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Abstract

This project deals with hydraulics, mechanics, electronics, dynamic modeling and
control theory. The focus is on constructing a test rigg in order to to emulate
desired friction and compensate for this with a control loop. The rigg is modeled
in matlab/simulink and at last compared to the physical rigg. The rigg reads sensor
values and control the servo valves via a CompactRIO. The controllers that are
made and implemented in the matlab/simulink model are PI and LQR tracking

with integral action.
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Chapter 1

Introduction

1.1 Motivation

The master thesis is a continuation of a mini project held in the course Product
development (MASS503) at the University of Agder. In the mini project the project
group was given a used test stand which was modified to meet some design crite-
ria. The test stand consists of two cylinders coupled in series, i.e. they are mounted
together in the middle by means of a load cell. One cylinder will emulate a de-
sirable friction and the other will compensate for this irregular heave movement
and simultaneously try to obtain a sinusoid reference. This sinusoid reference is
playing the role of a wave influencing a floating vessel which is trying to hold
some fixed earthly reference coordinate. The mini project mainly consisted of the
design and dimensioning of the parts lacking from the original test stand. The the-
sis problem formulation is given by Aker Solutions. Aker Solutions is one of the
largest manufacturer of offshore floating drillriggs in the world. They are inter-
ested in a test stand where different friction models can be tested against different

kinds of control strategies.
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CHAPTER 1. INTRODUCTION

1.2 Goal

A test stand will be made for testing of different control strategies for compensa-
tion of an unexpected/expected heave motion. The friction emulator can easily be

switched/changed to a user defined friction model.

1.3 Project description

The designed test stand from the pre project will be taken into use. The purpose
of the master project is to have a test stand where disturbance-friction can be
emulated and to have a control system to compensate for this movement. The
main topics of the project will be modeling, friction, control strategies and to

control a hydraulic system by means of a CompacRIO.

1.4 Contributions

The main contribution from the project is that a hydromechanical test stand for
friction emulation and compensation is produced. It could come in handy in re-
lation to future student assignments/labs where the objectives can be everything
from Labview exercises, friction modeling, basic hydraulic understanding to con-

trol theory in practice.

1.5 Report outline / Thesis Organization

The thesis starts with a presentation of the different hydraulic components in the
system as well as the electric wiring for the sensors and servo valves. Also the

software interface between the user and the test stand is presented. Before the

11



CHAPTER 1. INTRODUCTION

dynamic model is presented at the end of chapter 3, some necessary theory is
covered. The theory consists of an introduction to the governing differential and
algebraic equations describing the dynamic model. Next follows chapter 4 where
the system model is compared with the test stand based on a various set of pa-
rameters obtained from the rigg. Chapter 5 discusses the friction models which
are considered in this thesis. Chapter 6 gives a short presentation of where active
heave compensation is used and by which methods this is achieved. The chosen
control strategies will be presented here. Chapter 7 contains a summary of results.
Chapter 8 presents the conclusion of the thesis and discusses the work done and

the future work.

1.6 Project overview

e Test stand assembly, involving everything from the hydromechanical as-

sembly to the the electrical couplings to the sensors to the CompactRIO.

e A dynamic model describing the dynamic behavior will be made. The
model will be tried made in the graphical programming software Simula-
tionX.

e Develop suitable friction models which is to be tested with the rigg at the

end of the project period. Do a literature search and find out what excises.

o A literature search will be made and on the basis of these a careful selection
of control strategies will be selected. The control strategies will be tested
on the rigg once it is finished. There will be needed control loops for both
the friction emulator and the compensator. The courses Control Theory 1
and 2 at the University of Agder deals only with linear controllers. This is

why only linear controllers will be considered.

e Experimentations with different friction models and control strategies. Find

limitations to those who work and which do not work.

12



CHAPTER 1. INTRODUCTION

Project Concept

5 Steady State Dynamical

®

=

.L‘% MATLAB MATLAB, SIMX |
START m e i

o0 Coupling | ~ Calibration,

= - Tuning

S

2 Electrical,

= hydraulical LABVIEW

Figure 1.1: Project concept

13



Chapter 2

Test stand

2.1 Overview

The purpose of the test stand is to carry out hardware-in-the-loop (HIL) simula-
tions. The hydromechanical part of the simulations canbe replaced by the physical
test stand in order to carry out hardware-in-the-loop (HIL) simulations.

The test stand consists of two cylinders connected at their piston rods such that

they have a common movement. The hydraulic scheme is shown in fig. 2.1.

2.2 Hydraulics

The two cylinders used are given equipment that had to be dealt with. They have
different piston radius, 50mm and 40mm. The oil used in this system is of the
type: STATOIL HYDRAWAY HMA 46 For further information see the data sheet

in the appendix.

14



CHAPTER 2. TEST STAND

Force side Velocity side

load cell
i
= T
@ pressure sensor @ check valve

flow sensor D
N .
L bypass valve L

>< servo valve
]

N2
4;£4

a

N

accumulator

high pressure filter

pump pressure relief valve

Figure 2.1: Hydraulic scheme for double flow

Specification Value
Nominal volume 20[{]
Permitted operating pressure | 345[bar]

Table 2.1: Key data for HYDAC accumulator SB330-20A 1/112 U -330 A 050
2.2.1 Accumulator

In order to compensate for pressure peaks a HYDAC standard bladder accumula-
tor is added to the hydraulic system, see fig. 2.1 and specifications in tab. 2.1. The
gas side accumulator is filled with nitrogen and connected to the hydraulic circuit
via a check valve. A gas-proof bladder separates the oil from the gas (fig. 2.3). In
case of a pressure increase or decrease, the gas will be compressed or will expand,

respectively, and such compensate for the high oil stiffness (fig. 2.4).

15



CHAPTER 2. TEST STAND
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Figure 2.2: Electrical scheme

The dynamic simulations show very little pressure variations, see SimulationX

results in sec. (A). The minimum system pressure is ~ 160 []. The disturbance

force is relative small compared to the max rating (tab. (4.1)), i.e. somewhat larger

variations can be expected. According to the gas equations in sec. (3.1) the pre

charge pressure should be set to the minimum pressure in the system. Pre charge

pressure is selected to be: 155 [bar]

2.2.2 Valves

Two MOOG D631 series servo valves are used with 10% overlap and +50mA
control signal, see appendix.

16



CHAPTER 2. TEST STAND

seal cap a1 Vvalve protection
gas valve ; cap
lock nut T

i ||
chell p== _‘_.- bladder

[ g
anti-extrusion

spacer .
ML ring
""" + seal ring

lock nut”’ > 1

oil valve™ vent screw

Figure 2.3: Cross-sectional view of a HYDAC standard bladder accumulator,
www.hydac.de

2.3 Sensors

2.3.1 Position

The displacement sensor, shown and characterized in fig. 2.5 and tab. 2.2, respec-
tively, is a Celesco PTIMA-50-UP-420E-M6. The electrical diagram for this
sensor is shown in fig. 2.6. An application is made in LabView in order to mea-
sure the voltage drop over the resistance R. This voltage drop is proportional with
the extension of the cable. Tab. 2.3 shows the calibration data and fig. 2.7 shows

17



CHAPTER 2. TEST STAND

Figure 2.4: Cross-sectional view of a HYDAC standard bladder accumulator at
different volume and pressure levels, www.hydac.de

i

Figure 2.5: Celesco PTIMA-50-UP-420E-M6

a graph based upon these data.

18



CHAPTER 2. TEST STAND

Table 2.2: Celesco displacement transducer - data

min. full stroke range [mm] 1270
accuracy [mm)] 1.905
input [VDC] 8 —40
output [mA] 4 — 20
accuracy [Y%orange] 0.15
cable tension (20) [0z.] 5)
max. cable acceleration (3G) [m/s] || 29.43

——Extension cable—

u=10Vv
R=220 0

Sensor

Figure 2.6: Electrical coupling

2.3.2 Force

In order to emulate the desired disturbing force, a load cell is made using strain
gauges connected in a full bridge for temperature compensation. This sensor also
serves as a connecting casing of the cylinder rods. Installation, placement of strain
gauges and the load cell itself are shown in fig. (2.9)). The load cell is calibrated
using LABVIEW with a NI CompactDAQ and a calibrated tension test machine.
The voltage output from the Wheatstone bridge V,,casureq 15 found to be propor-

tional to the force applied, which confirms a linear strain - stress behavior. The

19



CHAPTER 2. TEST STAND

Table 2.3: Calibration data for position sensor

Extension [cm)]

Voltage drop [V]

0 0.88
6 1.046
16 1.324
26 1.601
36 1.876
46 2.154
56 2.433
66 2.725
76 2.987
86 3.254
96 3412

100

90

80

701

60

50

Centimeter

40

30

20

10

1 15

2
Voltage

25

3.5

Figure 2.7: Calibration curve for position sensor, extension vs. voltage drop

acting force can therefore be calculated by

F = FO +k Vmeasured-

20
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CHAPTER 2. TEST STAND

a b b
Pt c
L — ________
Ve
e e e s e e M e e s s iy e dil do
; cross section
Ny i from side
L. - S R—
active
strain
gauges
**** ip—

Figure 2.8: Load cell, cross-sectional view

Fig. (2.10) shows that eq.(2.1) gives accurate force values for the calibrated range
up to 30kN.

2.4 National Instruments components

The user interface is a NI compactRIO 9022. Since this device has turned out
be sensitive to high work load on the target level and kept disconnecting, a very
simple labview programm was made to read and convert the signals and the give

out the desired signal to the servo valves.

21



CHAPTER 2. TEST STAND

N
cylinder rod 1 m —>> | Load Cell | ««— \\ cylinder rod 2

=
=

Figure 2.9: Load cell, installation

2.5 Range of Operation

The distance in between the two cylinders is about S;, = 0.5[m], and the zero
point is at the middle. The max velocity of the cylinder is calculated in the pre

project and is found to be v,,, = 0.01 [%] . Underneath follows a calculation to

22



CHAPTER 2. TEST STAND

3

30

25

2

Figure 2.10: Load cell, Fcasured VS- Fapplicd

find what frequency is needed to utilize the whole space between the cylinders.

v(t) = Umaesin (wt)
z(t) = /U(t) dt = /vmmsm (wt) dt
Umam
- - t
- cos (wt)
max 2 max d
o Umee _Spo o Zmee oy [T0d 2.2)
w 2 S, S
This will give a period of:
1 2
T =~ =2 = 157.08[4] 2.3)
f w

23



Chapter

Dynamic model

Dynamic simulation is an important part of the hydraulic design process. The
main purpose of the dynamic simulation is a more detailed picture of the transient
system behavior. Initially a steady state simulation was carried out by solving a set
of algebraic equations. Based on these results the different hydraulic components
were selected. The steady state simulations is not time dependent, i.e the accel-
erations of the mechanical components and the pressure gradients are not take
into consideration. The pressure gradient appear when the fluid compressibility
is considered. In the dynamic simulation the system is described with a mixed
set of differential and algebraic equations. This examination will partly be done
in SimulationX and in Matlab/Simulink. SimulationX is a graphical software,
which therefor means the different differential and algebraic equations will not be
coded in manually but they are included via the different components. In Mat-
lab/Simulink however, these different equations needs to be derived and coded
manually. This chapter gives an introduction to some of these governing equa-
tions, and next two dynamic models of the considered system are presented. One
nonlinear and one linear. The nonlinear model is made in SimulationX. When it
comes to controlling the system, only linear controllers will be considered. This

is why a linear model is needed. The model is made by linearizing these govern-

24



CHAPTER 3. DYNAMIC MODEL

ing equations. Since there were some delay between the model making and the
test stand assembly, the linearization points were obtained from the SimulationX
model. Trusting in this model the linearized model could be “checked” before
the test stand was ready for use. These results are not included in the report, the
main goal is not to have a model representing SimulationX, but rather a model that
represent the test rigg in a realistic way. When the test stand was assembled and
connected with necessary sensor the new and more realistic linearization points

were obtained.

3.1 Dynamic equations

The acceleration of a body is described by Newton‘s second law.

ZF = mi 3.1

Where

e > F'is the resulting force on the body
e m is the mass of the object

e 7 is the acceleration of the mass center of the body
The consequence of the oil compressibility is described by means of the mass
balance of a volume (eq. 3.2). An example of where oil can be compressed is

when it enters a chamber in the hydraulic cylinder, see fig. (3.1). The change in

pressure, i.e the pressure gradient is derived in equation (3.5).

25



CHAPTER 3. DYNAMIC MODEL

}—»X, vV, a

V,B,p

?

Figure 3.1: Hydraulic cylinder

m = pV
d d
T (m) = E(VP)
d
Qp = E(VP)'
Qp = pV+pV (3.2)

The Bulk modulus (oil stiffness) /3 is defined in eq. (3.3). It has the same units
as pressure and describes the correlation between pressure and volume variations,
and in this case a volume of fluid. If a fluid has a high bulk modulus then it is less

compressible than a fluid with a low bulk modulus.

8=1 (33)
dp
Eq. (3.3) may be rearranged to:
Bdp = pdp
Bp = pp
. P .
= 7P (3.4)
S

26



CHAPTER 3. DYNAMIC MODEL

Inserting this in the mass balance (eq. 3.2) gives the pressure gradient.
1% )
—p+V = Q

/8 .
p = w (3.5)

Where

e ) is the pressure gradient
e [ is the bulk modulus, often referred to as the effective oil stiffness

e () is the net flow into the volume, positive if the net flow is into the volume

and negative if the net flow is out of the volume
e V/ is the volume of fluid

e Visthe change in volume, V = Ai,fora cylinder with area A and velocity
x, see fig. (3.1)

The motivation for installing an accumulator (fig. 3.2) into the system is its ability
to store energy and keep the system pressure as close to constant as possible. The
compression and expansion of gas in the accumulator is assumed to be adiabatic.
An adiabatic process means that little or no heat is transferred into or out of the

volume (accumulator). The equation for this process is stated underneath.
pVyt = poVy' (3.6)

Where

e p is the pressure in the accumulator

e 1/, is the gas volume

27



CHAPTER 3. DYNAMIC MODEL

A

Figure 3.2: Accumulator

e p is the minimum working pressure of the accumulator, i.e. when the gas

inhabits approximately 90 % of the entire accumulator V,, = 1, = 0,9-V,
o 1} is the gas volume @ p,

e 1, for diatomic gas such as nitrogen is 1.4

Differentiating equation (3.6) the rate of change in the gas volume is found.

d d

%(pvgn) = a(povon)
PV +pnVy 'V = 0
;o __ P ym
‘/9 - pnv'gn—l‘/;]
V= (3.7)

The total volume in the accumulator V, is constant.

Vo4V =V, = V,+V; =0 (3.8)

28



CHAPTER 3. DYNAMIC MODEL

Combining equations (3.7) and (3.8) the rate of change of the fluid volume is
found.

v, = nﬁpvg (3.9)

The gas volume can be found from eq. (3.6) and the fluid volume can be found by

combining eq. (3.6) and (3.8). Reference is made to [8].

1
v, = <@> Vo (3.10)
p
v, = va—(%)nvo (3.11)

Two things are important to keep in mind when dimensioning an accumulator.
The first one is that the accumulator should never run out of fluid, and the second
one is that the pressure of the gas should never become less then the minimum
pressure in the system. The dimensioning of the accumulator will be based on

these criteria and carried out using the dynamic simulation.

3.2 Simulation parameters

Before the modeling can start it is necessary sort out what the different valve

coefficients and what the servo valve dynamics are.

3.2.1 Bypass valves

The hydraulic system contains two bypass valves, one on the velocity control
side and one on the force control side. They were dimensioned in the steady
state calculation part of the project (pre-project). The valve dimensions, that were

found, are formulated as the amount of flow at 1 [bar] pressure drop.

29



CHAPTER 3. DYNAMIC MODEL

l

min

e Velocity control: 0.7 |

| @1 [bar] pressure drop

e Force control: 0.9 [-L-] @ 1[bar] pressure drop

min

The flow through this kind of valve is typically turbulent. The turbulent flow

Q = CuA, /%Ap (3.12)

equation is stated underneath.

Where

e () is the flow through the orifice

(Cy is an orifice constant

e A is the area of the orifice

p is the density of the fluid

Ap is the pressure drop across the orifice

To be able to simulate these valves in SimulationX the values of C; and A for
both valves needs to be calculated. All constant values are assembled in a valve
constant, K, = C’dA\/%

Velocity control:

m3
K . O 7 60500 [ s }
e 10° [Pd]
m?
Kyp = 3.68932-107% |- 3.13
bp2 [Pa] ( )

30



CHAPTER 3. DYNAMIC MODEL

Rewriting eq. (3.12) the expression for CyA; is found. From this, C; and the

orifice diameter d is extracted.

Kbpl
2

p

CaAs =

‘"L3
3.68932-107* {P—}
Cady = = 7.7167- 107" [m’] (3.14)

2
Tl

For simplicity the orifice constant Cj is set as 1, normally this value lies around
0.6. Once this value is set, the diameter d is easily found. The calculations under-

neath accounts for the by pass valve on the velocity side.

4A 4.7.7167 - 1077 [m3
Azzzd§—>d2:\/—2:\/ e [m]:9~91'10’4[m]
4 T T
(3.15)

The same procedure is done for the force control bypass valve. The SimulationX

parameters is presented in table. (3.1).

Cd d [m]
Velocity control bypass valve | 1 9.91-10*
Force control bypass valve 1 [1.124-1073

Table 3.1: SimulationX parameters for bypass valves

3.2.2 Servo control valve

The performance of the servo valve is stated in its datasheet (appendix). There are
especially two things that are important to determine regarding the performance of
the servo valve. The first one is the flow rate and the second is the valve eigenfre-

quency and damping ratio. All these values are necessary inputs to SimulationX
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in order to make a proper dynamic model.

The rated flow is the flow through the valve (one way) at a given pressure drop,

>< |

Figure 3.3: Servo valve sketch

A B
T T

1 T
P T

this value is found from the datasheet, 10 [-1-] @ 35 [bar]. In the datasheet the

l
mi

manufacturer suggest a way to calculate the valve flow:

_ O] 2P
Q = Qn A_p]vu (3.16)

Where (Qy is the rated flow, Apy is the rated pressure drop, Ap is the actual
pressure drop and u is the valve signal (range[—1 : 1]). The valve is symmetrical,
i.e. all flows P—A, P—B, A—T and B—T can be modeled in a similar manner,
see fig. (3.3). SimulationX calculates the flow using eq. (3.17). The only way it
differs form eq. (3.12) is that the variable w is introduced. This value can vary in
the range [-1,1], i.e. this is the signal that is sent to the valve form the controller.

SimulationX assumes a linear dependency between flow and valve opening.

Qs = CyAuy /zAp (3.17)
P

From the datasheet the valves performance curves is found, see figs. (3.4) and
(3.6). Fig. (3.4) tells us in which range of frequency this servo valve is suitable
for operation, fig. ((3.6)) tells us how fast it can respond. It can be seen from

the plot that the higher the system pressure is the faster is the responds. Based
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Frequency response standard valve
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Figure 3.4: Bode plot for the servo  Figure 3.5: Bode plot for the servo
control valve (from datasheet) control valve (from Simulink)
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Figure 3.6: Step response for Figure 3.7: Step response for
the servo control valve (from the servo control valve (from
datasheet) Simulink)

on figs. (3.4) and (3.6) a transfer function that fits these two performance curves
should be developed. The transfer function is assumed to be of second order. The

reason is that experience show that this can be an acceptable way of modeling the
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valve dynamics and this is also the model that SimulationX accommodates. The

standard form of a second order transfer function (Closed loop) is:

w2

H = L 1
() s2 + 2wy, s + w2 (3.18)

In order to find two poles that satisfy the servo valve performance curves, a small
Matlab program is made (appendix). The poles are found by trial and error. First
guess on two pole values and then compare its bode plots with fig. (3.4). See

eq. (3.19) for the poles that are found to be most suitable.

