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Abstract

‘This thesis investigates some relevant aspects of position control in hydraulically-
actuated manipulators. Poor rigidity, load dependent and nonlinear characteristic of
actuation are common problems in these systems. The choice of the control method
depends on the structure of the manipulator (light-duty or heavy-duty), the type
of the pump supply (constant pressure or constant flow), the type of the valving
system (closed-center or open-center) and the valve's lap conditions (zero-lapped or
over-lapped).

Two classes of manipulators are studied. The first class of manipulators operate
from a constant pump pressure and are controlled by closed-center valves. These
manipulators are used for indoor environments where high pressure oil is readily
available. The second class of manipulators are operated by a constant flow pump
and are controlled by open-center valves. They are designed for heavy-duty tasks in
unstructured outdoor environments.

Reliable models are first developed to accurately simulate the nonlinear perfor-
mance of both classes of manipulators. The accuracy of the models are verified with
experimental data of available literature. The application of different control tech-
niques are then studied. Basic performance measures such as stability, acceptable
steady-state accuracy and transient response are evaluated. The requirements and
conditions, in which velocity or acceleration feedback can improve the respoinse, are
discussed using both parameter plane and root locus methods.

For the case of pressure compensated manipulators, the application of two differ-
ent strategies, namely “non-interactive” and “load-insensitive” controllers are inves-
tigated. It is shown that the non-interactive controller, although capable of reducing
the effect of interaction in multi-link motions, cannot compensate for the load. The
load-insensitive controller performed relatively better than the non-interactive con-
troller in both canceling the effect of load and reducing the interaction cffects.

For the case of constant flow manipulators, the effects of dead-bands and delay
in the valve response are studied. Suggestions for improving the response are made,
It is shown that the effect of delay in the valving system can be removed by the

appropriate choice of velocity feedback.
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In this work the analysis and the selection of control gains are performed in a
frequency-domain that requires a linearization of nonlinear equations describing the
dynamics of hydranlics and linkages. It is shown that this linearization, although
effective, may lead to an unwanted response if the parameters are not updated with
the change of operating points.

The significance of this thesis is firstly, reliable simulation programs were devel-
oped which can be used to examine various control algorithms. Effect of variation of
several parameters of the system can be examined before an actual implementation is
carried out. Secondly, a number of control algorithms were examined on two different
classes of manipulators. The performance of the algorithms was compared with each
other. This comparison revealed some fundamental insights into the important issues

of control of hydraulic manipulators.
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CHAPTER 1

INTRODUCTION

1.1 Preliminary Remarks

The science and technology of robotics have developed to a great extent in recent
years. Many robots have been built and put into use in a wide variety of tasks
including welding, machine loading/unloading and recently, assembly. Each of these
applications impose different demands on the robot. Robot designers try to meet
these demands by applying flexible, reliable and accurate control systems.

Three types of actuators that are commonly used to power a robotic arm are elec-
tric, pneumatic and hydraulic. Each type has its own advantages and disadvantages.
The choice of actuator type which should be used is dependent on the application
and the condition in which the robot arm is directed to work.

Electric actuators are known to be accurate, quiet, simple to use and clean de-
vices. They are capable of being included in sophisticated control systems. On the
other hand, electric actuators suffer from power limitations; they can produce peak
force/torque for only a small part of the cycle because they have limited ability to
dissipate heat. Pneumatic devices are cheap, clean and safe. However, they are
inaccurate, noisy and very load-sensitive.

Hydraulic power systems are the best choice for indoor factories where oil pres-
sure sources are readily available and for most outdoor application and environments
(Davies 81). Hydraulic devices consist of components that are standard, safe and
easy to maintain. In hazardous environments, such as explosive atmospheres or wet

environments, where electric device would not survive, the utilization of hydraulic




actuators become inevitable. There are a number of other reasons which makes
hydraulic power systems attractive to robot designers. Hydraulic fluid acts as a lu-
bricant. Heat can be conducted by the the hydraulic fluid and dissipated through
lines and reservoirs. Hydraulic actuators have the ability to generate high forces for
a long period of time.

