(Ps_P2)
yo,
\/ 2
»=Cy(A+ax), | —(P,-0)
o,
i Q, =Q, —Qy

System Analysis Spring 2015
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Hydraulic Servo System

Assume no leakage Q =0Q,
y201
b _ 1 1av
it AV dt
11

__E\Z(_Ql)
y # 0,
dp, 11 o dp, 11 .
B et —AY), 2 _ — = (_

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

System Analysis Spring 2015
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Hydraulic Servo System Model

my +by = A, (p,— P,)
dp, 11

Ezﬁv_l(Ql_Apy)
dp, 11 -
it _ﬂVZ( Q,+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)}

Ql :Qz

System Analysis Spring 2015
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Hydraulic Servo System : Linearization

Q1:Q2 — Ql_Q2:O

C. (Awax){J 2 (PS—Pl)—J 2p }—cd (Ab—ax){J Zp —J 2 (PS—PZ)}
p p p p

when x =0,

cdax{Jz(ps_pl)_szz - 2n _Jz@_pz)}

p p P P

+CdAo{\/E(PS_P1)_ EPz _\/EH‘F\/E(PS_Pz)}:O
p p p p

To make an identical equation, P,-P,=P,, P=P.-P, = P =PF+P,

P+P P-P
=), P2:
2 2

let RL=P+P, = P

System Analysis Spring 2015
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Hydraulic Servo System : Linearization

QlZCd(aX+'Ab)\/ (R-R)-Ci(A- aX)\/ (R+R)
QL:QL(XvPL)
Operating point : x=0, p =0

0
QU P =QU0.0)+ 2]y o (x=0)+ 22|, (P -0+
X op,

0 1
% x:o,pL:0:2Cd -a ; ps =K,
aQ 1

oo 0o=—Cy- A - K
apL o \/p'ps 2
Q:le_KZpL:QZZQL

o dp, _dp, dp,
Po= PP dt dt dt

System Analysis Spring 2015
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Hydraulic Servo System

dp, 11 L 11 '

it BV, Q. pY) ,Bvl( 1 2P py)

dp, 11 -

d—i:E\TZ{_(Kﬁ(_szL)"_Apy}

let V, =V,

dp 11 -

d_tL:EV_(zle—ZKZpL—ZApy)

Y(s) :( ) ( ) :cubic equation form
X(s) ()

System Analysis Spring 2015
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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
K, K,

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

_ KlAp T sz
Kb+A? K.b+A?

1 :
P :K_(le_ Apy)

2

System Analysis Spring 2015
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End of Hydraulic systems 8-1

System Analysis Spring 2015
71