1
Jsv (8) = . - (3.19)
(25~2-7r +1) (30-2~7r +1)

In order to extract the eigenfrequency and the damping ratio the closed loop trans-

fer function needs to be found and presented on its standard form (eq. 3.18). This

is shown in eq. (3.20).

1

(5537 +1) (5557 + 1)
1

3.377-107%s%2 4+ 0.01167s + 1
1
3377109
s? + 3.2';)71-1?)7—58 + 3.3771-10—5

Jsv (3) =

(3.20)
The eigenfrequency w,, and the damping ratio ( can now be calculated.

1 rad
W, = ’/W = 172.082 {T} = 27.39[HZ] (3.21)

1 1
¢ = 83771075 _ _33T7107°  _ (3.22)

2wy, 2-172.082
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( is equal to one, this indicate that the system is critical damped, i.e. no overshoot.

This can also be seen on the step response plot fig. (3.7).

For Matlab/Simulink simulation eq. (3.19) can not be used directly, the reason
is that it is not possible to implement initial conditions in the transfer function
block. The solution is to rewrite the transfer function into a mass-spring-damper
(msd) system. The transfer function for this msd - system is shown in eq. (3.23)
and its corresponding block diagram in fig. (3.8). Now it is possible to implement

the initial conditions for the servo valve.

1 1
Gimsa Meys? + Ds + K 3.377- 10552 + 0.0117s + 1 (3.23)

1 1
5 > S >@D

ui_dyn

Integrator2 Integratorl

Figure 3.8: Mass-spring-damper system for servo valve
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3.3 Nonlinear model

The considered system is nonlinear due to the turbulent flow trough the differ-
ent valves, also the friction that will be emulated is nonlinear. Step one in the
model making is to make a nonlinear model. For this SimulationX is used. In
this graphical simulation tool the hydraulic system is modeled by connecting the
components in a manner similar to the hydraulic diagram (fig. 3.9). The nonlin-
ear model is useful for verification of the dynamic performance of the system as
well as for the tuning of the valve controllers. In the figure there are two PI con-
trollers, input for the controller on the velocity side is the deviation between the
reference velocity and the actual velocity of the mass. The input to the second
controller is the deviation between the reference disturbance force and the actual
cylinder force. The control parameters are found by trial and error. In order to
get as smooth transient response as possible, some volumes are added into the
system. Another thing that contributes to the transient behavior is the values of
the different initial values of the pressures. 160 [bar] is set on the pump side,
and on the piston side of the cylinder the pressure that gives equilibrium state is
set. Since the area ratio is the same for both cylinders the initial pressures are the
same, 127.6 [bar].

This model will be used to check that the system works dynamically. Prior to this
only the steady state situation is considered. The results from this will also give

the values needed calculation of the preset pressure in the accumulator.

3.4 Linear model

As mentioned in the beginning of this chapter, the dynamic model will be used
for testing the systems transient behavior and a linearized model will be made and
used for controller design. A linear model is required because the controllers that
will be tested are all linear. To make this linear model the initial idea was to use a
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functionl

Flx]
.

curvesetl

=

i

Figure 3.9: SimulationX model

tool in SimulationX which gives out the state space representation of the system.
The state space model could then be transformed to a transfer function. But for
some reason this tool did not seem to work properly. As a consequence the sys-
tem model has to be made manually with the different differential and algebraic
equations. The linearization is done around a given point of steady state velocity.
These steady state values will be extracted via the sensors on the test stand. The
values are piston side pressures and servo valve opening. Tank and pump pressure
are assumed constant.

Underneath follows the nonlinear equations in the system. The linear expressions

of these equations are the first order term of its Taylor expansions.
Velocity control side:

Turbulent flow over the servo valve.

Quz = Kyugv/ps — po (3.24)
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The Taylor expansion ([9]) of this expression is:

an2
5’u2

Au2 + an2

AQ,y =
Que i 5

Aps

u2,p2

The A-values are deviation values from its linearization point us and ps.

0Q, —
9 2 = Kv Ps — P2 = st2,u2
Uz

8@1}2 Kvu_2

-y I sv2,p2
Ops 2v/ps — D2 P

The turbulent flow over the bypass valve:

pr2 = Kbp2vp2_pt

The Taylor expansion for the bypass valve:

0
AQy = 22| 4y,
D2 Pz
8pr2 Kbp2

— = Ky po
ops 2vD2 — i pep

Force control side:

The linearized equations for the force control side are quite similar:

Servo valve:

8@1}1
8u1
0Q w1 K,uy

= Kv Ds —P1 = stl,ul

— svl,pl
op1 2v/Ds — D1 P
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Bypass valve:
8C?bpl - Kbpl

— = K1 p1
o 2v/D1 — Di PP

Now, once the linearization is done, the modeling based on algebraic and differ-

(3.33)

ential equations can begin.

3.5 Matlab model

It was at the beginning a bit unclear how to model this system. But after some con-
siderations and consulting with the supervisors it became more clear. The model
is divided into two parts, velocity side and force side. The two models will be
made separately. The inputs and outputs of the models are described in tab. (3.2).

Underneath follows the derivation of the two models.

Velocity side Force side
Input Output Input Output
Servo valve signal | Velocity of cylinder | Servo valve signal | Cylinder force
Disturbance force Velocity of cylinder

Table 3.2: Model input - output

3.5.1 Velocity side

The model is based on two equations, the force balance of the cylinder and its
pressure gradient. The pressure gradient is dependent of the flow into or out of the
cylinder. The force balance is given in eq. (3.34). First the transfer function from
servo valve position to cylinder velocity will be found. The servo valve needs

voltage as input, so afterwards the transfer function from servo valve voltage to
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cylinder velocity will be found.

ZF:ml’)

= p2As — ps®Az — Fuis (3.34)
Applying the Laplace transformation on eq. (3.34) gives:
msAv = ApsAy — AFy;, (3.35)

Combining eq. (3.5) and the linearized flows over the servo valve and the bypass

valve the expression for the pressure gradient is found.

. B :
Apy = = ( - v)
P2 A Q
1
= 5 (st2,u2AU2 - st2,p2AP2 - Kbp2,p2Ap2 - AQAU)
2
1
= E (KSUQ,UQAUQ — Kp2Ap2 — AQAU) (336)
2

Applying the Laplace transformation on eq. (3.36) and solving for Ap, gives:

1
sApy = 5 (st2,u2AU2 - KpQAp2 - AQAU)
2
stZ,uQAUZ - AQA'U

Apy

3.37
CQS + Kpg ( )

Combining the two equations (3.35) and (3.37).
Av (mCas® + mKpps + A3) = AsKpnuwAus — AFy (Cos + Kpa)  (3.38)

The velocity side has two inputs and one output, and in order to find its transfer
function the principle of superposition has to be utilized. First the disturbance
is set to zero, and the transfer function from valve signal to velocity is found.

Afterwards the same is done when the valve signal is set to zero. The velocity
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sides total transfer function G, (s) is at last found by adding these to functions

together (without valve dynamics).

Av Av
Gve = X
(8) = R T AFm
. CémKSUQ u2 -5+ le;zn
= - 2 (3.39)
§° + 023+02m s°+ CQS+CQm

Fig. (3.10) shows the block diagram of what the dynamics are from servo valve

voltage in to position out. Its transfer function is:

Au2,in
AV— 1/10 | g.(s) —» Ak

Figure 3.10: Bode plot of velocity side model

1
Auy = AVl—OgSU(S) (3.40)

Eq. (3.41) states the total transfer function including the valve dynamics.

k
1 gsv( )Cj;linKSUQ u2 %S + 0;271
Guals) = 55 - dm (3.41)
2+ p8+02m 52—1——0”25—1—0;71

The transfer functions bode plot is shown in fig. (3.11). The figure shows that
for low frequencies the magnitude is negative, this means the amplitude of the
output is less then the amplitude of the input. Knowing the maximum servo valve
signal is 1 and the velocity of the cylinder lies around 0.01 — 0.02 [%}, then this
makes sense. The magnitude is more or less constant until 80 [md] as mentioned
the frequency of operation is quite small. The phase is also unaffected at low

rad]

frequencies, low frequencies in this context are w < 10 [ Since the bode plot

has a slope of zero at low frequencies, the system is of type zero. Eq. (3.42) shows
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an example of a transfer function of this type.

1
9(s) = s (as? + bs + ¢) (3.42)

Bode Diagram
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_80 -
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-100

-120 L L
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180 -
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©
o
T

10 10 10° 10" 10° 10 10*
Frequency (rad/sec)

Figure 3.11: Bode plot of velocity side model

The corresponding block diagram for eq. (3.35) and eq. (3.37) is shown in fig. (3.12)
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Valve Dynami

Figure 3.12: Block diagram of velocity side model
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Stability

The Nyquist criterion is used to check the stability of the system. By using the
frequency response of the open loop system one can find in which range of gain
the closed loop system is stable. Step one is to find the open loop zeros and poles,
tab. (3.3). The calculations are done for X' = 1. Reference is made to [17].

The table shows there are only stabile open loop poles in the system, but there

Open loop poles and zeros
Poles Zeros
—16.2 4+ 1933.1% 1654.5
—16.2 —1933.12 | —1016.3 + 1539.8:
—16.2 +1933.12 | —1016.3 — 1539.8:
—16.2 —1933.12 | —16.229 + 1933.1:
—188.5 —16.229 — 1933.1:
—157.1 -

Table 3.3: Open loop poles and zeros, velocity side

is one unstable zero. The effect of the right half plane (RHP) zero is that as the
gain increase it will ’pull’ the poles towards the RHP. The Nyquist criterion says
/4 = P — N, where P is unstable poles and N is the number of encirclements
around —1. Clockwise crossings are negative and counterclockwise are positive.
From the zero crossing of the imaginary axis on fig. (3.13) one can calculate how

large K are when |G (jw)| = 1.

1
= 351-103 = K = 285 (3.43)

This implies that for values K > 285 two clockwise encirclements around —1
will occur, Z = 0 — (—2) = 2. The system will have two closed loop in the
RHP, and the system is unstable. This is only valid when there is a disturbance

force influencing the system.

Stability check is also done for the no disturbance situation. Now the root lo-
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x 10
T

Nyquist Diagram

Imaginary Axis

-1

0 1

i -3
Real Axis 10

Figure 3.13: Nyquist plot of velocity side model, with disturbance

cus technique is used. Also here the open loop transfer function is the starting

point, and the result gives a plot where one can see how the closed loop poles
travel. Fig. (3.14) shows this plot. System has two RHP poles for K > 1750
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. Root Locus
x 10
1
0.8 b
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0.6 Gain: 1.75e+003 7

Pole: -1.05e-005 + 1.86e+003i
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Figure 3.14: Root locus plot of velocity side model, with no disturbance
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3.5.2 Force side

The model of the force side is built up quite similar compared to the velocity side
model. The staring point is also here the equations describing the force balance
and pressure gradient. The transfer function of the model including the servo valve
dynamics is stated in eq. (3.44). The corresponding bode plot and block diagram
is shown in fig. (3.15) and fig. (3.16).

AF’dis + AF’dis

Gais(s) = Ry T Ay
AQ
1 gsv(s)é_istl,ul C_:t
- = O (3.44)
S+ < S + o
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Bode Diagram
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Figure 3.15: Bode plot of force side model
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V_1

Gain7 Gain2

Valve Dynamics

Gainl

Gain3
Gain4

d_v

Integrator

B—e

Gain5

Figure 3.16: Block diagram of force side model
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Stability

Tab. (3.4) shows the placement of the open loop poles. Fig. (3.17) shows there

Open loop poles and zeros
Poles Zeros
—188.4956 | —190.7307
—157.0796 | —154.8445
—25.4855 —25.4855
—25.4855 —

Table 3.4: Open loop poles and zeros, force side

is one encirclement around —1, which implies one closed loop pole in the RHP.

Using the zero crossing of the imaginary axis, the range of stability can be found.

1
z = 2985410 = K = 4.34-107" (3.45)

This means system is stabile for K < 4.34 - 107

Root locus for the open loop system with no disturbance: This shows system
with no disturbance is stable for K < 3.16 - 1073
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. Nyquist Diagram
x 10
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Figure 3.17: Nyquist plot of force side model, with disturbance
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Imaginary Axis

Root Locus
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Figure 3.18: Root locus plot of force side model, with no disturbance
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3.6 State space model

State space model is only made for the velocity side. The reason is manly due to
time limitations and partly because it is not that straight forward as for the velocity

side. The model is therefor left as further work to be done.

3.6.1 Velocity side

In order to obtain a suitable state space system the Simulink model needs to be
modified, fig. (3.19). The consequence of the disturbance force is that it tries
to change the piston side pressure. Knowing this the disturbance force can be
changed to a disturbance pressure on the piston side, only by dividing the force on
the piston side area. This will now give a system with two inputs and two outputs,
i.e. multiple input multiple output (MIMO) system. The states are described in
eq. (3.46).
cylinder velocity
. piston side pres.m.u"e (3.46)
servo valve position

servo valve velocity

The general representation of a state space system is presented in eq. (3.47).

z = Ax+ Bu
y = Cx+ Du (3.47)

The state space model is made using the linmod() - function in matlab. The input

to the function is a Simulink model, where the two inputs and the output are
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Gain? Gain2 Gain Integrator Gain3 Integratorl

Valve Dynamics

B—e

dv

Figure 3.19: Modified block diagram for velocity side

selected.
[ 0 5.0265 - 104 0 0
, _7.4345-10° 324577  3.7847-10° 0
Tr = €T
0 0 0 1
I 0 0 —2.9609 - 10* —345.5752
[ 0 —0.1000
0 0
n u 3.48
0 0 (3.48)
| 2.9600 - 10? 0
(100 0
_ 3.49
YT lo1 00 (349

Whether the system is controllable or not is checked via the controllability matrix.

As stated in [17] p. 735: If an input to a system can be found that takes every state

variable from a desired initial state to a desired final state, the system is said to
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be controllable: otherwise, the system is uncontrollable. Controllability matrix:
Cv = | A AB 4B .. A'B| =4 (3.50)

If the system is of full rank, i.e. the rank has the same value as the order of the

system, then the system is controllable.
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Verification of Model

This chapter describes the procedures used for verifying the models by finding
system constants and analyzing system behavior. The found values are then used
to adjust the simulation models such that control strategies can be tried out. The
tests are done for each cylinder separately. First, a step from zero to full opening
and back to zero is applied. Since the aim is to have the controlled cylinder go
in a harmonic motion, different sine signals are sent to the valve as a second test.
At the end of the chapter is the corresponding plots done in matlab/simulink. The
following equations are used for a critical analysis of the analyzed velocity (v),
pressures (ps,p2,p:), and flows (Qs,,Qpp,Q2), Which are defined in fig. (4.1):

st = u st V Apsv (41)

st = Cd,sv Asv \/? (42)
p

Apsv = DPs — P2 (43)
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pr = Kbp\/ Apbp (44)
2

Ky = Cup Ab,,\/; 4.5)

Apyy, = p2—pt (4.6)

v = Q2/Acyl (47)

The force F, = mi needed to accelerate the mass of the piston and the piston rod
is relatively small compared to the forces delivered by the cylinders, because the
maximum velocities reached are low and the mass small. It is therefore neglected,

which gives the following equation for force equilibrium according to fig. (4.1):

p2A = psAd + sign(v)Fy (4.8)

The tank pressure p; is assumed to be constant at 0.5[bar|. The following steps

are taken:

1. Identify the servo valve constant K,. Bypass valve closed.

2. Choose the bypass valve opening. With respect to the control task, the

Opening is chosen to yleld Umaz,stroke—in — —Umaz,stroke—out-
3. Identify the bypass valve constant K, at the chosen opening.

4. Take measurements of py, ()2, x; calculate all other system variables; eval-

uate the found values. Repeat this step for different valve signals.

For evaluating the signals with respect to range, noise, and accuracy, it must be
remembered that only ps, (2, and x are measured directly; the others are obtained
from a calculation or derivation. The circumstances for each measurement or

calculation are chosen such that there are fewest possible system variables and
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that numbers are rather calculated from pressure than from flow due to accuracy.

The resulting constants and values of the this chapter are summarized in tab. (4.1).

Force Side Velocity Side

‘ = — = — ‘

A —Fip —Figp L

Ps

Figure 4.1: Definition of system variables

4.1 Velocity Side

Valve Constants

If the bypass valve is completely closed, all servo valve flow (), will go through
the flow sensor. At the measured pressure ps the servo valve constant can then be
calculated using eq. (4.1):

K, = _ @ = 1.41-1077 (4.10)

uvps — P2
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K, should be independent of the valve signal u. Measurements (see appendix
(C)) show that there is some drift in the values, especially for a small . It is
therefore chosen to approximate K, by an average of the values found for open-
ings from 40% to 100%, because Matlab simulations show that the valves are
never completely closed for the desired piston movement. Ky, refers to the whole

valve, i.e. to both slots together.

The bypass valves are adjustable; they are tuned such that the cylinder has the
same constant maximum velocity when it travels in as it has when it travels out.
For the found bypass valve position, the valve constant can be determined from
eq. (4.4), if the relevant flow and pressure are known. There are two feasible situa-
tions: First, when the piston has reached its maximum stroke and the valve is fully
opened, and secondly, when the cylinder is moving in and the valve is closed. In
order to avoid uncertainties due to leakage flow, the first possibility is chosen and

K3, 1s found according to eq. (4.4):

QS’U

N =3.43-107% 4.11)
2 — Mt

Ky, =
Steady State Analysis
For adjusted bypass valve and found parameters K, and K, values are measured
for maximum and minimum velocity cylinder movement, i.e. for the valve fully
opened (v = 1) and fully closed (u = 0), respectively. In the case of ideal

conditions with no internal friction, the ring side pressure p is expected to be
P2jideal = ¢p¢ = 127.6[bar]. 4.12)

Is is observed in fig. (4.2) that p, varies from 127.8[bar]| stroking out to 127.3[bar|
stroking in (averaged over 10[s]). Assuming friction F is equally large in both
directions, py becomes 127.55 + 0.25[bar], i.e. eq. (4.8) yields a friction force
of Fy = 250000[Pa] - 0.042[m?|m = 125[N]. Equivalently the pressure peaks at
change of direction give Ap = 6[bar] = 3000[N].
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Leakage flow at operating pressure is not given accurately in the documentation
of the valve and can be up to several bar. The measured pressures for © = 0 lie
around 6.5[bar] which is equivalent to Q> = 1.60 [-L-] (eq. (4.1)) and therefore a
realistic value. Together with the values found above, the pressure measurements

seem to be very reasonable.

A critical situation is when the cylinder has reached its final position and the
servo valve is still fully opened: All the servo flow must now go through the by-
pass valve, where higher flow means higher pressure drop. An increased ps is
measured, which implies less flow through the servo valve, such that a equilib-
rium situation is reached where )5, = Qbp. This is not observed in the plot; there
isal.l [ﬁ] gap, that no reason can be identified for. The same gap appears at
the stroking out situation, where ()2 and (), should add up to ()s,. A possible er-
ror source might be the flow sensor or/and inaccuracies in the determined system

constants.