In spite of the above advantages, hydraulic devices are relatively more expensive
than comparable electrical power systems and are noisy and messy. Hydraulic systemns
are complex, nonlinear and difficult to analyze for control purposes. Some common
problems in controlling hydraulic systems are listed in the following.

The first problem is the poor dynamic performance of the individual hydraulic
actuator. This problem is due to the high inertia and high compliance caused by
the flexible connecting hoses, large volume of fluid under compression and trapped
air in the hydraulic fluid. The analysis performed for the UNIMATE 2000B showed
that 98% of the deflection of the horizontal arm, under a concentrated force, is duc
to the hydraulic factors (Rivin 85). The high inertia and high compliance reduce the
natural frequency and the damping effect of the joint mechanism.

The second problem is the interaction during a multi-link motion. The interac-
tion effect is intensified by the hydraulic compliance and may lead to serious control
problems.

The third problem is the nonlinear characteristics of the robot structure, as well
as the actuation mechanism. The performance of hydraulic valves is very load depen-
dent. The load experienced due to inertia, gravity and interaction, either among the
linkages or with the surrounding, is seen as a disturbing load that affects the valve
performance.

There have been some investigations that addressed the above issues and different
approaches were suggested. The valuable study by Hanafusa ef al. (1980) examined

acceleration (actuating force) feedback in order to improve the dynamic performance




of the individual hydranlic actuator. They further elaborated on the application
of pressure feedback control towards developing non-interactive and load-insensitive
control systems (Hanafusa and Wang, 1983). The objective of their work was to
eliminate or at least reduce the effect of interaction among the links as well as between
the manipulator and the environment. Limited experimental studies on a small-scale
articulated robot were performed.

Kulkarni et al. (1984) studied an adaptive control for an electrohydraulic position
servo-mechanism. Halme et l. (1985) designed a multivariable control technique for
controlling hydraulic manipulators. The importance of including hydraulic dynamics
in the control of manipulators has also been investigated (Sepchri et al., 1990).

Today’s conventional hydraulic robots in the manufacturing industry work on
a constant pressure supply system. Therefore, most control studies, including those
mentioned above, were intended for such robots. Each link in these robots is activated
independently, with high-performance, closed-center hydraulic valves. However, there
exists a class of hydraulic manipulators that do not exhibit characteristics of the con-
ventional hydraulic robots. These manipulators are heavy-duty and are extensively
used in the forest, mining and construction industries. Excavators and feller-bunchers
are the examples. In these machines the hydraulic actuation contains many forms
of imperfections which cannot be prevented inexpensively. Excavators for example,
use open-center, asymmetric valves with dead-bands operating from a constant flow
pump system. Excavators constantly interact with the environment and are subject-
ed to a variety of load conditions. These manipulators are presently controlled by
skilled operators and do not benefit from computer-assisted controls; however, they
have the potential to be automated {Sepehri and Lawrence, 1992). The application
of a model-based control technique to these machines has recently been investigated.
The method which heavily relies on the exact model and model parameters of the

system, allows the control of the velocity of the implement. No report was found in



relation to accurate position control of the end-effector.

1.2 General Objective and Scope of Thesis

In this thesis, a step-by-step study is conducted comprising theoretical, math-
ematical, simulation and experimental components. The objectives are firstly, to
develop reliable simulation tools in order to facilitate future studies in the area of
control of hydraulically-actuated manipulators. The second objective is to offer some
fundamental insights into the task of accurate positioning in such hydraulically actu-
ated robots.

