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Abstract

An Aerospace Vehicle is capable of flight both within and outside the sensible atmosphere. An Actuation System is one of the
most important Systems of an Aerospace vehicle. This paper study involves detailed study of various controls Actuation System
and Design of a typical Hydraulic Actuation Systems. An actuator control system concerned with electrical, electronic or electro
mechanical. Actuator control systems may take the form of extremely simple, manually-operated start-and-stop stations, or
sophisticated, programmable computer systems. Hydraulic Actuation System contains Electro Hydraulic Actuators, Servo
Valves, Feedback Sensing elements, Pump Motor package, Hydraulic Reservoir, Accumulator, various safety valves, Filters etc.
The main objective of this study involves design of Hydraulic Actuator and selection of various other components for the
Actuation Systems of an Aerospace Vehicle. Design of the system includes design of Hydraulic actuator and also the Modeling
and Analysis of actuator using sophisticated Software.
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I. INTRODUCTION

Hydraulics is a very simple fact in nature, you cannot compress a liquid and you can compress a gas by higher pressure. But how
much pressure applies to a liquid into a system and push on it at one end, that pressure is transmitted through the liquid to the
other end of the system. The pressure is not diminished. Hydraulic pump is employed to generate hydraulic power by using the
engine power. Hydraulic power may be reconverted to mechanical power by means of the aircraft. The various types of
transmitting elements are employed to drive the mechanical links to a desired orientation. They are Hydraulic, Pneumatic,
Electrical AC and DC Motors. Hydraulic system uses ‘oil’ under pressure and use electro-hydraulic valve. Hydraulic actuators
can produce large force/torque to drive the manipulator joints without the use of reduction gearing. Electric motors with
electrical amplifiers and controllers and electrical stepper motor with suitable circuitry to control and interface. This is an added
advantage of the electric systems but at the cost of increased joint friction, electric system but at the cost of increased joint
friction, elasticity and backlash, Pneumatic system uses ‘air’ as the fluid medium with solenoid valve. These are difficult to
control accurately due to high friction of seals and compressibility of air (or pneumatic medium). They are relatively cleaner than
hydraulic systems.

A. Actuator

An actuator where in hydraulic energy is used to impart motion is called hydraulic actuator. Actuator produces physical changes
such as linear and angular displacements. They also modulate the rate and power associated with these changes. A fluid power
hydraulic cylinder is a linear actuator which is most useful and effective in converting fluid energy to an output force in linear
direction for performing desired work. Hydraulic cylinders are broadly classified according to function performed and
construction.
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B. Main Components of actuator

—  Servo valves

—  Cylinder

- LVDT

1) Actuator consists of a Servo Jack and a Servo Valve. Servo Valve gives the required flow to move the linear actuator at
specified velocity. Jack consists of piston& cylinder and a linear potentiometer to give position Feedback. Servo valve (flow
control valve) plays a major role in electro-hydraulic actuation system. It consists of a torque motor stage and a hydraulic
amplifier stage. Output flow rate is proportional to the input current.

2) LVDT

Fig. 2: Stroke: + 26, 55, 90mm & Excitation Voltage: 2.6 Vrms

I1.  WORKING OF HYDRAULIC ACTUATION SYSTEM

A typical Aerospace vehicle hydraulic actuation system consists of thrust vector control (TVC) system and aerodynamic control
(ADC) system. TVC system consists of Boot strap hydraulic reservoir, a pressure relief valve, a non-return valve, a pump motor
package, 4 actuators, 11 hose assemblies (both pressure and return) stainless steel pipe assemblies, hydraulic connectors and
TVC linkage systems. ADC system consists of 4 actuators, 10 hose assemblies, an accumulator, 2 QC/DC nipples, SS pipe
assemblies, ADC linkage system, and a charging valve.