Dynamic Analysis

The purpose of the dynamic analysis is to obtain measurements for a reason-
able range of the valve signal V' and the frequency f. The later is chosen at
f = 0.1[Hz|, higher than the frequency that shall be used for the simulation, in
order to see more of the dynamic behavior. For the adjusted bypass valve the
servo valve signal for v = 0[m/s] is found to be —4.4[V/], such that an amplitude
of 4.4[V] can be used:

V = —4.4+ 4.4sin(0.27)[V] (4.13)

The velocity derived from position follows a sine function with amplitude A ~
2.25 [%} . This appears a reasonable value, regarding the found steady-state val-
ues and the fact that the maximum values +-6.49 [ﬁ} and —7.87 [#] in cylin-

der flow ()5 yield piston velocities of 2.15 [%] and —2.6 [%}, respectively.
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pressure p2 [bar] dx | dt [cm/s]

180 5
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Figure 4.2: Results A for 0[V] and —10[V/] valve signal, velocity side

At almost constant bypass flow, the cylinder flow describes a sine function, which
has an offset slightly under the bypass flow. This explains why the cylinder po-
sition experiences drift in negative x-direction. When the cylinder flow sinks un-
der the time axis, it remains around O [#} for about 0.4[s] before undergoes
a relatively high acceleration for about the same time. Having a look at the
force I, needed to accelerate the mass, using the values myistentrod ~ 5[kg] and
i~ (0‘0257(;)&025)[”1/3] = 0.01 [%], a value of F, = 5[N] is found. Trusting the
flow sensor it can therefore be concluded that the delay in cylinder movement is

only due to static friction acting on the piston rod at very low velocities (see chap-
ter "Friction Models”). This statement is stressed by that fact that once stopped,
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Figure 4.3: Results B for 0[V] and —10[V] valve signal, velocity side

the flow will not start increasing again before the valve opening has changed fur-
ther such that a change in pressure p, causes the piston to start moving again.

A delay of ~ 0.3[s] can be observed between flow ()5, through servo valve and
both valve signal and flow (), into the cylinder.

At the minimum value () = —7.87 [ L

about 1.5[s]. This effect can be explained with the £10 overlap the valve has. The

} the cylinder flow stays constant for

signal does however not start flattening before it reaches an area of much less then
10 valve opening. Considering that leakage flow through the servo valve comes
into the picture at the latest when the valve is in a theoretically closed position,
. . . . . o l
this behavior is according to theory. At the maximum value (Q)3 = +6.49 [%])

this effect in the cylinder flow curve can not be observed, because leakage flow
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is not a relevant value at large openings. A similar effect can be expected, if the
valve signal exceeds the saturation point of —10[V]; however, this is prevented

programmatically.

Fig. (4.6,4.7,4.8) shows the plots from Simulink. The same input signal is used as

input.

15

13,50
13,29

10

7,36 7,33

6,49

= yoltage

~"\AI\,\ e X [CN]
flow measured [I/min]
,43 00 flow servo [I/min]
! Y = flow bypass [I/min]
0 B ) o~ ——tr ———t .
5 2

-8,80

-10

Figure 4.4: Results A for sine signal to valve, velocity side
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Figure 4.5: Results B for sine signal to valve, velocity side
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Figure 4.6: Simulink plots of posi- Figure 4.7: Simulink plot of piston
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Figure 4.8: Corresponding Simulink plot for results A
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Force side | Velocity side
K,,, Theoretical value (Datasheet) | 1.78 - 10" 1.78 107"
K., Real value (Test rig) 1.36-1077 1.41-1077
Koy 2.75-10° | 3.43-10°
Q2.maz.out 6.1[1/min] 8.3[l/min]
Q2,min,in —6.6[l/min] | —7.8[l/min)]
py, friction loss +8.55[bar] +0.3[bar]
F E6700[N] | £125[N]

Table 4.1: Summary: key values

4.2 Force Side

The analysis of the force side is equivalent to the velocity side. The results are
summarized in tab.(4.1). The only difference between the force side and the ve-
locity side is the size of the cylinders. It was however found that the larger cylinder
has significantly higher internal friction: averagely stroking out for ¢ = 15...30[s]:
pa = 136.4[bar], stroking in for t = 75...90[s]: ps = 119.3[bar]. 17.1[bar] differ-
ence are equivalent to a friction force of about 6.7[kN]. The plots fig. (4.9) and
fig. (4.10) show in addition that the internal friction is not constant over the full
stroke length. In the area of maximum stroke length the pressure p, goes down

and the cylinder flow goes up, indication less friction.

Pressure = [(barl

Figure 4.9: Results A for 0[V] and —5[V/] valve signal, force side
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Figure 4.10: Results B for 0[V] and —5[V'] valve signal, force side
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Friction Models

The aim of the project is to try out different control strategies for friction compen-
sation, while the friction itself is simulated, i.e. the emulator test stand can be used
for testing friction control loops for any given system, if its friction characteristics

are known, under the following circumstances

e Friction can be simulated up to the maximum values that the cylinder can

deliver / tolerance of the load cell

e Friction can be simulated down to the resolution of the load cell and the
hydraulic system

e Friction can be simulated for systems operating within the velocity range of
the test rig

e Friction can be simulated for systems operating within the bandwidth of the

test rig

The following known and commonly used friction models (i.e. [2]) are the starting

point for the friction emulator and the motivation for the force-side-controller
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design. They are therefore listed with respect to simplicity of implementation
and controlling.

5.1 Coulomb Friction

Coulomb Friction is the most basic disturbance considered. A constant friction &,
is working against the direction of motion, i.e. decelerating it. When the velocity
crosses zero, i.e. the motion changes direction, the Coulomb Friction will jump

instantly from K. to — K and the other way round:
F. = sign(v)K, (5.1)

Modification: For first tests of control strategies it might be desirable to avoid
infinity-slope jumps in the friction force and rather have a smooth transition be-
tween areas of positive and negative friction. Therefore it is suggested to start with
an arcus tangent approximation and let the slope go towards infinity by increasing
m, as illustrated in fig. (5.1)and(5.2):

F. = K. arctan(mt) (5.2)

5.2 Viscous Friction

The part of the friction that is proportional to velocity is called Viscous Friction

and depends on no other variables:

F, = K,v (5.3)
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F +F=Karctan(mt)

Figure 5.1: Coulomb friction Figure 5.2: approximation with ar-
model cus tangent

Further discussion considers friction phenomena added to the previous ones.

5.3 Stiction

Having a closer look at what is happening at deceleration when the velocity curve
passes a low critical value v = wv4;. > 0, one can find the motion appearing
to be suddenly blocked, i.e. the mechanical part is “’sticking” to the supporting
structure. With continuing velocity decrease the considered object will not start
moving in opposite direction before it passes the respective negative valuev = —
Vstie < 0. This means that two impulse-like peaks are added in the zero-velocity
area of the friction curve, as seen in fig. (5.3). In order for an object to start
moving, the accelerating force must therefore be higher than this peak value. After

the peak muss less force is needed to maintain the desired motion.

5.3.1 Stick-Slip Effect

Considering a situation where an acceleration force has just about overcome the

friction peak from stiction, the friction will suddenly drop and the force difference
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will result in an instant acceleration (slipping”) to and over a velocity equilibrium
point, i.e. over a point where the velocity is constant because of an equilibrium
between accelerating and friction force. A resulting deceleration due to the higher
friction causes then the velocity to drop below the equilibrium point v.,, where
acceleration occurs again. If the velocity stays around |v| & v, the moving

object will continue in a stick-slip-motion, as illustrated in fig. (5.4).

)
AR

= - 1 H

Figure 5.3 Figure 5.4: Stic-Slipp Effect
Coulomb+viscous+stiction

5.4 Stribeck Effect

The Stribeck Curve is a traditional way of modeling the transition from static to
viscous friction [20]. In stead of an impulse-like peak, the Stribeck model uses an
exponential function with negative exponent, yielding an easy analytic description

for static friction with smooth transitions to the linear area.

F = K, el-5) (5.4)
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5.5 Summary the Models

The models considered in this chapter are a good starting point for friction mod-
eling, because they can be implemented simply implemented and build the base
for a other models. A more advanced model that introduces micro-deflections as
an additional degree of freedom is the LuGre Model. The reactions between the
surfaces are here modeled with springs and dampers. The LuGre model is over
the scope of this project, but might be very interesting to implement, if all of the
simpler models have been tried out. Another aspect that none of the models above

consider is lubrication, as suggested by [10].
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Control strategies/design

Over the last ten to fifteen years a lot of research attention has been given to
problems dealing with dynamic positioning systems for floating vessels, i.e. sys-
tems that compensate for movement in the horizontal direction. References can
be made to [4, 6, 7, 19]. While the systems that compensate for the heave mo-
tion, due to waves, have been given much less research attention. In 1998 Korde
[13] proposed a control system that utilized classical control theory and it showed
to be efficient within the bounds of linearity. In 2008 Do and Pan [5] presents a
method to design a nonlinear controller. The controller design is based on Lya-
punov ‘s direct method and the making of disturbance observers. In 2009 Li and
Lui [14] propose a Linear-Quadratic-Regulator based on dynamic vibration ab-
sorbers. Over the last couple of years some papers dealing with heave compen-
sated cranes have been published, e.g. [18, 11, 15, 16]. The main attention here
is the critical phase when the crane lowers the payload into the water, also refer-
eed to as the splash zone. Some of the control methods they are dealing with are
for example impedance control, feedforward control, feedback control and heave
motion prediction. The content in the papers that are cited here acts as inspiration

on how to address the control problem in this thesis.
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The rest of this chapter will describe the different control strategies and the design

of the controllers.

6.1 Frequency domain technique

The controller is designed after some performance criteria. Closed loop at low
frequencies the magnitude should be =~ 0 [dB] and the phase = 0 [degrees|. PI

controllers are chosen for this design.

6.1.1 Velocity side

Fig. (6.1) shows the control scheme for a standard feedback system. The standard
PI - controller will be considered and will be designed by inspection of the closed
loop magnitude and phase at a selected range of frequencies. These values can be

found from the systems closed loop bode plot. If a PI controller is implemented

+

R(s) Contoller —»| System » C(s)

Figure 6.1: Scheme for feedback control

in a system of type 0 and is subjected to a step input, then the error signal will
eventually converge to zero. The considered system is of type 0. The Laplace
transform of a step input is % this structure can also be found in the PI controller.
This implies, in order to achieve zero error the structure of the input needs to be

included in the controller. The reference signal to be tracked is a sinusoid. The

Aw
w2+52 s

Laplace transform of a sin() function is and this structure is not part of the
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PI controller. L.e. the system will always have a periodic error signal, but as the
plots will show the steady state error is ~ 0.12% of the reference signal.

The transfer function for the PI controller is stated in eq. (6.1).

1
Gpr(s) = K (1 + ﬂs) (6.1)
There are no straight forward ways to do this. The way it is done here is first to
try with K = 1, let 7; vary in a specified range and plot what the response is on
the magnitude and phase. Next iteration will be with another K. The iterations
will stop when the above criteria are reached. Fig. (6.2) shows how the different
values vary as K and 7; change. Blue line is for K = 1, the purple one is for

K = 50 and the others are for values in between. The plot shows that as long as

Phase angle as P and | values vary

Phase angele in degrees

_80 1 I I I 1 I
0 0.1 0.2 03 04 05 06 07 08 09
Ti, varying from le-5:1e-3:1

Figure 6.2: Phase angle as K and 7T; vary
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the 7T} is small, the phase criteria is fulfilled. Choosing K = 10and T; = 1073,
underneath follows a calculation to check what the phase and magnitude will be

with these controller gains. H (s) referees to closed loop transfer function.
|H(s)] = 1 =0dB (6.2)

/H(s) = —0.0563° (6.3)

Simulation with no disturbance

Here follows the simulation results from the above discoursed PI controller. Note
that the offset for the linearized values are added. The reference signal is of the

form:
r(t) = 0.01sin (0.05t) (6.4)

Velocity Reference Cylinder Velocity

Velocity [mis]

0 50 100 150 200 250 o 50 100 150 200 250
Time (s] Time [s]

Figure 6.3: Reference Velocity Figure 6.4: Velocity output
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Figure 6.5:

Position [m]

Spool Position [0:1]

Servo Valve Response

50 100 150 200 250 300
Time [s]

Servo valve position

Cylinder Position

0 50 100 150 200 250 300
Time [s]

Figure 6.7: Cylinder position

Figure 6.6:

Velocity [mis]

Pressure [bar]

Piston Side Pressure p2

0 50 100 150 200 250
Time [s]

Piston side pressure

x10° Error signal
15

05

o 50 100 150 200 250
Time [s]

Figure 6.8: Error signal
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Simulation with disturbance

The disturbance force implemented here is simplified in comparison to reality.
The force is set to be negative when the velocity is positive, and vice versa. The
force is set to =15 000 [N]. There are some effects on the cylinder velocity due
to the disturbance. The effect has its peaks when the force changes signs. The
slope of the curve as it changes signs is infinitely steep, in reality this is not true.
The servo valve shows the valve needing some rapid changes in position, it needs
to change from 0.18 — 0.68 in 0.15 [s]. From the step response plot of the servo
valve, fig. (3.7), it is shown that the valve can reach full opening in 50 [ms]. i.e.
the valve should handle this position change. Limits are included to the position

integrator to prohibit the position to exceed lower limit 0 and upper limit 1.

Velocity Reference Cylinder Velocity
0015 0015

0.01 0.01 E
0.005 0.005

2 z 0 1
g g
8 8
] s

-0.005 -0.005 v v J

- -001 1

50 100 150 200 250 0 50 100 150 200 250
Time [s] Time [s]

Velocity [mis]
°
Velocity [m/s]

Figure 6.9: Reference Velocity Figure 6.10: Velocity output
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Servo Valve Response

Spool Position [0:1]

o 50 100 150 200 250 300
Time [s]

Figure 6.11: Servo valve position

Cylinder Position

Position [m]

0 50 100 150 200 250 300
Time [s]

Figure 6.13: Cylinder position

X 10" Error signal

05

Velocity [m/s]
°

0 50 100 150 200 250
Time [s]

Figure 6.15: Error signal

Piston Side Pressure p2
200 T T

Pressure [bar]

0 50 100 150 200 250
Time [s]

Figure 6.12: Piston side pressure

X 10 Disturbance Force
15
1
05
z
g o
5
I
-05
-1
-15
0 50 100 150 200 250

Time [s]

Figure 6.14: Disturbance force
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6.1.2 Force Side

The plot show that the design criteria are achieved as long as the P-gain and I-gain

are small.

L x10°° Phase angle as P and | values vary

0.9

0.8

0.7

0.6

D L

0.5

0.4

Phase angele in degrees

0.3

0.2

0.1

—_—
1 1

0 0.1 0.2 03 04 05 06 07 08 09
Ti, varying from le-5:1e-3:1

Figure 6.16: Phase angle as K and 7; vary

6.2 Tracking optimal control with integral action
If the requirements of the controller is expressed as a minimization or maximiza-

tion of some performance index, then the controller is an optimal one. In this

case it is desirable that the deviation between the reference signal and the output
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is minimal, see fig. (6.17). This kind of controller is called Linear-Quadratic-
Regulator (LQR). Some of the benefits the controller has are infinite gain margin
and a phase margin of 60°. This means the system is always stabile. A drawback
of the controller is that it requires full state feedback. i.e. all the states needs
to be measured and fed back. Integral action or integral control is introduced to
the system by adding an extra state to the state variables, this extra state is the
derivative of the tracking error. The tracking error is defined with the differential
equation in eq. (6.5). For this method of integral action and the calculations of
the controller gains, reference is made to [3] and [12]. The input signal given
to the considered system in a sinusoid. The method used in this section obtains
zero error signal only with constant reference signals. But as the plots will show,
this error is ~ 0.075%. Simulation with constant reference signal is shown in

appendix B.

Y
y(t)

A

Figure 6.17: Typical transient response

W(t) = r(t)—y(t) = r(t)—Ca(t) (6.5)

i = [””] (6.6)
w

New state vector:
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When this new state is introduced some manipulations of the original state space

system is required.

v (t) A0 i | P lun (6.7)
z = T U .
-C 0 0 r
N————’ N—— N——
A B d
y = |coli (6.8)
———
¢
A suitable performance index would be:
1 T
Jo= S ylty) =) By (y(ty) —r(ty))
1
+ gw (tr)" Puw (ty)
1 T T T
+ 3 ((y —r) Qyy—1)+w Quu+u Ru) dt (6.9)
0

Where Q, > 0, @, >0, P, >0, R > 0.Ift; — oo and the reference signal r

1s constant, this can be rewritten as:

J = % / (2"Q2 + u" Ru) dt (6.10)
0
Where Q is given by:
T
Q = ¢rQ,e 0 (6.11)
0 Qu

Q needs to be positive semidefinite, i.e. 2TX% > 0. R needs to be positive
definite, i.e. uZ Ru > 0. The speed of the system is dependent of the values of
these weighting matrices. If () >> R the system will tend to respond fast, but the
consequence is a high control signal. In the opposite case R >> () the control

signal remains low and the system response is limited.
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The optimal control law for the performance index in eq. (6.10):

u(t) = K(@)it)+K,r
K({t) = R'BTS(t) (6.12)

S (t) is the solution to the matrix algebraic Riccati equation (MARE).
0=0Q+A"S+SA—SBR'B"S (6.13)
K contains the gains for both = and w and can be written as:
K = [Kx Kw] 6.14)

In order to find the gain for the input  some additional matrices needs to be found.

-1

wo— R—IET{(A_EK)T]

- [Wl WJ 6.15)

N N T
G = RBT [(A—BK) } S
- [G1 GQ} (6.16)

The gain K, is then:
K, = (G —WiC"Q,) (6.17)

With these gains calculated the optimal control law is as follows:
u = —Kyoz— Kyw+ K,r (6.18)

Fig. (6.18) shows the block diagram of the considered system.

The speed of the system is found from the location of the closed loop poles. The
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Y

Ky

Y

r + w y
- 1/s Ky > Plant >

A

Kx

Figure 6.18: Linear quadratic tracking controller with integral action

closed loop system is stated in eq. (6.19)

z(t) = Az(t)+ B(K,x(t) — Kyw (t) + K,r)
= Az (t)+ BK,z (t) — BK,w (t) + BK,r
= (A—-BK,)z(t)— BK,w (t) + BK,r (6.19)

The eigenvalues of the expression: (A — BK,) gives the location of the closed

loop poles.
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Simulation result

After implementing the above equations in matlab the following gains K, K,,, K,

are calculated.

a1
—1.2724 - 103 —83335 64.7730 0.1228 To
u = —
i —25.4970 5.4752-10% 1.2050 2.1601 - 10* T3
Ty

9.2479 - 105  —9.9996 - 10*

[ 106.4280 —8.2694- 10 | [
—1.8267 1

Wa

[ -9.999-10* —9.2479 . 10° ] [ wy ]

+

When these gains are calculated and implemented in the Simulink model, the
weighting matrices needs to be found. There are no straight forward way to do
this other then trial and error. In this way the LQR controller design is an iterative
process. Try with different combinations of Q and R and evaluate wether the result
meet the design goals.

Chosen matrices are:

(102 0 00 0 0 |
0 10200 0 0
O 0 00 0 0 104 0
_ R = 6.20
@ O 0 00 0 0 0 104] (6.20)
0 0 00 102 0
0 0 00 0 102

The closed loop poles is presented in tab. (6.1). The systems response is dependent
of these poles. The system is only as fast as its slowest pole, i.e. its distance from
the imaginary axis. The table shows a complex conjugate pole pair, its distance

from the real axis indicate the damping of the system.
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Closed loop poles

—1.4226 - 10? 4 1.9483 - 10%:

—1.4226 - 10% — 1.9483 - 10%;

—364.0675

=N DN =

—79.6342

Table 6.1: Location of the closed loop poles

Velocity Reference

Velocity [m/s]
o

Time [s]

Figure 6.19: Reference Velocity
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Figure 6.21: Error signal

Velocity [mis]

Cylinder Velocity
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Figure 6.20: Velocity output
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Cylinder Position Servo Valve Response
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Figure 6.22: Cylinder position Figure 6.23: Servo valve position
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Figure 6.24: Piston side pressure Figure 6.25: Disturbance force
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Chapter 7

Experiments and Results

The result from the previous chapters shows that the model which is made in
matlab/simulink is a good estimation of the test stand. The model only contain
physical values, no tuning was needed for the comparison. This is judged by the
comparison of the different sensor values and the corresponding plots from mat-
lab/simulink. Only the velocity side is included in the report. The models are
made in the same way, therefor it is assumed if the velocity is accurate, then the
force side is accurate. Also in the force side cylinder some strange frictions oc-
curred, and this is hard to imitate in matlab/simulink.