Two different valving systems are studied; a constant pressure system with closed-
center valves commonly used for indoor industrial robots and a constant flow system
with open-center valves used in outdoor heavy-duty manipulators . Simulation mod-
els based on the exact nonlinear equations are developed for both hydraulic config-
urations. Careful attention, at the component level, is paid and systematic cycle
of simulation, experimentation, fine-tuning and iteration of the cycle is performed
to bring the simulations close to reality. The theoretical analysis is performed in a
frequency domain.

Different control techniques are examined through their application to a typical
indoor robot arm. The emphasis has been put on the load-insensitivity and non-
interactiveness of the controllers of these manipulators. Many issues, including the
effects of poor rigidity are addressed. For the case of heavy-duty manipulators, the
focus is on the effect of delay in valve responses, dead-bands, lap conditions, satu-
ration of the flow through the valves and lack of supply pressure. The purpose is
to investigate the degree to which these nonlinearities affect the performance of such
manipulator within a simple closed-loop control system.

The remainder of this thesis is organized as follows:



Chapter 2 presents the derivation of mathematical models of two degree-of-
freedom articulated robots driven by electrohydrulic servo-valves, the representation
of transfer function of light-duty and heavy-duty robot arms and two different meth-
ods of system analysis. The first method is the parameter plane method used for a
third-order system analysis. The sccond method is the root locus method used for a
fourth-order system analysis.

Chapter 3 discusses the application of various control actions (actuating force
feedback compensation, non-interactive control and load-insensitive system) to the
class of manipulators operating from a constant pressure supply.

Chapter 4 discusses the effect of velocity and acceleration feedback on the perfor-
mance of fourth-order systems (for the second class of manipulators). Delay in the
spool displacement, dead-band on the servo-valve input and over-lapped conditions
are examined with a simple, closed-loop control.

Chapter 5 demonstrates some experimental results considering joint motion for
the main axes of a five degree-of-freedom hydraulic robot ( UNIMATE MK II 2000).

Conclusions of this thesis are outlined in Chapter 6.



CHAPTER 2

SYSTEM MODELING AND ANALYSIS

In order to analyze and design a control system, a mathematical model that
describes the dynamics of the system accurately or at least fairly well, imnust be derived.
A mathematical model is not unique to a given system; it can be represented in many
different ways. Once a mathematical model of a system is obtained, various analytical
and computer tools can be used for the purpose of analysis and synthesis. The
representation of the transfer function is convenient for the transient response analysis
of single-input and single-output systems. The state-space representation is the best
method in dealing with multi-input and multi-output systems. In this chapter, the
mathematical models for two classes of hydraulic manipulators are derived. Two
different methods of system analysis are introduced; parameter plane method and
root locus method which are used to describe the performance of the first class and

second class of manipulators, respectively.

2.1 Mathematical Model

Figures 2.1-a and 2.2-a are schematics of two typical robot arms; light-duty
and heavy-duty robots, respectively. Each robot is composed of two links which are
driven by hydraulic cylinders. Each cylinder is connected with a servo-valve through
flexible hoses. The valves monitor the flow to and from the cylinders. Depending on
the type of valves and pump that have been used, the pump type could be either a
constant pressure or a constant displacement. Electrical signals are utilized to direct

the flow of the hydraulic oil to and from the cylinder.
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2.1.1 Equations of Motion

Equations of motion are derived through the Lagrange algorithm (Schilling, 1990).
n non

> Dis(a)gs + 2. > Cii@)duds + hi(a) + bi(§) = T

j=1 =1 j=1
where 77 is the torque generated by the hydraulic cylinder and ¢; denote joint angles.
The first term 37_; Dij(q)q; is an acceleration term that represents the inertia forces
and torques generated by the motion of links. The second term 3°7_, . C';ij(q)q-k(ij
is a product velocity term associated with Coriolis and centrifugal forces. The third
term /;(q) is a position term representing gravity loading. The fourth term b;(¢) is a
velocity term representing the viscous friction.