Hydraulic actuators achieve the gimballing of the engine in TVC and movement of the control surface in ADC. Each phase of
the control scheme i.e. TVC and ADC is provided with a set of actuators. In the TVC phase, each engine is mounted with two
actuators in mutually perpendicular directions (planes) for pitch and yaw. In ADC phase, each of the four control surfaces is
connected with an actuator. Total number of actuators in the vehicle is eight. The oil is stored in a bootstrap hydraulic reservoir,
which supplies oil to the suction of the pump. The reservoir is self-pressurized piston type. It takes system pressure to develop a
suction pressure. A variable delivery axial piston type pump driven by a DC compound motor, pumps the oil from reservoir at a
rated system pressure. The electrical supply to the motor is taken from a battery. High-pressure fluid is pumped through a non-
return valve and a high-pressure filter. A high-pressure filter relief valve is provided in the pressure line. The outlet of the relief
valve is connected to the return line. Two accumulators are connected in line, up-stream to the actuators.

Accumulators supply demand flow over the pump flow and dampen the pressure surges. The accumulators are charged with
ultra-pure nitrogen. From each accumulator the supply is distributed to four actuators. Electro-hydraulic actuators convert fluid
pressure into motion in response to a signal. Return oil from all the eight actuators are passed through two low-pressure filters
and fed-back to the reservoir. Two quick connect couplings are provided in the pressure and return line for interfacing external

rig.
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Fig. 3:

I11. DESIGN OF ACTUATOR COMPONENTS

The important load bearing components, which should be analysed for their strength. They are Piston, Body, Eye end.15-
SPrecipitation hardened stainless steel material is selected for the fabrication of components. Its main advantage is its high
strength with good mach inability. It is high corrosive resistant. We can also achieve high hardness

Inputs:
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Fluid pressure : 210 bar
: 2.1 Kgf/mm?
Proof test pressure : 3.15 Kgf/mm 2
Peak load on the actuator : 10000 Kgf

Material of the components  : 15-5PH steel
Yield strength of the material : 100 Kgf/mm?

A, Design of the Piston
ID of the piston rod ;20 mm
OD of the piston rod ;28 mm
Cross sectional Area of the piston rod
A : 1/4(D?-20?)
Load on the pistonrod  : 10000/[n/4 (D2-202)]
Allowable stress of the material: 100 Kgf/mm?
By equating safe stress to the actual stress we can get the diameter D
100 = 10000/[n/4(D?-202)]
D =21.87 mm
So by considering a minimum thickness of 4 mm & nearest seal available the OD of piston rod is taken as 28 mm.

B. Shear Stress Induced at Piston
The piston is subjected to shear load. The thickness of the flange can be found as follows. The allowable shear stress of the
material is 50 kgf/mm?
Shear load on the flange : 10000Kgf
Area : Dt
Shear stress  : 10000/28
So by equating safe stress to the actual stress we can get the thickness of piston, t.
50 = 10000/mx28xt
~t=2.27 mm
But the piston has to be provided with appropriate sealing. Therefore a width of 16 mm is selected for the piston to accommodate
a composite seal. The gland dimensions are selected based on seal chosen and as per MIL-G-5514.