Controllers for both sides are made are made, and the closed loop bode plot are
examined to reach the preset design goals.

The optimal control system works slightly better than the one designed from fre-
quency domain. This is judged by the error signal.

There was no time to verify the controllers on the test rig, this will be left for

further work.
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Conclusion and further work

8.1 Summary of Results

The goal of the project was to set up a test stand for friction emulation and com-
pensation. During the project new challenges occurred rapidly, this led to less
attention to some parts and more to others. Underneath is a followup list to the

one stated in the introduction.

e The hydromechanical part of the test stand assembly finished according to
schedule. The time that was devoted to the establishment of communication
between actuators/sensors and laptop was a bit optimistic. The ability to
programme the CompactRIO demands some fundamental knowledge about

Labview, this takes time to gain.

e The considered system is nonlinear and the system shall be controlled by
linear controllers. Due to this a linear model is made in matlab/simulink.
The model is linearized about a constant velocity, by means of Taylor se-
ries expansion. The dynamic model was originally set out to be made in

SimulationX, but due to some problems explained in the next section, sim-
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8.2

ulation tool was changed. The upside when modeling in this way is that one
gets more familiar with how the system works, the theoretical meaning of
the algebraic and differential equations is easily lost when programming in

SimulationX.
The development of friction models is very limited

Some literature review is done regarding the control strategies for heave
motions. A short summary is presented of where heave motion compensa-
tion is a necessity and with which techniques this is accomplished. This was
also a natural motivator to find out how this compensation problem would
be addressed.

The experimental testing of friction models and control strategies is not
carried out to the extent of that was first set out to do. Also the part where

the model was to de verified took up much more time than was expected.

Problems

The initial plan was to make a nonlinear model in SimulationX and then
convert this to state space or transfer function with a tool exciting in the
software. This did not turn out as planned, for some reason it worked for
a simplified model but gave some strange results for our system. But the
chance of a human mistake along the way is not ruled out. As a consequence
the differential and algebraic equations of the system was linearized and

modeled in matlab/simulink.

One of the MOOG servo amplifiers was suddenly broken. The problem was

sufficiently solved by a self-made amplifier.
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8.3 Further Work

e In order to implement the LQR with integral action, we might also need a
Kalman filter to estimate some of the states. The system only have mea-
suring for servo valve position, cylinder position and pressure. The LQR
require feedback from all states, i.e. the time derivative of the measured po-
sition of the valve and the cylinder needs to be applied. This is not always
a good practice. Especially when the original measurement contains noise,

then the derivative of it will experience even more noise.

e It would also be desirable to eliminate the error in the control loop. Some
work was started, but due to time limitations it was not finished. As ex-
plained in sec. (6.2) and showed in appendix B this tracking system and
controller achieves zero error for constant reference signal. The idea was
then to rewrite the tracking system in such a way that the reference signal is
of constant value, but the system tracks a sinusoid curve. In [1] exosystem
is discoursed, the input to this system is a constant value of frequency and

the output is a sinusoid signal.

7‘":[0 w]r 8.1)

—w 0

If such a system was included in front of where the input signal enters the
loop ,fig. (6.18). This could lead to solving the non zero error problem, but

as mentioned was not finished. This also require the adding of another state.

e Include the model in the Labview program, in this way one would easily see

how the model behaves in relation to the test stand.

e The linearization is only done for the case of zero velocity. When sufficient
disturbance in influencing the system the piston side pressures will vary, this
means the linearization might not hold. To which extent the linearization

holds has not been tested.

91



CHAPTER 8. CONCLUSION AND FURTHER WORK

e There was no time to test the controllers implemented in physical rigg.
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Appendix A

SimulationX

Velocity reference:

v(t) = 0.0lsin <O2£t) (A.1)

™

Reference force:

(A.2)

[ 1000 z<0
7Y 41000 2> 0

Figure A.1: Reference and output Figure A.2: Reference and output
velocity force
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APPENDIX A. SIMULATIONX

ber —pA - Velodty_Control

Figure A.3: Piston side pressure,
force side

Figure A.4: Piston side pressure,
velocity side

Figure A.5: Servo valve opening,
velocity side

Figure A.7: System pressure

Figure A.6: Servo valve opening,
force side
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Appendix B

Optimal Control with Step Input

Simulation results for step input signal. The selected values for () and R:

02 0 00 0 0
0 1002 00 0 0
0 0O 00 O 0 106 0
= ,R: B.l
¢ 0 0O 00 O 0 0 106] (B
0 0 00 1072 0
0 0O 00 0 102
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APPENDIX B. OPTIMAL CONTROL WITH STEP INPUT

0.012

0.008 |

mis]
Velocity [mis]
N

£ 0.006
g
<]

ity

Vel

0.004 ‘

0.002

0.2 0.3 0.4 05
Time [s]

Figure B.1: Reference and output Figure B.2: Error signal
signal
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Appendix C

Measurements
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APPENDIX C. MEASUREMENTS

velocity

0,007854 areal

______ friction

.......... 0895 131,64
0,4 139 13900000 4,1 6,83333E-05 1,17886E-07 1,359448 8953,539
0,5 139 13900000 5,5 9,16667E-05 1,26512E-07 1,82365 8953,539
0,6 139 13900000 7 0,000116667 1,34179E-07 2,32101 8953,539
0,7 138 13800000 8,5 0,000141667 1,36445E-07 2,818369 8168,141
0,8 139 13900000 10,2 0,00017 1,46639E-07 3,382043 8953,539
0,9 139 13900000 11,5 0,000191667 1,46958E-07 3,813087 8953,539
1 139 13900000 13 0,000216667 1,49514E-07 4,310446 8953,539
snitt 1,29525E-07
04-1,0 1,36876E-07
q p
14 141,5
141
12 // 140,5
10 / 140 \/\\
8 139,5 \
/ 139
6 —q 138,5 \ /
/ ' \VAR
4 / 138
2 137,5
/ 137
0 T
136,5 +———————T— 77—
10 20 30 40 50 60 70 80 90 100 R R R
% % % % % % % % % % O 0090 0 Q o0 Qoo
SR ®mSHOeN®6 95

Figure C.1: Servo valyg@onstant, velocity side




APPENDIX C. MEASUREMENTS

velocity

0,007854 areal

______ friction

.......... 0,895 131,64
0,4 139 13900000 4,1 6,83333E-05 1,17886E-07 1,359448 8953,539
0,5 139 13900000 55 9,16667E-05 1,26512E-07 1,82365 8953,539
0,6 139 13900000 7 0,000116667 1,34179E-07 2,32101 8953,539
0,7 138 13800000 8,5 0,000141667 1,36445E-07 2,818369 8168,141
0,8 139 13900000 10,2 0,00017 1,46639E-07 3,382043 8953,539
0,9 139 13900000 11,5 0,000191667 1,46958E-07 3,813087 8953,539
1 139 13900000 13 0,000216667 1,49514E-07 4,310446 8953,539
snitt 1,29525E-07
0,4-1,0 1,36876E-07
q p
1 1415
141
12 // 140,5
10 / 140 \/\\
8 139,5 \
/ 139
6 —q 1385 \ /
/ ' \VAR
4 / 138
5 137,5
/ 137
0 :
136,5

% %

10 20 30 40 50 60 70 80 90 100

% % % %

% % % %

10%

20%
30%
40%

50% -

60% -
70% -
80% -
90% -
100% -

Figure C.2: Serve valg¢ constant, force side




APPENDIX C. MEASUREMENTS

50

voltage-current for little amp
40

30 /
20 /

T T T T T T T T T T T
-10 -9 7 -5 3 / 1 3 5 7 9 10
-10
-20
/ ==4-amp voltage-current
-30

-40 >

-50

Figure C.3: Voltage-current chapgeteristics for self made amplifier



APPENDIX C. MEASUREMENTS

oil temperature rise water cooled
23:xx At temp Atemp
12 0 24 0
19 7 24,5 0,5
24 12 40,2 16,2
33 21 44 20
37 25 44,8 20,8
51 39 46,9 22,9
54 42 47,3 23,3
’s Atemp

20 /
15 /
10
/ == Atemp
5

7 12 21 25 39 42

Figure C.4: Oil temperatygg change during operation



Appendix D

Test stand

Specification data for the two cylinders:

1 CDT3MS2/80/36/500Z210/BICHDTWW

2 CDT3MS2100/45/600Z210/BICHUTWW
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MATERIALS

OT 58 - UNI 5705

E@EEhy NICKEL PLATED
S— NEEDLE X 10 CR NI S 1809 - UNI 6900
=
OR NITRILE
@)
S~
— ANTIEXTRUSION RING PTFE
LO KNDOB GD AL SI 12 - UNI 5706
AN
S— SPRING ABS
E BALL AlSI 302

BALL GUIDE

UNI 100 C 6

GUIDA SFERA

NYLON 66 + CARBON FIBER

EXAMPLE FOR ORDERING

ACCESSORIES ON REQUEST

CoODE TYPE EIAI\\lNEEtILIT VITON SEAL EEDEB
OTTONE FT 1251/5-01 38 G Vv MP
™ '
P - (51— - 3
f 0
’’’’ Y 4 \Vi 1
DIREZIONE » B
DI FLUSSO c
LIBERO
DIMENSIONS
A WEIGHT
TYPE NI 338 B C D E AF ®BF1 G H L JcH P
14 1/4“06G 12 56 57 4,5 22 40 11 M17x1 11,3 18 0,138
38 3/8“06G 13 64,5 69 7 27 50 IEZhs M20x1 15 22 0,259
12 1/2“06 16 87 82 10 =3 70 13 M25%x1,5 19 27 0,499

34 3/4“6 20 T1= 100 12 38 80 1= M30x1,5 22 34 O,E7%




SINGLE-ACTING CONTROL VALVES FEMALE-FEMALE
IN LINE

They allow regulation of flow in one direction and full free flow in opposite
direction

thanks to the single-acting unit of ball type with guide cage they are equipped
with.

As an alternative to FT 257/5 (suitable up to 400 bar) where the working pressu-
re does not exceed 210 bar and where ferrous materials cannot be used.

They have the same characteristics as the FT 257 series:

e accurate flow regulation;

o efficient metallic sealing;

¢ simple setting of flow rates;

e secure against accidental needle withdrawal;

e secure needle position with locking screw inserted in the knob;

e provision for panel mounting, for which special lock nut (G) is supplied on
request.

For use with pressure up to 210 bar

On request
e Viton (V) se
* NPT threa
* ABS (mp)K
e Complete

ock nut (G)

FT 1251/5-01

TECHNICAL DATA

MAX WORKING

WORKING

FILTRATION GRADE

TYPE FLow S MMm® PRESSURE BAR TEMPERATURE OD ,LlM
14 12,57 210 -20%+100° 25
12 50,27 210 -20%+100° 25
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KNOB TURNS

2 3 4 5
////> 4°F + 50°C
2 4] 6| 8| 10] 12|

14|
Ymin

FT 1251/5-01

KNOB TURNS
2 3 4 5 6
// Oil 4°F + 50°C
sl ol sl ,

KNOB TURNS
0 2 3 4 5 6 7 8
/// Oil 4°E + 50°C
10| 20| 30| 40| 50| 60| 70| ) !

Ymin




§*IIIIIII=-----===---I

0o 10l 20 30 40l 50 60

70l 8ol 90l
I/mi

FLOW RATE
CURVES

FT 1251/5-01
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ASSEMBLY INSTRUCTION

1° LOOSEN SCREW PRESSURE DOWEL (4 )

SERIE FT 12508

3° REMOVE SCREW ( 2)

o ‘

INSERT RING NUT (5), ON REQUEST IT IS SUPPLIED

s WITH THE VALVE

(B) PANEL HOLE @

THICKNESS PANEL

TYPE VALVE PANEL HOLE 4 B

A MAX
18 5 16
38 5 21
34 6 31

PANEL MOUNTING
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Cable-Extension Position Transducer

0/4...20 mA Output
Ranges: 0-2 to 0-50 inches
Compact Size * OEM Applications

3

M
GENERAL
Full Stroke Range OptioNs ..o vve ettt 0-2 to 0-50 inches
Output Signal Options. .......c..coveviinnenn... 4..20 mA (2-wire) and 0...20 mA (3-wire)
Accuracy.........ooviiiiiiiiiin. +0.28% to +0.15% full stroke see ordering information
Repeatability. . ... ..ooououi +0.05% full stroke
RESOIULION ..t essentially infinite
MeasuringCable ...y 019-in. dia. nylon-coated stainless steel
Enclosure Material........... glass-filled polycarbonate and black anodized aluminum
SBNSON ettt et e plastic-hybrid precision potentiometer
Potentiometer CycleLife ... see ordering information
Maximum Retraction Acceleration..................ooooiiiinnt see ordering information
LA =] T | PP 1 Ib. max.
ELECTRICAL
InputVoltage ........oooiiiiiiiii see ordering information
g o U} QLN T | P 20 mA max.
Maximum Loop Resistance (Load) ...................... (loop supply voltage - 8)/0.020
CircUit Protection .....o.iiei it 38 mA max.
Impedance. .. ..o 100M ohms@100 VDC, min.
Output Signal Adjustment
Zero Adjustment..................... from factory set zero to 50% of full stroke range ~ The PTTMA adds 4..20 mA position feedback sig-
Span Adjustment ........................................... to 50% offactory set span nal to Celesco’s Compact |ine Of cable_extension

Thermal Effects transducers. The PTTMA is available with full stroke

4= o 0.01% f.s./°F, max. - ; ;
Yo -1 P 0.01%fs./°F, max. ranges from as little as 2 inches on up to 50 inches
with adjustable zero and span settings to precisely
ENVIRONMENTAL
ENCIOSUNE .ot e e e e e NEMA 4, IP 65 match the full scale output to your exact measure-
Operating Temperature .........c.oouiiiiiiiiiiiiinineenann.. 0° to 200°F (-17° to 90°C) ment range.
Vibration. ...ooeee e up to 10 G's to 2000 Hz maximum
EMC COMPLIANCE PER DIRECTIVE 89/336/EEC The PT1MA offers several options including forward
EMisSion/IMmMUNItY . ....uveeeeeeeeee et iiiiieeeeennn EN50081-2/EN50082-2  and reverse 0..20 and 4..20 mA output signals, al-
sl ternate measuring cable exits and a couple different
—[o—— o electrical connection options.
2,10 1.04[26,3] A - f
5,25,50 0.54[13,8] ) | \ Ll TP
15, X , '
240 o7eirss) T i @r
inches [mm] 2.75 [69,9] | } |
| N
i | | H .
> : ‘ Output Signal
- ; i
0.38 [9,7]H‘ ‘H[lagol]a‘ :H 0.88 [22,4] N
@.19 [4,9] thru \ %
i ©)~— 238 9.7] 0.170 [4,32] —[]«— é
S
1.42 [36,1] “ :z('
l —i ~— .37 [9,4] I )
‘ 5
{ i
1.98 [50,3] FULL STROKE RANGE
l 1.28 [32.4] |
y - l D= — = — === === —0
L ‘<— 3.25 [82,6] —»‘ ~— 2.33 [59,2] —»‘ 0.09 [2,3]—J
0.19 [4,8] ~——————3.64 [92,5] ———

dimensions are in inches [mm], tolerances are 0.03 inches [0,8 mm]

Celesco Transducer Products, Inc.

OeleSOO 20630 Plummer Street ® Chatsworth, CA 91311

celesco.com ¢ info@celesco.com tel: 800.423.5483 * +1.818.701.2750 * fax: +1.818.701.2799
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PT1MA e Cable-Extension Transducer: 0/4...20 mA Output Signal

Information:

Model Number:

PT1

Sample Model Number:
PT1MA - 30 - UP - 420E - MC4 - SG

. @ range: 30 inches
order code: (R} (A] (B) ¢ o @ measuring cable exit: up
© output signal: 4...20mA
@ -clectrical connection: 4-pin micro connector
@ cable guide: spring-loaded guide
Full Stroke Range:
@ order code: 2 5 10 15 20 25 30 40 50
full stroke range, min: 21in. 5in. 10 in. 15in. 20 in. 25 in. 30 in. 40 in. 50 in.
accuracy (% of f.s.): 0.28% 0.18% 0.15%
potentiometer cycle life: 2,500,000 cycles 500,000 cycles 250,000 cycles
cable tension (20%): 12 oz. 5 oz. 12 oz. 9 oz. 6 oz. 5 0z. 9 oz. 6 0z. 5 0z.
maximum cable acceleration: 11 G's 3G's 11 G's 5G's 4 G's 3 G's 5G's 4G's 3 G's
Cable Exit:
O _order code: FR BK
direction: front back
~ - 1.11[28.2] 1.11 [28.2]
3.59 [91.9]
Tt
o (B
measurement range — 2 5 10 15 20 25 30 40 50
1.041in. 0.54in. 1.04in. 0.82in. 0.74in. 0.54in. 0.82in. 0.74in. 0.54in.
26,3mm 13,8 mm 26,3 mm 20,7 mm 18,7 mm 13,8 mm 20,7 mm 18,7 mm 13,8 mm
0.75in. 0.29in. 0.751in. 0.53in. 0.45in. 0.29in. 0.53in. 0.45in. 0.29in.
19,1mm 6,1mm 19,1 mm 13,5mm 11,5mm 6,1 mm 13,5mm 11,5mm 6,1 mm
1.431in. 1.89in. 1.43in. 1.65in. 1.73in. 1.89in. 1.65in. 1.731in. 1.89in.
36,3 mm 48,0 mm 36,3 mm 41,9 mm 43,7 mm 48,0 mm 41,9 mm 43,7 mm 48,0 mm
Output Signals:
©order code: 420E 420R 020E 020R
output signal options: 4...20 mA 20...4 mA 0...20 mA 20...0 mA
. 20 : 20 . . 20 : 20 )
sensitivity: 16 mA/full stroke +0.25% 20 mA/full stroke +0.25%
wiring configuration: 2 - wire 3 - wire
input voltage: 8 - 40 vdc 14 - 40 vdc
example:

ordercode = 420E = 4...20 mA mp

celesco

tel: 800.423.5483 * +1.818.701.2750 * fax: +1.818.701.2799

celesco.com ¢ info@celesco.com
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A ¢ Cable-Extension Transducer: 0/

...20 mA Output Signal

Information (cont.

Electrical Connection:

@ order code: MC4

M6

C25

4-pin micro-connector
with 12 ft [3.5 M] cordset

1.21n.
[31 mm]

12 ft. x 5/16-in. dia.
[3,5 M x 8 mm dia.]

6-pin plastic connector
with mating plug

3.01n.