For the case of a two-link manipulator, similar to the one shown in Figure 2.1-a,

the above equation can be presented as follows:

T = [a1 + 2a3cosqliy + laz + azcosqlds — az(24) + ¢a)gosing + ascosq
+ascosq) + ageos(qy + @)
Ty = lag + azcosgldy + [as]Go + azgi®sings + agcos(qy + ¢2) (2.1)

where a;=12. 6y are functions of the dimensions and mass of the links evaluated as

following:

2 2
_ 2 72 o Muly mely
ap = I+ L+maly +maly +meli = 3 + 3 + mal]
2
9 Mmaly
s = fg + TTEQ.LIEQQ = 3
Tﬂ-?LiLQ
a3 = mo.lily = —
gomn1ly
g = mylagy = ——
2
as = ???«Q.Lig[] :ggmng‘
gomaLsy
g — ?ng.lgggg = —5—



where

Ly, Ly, my and my vepresent length and mass of link one and link two, respectively,
1) and I, represent the mass moments of inertia around the center of gravity of link
one and link two, respectively, and I, and [ 5 represent the distance of the center of
gravity of link one and link two with respect to the rotation axis, respectively (we
have assumed that the center of gravity for each link is located at the middle of the
link).

Eqguation { 2.1) is a nonlinear equation, and must be linearized about a reference
point for the purpose of further analysis. Using Taylor’s series about an operating
point and neglecting the higher order terms. The operating points are ((jl,qfl,(fl),
(G2, G2, ¢2), for links one and two, respectively.

For small variation about the corresponding reference point and neglecting small

terms, the final linearized model becomes:

ATy, = T, ~T, = [a1 + 2agcos@] Agy + [as + azcosda]) Ay

ATy = Ty ~Th = [as + agcos@p]Adi + [az) Ad

Writing the linearized equations in matrix form:

ATy Hy Hp||Ad
_ (2.2)
AT Hyy HpllAg
where
Hll = a;+ 2(&36‘08(1?2,
ng = {9 -+ (LgC()SQ?Q,
Hop = ag + agcosgs,
HQQ = 9.

The details of the linearization are shown in Appendix A.
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2.1.2 Hydraulic Driving Unit

Each link has its own hydraulic driving unit. The main components of hydraulic
driving units are directional valves, connecting hoses, and cylinders (or motors). Di-
rectional control valves are usually located between the pump and actuators of a
hydraulic civeuit. The primary function of a directional control valve is to control the
direction of the flow to the actuator (i.e. in order to determine which actuator port
will be the inlet port). In other words, it is the directional control valve that is used
to cause the hydraulic cylinder to extend, retract, and stop.

The most widely used valves are the sliding valves (Johnson, 1973). They are
classified by the number of ways “flow” can enter and leave the valve, the number of
lands (number of lands on a spool vary from one, two, three, four and special valves
have as many as six lands), or the lap conditions. Lap conditions is the physical
relationship between spool metering lands and port openings. In this study sliding

valves are classified as:

e An open-center valve refers to an under-lapped conditions in which the lands
are slightly narrower than the porting area of the body or sleeve. When the
valve is centered, this arrangement allows for a constant flow of oil from the

pressure side of the pump to flow across the ports to the tank.

e A closed-center valve refers to zero-lapped or over-lapped conditions. The
over-lapped valve construction is not common in servo-valves because it create

a dead-zone and makes the valve unresponsive to small signals.

In some applications, the open-center valves are necessary to be used such as where the
valve is at the null position in a high temperature environment for extended periods
of time and a continuous flow is required to maintain reasonable fluid temperature.
Open-center valves arc required in a constant flow system (Merritt, 1967). The spool

can be shifted manually, pneumatically, hydraulically, mechanically or clectrically.
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One important method of actuating the spool is by means of an electrical solenoid or
torque motor.

Figure 2.1-b shows the schematic of the hydraulic driving unit using a closed-
center four-way valve operating from a constant pressure pump system. Figure 2.2-b
shows the schematic of the hydraulic driving unit using an open-center five-way valve
operating from a constant flow pump system.