C. Stresses Due To External Pressure on the Piston Rod
The piston rod is subjected to external pressure in the stall position of the actuator .Piston can be assumed as thick pressure
vessel as it’s thickness to diameter ratio greater than 0.07.
T/D = 3/28 = 0.107
=0.107>0.07
External pressure : 3.15Kgf/mm?
(Working pressure is 2.1Kgf/mmz, but considers the proof pressure for Piston strength)
ID of the pistonrod  : 20 mm
OD of the pistonrod : 28 mm
According to Lame’s equation the tangential and radial stresses will be distributed as per below formulae.
Fi = (Piri? -Poro?)/ (ro? - 1i?) + 12 re2 * (Pi — Po)l X2(ro? - 1i?)
Fr = (Piri? - Poro?)/ (re? - 1i2) — ri? rg2 * (Pi — Po)l X2(ro? - 1i?)
Where P;j and P, are internal and external pressures,
ri and roare internal and external radii.
Here internal pressure is Zero and external pressure is 3.15Kgf/mm2.
-~ Pi=0
Po = 3.15Kgf/mm?
ri =10 mm
ro =14 mm
- at outer radius
X =14 mm
Ft=-9.7125 Kgf/mm?
Fr = -3.15 Kgf/mm?
And at inner radius
X =10 mm
Fi =-12.8625 Kgf/mm?
Fr = 0 Kgf/mm?
Direct compressive stress is 10000*4/m(282 - 202) = 33.174 Kgf/mm?2
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According to the Von mises theory of failure the equivalent stress gy can be found as
20y = (01— 02)%*+ (02— 03)* + (03— 01)?
=~ At the inner edge the principle stress are
01= 33.174 Kgf/mm?2
02 = 12.8625 Kgf/mm?22
o3 =0 Kgf/mm?2
- Equivalent Stres gy - 28.96Kgf/mm?
And at the outer edge the principal stress are
o1 = 33.174 Kgf/mm?
02=9.7125 Kgf/mm?
o3= 3.15 Kgf/mm?
= Equivalent Stress oy = 27.339Kgfimm’
The maximum equivalent stress is at the inner edge and is given by 15.88Kgf/mm?
~ The factor of safetyis  : 3.45

D. Buckling Analysis of the Piston

The piston is subjected to axial load so it should also to be checked for buckling  strength. This case can be treated as hinged
supports at the both ends.
Length of the load bearing piston of rod = 234 mm
Load acting  =10000 Kg
For a given material Critical ratio (L/K) = \/(anE/sy)
Where L = Length of the rod
K= Radius of gyration
E =Young’s modulus & Sy = Compressive yield stress
~LK = V(2 x m? x 2.1e*)/100]
=64.38
If L/k>64.38 Euler’s formula should be used.
L/k <64.38 Rankin’s formula can be used.
Radius of gyration = v/(I/
= V[(/64) (d1* -dz* )/ (W/4)(da? - d2)]
=V(m/16) (ds? + d2)]
k  =V[(n/16) (282 + 202)]
=8.6023
L/k =27.20<64
-~ Here Rankine'sformula should be used.
Buckling analysis with Rankin’s formula
1/Pe = 1/P¢ + 1/P
Where P is a crippling load by Rankine’s formula
P is ultimate crushing load for the column = F¢ A
Pe is crippling load obtained by Euler’s formula = 2 EI/L¢?
F¢ is compressive strength of the material = 100Kgf/mm?
A is cross sectional area of the column = 7t*(282 - 202)/4 = 301.44 mm?
Le is equivalent length of the column.
~ Rankine’s formula P¢r = FCA/[1+Fc(Le/K)?/(7?E)]
This case is treated as hinged supports.
Le=L
= Per = 100%301.44/[1+100(27.2)2/(122.1x10% )]
= 84445.447 Kof
Factor of safety (F.S) = 84445.447/10000 = 8.44
General guideline for the FOS for buckling is 3.5.
-~ The Piston is Safe.
Side fixed and another side to vary load. Loads act at center of the wheel is 9 cm.

E. Design of Body

The body is shown in the fig. Below. Though it is having some extra material for mounting of the servo valve it is considered as
a cylinder for the analysis purpose. The inside diameter of the body is chosen as follows. The working pressure is selected as
210bar. The load pressure is taken as 200bar assuming that about 10bar is back pressure.