‘ [78 mm]

B

.30 - .39 in. [8 - 10 mm] cable dia.
16 AWG max conductor size

25-ft. instrumentation cable
24 AWG, shielded

25 ft. x 0.2-in. dia.
[7,5 M x 5 mm dia.]

yellow PVC jacket 1.21n. connector: MS3102E-14S-6P 24 AWG, shielded
shielded, 22 AWG [31 mm] mating plug: MS3106E-145-6S '
4-pin mating plug and cordset: 6-pin mating plug: 25-ft. cable:
pin color code 2-wire 3-wire . ; _wi wi color code 2-wire 3-wire
® 1 RED-BLKTR.  8..40vdc  14.40vdc ® o\ A JEe A ) 8..40 vdc  14...40 vdc
® @ 2 RED-WHTTR.  4.20mA  0..20mA  : B 220 mA Common BLACK 4..20mA  common
@ 3 RED - common : © ® C N 0...20 mA WHITE - -
. 4 GREEN - ® b e GREEN 0...20 mA
contact view B
contact view
Cable Guide:
®_order code: blank SG
standard cable guide spring-loaded guide
cable-guide cushions impact from accidental free release
[ () T @) uncompressed
(F *
1.42 [36,1] “ Q) fully compressed
@.37 [9.4]
| =l 2.56 [65]
— ‘ 1.90 [48]
‘ \ | _—D.41[10,5]
‘ | ‘ |
*note: start of full stroke range begins at full compression point
Output Signal Selection:
The output signal direction can output signal switch setting signal board
be reversed at any time by
simply changing the dip-switch 0'"23 mA
settings found on the internal 4 ZOTmA @c‘ »»»»»»»»»»»»»»» ° PG internal dip switches
signal board. After the settings & signal board
have been changed, adjust- ... > remove plugs to access
ment of the Zero and Span — Allen-Head screws
trimpots will be required to 20..0 mA >
precisely match signal values to or ) g
the beginning and end points 20.4mA O ©

of the stroke.

celesco

dip-switch location

to gain access to the signal board, remove the two
Allen-Head Screws and remove rear cover.

version: 4.1 last updated: May 19, 2009

celesco.com ¢ info@celesco.com
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IML STRAIN GAUGE TEST DATA

GAUGE. TYPE - FLA-10-13% TESTEDON_ . _:Ss 400
‘ COEFF [CIENT OF
LOT _NO. __: Ab15811 THERMAL EXPANSION : 11.8  x10°%°c
TEMPERATURE
\ GAUGE FACTOR 2 2.09 +19%  COEFFICIENT OF G.F. : +0.1+0.05 %/10°C
ADHESIVE - P-2 DATA NO. : A0588

THERMAL OUTPUT (& app : APPARENT STRAIN)
gapp = —2.97x10'42.73xT'—7.23x 10 2x T?+5.30x 107 x T°—1.40x 10 x T* (e m/m)
TOLERANGE : #0.85 [(um/m)/°C] , T : TEMPERATURE

300 (INSTRUMENT G.F.SET : 2.00) ~———APPARENT STRAIN ----- GAUGE FACTOR ¢ o w3
- wg
S
= 200 40 G
B =l
S o

=
2 100 20 =&
= =o
< ----------------------------------------- .—
z 10 2.0 Sw
= =5
= 200 40 =3
' =3
-300 6.0 7

0 20 40 60 30

TEMPERATURE (°C)

(PRS- BRIBODZIEEIE | [ CAUTIONS ON HANDLING STRAIN GAUGES |

@ LZEDEHHET—Y. V- FROB(NTICLZ2EBESA @ The above characteristic data do not include influence
THEHEEA. BEHELEDO Y — FROJIEE~DEEZ due to lead wires. Correct the data in accordance with
o THELTLEZEN, the influence of lead wires on measured values described

@y —VoFERRER BEARlOWMBERE 2 LCLOEDY overleaf.

e @ The service temperature of strain gauge depends on the

QiBIENRRLDEBRII AMEEE2S5OVIUTZLTL A operating temperature of adhesive, etc.

W, @ Check of insulation resistance, etc. should be made at

@ V-V Y- FRIERZHEMI/ISVTREN, a voltage of less than 50V.

Oy —VEmMIEEREBEMLTEELTIEEW, @ Do not apply an excessive force to the gauge leads.

QU TAY—VOEHRIBMELFLTHYETOT.HXR @ Apply an adhesive to the back of a strain gauge and
WA ICHEHRW LT EN, stick the gauge to a specimen.

Oy —VOUEKEMHAK I CRULEFHFTREL T @ As the back of strain gauge has been degreased and
W, washed, do not contaminate it.

@ZHACERL TCARASESENCENE LS Lk % @ After unpacking, store strain gauges in a dry place.
TREVWADE SN, @® If you have any questions on strain gauges or installation,

contact TML or your local agent.

Made in Japan

@ wstent g o3 8 B R Tokyo Sokki Kenkyuijo Co., Ltd.
T 140-8560 RREP&HIIXEAHF 6-8-2 8 - 2, Minami - Ohi 6 - Chome
TEL 03 - 3763 - 5611 Shinagawa - ku, Tokyo 140-8560

FAX 03 - 3763 - 6128
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HANDLING METHOD OF TML STRAIN GAUGES

Basic Bonding Procedures J

1.[Select adhesive |
Select an adhesive most suitable for
test conditions.

2.[ Surface treatment |

Remove grease, rust, paint, etc. from
the bonding surface of a specimen,
lightly polish with an abrasive paper
of #120 ~ 180 (#240 ~ 320 for
aluminium ), wipe with acetone, etc.
and mark gauge installation position.

3. Gauge installation ]
Refer to the operation manual of
adhesive.

4.  Adhesive curing ]
Refer to the operation manual of
adhesive.

5./ Gauge installation check

Check gauge resistance and insulation
resistance.

Influence of Lead Wires on Measured Valui]

@ Influence of temperature variation of lead wires
(3-wire system is independent of temperature.)

_rL-a-AT .
= W R¥r - L) <Eaquation1 >
where e | = thermal output of lead wires

r = total resistance per meter of

lead wires ( 2 /m)

L = length of lead wires (m)

«a = temperature coefficient of resistance
of lead wires
(copper wire = 3.9 X 10 2sC)

AT = temperature variation
K = gauge factor
R = gauge resistance

§

@ Gauge Factor Correction due to Lead Wire Attachment
- In case of 2-wire system
R

Ko=—gp——1* K

R¥r L <Equation2>

- In case of 3-wire system

_ R ) .
6./Lead wire attachment | KO—*R Lol - K <Equation3 >
Solder lead wires to the strain gauges 2
through connecting terminals. where K o = corrected gauge factor
. If necessary, apply waterproof coating.
1) — F#R 1 m¥47=Y) OFEOENE
Total Resistance per Meter of Lead Wires
) . RUAS KR IRVAS KR 7042 100042 | 120018 | 20/0.18
Lead wires( number of cores / diameter) polyimide polyimide
M= Fﬁ@ﬁgif‘:tiﬁﬁﬂ ¢ 044mm | & 0.18mm | 0.08 mm’ 0.11 mm’ 0.3 mm 0.5 mm
Diameter or cross sectional area of lead wires
1m %7z Y OFEOEH(E
Total resistance per meter 25 Q/m 1.5 Q/m | 0.44 o/m 0.32 o/m 0.12 o/m 0.07 o/m




Application Notes

1 Scope

These Application Notes are a guide to applying the
G122-824-002 P-1 Servoamplifier. The following is a summary
of the process to which these Application Notes pertain:

m Determine the closed loop structure for your application.

m Select the G122-824-002 for your application. Refer also to
data sheet G122-824.

m Use these Application Notes to determine your system
configuration.

® Draw your wiring diagram.
m |nstall and commission your system.

Aspects, such as hydraulic design, actuator selection, feedback
transducer selection, performance estimation etc. are not
covered by this application note. The G122-202 Application
Notes (part no C31015) cover some of these aspects. Moog
Application Engineers can provide more detailed assistance,

if required.

2 Description

The G122-824-002 is a general purpose, user configurable,
P-1 servoamplifier. Selector switches inside the amplifier enable
either proportional control, integral control, or both to be
selected. Many aspects of the amplifier's characteristics can be
adjusted with front panel pots or selected with internal
switches. This enables one amplifier to be used in many
different applications. Refer also to data sheet G122-824.

3 Installation

3.1 Placement

A horizontal DIN rail, mounted on the vertical rear surface
of an industrial steel enclosure, is the intended method of
mounting. The rail release clip of the G122-824-002 should
face down, so the front panel and terminal identifications
are readable and so the internal electronics receive a cooling
airflow.

An important consideration for the placement of the module is
electro magnetic interference (EMI) from other equipment in
the enclosure. For instance, VF and AC servo drives can
produce high levels of EMI. Always check the EMC compliance
of other equipment before placing the G122-824-002 close by.

3.2 Cooling

Vents in the top and bottom sides of the G122-824-002 case
provide cooling for the electronics inside. These vents should
be left clear. It is important to ensure that equipment below
does not produce hot exhaust air that heats up the G122-824.

NMOOC

P-I Servoamplifier
G122-824-002

Cover
release
tab (4)

Top vents
K Screw
terminals

25 26 27 28][29 30 31 82 / 17 - 32
Q 0 0 0)]|O0 0 O ©
17 18 19 20[[21 22 23 24
Q0000000 /—D'Nfa"
0O0G
feedback valve
Q gain [ o] .
@ 2610 enable
inp.1@ scale
Tt dither P@ gain (G
Vs O Oin posn. 1@ gain
v e @ bias
Il
P-ISERVOAMP "'
O ®© 0 0|[|® 0 0 O
12 3 4[5 6 7 8
O 0 0 O0/|[® ®© 0 0
9 10 11 12][13 14 15 16 Screw
S — = terminals
/ 1-16
Bottom
vents DIN rail
release
clip
Cooling
airflow

3.3 Wiring

The use of crimp “boot lace ferrules” is recommended for the
screw terminals. Allow sufficient cable length so the circuit
card can be withdrawn from its case with the wires still
connected. This enables switch changes on the circuit card

to be made while the card is still connected and operating.
An extra 100mm, for cables going outside the enclosure,

as well as wires connecting to adjacent DIN rail units,

is adequate.
Enclosure Wires
Groundedmh /
iI:100mm Loop

cable gland \

Radial screen
termination

Preferred Wiring
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Enclosure\ /Cable
Cable gland

Cable

Wire soldered
to screen

or

Drain wire.
(Heat shrink to
cover the screen)

Alternative Wiring

3.4 EMC

The G122-824-002 emits radiation well below the level called
for in its CE mark test. Therefore, no special precautions are
required for suppression of emissions. However, immunity from
external interfering radiation is dependent on careful wiring
techniques. The accepted method is to use screened cables for
all connections and to radially terminate the cable screens, in
an appropriate grounded cable gland, at the point of entry into
the industrial steel enclosure. If this is not possible, chassis
ground screw terminals are provided on the G122-824-002.
Exposed wires should be kept to a minimum length. Connect
the screens at both ends of the cable to chassis ground.

4 Power supply

24V nominal, 22 to 28V
75mA @ 24V without a load, 200mA @ 100mA load.

If an unregulated supply is used the bottom of the ripple
waveform is not to fall below 22V.

5 Set-up adjustments

P gain range
Input 2 to
error amp
Feedback lead
Ilimit 1 1 cmdlag
Ton 2 2 lin=E
Pon 3 3 Iin=P
5 4 4V, voltage o/p
10 5 5 V, voltage o/p
mA< 20 6 1E|F 6 V, voltage o/p
30 7 7 1, current o/p
50 8 8 |, current o/p

Input 2 1 not used
4-20mA 1 Input 2 to 2 enable

+10V 2 outputamp 3 dither
4-20mA 3 4 4-20mA feedback input
4-20mA 4

Step push
button

To access the circuit card switches, the circuit card must be
withdrawn from the case. See paragraph 17.

The amplifier is shipped in the following default state.
I limit switch: off

INT (integral) switch: off

PROP (proportional) switch: on

mA switches: 50mA (20 + 30)

Input 2 switches: £10V on, 4-20mA off
Input 1 cmd (command) lag switch: off
m [ in = E switch: on

m ] in = P switch: off

m V/ switches: all | (current, not integral)
m Enable switch: on

m Dither switch: off

m Feedback input switch: 4-20mA

®m R17: 100k (gain range 1 to 20)

m R34: 100k (10V input)

m R33: not fitted (input 2 to output amp)

m R16: not fitted (feedback derivative)

m Feedback gain and zero pots: configured for 4-20mA input.
m Dither level pot: fully counter clockwise (FCCW)
m Scale pot: FCCW

m P gain pot: FCCW

m ] gain pot: FCCW

| Bias pot: OV

Caution

If you intend to use the feedback amplifier adjusted for
4-20mA, don’t change the feedback gain or zero.

m They are already adjusted for 4-20mA

® To re-adjust for 4-20mA takes a little time, needs test
equipment and is tedious to do in the field.

6 Input configuration

All three inputs can be used for feedback or command.

Care needs to be taken in selecting signal polarity to achieve
negative feedback for the overall closed loop. Since the input
error amplifier sums the signals, the transducer feedback signal
needs to be the opposite polarity of the command. This can be
achieved in two ways:

m Arrange for an opposite polarity feedback transducer signal
and connect it to input 1, input 2 or the positive feedback
amplifier input.

m [f the feedback transducer signal is the same polarity as the
command, you only have one option: Connect it to the
negative input of the feedback amplifier.

6.1 Feedback input

The feedback amplifier is the best choice for the feedback
signal, for five reasons:

m [t leaves input 1 available for command. See 6.2 below.

m [t has inverting (negative) and non-inverting (positive) inputs.

| |t has zero and gain adjustment pots. This enables a signal
that does not go to zero volts and has less span than the

command, to be scaled up to the command. While this is
not essential, it helps when setting up and trouble shooting.

m There is a front panel test point for the zeroed and amplified
signal. This is very convenient (essential) for setting up and
trouble-shooting.

m There is the option of a plug-in resistor, R16, to give a
feedback derivative (lead or D) in the output of the feedback
amplifier.

Default

The feedback amplifier default set-up is 4-20mA flowing into
terminal 18 and out of terminal 17, producing an output of

0 to -10V. Reversing the terminals, and hence the current flow,
will not result in a 0 to +10V output. The feedback gain and
zero must be adjusted for this arrangement.

6.2 Input 1

This input is £10V non-inverting and has two important
features:

| [t has a scale pot on its input that enables large inputs to be
scaled down to match smaller signals on other inputs. Scale
range is 10 to 100%. Set fully clockwise, (FCW), an input of
100V can match a 10V signal on the other inputs.

m |t has a switch selectable lag of 55mS that can be used to
remove transients from the input signal that could cause
unwanted rapid movement in the output.
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Input 1 is well suited to be a command because of these two
features. If input 1 is used for feedback, be sure the lag is
switched off. Input resistance after the scale pot is 94k Ohms.

6.3 Input 2

This input is non-inverting. It is switch selectable between
4-20mA and +10V. The 4-20mA converter produces 0 to +10V
for 4 to 20mA input. R34 connects from the output of the
converter to the input of the servo amp when 4-20mA is
selected. Plug-in input resistor R34, of 100k Ohms, gives a
nominal 0 to 10V input signal range when V rather than
4-20mA is selected. Input 2 is suitable for command or
feedback. R34 can be increased to give a larger input range.

7 Output configuration

Select the output to match the input requirements of the valve.

When voltage (V) is selected, £10V is available into a minimum
load of 200 Ohm. When current (1) is selected, the current level
switches enable £5 to £100mA to be selected. The switch
selections sum, so, if for instance 45mA is required, select
30,10 and 5. The output can drive all known Moog valves up
to £100mA The maximum load at I (Amp) output is:

RL max = (& - 39) Ohm

I (Amp)

eg. at 50mA RL max is 181 Ohm

The output amplifier is limited to approximately 105% of the
selected full scale output. If both the proportional and
integrator stages are saturated, the output will not be twice
the selected full scale but only 105% of full scale.

8 Step push button

The step push button injects -50% valve drive into the output.
When released, the valve drive reverts to its original level. This
feature is useful for closed loop gain optimisation.

9 P-I Selection

For position closed loops select only P. For pressure or velocity
loops select T initially and then P. See paragraph 12 below for
more detail. For a complete discussion of P and I control, see
the G122-202 servoamplifier Application Notes (part no
C31015).

10 Integrator input

The servoamplifier has a unity gain input error amplifier
followed by two parallel stages, one a proportional amplifier
and the other an integrator. The outputs of these two stages
can be switched to the output power amplifier (see paragraph
7 above) which then drives the valve.

The input to the integrator stage can be switch selected from
either the output of the error amplifier, I in = E, or the output
of the proportional stage, I in = P. The latter arrangement is
used in the G122-202. It is beyond the scope of these
Application Notes to detail the benefits of each arrangement.
If you have experience with the G122-202, I in = P would
seem to be an easy choice.

11 P only gain

For position loops select only P control. Input a step
disturbance of 50% valve current with the step push button.
Adjust the P gain for the required stability, while monitoring
the front panel valve test point, or the feedback signal. The
gain range of the proportional amplifier can be moved by
changing the plug-in resistor R17. The value loaded when
shipped is 100k Ohms, which gives a 1 to 20 range. Selecting
200k Ohms will give 2 to 40. The circuit will function correctly
with the value of R17 between 100k Ohms and 10M Ohms.

12 P and I gains together

If you are inexperienced with integral control the following set-
up method is a good starting point.

® [ in = E: Initially select only I. Press the step push button.
Increase | gain until one overshoot in the feedback signal is
observed.

Next select P and I together and increase the P gain to reduce
the overshoot.

For the I in = E arrangement the P and I sequence could be
reversed. i.e.: adjust P first, followed by I.

m [ in=P: For anIin =P arrangement, only the “P followed
by I" sequence of adjustment can be used.

For a more thorough discussion see G122-202 Application
Notes (part number C31015).

13 I limit

The contribution from the integrator to the output amplifier
can be reduced by selecting I limit on. When this switch is on
the integrator contribution is reduced to approximately 15% of
the level when it is off. This feature is useful in a position loop
that may require integral control to achieve the required steady
state accuracy. The limited integral control removes valve null
error when the final position is reached.

14 Dither

The dither frequency is fixed at 200 Hz and the level is
adjustable with the front panel pot to £10% of valve drive,
regardless of the type and level of valve drive selected. Dither is
seldom needed in a position loop but can be beneficial in
pressure or velocity loops. Increase dither until it can just be
detected in the controlled variable, such as pressure or velocity.
Dither can compromise valve life, so it should be kept to a
minimum.

15 Enable

A relay on the circuit card needs to be energised to connect
the output stage to its screw terminal and to un-clamp the
integrator. The clamp prevents integrator wind-up when the
loop is not operating. Supply 24V to the appropriate terminal
to energise the relay. The enable switch on the circuit card can
be set to permanently energise the relay and provide a
permanent enable.

16 In position

When the valve drive signal falls below £10% of the selected
full scale signal, the “in position” signal goes true and provides
an opto-isolated current path between the + and — terminals.
This can be connected to a PLC to initiate the next step in a
control sequence. Do not apply more than 40V to the +
terminal and ensure the load on the — terminal is less than
20mA.

17 Withdrawing the circuit card
from its case

The circuit card needs to be withdrawn from its case to set the
selector switches and operate the step push button.

To do this, push one tab with a pen or screwdriver, while
gently pulling on the top cover on that side. The cover will
release approximately one mm. Repeat on the second tab on
that side. Repeat on the other side and then withdraw the
cover and circuit card until the required switches are exposed.
The rigidity of the connecting wires will hold the circuit card in
position while the switches are set.
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18 Block-wiring diagram

Supply /\ /-\ 4 +24v Power Supply )
1
+24V P +15V PLC
ov [ l I ] 2 4 ¥:(Vs)LED i oay 12020 +24v |14 +24V
enable +:
s
] Enable
see note 1 v -8V - In Position
see note 1 | # Comparator
4+
Input 2 - 24V
signa EI— ! D ¥
ovref 24 In position
31 4-20mA
] 240R Converter
Input 1 /\ /.\ see note 1
signal 21
22
OVref —%m ﬂ)lj
17 1K
see note 1
Transducer A
Excitation efb Valve
+10V_N\ N\ 19 +10V B Typical D66X
[ ANE Prop.valve
oV D
Typieal \/ \é/ .
linear pot N
feedback " 'see note 1 Dither
dither Oscillator ) F
o > spool
hd N - L see note 2
Feedback Input 3
. mfb Valve
Connect to
see note 1
OVref pins 5 & 6.