Valve Dynamics
The nonlinear algebraic equations which describe the pressure-flow curves can be

represented as follows:

e for positive spool displacement X; > 0

Qn = K’lUXi\/ Ps — Pri
Qoi = KwXy/Ppi — P,

e for negative spool displacement X7 < (

Q[i - I('w)(,-\/ P],‘ - P,.
Qoi = KwX;/P, — Py

where I{ = cd\/% is the metering coefficient, w is the spool area gradient, X; is the
spool displacement ( proportional to the servo-valve input, U;)}, Qy; and Qo; are the
flow rates of the ith unit, Pj; and Pp; are the pressures of supply line and return line,
respectively and P; is the pump pressure.

Using a Taylor’s series expansion about the operating “zero spool displacemen-
t” and neglecting the higher order terms, we obtain the following linearized model

(Merritt, 1967):

Q]i = KU~ I{piPH
QOi = IGuUi + I{pz'POi (23)
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where K; and I(; are the flow gain and flow-pressure coefficients, respectively, The
numerical values of the coefficients I,; and I,; can be determined as follows:

PS”—PI

I{ui = Kw
KwX;

2 /2(P. = )
I = AP = Py — Po;

-

-Kpi =

where Py = Py, — Pp; is the load pressure.
Pipe Dynamics

The continuity equations for the ith servo-valve output ports are represented as:

CaPri = Qr — Ay = Qi = CiPri + Apas
CiQPbi = Apiti — Qoi = Qoi = *C'iQPbs + Apid; (2.4)

where Ay and Ap; are the piston effective areas, #; is the piston velocity, C; is the
hydraulic compliance of the system. The numerical values of C; can be determined

as follows:

- V' Volume of one champer including lines
B E f fective bulk modulus

I

Note that in the absence of entrapped air the effective bulk modulus is
210,000 psi. Thus, a small percentage of air in the hydraulic fluid can decrease
the effective bulk modulus substantially (for a 1000 psi pressure level, 3, would be
84,000 pst) (Merritt, 1967).

The joint displacement, ¢;, and piston displacement, z;, are related by geometrical
configuration. By considering small changes at certain angle ¢;, the following relation

holds:
da; = Ji(¢)dg (2.5)
‘The numerical value of J; can be evaluated as follows (see Figure 2.1-a ):
o= L+ L 2lacosq
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(Hg

dg;

Qlj—" = *2[,;3;@3‘7 2.(5;-
dt pitri STy
dl; . —lpilssing; ,
aw - v 2 2 %
dt ‘/lp-z‘ + 1% 4 2,08

Comparing this equation with Equation ( 2.5) we can obtain J;;:

i -——l,'l,xiS?:TZf?;
Jilq) = = "'.’9 -
\/lpz“ + 14° 4 21, c05G;

2.1.3 The Effective Actuating Force, F.i, and the Joint Torque, 7;

The relationship between the effective actuating force of the ith joint ,F.;, and the

ith joint torque |7}, is obtained by applying the principle of virtual work.
Tﬁql = Fei(SIL'i (26)
I; is related to the actuating force Fy; of the 7th cylinder as follows:

Fei = Fai - d'ii‘i - Fci
Foi = PrAp — Poido; (2.7)

By substituting Equations ( 2.5) and ( 2.7) into Equation ( 2.6), the joint torque at

¢; 1s obtained as follows:
Ty = [Fu — di; — F] Ji(gs) (2.8)

where d; is the viscous damping of the ith cylinder and F; is Coulomb friction of the

ith cylinder.

2.1.4 Transfer Function Representation

The transfer is defined as the ratio of the Laplace transform of the output variable
to the Laplace transform of the input variable. The transfer function from the servo-
valve input, U; (voltage or current), to the joint angle, ¢;, is obtained from Equations

(2.2) through ( 2.8). In the remaining text, all variables such as ¢; and 7 arc used to
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represent a small change near the corresponding reference point without the gradient,
A. Also, note that J; is used instead of J:{(g;).