The maximum load : 10000K gf
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Back pressure of the fluid : 2Kgf/mm?2
Area, A :10000/2
= 5000mm?
Effective area  : m/4(d? - d1?)
Where d is inside diameter of the body and d; is the outer diameter of the piston rod.
~ di1=28mm
Equating the effective area to area A we can get the ID of the body.
~d=84.57mm
The ID is selected as 84.57 as per MIL-G-5514 to accommodate the composite seal selected. Now we can find the OD by
considering it as a pressure vessel subjected to internal pressure. As the proof pressure of 3.15Kgf/mm? is applied to cylinder
calculation is done using proof pressure.
= Thickness t = p*d/ (2 * f;)
=3.15*84.57/2 * 100
=1.3319mm
A minimum thickness of 5mm is considered from machinability point of view and the OD is taken as 94.57mm.
Now the Body is a cylinder with a wall thickness of 5mm and inner dia of 84.57mm.
~ 1/D =5/94.57 = 0.05287
t/D < 0.07
= The body should be considered as a thin pressure vessel.
Internal pressure  : 3.15Kgf/mm?
ID of the Body 1 84.57mm
OD of the body  :94.57mm
The hoop stress induced in the body is f,  PD/2t
Longitudinal stress induced is fi  PD/4t
And radial stress f;
P Where P is internal pressure
& D is ID of the body

~fn = 3.15*84.57/2*5
= 26.639 Kgf/mm?
fi = 3.15*84.57/4*5

= 13.3197 Kgf/mm?
& f, = 3.15Kgf/mm?
- According to von mises stress theory the equivalent stress is 28.96 Kgf/mm?
So the factor of safety is = 100/28.96 = 3.453

F. Design of Eye End

This Eye end is making two functions.
Acting as a head for hydraulic cylinder.
Taking the direct load.

With the case (1) we can find the thickness of the flange with empirical formulae.
tc = dV(K.P/fy)

d = PCD of bolts
=95mm
P = Pressure
= 3.15Kgf/mm2
f: = 100Kg/mm2
And for this particular mounting position
K = 0.162 (bolted joint.)

. t.= 95 x1/(0.162x3.15/100)
= 6.8mm
The thickness of the flange is selected as 8mm.
-~ Stress induced in the flange is 71.9Kgf/mm?
Factor of Safety is 1.39
~ Itis Safe.

Direct load of 10000 kg is acting on the cover in return stroke. The ID of the extended portion is selected as 28mm to facilitate
the free movement of the piston rod, and the OD can be found as follows.
Cross sectional area of the Eye end = n/4(D? - 282)

Direct stress acting on the Eye end = 10000/n/4(D? - 282)
Allowable Stress of the material = 100Kgf/mm?
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100 = 10000/7/4(D? - 282)
D =30.189 mm
So a minimum thickness of 5mm is considered and OD is taken as 40mm.
~ The stress induced is  : 10000/m/4(40? - 282)
:15.611 Kgf/mm?
The Factor of safety is 6.4
-~ The minimum factor of safety of the component is 2.
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A. Body

1V. ANALYSIS OF PARTS

Model name: Body
Study name: Stucy 1

Plot type: Static nodal stress Stresst

Deformation scale: 1

von Mises (kgf/cm”2)
77599
l 71144
| 64882
. 58224
. 51766
| 45307
38849
l 32391
B 252
L 19474
13016
6558
99

— Yield strength: 1,757 4

Fig. 4.1: Stress Induced in the Body

Model name: Body
Study name: Stuy 1
Plot type: Static strain Straint
Deformation scale: 1

ESTRN
2.433e-003
2231e-003
. 2.030e-003
. 1.828e-003
. 1627e-003
. 1.425e-003

1.224e-003

! 1.023e-003

. 8.212e-004
. 6.198e-004
4.184e-004
2170e-004

1.556e-005

Fig. 4.2: Strain Induced in the Body
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B. Piston

Model name: Body
Study name: Stucly 1
Plot type: Static displacement Displacement1
Deformation scale: 1

URES (mm)
4.044e-001
l 3.707e-001
. 3.370e-001
. 3.033e-001
. 2:696e-001
. 2.3532-001
m_ 2.022e-001
" 1.685e.001
. 1.348¢-001