® Note: 1. Connect cable screen to enclosure cable gland
or chassis ground terminal on G122-824-002.

Additions to -001: input2 4-20mA option, step push button.

Note: 2. Connect spool (pin F) to terminal 7 if current, ~Note: 3. Switches shown in default shipping mode.
to terminal 8 if voltage.

19 Specifications

Function:
Input 1:

Input 2:

Feedback input:

Feedback am

p:

Transducer excitation:

Error amp:

Proportional amp gain:
Integrator gain:
Integrator input:

Enable:
Output amp:

Step push bu
Valve supply:
In position:

tton:

P I, or P &I, switch selectable

Scaled to 95V max with switch
selectable lag of 55ms.

4-20mA 240R load, for 0 to +10V on R34.
Or 0 to 10 direct onto R34.

R34 is plug-in, 100K nominal.
Differential 4-20mA or +10V, switch
selectable

+15V max.

Rin 100k — £10V

Rin 240R — 4-20mA

Zero, =10V.

Gain, 1to 10.

Derivative (velocity) feedback via

plug-in resistor and fixed capacitor.
+10V @ 10mA max.

Unity gain.

Bias +1.5V.

110 20.

1 to 45 per second

Switch selectable from output of unity
gain error amp or proportional gain amp
Relay, +24V @ 8mA, 17 to 32V.

Switch selectable voltage or current, single
ended output, return to ground.

V. 10V, minimum load = 200 Ohm

I. 5, 10, 20, 30, 50mA to a maximum
of +100mA

max load = ( 11V

I (Amp)
-50% valve drive.

Pin 14, 300mA max.
+10% of valve drive. 20mA and 40V max.

- 39) Ohm

NMOOC

Industrial Controls Division. Moog Inc., East Aurora, NY 14052-0018. Telephone: 716/652-3000. Fax: 716/655-1803. Toll Free 1-800-272-MOOG.
Moog GmbH. Germany. Telephone: 07031-622-0. Fax: 07031-622-100.
Moog Sarl. France. Telephone: 01 45 60 70 00. Fax: 01 45 60 70 01.

Moog Australia Pty. Ltd. Telephone: 03 9561 6044. Fax: 03 9562 0246.
Moog pursues a policy of continuous development and reserves the right to alter designs and specifications without prior notice. Information contained herein is for guidance only and does not form part of a contract

Australia: Melbourne, Sydney, Brisbane m Austria: Vienna m Brazil: Sdo Paulo = Denmark: Birkerad m England: Tewkesbury = Finland: Espoo = France: Rungis = Germany: Boblingen, Dusseldorf = Hong Kong: Shatin = India: Bangalore
Ireland: Ringaskiddy m Italy: Malnate (VA) m Japan: Hiratsuka = Korea: Kwangju-Kun = Philippines: Baguio City » Singapore: Singapore m Sweden: Askim m USA: East Aurora (NY)

Front panel
indicators:

Front panel
test points:

Front panel
trimpots:

Dither:

Supply:

Mounting:

Temperature:
Dimensions:
Weight:

CE mark:

C tick:

20 Internet

Vs, internal supply — green

Valve drive positive — red
negative — green

Enable — yellow

In position — green

Valve £10V (regardless of output

signal selection)

Feedback amplifier output

Signal OV

Input 1 scale

Error amp bias

P gain

I gain

Dither level

Feedback amp gain

Feedback amp zero

200 Hz fixed frequency.

+10% valve drive. Switch selectable on/off

24V nominal, 22 to 28V

75mA @ 24V, no load,

200mA @ 100mA load

DIN rail

IP 20

0 to +40°C

100W x 108H x 45D

180g

EN50081.1 emission

EN61000-6-2 immunity

AS4251.1 emission

www.moog.com/dinmodules
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DESCRIPTION

The proportional valves D631 Series consist of an electrome-
chanical transformer (torque motor), a hydraulic amplifier
(nozzle/flapper principle), a spool in a bushing and a cantilever
feedback spring. The torque motor contains coils, pole pieces,
permanent magnets and an armature. The armature is connec-
ted to a flexible tube which allows a limited rotation of the
armature and at the same time seals the electromagnetic com-
ponents against the hydraulic fluid.

The hydraulic amplifier is a full bridge arrangement with two
upstream fixed orifices and two downstream variable orifices

&

Valves available with intrinsically protection to EN 50.020 class
EEx ia llc T6. Special data sheet on request.
NOTICE

O Beforeinstallation of the valve into the system the complete
hydraulic system must be flushed.

Our quality management system conforms to DIN EN ISO 9001.

2 Moog ¢ D631 Series

MOOG SERVO- AND PROPORTIONAL CONTROL VALVES

For over 50 years Moog has manufactured proportional con-
trol valves with integrated electronics. During this time more
than 200,000 valves have been delivered. These servo control
valves have been proven to provide reliable control including
injection and blow molding equipment, die casting machines,
presses, heavy industry equipment, paper and lumber proces-
sing and other applications.

D631 SERIES SERVO VALVE

The servo control valves D631 Series are throttle valves for 3-
and preferably 4-way applications. According to the require-
ments of the application, the user can select either the stan-
dard version (P) or the high response version (H). The main fea-
tures of the high response valves are short stroke related
improved dynamics and a more precise axis null cut.

created by two nozzles and a flapper between them. The flap-
per is connected at its upper end to the centre of the armatu-
re and extends downward through the flexure tube to the
nozzles. A deflection of the flapper between the nozzles chan-
ges the size of the variable orifices in opposite sense.

The 4-way spool controls fluid flow from pressure port to one
of the load ports and also from the other load port to return.
Deflection of the feedback spring due to spool displacement
produces a torque which is fed back to the torquemotor.



BENEFITS AND FUNCTION

D631

BENEFTITS OF SERVO VALVES
Operational features

O 2-stage version with dry torque motor O Mechanical feedback
O Low friction double nozzle pilot stage 3 Protection filter easy to replace
3 High spool control forces

SERVO CONTROL VALVE OPERATING PRINCIPLE

An electrical current (command or input signal) is applied to D631 Series

the coils of the torquemotor and produces depending on the  two stage servo control valves
current polarity a clockwise or counter clockwise torque to the

armature. The thereby deflected nozzle flapper system creates A |
a pressure difference across the drive areas of the spool and 4y 1
effects its movement. The feedback spring connected to the | X T
armature engages with its lower end into a bore of the spool /

and is thus deflected by spool displacement. The motion of the
spool stops when feedback torque and electromagnetic torque
are in equilibrium. Then the flapper is again in hydraulic cent-
re position (approximately). Thus the position of the spool is
proportional to the electrical command signal.

B

A

|

T

1]
't

o]

Null adjust cover plug Torque motor

Locking screw

Centering spring Hvdraulical
ydraulica

amplifier

Spool

Bushing

Moog ¢ D631 Series 3



GENERAL TECHNICAL DATA
SYMBOLS

PERFORMANCE SPECIFICATIONS FOR STANDARD MODELS

Operating pressure range

Main stage:
ports P, A and B up to 315 bar (4500 psi)
port T 20% of pilot pressure,
max. 100 bar (1450 psi)
Pilot stage: regular version 15 to 210 bar
(200 to 3000 psi)
with dropping orifice 25 to 315 bar

(350 to 4500 psi)
Temperature range

Ambient —20 °C to +80 °C
(-4 °F to +170 °F)
Fluid -20 °Cto +80 °C
(-4 °F to +170 °F)
Seal material NBR, FPM,
others on request
Operating fluid Mineral oil based hydraulic

fluid (DIN 51524, part 1 to
3), other fluids on request
Viscosity, recommended 15 to 100 mm?/s (cSt)
System filtration
High pressure filter (without bypass, but with dirt alarm) moun-
ted in the main flow and if possible directly upstream of the
valve.
Class of cleanliness
The cleanliness of the hydraulic fluid greatly effects the per-
formance (spool positioning, high resolution) and wear (mete-
ring edges, pressure gain, leakage) of the valve.
Recommended cleanliness class

for normal operation: ISO 4406:1999 < 19/16 /13
for longer life: ISO 4406:1999 < 17/14 /11
Filter rating recommended
for normal operation: Bi5 =75 (15 pm absolute)
for longer life: B1o =75 (10 ym absolute)
Installation options any position,
fixed or movable
Vibration 30 g (0.7 lbs), 3 axes
Mass 2.2 kg (4.9 lbs)
Degree of protection EN 60529: class IP 65, with
mating connector mounted
Shipping plate Delivered with an oil sealed

shipping plate

4 Moog ¢ D631 Series

4-WAY FUNCTION

_._| |_._

4-way version
optional X external

M707

O Flow control (throttle valve) in port A and port B

3 For 3-way fuction close port A or port B of the manifold

O Spools with exact axis cut, 1.5 to 3% or 10% overlap
available



VALVE FLOW CALCULATIONS

VALVE FLOW CALCULATIONS

The actual flow depends on the electrical command signaland ¢ 100 —
. £ —1
the valve pressure drop, and may be calculated using the squa- s 80 T >
re root function for a sharp-edged orifice. o - ]
E 50 . (] 9 Q‘Om / L
Ap E 3V o™
Q=Q, X T 30 I“\.\“@A L
) e
R —~
min = calculated flow 20 ’y —
Qy/l/min = rated flow 15 4 A —
Ap/bar = actual valve pressure drop \I“\"“k A gy =
Apy/bar = rated valve pressure drop 10 ° —
8
S|
If large flow rates with high valve pressure drops are required, i A o®
an appropriate higher pilot pressure has to be chosen to over- > > —
come the flow forces. An approximate value can be calculated 5 g@‘“\
as follows: 3 1\|ﬁi\“ ©
2
py >2,5-107 -&’VAp
Ak 1,5
Q/Il/min = max. flow 1
. 5 10 20 30 50 70 100
Ap/bar = valve pressure drop with Q
5 ) Valve pressure drop Ap / bar
A¢/cm? = spool drive area
py/bar = pilot pressure

The pilot pressure py has to be at least 15 bar (200 psi), with
throttle valve 25 bar (350 psi) above the return pressure of the
pilot stage.

Moog e D631 Series 5



ELECTRICAL CONNECTION

ELECTRICAL CONNECTION WITH 4-POLE CONNECTOR TO MIL C5015/14S-2

The torque motor has 2 coils. The leads of the coils are single
connected to the pins. For operation in parallel, series or single
coil mode the corresponding wiring must be done in the mating

connector.

Optional two types of coils are available:
Coil R with 28 Q per coil

Coil Q with 300 Q per coil

Connector Parallel wiring
Mil C5015/14S-2

=
AL__IBC NE

\/ A \¥) \/
Coil type R Q
Input resistance (at 25°C)"/ Q 14 150
Rated current/ mA =100 =30
Inductance (at 60 Hz) / H 0.2 1.8
Electrical power /W 0.14 0.14
Connections for valve A and C (+)
opening P »B, A »T B and D (-)

ELECTRICAL CONNECTION WITH CONNECTOR TO DIN 43650

The torque motor has 2 coils. The coils are connected in paral-

lel inside the valve.

Two types of coils are available:
Coil R with 28 Q

Coil Q with 300 Q

Connector Parallel wiring
DIN 43650

=

=

1213 13

—
Coil type R Q
Input resistance (at 25°C)"/ Q 14 150
Rated current/ mA + 100 +30
Inductance (at 60 Hz) / H 0.2 1.8
Electrical power / W 0.14 0.14
Connections for valve
opening P »B, A »T 1(+) and 3 (-)

1 65 °F

6 Moog ¢ D631 Series

Series wiring

-
Al BC D]
i
R Q
56 600
+50 +15
0.8 7.0
0.14 0.14

A(+),D ()

B and C connected

Single coils

Al BC D

\II \II \/ \/
R Q
28 300
=100 +30
0.25 2.0
0.28 0.27
A(+), B ()
or C(+), D (-)




TECHNICAL DATA

PERFORMANCE SPECIFICATIONS FOR STANDARD MODELS

Model ... Type D631-... P.. D631-... H...
Mounting pattern I1SO 4401-05-05-0-94
Valve body version 4-way, 2-stage with bushing-spool assembly
Pilot stage Nozzle / flapper Standard Highresponse
Pilot connection optional, internal or external X X
Rated flow (= 10%) at Apy= 5 bar per land I/min 2/4/8/16/24/30
at Apy= 73 psi per land gpm 05/1.1/21/42/63/7.9
Response time" ms 25 13
Threshold" % <1 <1
Hysteresis" without dither % <5 <3
Null shift at AT=55K % <5 <4
Null leakage flow" total, max. I/min (gpm) <25t04.2(0.7to 1.1) <25t04.2(0.7to 1.1)
Pilot leakage flow? Tare I/min (gpm) 1.4 (0.4) 1.7 (0.5)
Pilot flow" max., for 100% step input I/min (gpm) depending on hydraulic bridge 0.5 to 1 (0.1 to 0.3)
Spool stroke mm (inch) +2.54 (0.1) + 1.3 (0.05)
Spool drive area cm? (inch?) 0.75 (0.3) 0.75 (0.3)

" measured at 210 bar (3045 psi) pilot or operating pressure, respectively, fluid viscosity of 32 mm?s (0.05 in?/s)
and fluid temperature of 40 °C (104 °F)

Moog e D631 Series 7



TECHNICAL DATA

TYPICAL CHARACTERISTIC CURVES MEASURED WITHOUT DROPPING ORIFICE
measured at 210 bar (3045 psi) pilot or operating pressure, respectively,
fluid viscosity of 32 mm?/s (0.05 in?/s) and fluid temperature of 40 °C (104 °F)

Step response standard valve

100
210 bar”/
75

140 ba‘r 2

Spool stroke / %

70 bar ¥

50 /
25

0 10 20 30

40 50

Time / ms

Frequency response standard valve

o +2

©

o 0

© N

o 2 N

g ANN

£ 4 L\

g 25%
+*Z070

< 4 )(

-8

+100% \//B//
=

1 2 345 10

1210 bar = 3045 psi
2 140 bar = 2030 psi
3) 70 bar = 1015 psi

8 Moog ¢ D631 Seri

1es

-110
-90
-70
-50
-30
-10

20 30 50

Frequency / Hz

Phasne lag / degrees

Step response high response valve

R

~ 100

g

g

g 75

Q

(%]
50
25
0

NS
210 bar 140 k‘>ar2)
70 bar ¥
0 10 20 30
Time / ms

Frequency response high response valve

+2

0

-2

-4

Amplitude ratio / dB

-6

-8

/]
/

:2‘5%‘

+100%

S

Y
T

1 2 345

10

-110
-90
-70
-50
-30
-10

20 30 50

Frequency / Hz

Phase lag / degrees



TECHNICAL DATA

INSTALLATION DRAWING

Two-way connector  Extension space

Extension connector Mechanical null adjustment 128 (5.1) 20(0.8)
Mil C5015/14S-2 (under locking screw) |
D ﬁf% = @4 A - \ [ 5
‘ 211 (0.7) @ 1 o
Name plate .y
c—1 MQ o8 ‘(36.5 ©.3) |
S - = 5 ‘ =g
< | Filter element g | |
o| @ | g 7z
Sla \ 5
: O : — 7 1h
o dal ‘ A& 1 B "
— oM
| S ] L |S
9 | [ — ]
O e | G Bop 0t |
I
] o
i Py I
@15.7 (06) 8 ‘ a11.7 (O 5) X ﬁ»\ Locking screw for
3(0.1) 70 (2.8) = 62 2.5) == control oil internal
- 1 or external
77.5(3.1) - 136 (5.4) M 4 x 6 DIN EN ISO 4788
with seal ring
Extension connector DIN 43650 ID4.5/AD 7
Mechanical override manually operated O-seal cut-in 100 (4.0)
(special design) in valve body 10.6 (0.4)
102 (4.0) . i
< 23 (0/9)
S n X
o S
g | [ TTeIT 5 NS S Sy
© ~ o — :, O 1 P 5 5
=N o f By @ -
su | L i I I N 10
% & ‘ T A To ( optlonal)
: o | D :
| @‘H L
Mounting pattern
I1SO 4401-05-05-0-94, without X-Connection
mm inch
plA|B | T XK |k |F | F P/ AlB [T |X F | FR Fk | F
211.5/011.5/011.5011.5@6.3| M6 | M6 | M6 | M6 20.45/20.45/00.45 @0.45/@0.25 M6 | M6 | M6 | M6
X 27 (167|373 | 3.2 -9 0 54 54 0 x | 1.07 066 147|013 036 0 213 /213 0
y 63 (214|214 325| 6.3 0 0 46 | 46 0.25(085|085(1.28 025| O 0 182182

The mounting manifold must conform to

ISO 4401-05-05-0-94 .

" Note: Location of X port in valve body does not correspond
to ISO standards.

Mounting surface needs to be flat within 0.02 mm (0.0008 inch).
Average surface finish value, Ra, better than 0.8 ym.

Moog e D631 Series
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TECHNICAL DATA

SPARE PARTS AND ACCESSORIES

O-rings (included in delivery)
forP, T, T, A B 5 pieces
for X 1 piece

Mating connector, waterproof IP 65 (not included in delivery)
4-pole Mil C50515/14S-2S

Flushing plate

Mounting manifolds see special data sheet
Mounting bolts (not included in delivery)
M 6 x 70 DIN EN ISO 4762-10.9 4 pieces
Replaceable filter
O-rings for filter replacement

for filter 1 piece
for filter cover 1 piece
Screw plug port X 1 piece
Seal for screw plug 1 piece

" For standard models, others on request

10 Moog ® D631 Series

ID12x@ 2 (ID 0.47 x @ 0.08)
ID8x@2(ID0.31x @ 0.08)
for cable dia

min. @ 6,5 mm, max. @ 9,5 mm
min. @ 0.25 in, max. @ 0.37 in
forP, A,B, T, T,, X, Y
B67728-001

required torque 13 Nm (115 Ib in)
100 um nominal

ID13x @ 1,5(D 0.51 x @ 0.06)
ID17x @ 2 (ID 0.67 x @ 0.08)
M 4 x 6 DIN EN ISO 4762-8.8
ID4,5/AD 7 (ID 0.18/AD 0.28)

NBR 85 Shore
-66117-012-020
-66117-008-020

forP, T, T,, X, Y
B67728-002

A03665-060-070
A67999 100 "
NBR 85 Shore
-66117-013-015
-66117-017-020
-66098-040-006
A25528-040

FPM 85 Shore
A25163-012-020
A25163-008-020

B46744-004

for P, T, T,, und X, Y
B67728-003

FPM 85 Shore
A25163-013-015
A25163-017-020



ORDERING INFORMATION

ORDERING INFORMATION

Model number Type designation

D631 . . . . . . . .. .. ... ...

Special equipment
no

Specification status M | Mechanical override

— | Series specification

E | Preseries specification
Z | Special specification
K | Intrinsically safe valve

Signals for 100% spool stroke
Command for rated flow Qn
Valve Typ P Valve Typ H
Q | =15 mA Series 05 to 80 05 to 60

Model designation +22,5mA Series - 80
assigned at the factory R | =50 mA Series 05 to 80 05 to 60
=75 mA Series = 80

Factory identification Y | others on request

assigned at the factory
Valve connector

Valve version B | Mil C5015/14S-2P

P | Standard valve G | DIN 43650
H | High response valve
Seal material

Rated flow N ' NBR (Buna)

Apy =5 bar per land Qu/ I/min bei Apy = 35 bar V | FPM (Viton)

(Apy = 73 psi per land) (Qy/ gpmat Ap, = 500 psi) X | others on request
05 2 (0.5) 5(1.3)
10 4(1.1) 10 (2.6) Pilot connections and pressure
20 8(2.1) 20 (5.3) A | 1510 210 bar (217 to 3045 psi) internal supply
40 16 (4.2) 40 (10.6) C | 15to 210 bar (217 to 3045 psi) external supply
60 24 (6.3) 60 (15.8) E | 25 to 315 bar (363 to 4565 psi) internal supply
80 30 (7.9) 75 (19.8) G | 25 to 315 bar (363 to 4565 psi) external supply

Maximum operating pressure Spool position without electrical signal P

F | 210 bar At p, <210 bar (3045 psi) (X external) operating pressure A PMB AT
in port P, A and B up to 315 bar possible 315 bar (4566 psi) B|PMA BT
J |315bar  (with dropping orifice) M| Mid position

Pilot stage
F | Standard response for valve version "P"
G | Highresponse for valve version "H"

Bushing spool type
0 | Axis cut, linear characteristic
D | = 10% overlap, linear characteristic

X | others on request "
Control pressure

Preferred configurations are highlighted.
All combinations may not be available.
Options may increase price.