The following relationship of Laplace transformation is obtained from combining
Equations ( 2.2), { 2.5) and ( 2.8).

Recalling Equation ( 2.2)

TI(S) _I:IMSQ ngSQ (]1(8) ji(ﬁ‘al — d.ISIL'l — Fcl)
Ty(s) Hyis® Hyos? || go(s) Jo(Fyg — dysay — Fuy)

and rearranging these equations by moving terms from the left side to the right side

we obtain:

1H1182+j12d;5‘ H1232 (11(8) JlFal(b)
Hy;s? Hoos® + jggdgs q2(5) ngag(S)
The above equation can be represented as follows:
H(s)q(s) = Fu(s) (2.9)
where
Hys® + j12diS Hygs? qi(s) J1Fu(s)
H(S) = ~ 2 Q(S) - ffl(s) = ~
H2182 H2232 -+ JQ (128 QQ(S) JQFGQ(S)

The actuating force, Fy(s), can be derived from the characteristics of the hydraulic
driving system by combining Equations ( 2.3), ( 2.4) and ( 2.7) (assuming that C;; =
Cip = Ci)i

(a): By equating ( 2.3) and ( 2.4) then, Py; and Pp; can be obtained

KU — K Pp = CiPp + Apg;
I(uiUi + KFpilei - —C,ﬁPlog + AOi"L:i

Solving for P and Pp;,

KU — Apsa; KU — Ansdigi(s)

Py =
! Cis + K, Cis + IKpi

15



— KU + Aoist;  ~KuUs + ApisJigi(s)
Cz'S + I(pg B CiS -+ I{pg

Fo; =
(b): Substituting Pj; and Pp; into Equations ( 2.7) yields

Fu(s) = [CuUi(s)(Ari + Aoi) — (Arn® + AoiD)sJii(s))  (2.10)

1
C,‘S + I{pg

Writing Equation ( 2.10) in a matrix form (after multiplying both sides by .J;),

Ku1{An+4o1)J)
Hagtiodh 0 Ui(s)
Fals) = Kua(Ara+Aoa)J:
0 ulc['z{slf(;z *11Ux(s)
w1{A2 2 jgs
K I(Cj;lq:_/;((::) 1 0 (]1(5)
Equation ( 2.10) then becomes:
Fuls) = A(s)U(s) — B(s)q(s) (2.11)
where
Kui(Ar +A01)J) 0
C‘]s—{—h’p]
A(s) = )
0 Kua(Ap+Aoa)ds
Cas+Kpa
Ui(s)
U(s) =
U2(S)
(A3 44500 0
Cls—l—f(pl
B(s) = 2 | vs?
0 (AFa AL, )02 s
Cgs-}—f(PQ
0(s)
qo(s) =
t2(s)
Substituting Equation ( 2.9) into Equation ( 2.11) gives
H(s)q(s) = A(s)U(s) — B(s)a(s)
or,
a(s) = [H(s)+ B(s)] 7 A(s)U(s) (2.12)
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By adding the two matrices H(s) and B(s) and multiplying them by A(s)U(s) gives

~" 2 2 2 372
9 & (11 1-{—.4 )Jl $ 2 -1
9'1(5) Hys* + Jy dis + Iclsﬁl’,,; Hiyas
- Hoy 52 Haps? + Jy dys + (latab)h’s
¢ s) 218 2287+ Jp (a8 + T
K1 (An+Ao1)h
Crs+Kp1 0 Ul(s)
Kua(Aa+Ag)da
0 —*—““—CQH-KPQ Ug(s)

The transfer function of a single link mechanism is given by the diagonal components
of Equation ( 2.12) as follows (this means that one joint is fixed which implies ¢; = 0
or gy = 0):