. 1.011e-001

6.7392-002
3.370e-002
1.000e-030

Fig. 4.3: Displacement Induced in the Body

Table 4.1
Displacement In mm
Max 4.044e-001 mm
Min 1.000e-030 mm
Table 4.2
stress KgF/cm?
Max | 7759.9 KgF/cm?
Min 9.9 KgF/cm?
Table 4.3
Strain
Max | 2.433e-003
Min | 1.556e-005

Madel name: Fiston
Study name: Stucly 1
Plct type: Static nodal stress Stresst
Deformation scale: 1

von Mises (kgticm’2)
61750
56609
L 514858
. 45328
. 41187
. 36045
w 30805
S 25765
L 20624

e RETE

10342
5202
64

— Vield strength: 1,757.4

Fig. 4.4: Stress Induced In the Piston

Model name: Piston
Study name: Study 1
Plot type: Static strain Strain
Deformation scale: 1

ESTRN
1.436e-003
1.3176-003

. 1197e-003
. 1.078e-003
. 9.593¢-004
| B.403e-004
W 7.2126-004
| 6.021e-004
| 4.830e-004

| 35402-004

24496004
1.2582-004
6.7808-006

Fig. 4.5: Strain Induced In the Piston
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C. EyeEnd

Model name: Piston
Study name: Study 1
Plot type: Static displacement Displacement!
Deformation scale: 1

URES (mm)
3.6750-002
' 3.3690-002
. 3.0636.002

. 2.757e.002

. 2450e.002

. 2144e-002

| 18386.002
1.5318.002

| 1.2256.002

91890-003

61260-003
3.0630-003
1,000e-090

Fig. 4.6: Displacements Induced In the Piston

Table 4.4
Displacement In mm
Max 3.675e-002 mm
Min 1.000e-030 mm

Table 4.5
stress KgF/cm?
Max | 6175 KgF/cm?
Min | 6.1 KgF/cm?
Table 4.6
Strain
Max | 1.436e-003
Min | 6.780e-006

Model name: Eye end
Studly name: Study 1
Plot type: Static nodsl stress Stresst

Deformation scale: 1 von Mises (kgffcm”2)

100406
l 92038
L 83672
. 75305
. 65938
. 58571
50204
| 41837
L 33470

| 25103

16736
8369
02

— Vield strength: 1,757 4

Fig. 4.7: Stress Induced In the Eye End

Model name: Eye end
Study name: Study 1
Plot type: Static strain Straint
Deformation scale: 1 ESTRN
2.713e-003
2.487e-003
. 2261e-003
. 2035e-003
- 1.809e-003
. 1.5832-003
|| 1357e-003
L 1131e-003
| 9.0462-004

. 6.786e-004

4.527e-004
2.267e-004
6.848e-007

Fig. 4.8: Strain Induced in the eye end
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URES (mm)

41346002

[ s

3 44%e-002
. 21008002

. 27666002

I(

L 1 a78e002

2.4110-002

2.067-002

1.7220.000

1.03%-002

6.090e-003

3 4460.009

1.0006-030

Fig. 4.9: Displacement Induced in the eye end

Table 4.7
Displacement Inmm
Max 4.134e-002 mm
Min 1.000e-030 mm
Table 4.8
stress KgF/cm?
Max | 10040.6 KgF/cm?
Min 0.2 KgF/cm?
Table 4.9
Strain
Max | 2.713e-003
Min | 6.848e-007

V. CONCLUSION

The Hydraulic Actuators used in Aerospace Vehicle was

based on static loads was designed and various components are

modelled using sophisticated Solid Works Package and Analysed by Simulation. It is observed that the maximum Stresses,
Strains and Displacements is obtained and the Components Piston, Body, Eye End, Bolt are Modelled.
Hence Excellent Results are obtained and the Design is Safe for 10000Kgf and is Satisfactory within the Acceptable limits.
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