Technical changes are reserved.

Moog e D631 Series
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Argentina
Australia
Austria
Brazil
China
Finland
France
Germany
India

Ireland

Italy

Japan

Korea
Luxembourg
Norway
Philippines
Russia
Singapore
Spain
Sweden
United Kingdom
USA

NMOOCG

Moog GmbH
Hanns-Klemm-Stra3e 28
71034 Boblingen

email: sales@moog.de
www.moog.de

Telefon (0 70 31) 622-0
Telefax (0 70 31) 622-191

D631.en.09.02

Anderungen vorbehalten

Ksis / Wacker / 1000



May 1996

NNational Semiconductor

LM675 Power Operational Amplifier

General Description m 1 mV typical offset voltage

The LM675 is a monolithic power operational amplifier fea- : ?:2:;:{%:;2;?5?3; parole circuit (100% tested)

turing wide bandwidth and low input offset voltage, making it

equally suitable for AC and DC applications. W 16V-60V supply range

The LM675 is capable of delivering output currents in ex- ¥ Wide common mode r‘ange-

cess of 3 amps, operating at supply voltages of up to 60v. ™ Internal output protection diodes

The device overload protection consists of both internal cur- 8 90 dB ripple rejection

rent limiting and thermal shutdown. The amplifier is also in- W Plastic power package TO-220

ternally compensated for gains of 10 or greater. . .
Applications

Features m High performance power op amp

m 3A current capability B Bridge amplifiers

| Ayo typicaly 90 dB m Motor speed controls
m 5.5 MHz gain bandwidth product m Servo amplifiers

| 8 V/us slew rate m [nstrument systems
B Wide power bandwidth 70 kHz

Connection Diagram Typical Applications

Non-Inverting Amplifier
TO-220 Power Package (T)

+Vee

ST T Ve
AT T/—/"5 QUTPUT
O ] — —— R
4 S— — —
1T/ +IN
TL/H/6739-1
Front View RL
49-80)
Order Number LM675T
See NS Package T0O5D

*The tab is internally connected to pin 3 (—VEgg)

__L_ 0.22 4F

TL/H/6739-2

©1996 National Semiconductor Corporation ~ TL/H/6739 RRD-B30M56/Printed in U. S. A. http://www.national.com
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Absolute Maximum Ratings

If Military/Aerospace specified devices are required, Operating Temperature 0°Cto +70°C
please contact the National Semiconductor Sales Storage Temperature —65°C to +150°C
Office/Distributors for availability and specifications. Junction Temperature 150°C
Supply Voltage +30v Power Dissipation (Note 1) 30W
Input Voltage ~VeetoVeo Lead Temperature (Soldering, 10 seconds) 260°C

ESD rating to be determined.

Electrical Characteristics vg— +25v, T4=25°C unless otherwise specified.

Parameter Conditions Typical Tested Limit Units
Supply Current Pout = OW 18 50 (max) mA
Input Offset Voltage Vom = 0V 1 10 (max) mV
Input Bias Current Vom = 0V 0.2 2 (max) nA
Input Offset Current Vom = 0V 50 500 (max) nA
Open Loop Gain RL = o 90 70 (min) dB
PSRR AVg = £5V 90 70 (min) dB
CMRR ViN = £20V 90 70 (min) dB
Output Voltage Swing RL = 8Q +21 +18 (min) Vv
Offset Voltage Drift Versus Temperature Rs < 100 kQ2 25 nv/°C
Offset Voltage Drift Versus Output Power 25 rwV/W
Output Power THD = 1%, fo = 1 kHz, R = 8Q 25 20 W
Gain Bandwidth Product fo = 20 kHz, Ayc. = 1000 5.5 MHz
Max Slew Rate 8 V/pus
Input Common Mode Range +22 +20 (min) Vv

Note 1: Assumes Tp equal to 70°C. For operation at higher tab temperatures, the LM675 must be derated based on a maximum junction temperature of 150°C.

Typical Applications (continued)

Generating a Split Supply From a Single Supply
+16V — +60V
o)

> _
22k :: Vg = 8V — #30V

LM675 . | -» GND

-
=
-

>
22 ::

. 0.22 4F
VA"'
15k v-

TL/H/6739-3
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Typical Performance Character

istics

Input Common Mode
THD vs Power Output Range vs Supply Voltage
_ 10 5 2
3 Evs R i s 5
z 1 H
8 i 5 2 / g @
£ Il 2 / =
5 z Z 15
2 = L g
S o1 mgn ot g . A s
S I = b (]
3 T = / >
g i N e Y/ E
ES AL =80
2 i N L g s / 2 5
=3 «
: I
0.01 0 0
01 1.0 10 100 0 5 10 15 20 25 30
POWER OUTPUT (W) SUPPLY VOLTAGE (+V)
Device Dissipation vs
PSRR vs Frequency Ambient Temperaturef
10 I ‘5 L INFINITE HEAT SINK g *
90 N 40 — £
80 DG < 35 l_&_ 2°C/W <,
70 | FOSITIVE SUPPLY -] £ 1°C/W HEAT SINK HEAT SINK =
I Z 30
g & NEGATIVE SUPPLY “INgJ E ” £
z % i 2 n ;
£ 4 1 = 5°C/W HEAT SINK - [}
30 [-INPUT REFERRED g 3
LRs = 00 & 10 =
20 S a Ly S 1
10 [BL= 40 5 [10°C/W HEAT SINK — H
1Vrms =
0 0 0
20 50 100 200 500 1k 2k 5k 10k 20k 0 10 20 30 40 50 60 70 80
FREQUENCY (Hz) Ta—AMBIENT TEMPERATURE (°C)
76 INTERFACE = 1° C/W.

See Application Hints.

Supply Current vs
Supply Voltage

5 10 15 20 30

SUPPLY VOLTAGE (£ V)

25

Current Limit vs
Output Voltage*

AN

\

5 10 15 20 30
OUTPUT VOLTAGE (+V)

*Vg = +25V

25

Output Voltage
Ig vs Supply Voltage Swing vs Supply Voltage
%0 TJJ,=70% »
go L TA=25% N )
T ~ H
£ Ny N g 5
= 200 Fo— S /
g TAS000 e a2 R =80
3 150 & //
2 5% 7
100 g LT Ri=0
5 ~ 1 -
N <
= % 5 S i g
(=]
o 0
0 5 10 15 20 25 30 0 5 18 15 20 25 30

SUPPLY YOLTAGE (2V)

SUPPLY VOLTAGE (+V)

TL/H/6739-4
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Application Hints

STABILITY

The LM675 is designed to be stable when operated at a
closed-loop gain of 10 or greater, but, as with any other
high-current amplifier, the LM675 can be made to oscillate
under certain conditions. These usually involve printed cir-
cuit board layout or output/input coupling.

When designing a printed circuit board layout, it is important
to return the load ground, the output compensation ground,
and the low level (feedback and input) grounds to the circuit
board ground point through separate paths. Otherwise,
large currents flowing along a ground conductor will gener-
ate voltages on the conductor which can effectively act as
signals at the input, resulting in high frequency oscillation or
excessive distortion. It is advisable to keep the output com-
pensation components and the 0.1 uF supply decoupling
capacitors as close as possible to the LM675 to reduce the
effects of PCB trace resistance and inductance. For the
same reason, the ground return paths for these compo-
nents should be as short as possible.

Occasionally, current in the output leads (which function as
antennas) can be coupled through the air to the amplifier
input, resulting in high-frequency oscillation. This normally
happens when the source impedance is high or the input
leads are long. The problem can be eliminated by placing a
small capacitor (on the order of 50 pF to 500 pF) across the
circuit input.

Most power amplifiers do not drive highly capacitive loads
well, and the LM675 is no exception. If the output of the
LM675 is connected directly to a capacitor with no series
resistance, the square wave response will exhibit ringing if
the capacitance is greater than about 0.1 uF. The amplifier
can typically drive load capacitances up to 2 uF or so with-
out oscillating, but this is not recommended. If highly capaci-
tive loads are expected, a resistor (at least 1Q) should be
placed in series with the output of the LM675. A method
commonly employed to protect amplifiers from low imped-
ances at high frequencies is to couple to the load through a
109 resistor in parallel with a 5 wH inductor.

CURRENT LIMIT AND SAFE OPERATING AREA
(SOA) PROTECTION

A power amplifier’s output transistors can be damaged by
excessive applied voltage, current flow, or power dissipa-
tion. The voltage applied to the amplifier is limited by the
design of the external power supply, while the maximum
current passed by the output devices is usually limited by
internal circuitry to some fixed value. Short-term power dis-
sipation is usually not limited in monolithic operational pow-
er amplifiers, and this can be a problem when driving reac-
tive loads, which may draw large currents while high volt-
ages appear on the output transistors. The LM675 not only
limits current to around 4A, but also reduces the value of the
limit current when an output transistor has a high voltage
across it.

When driving nonlinear reactive loads such as motors or
loudspeakers with built-in protection relays, there is a possi-
bility that an amplifier output will be connected to a load
whose terminal voltage may attempt to swing beyond the
power supply voltages applied to the amplifier. This can
cause degradation of the output transistors or catastrophic
failure of the whole circuit. The standard protection for this

type of failure mechanism is a pair of diodes connected be-
tween the output of the amplifier and the supply rails. These
are part of the internal circuitry of the LM675, and needn’t
be added externally when standard reactive loads are
driven.

THERMAL PROTECTION

The LM675 has a sophisticated thermal protection scheme
to prevent long-term thermal stress to the device. When the
temperature on the die reaches 170°C, the LM675 shuts
down. It starts operating again when the die temperature
drops to about 145°C, but if the temperature again begins to
rise, shutdown will occur at only 150°C. Therefore, the de-
vice is allowed to heat up to a relatively high temperature if
the fault condition is temporary, but a sustained fault will
limit the maximum die temperature to a lower value. This
greatly reduces the stresses imposed on the IC by thermal
cycling, which in turn improves its reliability under sustained
fault conditions. This circuitry is 100% tested without a heat
sink.

Since the die temperature is directly dependent upon the
heat sink, the heat sink should be chosen for thermal resist-
ance low enough that thermal shutdown will not be reached
during normal operaton. Using the best heat sink possible
within the cost and space constraints of the system will im-
prove the long-term reliability of any power semiconductor.

POWER DISSIPATION AND HEAT SINKING

The LM675 should always be operated with a heat sink,
even though at idle worst case power dissipation will be only
1.8W (30 mA X 60V) which corresponds to arise in die tem-
perature of 97°C above ambient assuming 0ja = 54°C/W
for a TO-220 package. This in itself will not cause the thermal
protectioncircuitrytoshutdownthe amplifierwhenoperatingat
roomtemperature,butamere 0.9W of additional power dissipa-
tion will shut the amplifier down since T jwill thenincrease from
122°C (97°C + 25°C) to 170°C.

In order to determine the appropriate heat sink for a given
application, the power dissipation of the LM675 in that appli-
cation must be known. When the load is resistive, the maxi-
mum average power that the IC will be required to dissipate
is approximately:

Vg2
Pp (Max) = Py Pq

2R *
where Vg is the total power supply voltage across the
LM675, R| is the load resistance and Pq is the quiescent
power dissipation of the amplifier. The above equation is
only an approximation which assumes an “ideal” class B
output stage and constant power dissipation in all other
parts of the circuit. As an example, if the LM675 is operated
on a 50V power supply with a resistive load of 80, it can
develop up to 19W of internal power dissipation. If the die
temperature is to remain below 150°C for ambient tempera-
tures up to 70°C, the total junction-to-ambient thermal re-
sistance must be less than

150°C — 70°C
19W

= 4.2°C/W.

Using 6yc = 2°C/W, the sum of the case-to-heat sink inter-
face thermal resistance and the heat-sink-to-ambient

http://www.national.com




Application Hints (continued)

thermal resistance must be less than 2.2°C/W. The case-to-
heat-sink thermal resistance of the TO-220 package varies
with the mounting method used. A metal-to-metal interface
will be about 1°C/W if lubricated, and about 1.2°C/W if dry.
If a mica insulator is used, the thermal resistance will be
about 1.6°C/W lubricated and 3.4°C/W dry. For this exam-
ple, we assume a lubricated mica insulator between the
LM675 and the heat sink. The heat sink thermal resistance
must then be less than

4.2°C/W — 2°C/W — 1.6°C/W = 0.6°C/W.

This is a rather large heat sink and may not be practical in
some applications. If a smaller heat sink is required for rea-
sons of size or cost, there are two alternatives. The maxi-
mum ambient operating temperature can be restricted to
50°C (122°F), resulting in a 1.6°C/W heat sink, or the heat

Typical Applications (continued)

sink can be isolated from the chassis so the mica washer is
not needed. This will change the required heat sink to a
1.2°C/W unit if the case-to-heat-sink interface is lubricated.

The thermal requirements can become more difficult when
an amplifier is driving a reactive load. For a given magnitude
of load impedance, a higher degree of reactance will cause
a higher level of power dissipation within the amplifier. As a
general rule, the power dissipation of an amplifier driving a
60° reactive load will be roughly that of the same amplifier
driving the resistive part of that load. For example, some
reactive loads may at some frequency have an impedance
with a magnitude of 802 and a phase angle of 60°. The real
part of this load will then be 8Q X cos 60° or 41}, and the
amplifier power dissipation will roughly follow the curve of
power dissipation with a 40 load.

Non-Inverting Unity Gain Operation

]
S
RiC = 500 Kz

cPst Ry
10

-

Ry
0.22 4F Avpg) = 1
UNITY GAIN BANDWIDTH = 50 kHz

TL/H/6739-6

Inverting Unity Gain Operation

v+
Vin Rs
O —AAN +
c LM675
—'VTA—I }
[ -
V-
AAA
VA
Rz
Rz
A“V‘f
v+
Vin Rz
O AAA -
c LM675
Ry |
—-VW-—I ’ +
I
V-

RiC =

277500 kHz
1 Rz
Ry <=
=90
0.22 4F Avpg = 1

UNITY GAIN BANDWIDTH = 50 kHz

TL/H/6739-7
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Typical Applications (continued)

Servo Motor Control

0.22 4F

<HpPw—t

Vee
10K
. Vee
20k
1
5k S 4——AMN- L\Ys\
‘b
LM675
5k Se 2
1, ~ 3
™M
10k AAA—
Vee
20k
4
LME75
2
- 3
M
P AAA
VW
High Current Source/Sink
10k
100 1%
AAA —AAA
VW WAV
* Vee
1% 2
ViN O A
1
‘b
o anow
0.22 4F <
AAA AAA
VWA—— VWA~
10k
1% 1 lout
Sk 10
0, uf
< 1 LOAD

TL/H/6739-9

0.2 ,F

<HpFw—e

TL/H/6739-8

lout = VIN X 2.5 amps/volt
i.e. loyt = 1A when V|y = 400 mV
Trim pot for max Royt
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LM675 Power Operational Amplifier

Physical Dimensions inches (millimeters) unless otherwise noted

0.110+£0.010
2.7940.25

1/

0.151+0.002
3.8410.05

— T T >

0.035 +0.005

{ 0.89+0.13 e

—4— |- ——

T3.40£0.38

0 s

1

——T

O\ - —
L somrane
_»| 0.340£0.010 L_
0.250£0.010| 8642025 PIN ONE ID
6.35£0.25
0.13440.015 0.015*3-919

+¥0.25
0.3820705

-

TAPERED SIDES 1°
0.343
_0.324
‘ 8.70
0.180£0.005 :o 005 ¥ 8.24
T4.57%0.13 i 0.105
{ 2.67
T SEATING PLANE
0.050 £0.002 % 0.176 +0.009
272005 15.80 T T4.47:023
1.27£0.05 0.704 4.47£0.23
17.88 T05D (REV A)
TO-220 Power Package (T)
Order Number LM675T
NS Package T05D

LIFE SUPPORT POLICY

NATIONAL’S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF NATIONAL
SEMICONDUCTOR CORPORATION. As used herein:

1. Life support devices or systems are devices or
systems which, (a) are intended for surgical implant
into the body, or (b) support or sustain life, and whose
failure to perform, when properly used in accordance

with instructions for use provided in the

labeling, can

be reasonably expected to result in a significant injury

to the user.

2. A critical component is any component of a life
support device or system whose failure to perform can
be reasonably expected to cause the failure of the life
support device or system, or to affect its safety or
effectiveness.

National Semiconductor

o

Corporation Europe
1111 West Bardin Road Fax:
Arlington, TX 76017 Email:
Tel: 1(800) 272-9959 Deutsch Tel:
Fax: 1(800) 737-7018 English  Tel:
Frangais Tel:
http://www.national.com Italiano  Tel:

National Semiconductor

+49 (0) 180-530 85 86
europe.support@nsc.com
+49 (0) 180-530 85 85
+49 (0) 180-532 78 32
+49 (0) 180-532 93 58
+49 (0) 180-534 16 80

National Semiconductor
Hong Kong Ltd.

13th Floor, Straight Block,
Ocean Centre, 5 Canton Rd.
Tsimshatsui, Kowloon

Hong Kong
Tel: (852) 2737-1600
Fax: (852) 2736-9960

National Semiconductor
Japan Ltd.

Tel: 81-043-299-2308
Fax: 81-043-299-2408

National does not assume any responsibility for use of any circuitry described, no circuit patent licenses are implied and National reserves the right at any time without notice to change said circuitry and specifications.
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1. DESCRIPTION
1.1. FUNCTION

Fluids are practically incompressible and
cannot therefore store pressure energy.

The compressibility of a gas is utilised in
hydraulic accumulators for storing fluids.
HYDAC bladder accumulators are based
on this principle, using nitrogen as the
compressible medium.

A bladder accumulator consists of a fluid
section and a gas section with the bladder
acting as the gas-proof screen.

The fluid around the bladder is connected
to the hydraulic circuit so that the

bladder accumulator draws in fluid when
the pressure increases and the gas is
compressed.

When the pressure drops, the compressed
gas expands and forces the stored fluid
into the circuit.

HYDAC bladder accumulators can be used
in a wide variety of applications, some of
which are listed below:

® cnergy storage

® emergency operation
® force equilibrium

® |eakage compensation
® volume compensation
® shock absorption

® vehicle suspension

® pulsation damping

See catalogue section:

® Hydraulic Dampers
No. 3.701

INTERNATIONAL

Hydraulic

Bladder Accumulator

Standard

1.2. DESIGN
seal cap valve protection
gas valve cap
lock nut
shell \ bladder
i
1
1
!
|
I
spacer a'\ anti-extrusion
LN ring
lock nut T dgw seal ring
oil valve vent screw
1.2.1 Design
® Standard Bladder Accumulator
SB330/400/500/550

HYDAC standard bladder accumulators
consist of the pressure vessel, the
flexible bladder with gas valve and the
hydraulic connecction with check valve.
The pressure vessel is seamless and
manufactured from high tensile steel.

® Bladder accumulator
SB330N
The flow optimised design of the
standard oil valve enables the maximum
possible operating fluid flow rate to
increase to 25 I/s on this accumulator
type.