; ~ -1 ~
(Ajzri -+ AQOJJ?S] I{H;'(AH -+ AOi)Ji
CfgS + I(pg CfS + f(pg

Gi(s) = [Hiss® + J2dis + Ui(s)

¢i(s) Kui(Ari + Api)J;

bils) (Cis + K[ Huss? + J2dss + —(A%c"‘:i“?ffjjgs]
Ii(Ap + Aoy J;

(Cis + Kpi)[Hiss? + J2dis] + (A% + A3;)J2s

Then, the final form of the transfer function, G;(s), for a single link mechanism driven

by eclectrohydraulic servo-valve is:
IO Kui(As + Aoi) Ji
Ui(s)  HyCis® 4 (J2iC; + K Hy)s? + JHdiTp + A% + A%)s

Equation ( 2.13) is a third-order transfer function which may be used to describe the

(2.13)

Gi(s)

dynamics performance of a single link servo-mechanism arm {closed-center valve with
constant pressure pump). It should be noted that in the above analysis the servo-
valve dynamic response was assumed to be fast enough so that it’s delay effect can
be neglected. Previous study showed that the inclusion of servo-valve dynamics has
only a filtering effect on the pressure response and makes no different to the velocity
response (Watton, 1987).

However, for the case of heavy-duty manipulators ( open-center valve with con-
stant flow pump )}, the effect of the servo-valve cannot be ignored. Previous ex-

perimental study by Sepehri (1990), showed a first-order relationship between the
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servo-valve input and the corresponding spool displacement. This relation (transfer

function) can be represented by a first-order time lag as follows:

k
75+ 1

X
Ui

where % is the gain and 7 is the time constant. Then, the final form of the transfer

function for a single link heavy-duty arm including the valve dynamic is:

Gils) = — KulAri + Aoi) (2.14)
(L4 75) Hy,Cis% + (J2AiCi + K Hy)s® + JAd K + A2 + AL.)s

Equation ( 2.14) is a fourth-order transfer function which can be used to describe the
dynamics performance of a single link servo-mechanism of a heavy-duty manipulators.

Inspecting Equations ( 2.13) and ( 2.14) shows that the valve coeflicients I(,; and
I,; are extremely important in determining stability, frequency response, and other

dynamic characteristics;

e The flow gain coefficient, I;, directly affects the open-loop gain constant of

the system, thus, it has a direct influence on the system stability.

e The flow-pressure coefficient, I{,;, directly affects the damping ratio thus, can

be used to determine the response shape of the system.
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2.2 System Analysis

In the design of a control system, one must be able to predict the dynamic be-
havior of the system, whose components are known. The relative stability and the
transient response of a closed-loop system are directly related to the location of the
roots of the characteristic equation. It is necessary to adjust one or more system
parameters in order to obtain suitable root locations. Therefore, it is worthwhile
to determine how the roots of the characteristic equation of a given system migrate
about the @ — § plane or the s— plane, as the parameters are varied. The parameter
plane method will be used for the third-order system analysis, and root locus method

will be used for the fourth-order system analysis.

2.2.1 Parameter Plane Analysis of Third-order Systems

The transfer function of the third-order system under consideration is represented by

the following general form (see Figure 2.3)

(i3
G(s) = 2.15
(s) s(s? + a1s + as) (2.15)
Writing Equation ( 2.13) in the form of Equation { 2.15) gives
Kyi(Ari+Aoi)J;
Gls) = (J2diCit K. .H“H)-'-'C’-' ST+ AL A, (2.16)
3[32 4 A IH:,-,-C,-W g 4 i 1};\-;6‘? Qi ]
Equating Equations ( 2.16) and ( 2.15) we obtain the following parameters.
(ff(l,-Ci + I(ng;;)
4y =
1 _ HG
JHA I + AY 4+ A,)
as =
? HiC;
. Kui(An + Api)J;
3
’ HyC
Normalizing Equation { 2.15) gives Equation ( 2.17)
G(s) = 1/s1(s3 + as) + ) (2.17)
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where

s1=s/ aé/ ’ is the new operator of Laplace transformation
a=ua/ (Lé/ ’ is an adjusted parameter

g =ay/ ag/ 3 is an adjusted parameter

a;lg/ 3 is the normalized time.