® High Flow bladder accumulator
SB330H
HYDAC high flow bladder accumulators,
type SB330H, are high performance
accumulators with a flow rate of up to
30 I/s. The fluid connection is enlarged to
allow higher flow rates.

1.2.2 Bladder material
The following elastomers are available as
standard:

® NBR (acrylonitrile butadiene rubber,
Perbunan),

® |IR (butyl rubber),
® FKM (fluoro rubber, Viton®),

® ECO (ethylene oxide epichlorohydrin
rubber).

The material must be selected according
to the particular operating fluid and
temperature.

When choosing the elastomer, allowances
must be made for the fact that the gas

can cool down to below the permitted
elastomer temperature if there are adverse
discharge conditions (high pressure ratio
p,/p,, high discharging velocity). This can
cause cold cracking in the elastomer.

The gas temperature can be calculated
using the HYDAC Accumulator Simulation
Program ASP.

1.2.3 Corrosion protection

For operation with chemically aggressive
media, the accumulator shell can be
supplied with corrosion protection, such as
plastic coating on the inside or chemical
nickel-plating. If this is insufficient, then

stainless steel accumulators must be used.

HYDACHN

= E 3.201.25/04.09
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1.3. MOUNTING POSITION

HYDAC bladder accumulators can be
installed vertically, horizontally and at a
slant. When installing vertically or ata
slant, the oil valve must be at the bottom.
On certain applications listed below,
particular positions are preferable:

® Energy storage:
vertical,

® Pulsation damping:
any position from horizontal to vertical,

® Maintaining constant pressure:
any position from horizontal to vertical,

® Volume compensation:
vertical.

If the mounting position is horizontal

or at a slant, the effective volume and
the maximum permitted flow rate of the
operating fluid are reduced.

1.4. TYPE OF MOUNTING

By using an appropriate adapter, HYDAC
accumulators, up to size 11, can be
mounted directly inline.

For strong vibrations and volumes above
11, we recommend the use of HYDAC
accumulator supports or the HYDAC
accumulator mounting set.

See catalogue sections:

® Supports for Hydraulic Accumulators
No. 3.502

® ACCUSET SB
No. 3.503

2. TECHNICAL
SPECIFICATIONS

2.1. EXPLANATORY
NOTES

2.1.1 Operating pressure

See tables

(may differ from nominal pressure for
foreign test certificates)

2.1.2 Nominal volume
See tables

2.1.3 Effective gas volume

See tables

based on nominal dimensions, this differs
slightly from the nominal volume and must
be used when calculating the effective
volume.

2.1.4 Effective volume
Volume of fluid which is available between
the operating pressures p, and p,.

2.1.5 Max. flow rate of operating fluid
In order to achieve the max. flow rate given
in the tables, the accumulator must be
mounted vertically. It must be remembered
that a residual fluid volume of approx. 10%
of the effective gas volume remains in the
accumulator.

2.1.6 Fluids

The following sealing and bladder
materials are suitable for the fluids listed
below.

Material Fluids

NBR20 Mineral oils (HL, HLP,
HFA, HFB, HFC), water

ECO Mineral oil

IR Phosphate ester

FKM Chlorinated hydro-
carbons, petrol

2.1.7 Permitted operating temperature
The permitted operating temperatures are
dependent on the application limits of the
metallic materials and the bladders.

The standard valve bodies, gas valves
and accumulator shells are suitable for
temperatures from -10 °C ... +80 °C.

Outside these temperatures, special
material combinations must be used.
The following table shows the correlation
between bladder material and application
temperature.

Material Temperature ranges
NBR20 -15°C ...+ 80°C
NBR21 -50°C ..+ 80°C
NBR22 -30°C ...+ 80°C
ECO -30°C ... +120°C
IR -40°C ... +100°C
FKM -10°C ... +150 °C

2.1.8 Gas charging

Always only charge with nitrogen class 4.5,
filtered to < 3 um.

If other gases are to be used, please
contact HYDAC for advice.

Hydraulic accumulators must only be
charged with nitrogen.

Never use other gases.

Risk of explosion!

2.1.9 Limits for gas pre-charge
pressure

P, <0.9ep1

with a permitted pressure ratio of:

P, P, <4:1

p, = max. operating pressure

p, = gas pre-charge pressure

2.1.10 Certificate codes

China A9
EU member states uv
Japan P
Canada S12
Switzerland U
USA S

others on request
" Alternative certificates possible
2 Approval required in the individual provinces

On no account must any welding, soldering
or mechanical work be carried out on the
accumulator shell. After the hydraulic line
has been connected it must be completely
vented.

Work on systems with hydraulic
accumulators (repairs, connecting
pressure gauges etc) must only be carried
out once the pressure and the fluid have
been released.

Please read the operating manual!
No. 3.201.CE

Note:

Application examples, accumulator sizing
and extracts from approvals regulations on
hydraulic accumulators can be found in the
following catalogue section:

® Accumulators
No. 3.000




2.2. MODEL CODE

(also order example)

Series

Type

high flow

increased flow, standard oil valve dimensions

shock absorber

pulsation damper

suction flow stabiliser

bladder top-repairable

Combinations possible, e.g. HB - High flow with a top-repairable bladder
PH - pulsation damper with high flow rate.

No details = standard

WOTVP>ZTI
o

N>

Nominal volume [I]
Fluid connection

standard connection, thread with internal seal face

flange connection

valve mounting with screws on underside

sealing surfaces on front interface (e.g. on thread M50x1.5 - valve)
male thread

special connection, to customer specification

1/

side
standard model ¥

back-up model

gas valve 7/8-14UNF with M8 female thread

5/8" gas valve

gas valve M50x1.5 in accumulators smaller than 50 |
7/8-14UNF gas valve

M28x1.5 gas valve

M16x1.5 gas valve

special gas valve, to customer specification

Material code "

a

CONOOBEWN=O OEOMO N>
)

Standard model = 112 for mineral oll
Depending on operating fluid
others on request

Fluid connection
1 carbon steel
2 high tensile steel
3 stainless steel
6 low temperature steel

Accumulator shell
plastic coated (internally)

carbon steel

chemically nickel-plated (internal coating)
stainless steel ®

low temperature steel

o
i nnno

umulator bladder ?
NBR20
ECO
[IR (butyl)
NBR21 (low temperature)
FKM
other
NBR22

C

nmumnimnnnno

ertification code

1
2
4
6
A
2
3
4
5
6
7
9
C
U = PED 97/23/EC

00
o
S
>
=)
1
S

Permitted operating pressure [bar]

Connection
Thread, codes for fluid connections: A, C, E, G

A = Threadto ISO 228 (BSP)

B = Threadto DIN 13 or ISO 965/1 (metric)

C = Thread to ANSI B1.1 (UN..-2B seal SAE J 514)
D = Thread to ANSI B1.20.1 (NPT)

S = special thread, to customer specification

Flange, codes for fluid connection: F

DIN flange

flange ANSI B16.5

SAE flange 3000 psi

SAE flange 6000 psi

special flange, to customer specification

Pre-charge pressure p, [bar] at 20 °C must be stated separately, if required!

»wooOwX>
(LT T T

)Not all combinations are possible

) When ordering spare bladders, please state smallest bladder connection port size
) Depending on type and pressure rating

) Gas valve type in SB <50 |1 = 7/8 - 14 UNF, in SB > 50 | = M50x1.5

= E 3.201.25/04.09
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3. DIMENSIONS AND SPARE PARTS
3.1. DIMENSIONS
0 A B |c |@D |3 GE |SW [Q"
P o max. max. |thread
i |
» s =
[0} 5| o
E 2@ |5
I g& S
g |, %E z e
= > > b .%
2 IS salf |2
ISO
m [bar] |[1] [kg] [[mm] [[mm]{[mm]|{[mm] |228 [mm]|[mm]|[I/s]
05 400 | 05| 28270 |  |335[9556] . | |4
) 330 | | 45] 302 18 4
550 ~| 85| 334 | 68 121 [G1 45
05 330 | 24| 10 [ 531] 63 18 [G11/4 50 |10
' ctandarg 1359_| 25[ 135] 539 | 68 121 (G 1 45 | 4
330 15 58
4 3.7 419 | 63 173 |G11/4 | 67 |50 [10
400 15.5
5 550 | 49| 23 | 867 | 68 121 |G1 45 | 4
6 330 | 57 15 | 531 G11/4
63 173 50 |10
102 330 | 93| 25 | 728 G11/4
standard 93| 315/ 568 [103 g2 |03 |70 P>
N 330 s 229 25
10 [H 9 | 345]| 603 [138 G212 125 [90 |30
400 | 93] 375/ 572 [103 233
standard G2 100 (70 |15
500 | 88| 41 | 585 ] 77 [68 [241
standard 43 | 660 [103 G2 |100 |70 P>
330 25
13 N 12 I
H 46 | 695 [138 G212 [125 [90 |30
standard (400 49 | 666 103 233 (G2 100 [70 |15
standard 18.4| 505 | 896 103 G2 |100 |70 P>
N 330 s 229 25
20 [H 17.5| 53.5| 931 138 G212 [125 (90 |30
400 | 18.4] 635 896 [103 233 100 |70
standard G2 15
500 | 17 | 755 901 | 77 |68 [241 110 |75
standard 236| 69.0 [1062 103 G2 |10 [70 P>
24 [N 330 58 |229 25
H 24 | 72 |1097 [138 G212 (125 [90 |30
standard 339| 87 |1411 |103 G2 |100 |70 P>
N 330 ' s 229 25
32 |[H 325( 90 [1446 |138 G212 [125 [90 |30
400 | 33.9]104.5[1411 [103 233 100 |70
standard G2 15
500 | 33.5[127 [1446 | 77 |68 [241 110 |75
117.5 1931 |103 G2 100 |70 P>
N 330 | .k 229 25
50 |H ~1120.5 |1966 {138 |68 G212 [125 (90 |30
standarg 1490 142 |1931 {103 233 |, 100 179145
500 | 48.3[169 [1951 | 77 241 75
60 60 [182 [1156
80 85 (221 [1408 256
100 105 [255 [1856
——{standard |330 138 |68 G212 (125 |90 |30
130 133 (305 [1976
160 170 [396 [2006
160 ] 406
«| 200 201 [485 [2308
o
g' Q= max. flow rate of pressure fluid
ﬁ 2 slimline version, for confined spaces
g
(2]
w
20 | G ®

Dimensions

/
/

oD

SwW

adapter

for
special
threads




3.2. SPARE PARTS
SB330/400/440/500/550

SB330H / SB330N
5
3 6
4 7
1
2
13 — 9
14 Lt
7N
15 IIX" .
16 | ! "
17 12
18
19
20
s 27
N\
|\ ——
1
Detail "X"

SB330/400-0.5...61

15
16

17

SB330/400/500 — 10 ... 200 | and
SB330H -10... 2001
SB550-1...51

15
16
23

17

Description item | 3.3. REPAIR KITS
Bladder kit NBR, carbon steel
consisting of: Nom. volume: 0.5 ... 200 litres
Bladder > | Standard gas valve
Gas valve insert* 3 | Nom. volume [I] Part no.
Lock nut 4 0.5 02128169
Seal cap 5 1 02106261
Valve protection cap 6 2.5 02106200
O-ring 7 4 02106204
Seal kit 5 02106208
consisting of: 6 02112100
O-ring 7 10% 03117512
Washer 15 10 02106212
O-ring 16 13 02106216
Vent screw 19 20 02106220
Support ring 23 24 02106224
O-ring 27 32 02106228
Repair kit » 50 02106252
consisting of: 60 03117513
Bladder kit (see above) 30 03117514
Seal kit (see above) 100 03117515
Anti-extrusion ring 14 130 03117516
Oil valve assembly 160 03117517
consisting of:
Valve assembly (items 9-13) 9 290_ . . 03117558
Anti-extrusion ring 147 z't',ﬁ'(‘a"rg%‘r’ﬁf:l’;;src""f'"e" spaces
Washer 15
O-ring 16
Spacer 17
Lock nut 18
Vent screw 19
Support ring 23

* available separately

" When ordering please state smallest bladder
connection port size.

ltem 1 not available as a spare part.

Iltem 19 for NBR/Carbon steel:

seal ring (item 20) included

Iltem 25 must be ordered as an accessory
(see Point 4).

;

N E 3.201.25/04.09

—_



E 3.201.25/04.09

4. ACCESSORIES FOR BLADDER
ACCUMULATORS

4.1. ADAPTERS (GAS SIDE)

To monitor the accumulator pre-charge pressure, HYDAC offers a
selection of gas side adapters.

These must be ordered separately
41.1 Pressure gauge model:

Gas side connection on the bladder accumulator for permanent
monitoring of the pre-charge pressure

7/8-14UNF
Vid
(| pressure gauge
' _ | @63
@ <~
3 !
= i
N
7/8-14UNF
o50
90
Gauge Gauge Adapter body* | Adapter
indication range Part no. assembly
Part no. Part no.

- — 00366621
0- 10 bar 00614420 02108416
0- 60 bar 00606886 03093386
0 - 100 bar 00606887 00239275 02104778
0 - 160 bar 00606888 03032348
0 - 250 bar 00606889 02100217
0 - 400 bar 00606890 02102117

* Pra= 400 bar

4.1.2 Pressure gauge model with shut-off valve

Gas side connection on the bladder accumulator for permanent

monitoring of the pre-charge pressure with shut-off option.

gauge @100

o
<
gauge shut-off L ©
valve 3
o a
1 Q.
©
L
i z
>
® S
é
~
o
L{D) _1 L
8 o TN
7/8-14UNF
N
Gauge Gauge Adapter body* | Adapter
indication range Part no. assembly
Part no. Part no.
— — 02103381
0- 25 bar 00631380 02105216
0- 60 bar 00606771 02110059
0 - 100 bar 00606772 00363713 03139314
0 - 160 bar 00606773 03202970
0 - 250 bar 00606774 03194154
0 - 400 bar 00606775 02103226

* Pra= 400 bar




4.1.3 Remote monitoring of the pre-charge pressure

To monitor the pre-charge pressure in hydraulic accumulators
remotely, gas side adapters with pressure gauge and mounting
holes are available.

In order to connect these adapters directly with the hydraulic
accumulator using appropriate lines, accumulator adapters are
also available for connection at the top (see diagram 1) or for
side-connection (see diagram 2).

4.2. ADAPTERS FOR STANDARD BLADDER

ACCUMULATORS (FLUID SIDE)

to connect the bladder accumulator to pipe fittings. These are
available separately.

10 A D1
= 3 ‘ O-ring
7/8-14UNF ) & —
2 hol /"/$
oles
o \l Méx12M5 N 7 N
N\ p < /
5 — %rggsure gauge 1 -
180228-G1/4 — Y X
Q —
D2
S D3
050
approx. 90 SW
fa
Gauge Gauge Adapter body* | Adapter D1 D2 D3 |L1 (L2 |L3 [SW |O- [Partno.
indication Part no. assembly Accum. ring
range Part no. Part no. conn.’
- - 03037666 NBR/
0- 10 bar 00614420 03095818 (150228- Carbon
0- 60 bar 00606886 03095819 BSP) [mm] |[mm]|{[mm]|[mm]|[mm]|[mm]|[mm]|steel
0 - 100 bar 00606887 02116746 03095820 G 3/4 g ?g ;2 Zg ;g E 22 17x3 8;18322:
0 - 160 bar 00606888 03095821 G358 28 150 137 112 |6 02116345
0 - 250 bar 00606889 03095822 a1 132 150 137 114 a6 02105230
0 - 400 bar 00606890 03095823 G11/4 30x3
— G3/4 (44 |50 |37 |16 |46 02104384
Pre= 400 bar G1 |50 |67 |37 |18 |65 02110124
G1/2 (34 |60 |44 |14 |65 02104853
G3/4 (44 |60 |44 |16 |65 02104849
o 050 G2 G160 |60 |44 |20 |65 | (02107113
- T G112l68 [80 [44 [22 [70 02105905
- BE * others on request
- I S A
O-ring 11x2 //‘rﬂ S / - | D[ i 5. NOTE
] g. e < The information in this brochure relates to the operating
| conditions and applications described. For applications and

7/8-14UNF

7/8-14UNF

Diagram 1 Diagram 2
D1 D2 T |Adapter Adapter Diag.
Threaded body* assembly
connection [mm] Part no. Part no.
00238709 |02109481 1
ISO228-G1/4 |25 14 00241740 |02102042 |2
00355021 |02109483 |1
1S0228-G3/8 |28 03280414 |00366607 |2
02110594 02110636 |1
1SO228-G1/2- |34 16 00237884 |00366608 |2

* Pra= 400 bar

operating conditions not described, please contact the relevant
technical department. Subject to technical modifications.

(HYDAC) Technology GmbH

Industriegebiet

D-66280 Sulzbach/Saar

Tel.:
Fax:

06897 /509 -01
068 97 /509 - 464

Internet: www.hydac.com
E-Mail: speichertechnik@hydac.com
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Put your time-critical code in this loop ‘

set zero @4

go out 2

(& | set zero valve signal (v) 2

et cylinder stop valve signal (V) 2

1 set zero valve signal ()

et cylinder 5107 valve signal (V)

output variable

Ii
DL

B g2 0
~ ModL/AID »
Modi/ALL

T

2
H
¥
Modl/ALZ
Y
H

In Range and Coerce

m-
odt /20 |- e >
Mod27A00 | (0,01 h. 468503| [T

» Mod2/A01
2 319140
Mod3/AID ‘ (319140
== x
h_, 467773
12.766

g SN

-mb

[z
[005] [ | 00410156 30270

% c:\data.bin

| —
L 10 loop
ms ]
P i" bypass flow (vel) - RT ’ ’ !‘bypass flow (vel) ‘
dt
s @ | @" bypass flow (force) - RT “H“ B, bypass flow (force)‘ ‘

on-¢
u

#, servo flow (force)

29" servo flow (force) - RTiH; v
(4 Lservo flow (vel) n

|'!‘.\d"se\vo flow (vel) - h

M ‘d"vo\le\ge out (force) - RT ﬂ = Lvo\(age out (force) n

|"‘_\J" pressure (force) - RT|® i : Lpressure (force) _,!‘

|,.‘_‘d" pressure (vel) - RTQ'_'! _,'!‘&pressule (vel)‘_,!
M_\ﬁ" flow (force) - RT‘; m& flow ([urce)‘?! H

!‘vnhaqo out (vel)

/9" voltage out (vel) _RT[*

@' flow (vel) - RT|*

!‘ dx

I_L\i'rx\m RT[* [

setp

| ‘ &' setpoint - FeT
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T

voltage out (vel) - RT

alc’' bypass constant (velocity side)

N
4 a8 dx1dt-RT|, ‘j

I:Kbp p3=p2-05;
2| q_bp_vel=Kbp*sqrt((p3)*100000)*60000;

u
(Ml Error v
=

=

[q_bp_vel ¥ @" bypass flow (vel) - RT],,
calc valve flows (velocity side)
flow
i
» @ flow (vel) - RT], ifv<0)
q_s_vel=-V/10*Kv_vel*sqrt((160-p2)*100000)*60000;
else q_s_vel=0;

;.\d" flow (force) - RT|,, [0 5 vel ;_\\i"servo flow (vel) - RT|,,

h_‘d" pressure (vel) - RT

n calc bypass valve flow (force side)

flow

2]

;_\i" pressure (force) - RT n

=]

if(v<0)

qs_force=-V/5*Kv_force*sqrt((160-p2)*100000)*60000;

else q_s_force=0;

Kv_force

[ q_s_force

2,76E-8

" voltage out (force) - RT

~calc bypass constant (force side)

2

Kbp |p3=p2-05;

q_bp_force=Kbp*sqrt((p3)*100000)*60000;

[e3]

:_‘d" servo flow (force) - RT _,!

T bp. YolceJ—‘;

@' bypass flow (force) - RT

_
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