ag is the time scale of the response of Equation ( 2.17), while o and 3 are parameters
that determine the shape of response.
The unity closed-loop transfer function of Equation (2.16) is
2

a3 _ oW, (2.18)
s(s? +a1s +as) +ag (s + o) (8?4 20w, s + i) |

G(s) =

where ¢ and w, are the real root and natural frequency, respectively (ow? = az).

They are normalized as follows:

- g -, w?l
F = —— o, =

1/3 n 1/3

(Lg/ (l3/

Then, « and f§ are related to ¢ and «, by the following equations (Hanafusa and

Asada, 1980):

a = —1—(2w3C+1)
¥
B o= —(wl+20) (2.19)

n

Siljak (1969) described a design procedure of a third-order system by using the o —
f diagram (Parameter plane method). This method implies such a mapping for
the characteristic curves of the system (constant ¢, of, and &) on the o — 3 plane.
Figure 2.4 represents the characteristic curves of the system under consideration. By
observing the step responses for the specified values of o and 3 which are related to
a,w, and ¢ as seen in Equation (2.19), the roots of the characteristic equation can be

determined at any desired response. The unit-step response, c(t), of Equation (2.18)

can be calculated from the following Equation:
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u(s)

(a) Open- loop for third order system

|
St (2 +aS+B)

q s

{.(s)

{(b) Closed-loop for third order system: "unity feedback".

Figure 2.3: Open and closed-loop of third-order system

ot) = 1~ Are” + Age™ sinf(wn/1 — )t + 9]

where the constants A;, Ay and ¢ are dependent on « and 3. It is clear that, the
nature of the response depends inherently upon the values of ¢, w, and ¢. The
philosophy of system design is to establish a simple correlation between the system
parameters and the characteristic roots so that the roots may be set at desired lo-
cations by adjusting the system parameters. The parameter plane method is also
useful in guiding the computer simulation in finding the system elements and param-

eters that will result in the desired system performance characteristic. Now, we can
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{a) S -Plane (b) Parameter Plane

V / | ,/ zf_::-— &1
/ /
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o ———

(c) Sample transient responses for third order system.

Figure 2.4: Parameter plane curves of third-order system
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conclude that, the parameter plane techniques provide information about the effects
on the system overall behavior of changing the operating conditions and parameters.
Therefore, it can be used not only for system stability analysis but also as a design
tool in cases where the specifications of the system performance are given in either
the time or the frequency domain. For the robot arm shown in Figure 2.1, whose
parameters are listed in Appendix B, the corresponding a and /3 were found to be

a = 0.45 and § = 5.0.

2.2.2 Root Locus Analysis of Fourth-order Systems

The root locus technique is another graphical method of determining the location of
the roots of the characteristic equation as function of a parameter. The root locus,
therefore, provides information not only for the absolute stability of the system but
also for its degree of stability. If the system .is unstable or has an unacceptable
transient response, the root locus method indicates a possible way to improve the
response. The root locus technique is recommended for analyzing high order systems.

The open-loop transfer function for the system shown in Figure 2.5-b, is repre-

sented as follows:

Z(s) K
P(s)  s(s+ %)(32 +ays + ag)

where I = kag /7. There are four poles; two real and two complex:

2
51,2 = _%l—iJVQQ—% = —erz:’:jwn\/l_CQ

83——-0

S4 = -

where

wn:\/@
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The root locus plot is shown in Figure 2.6.

U(s) k X aj qals)
1+t S " 2 -
S (8"+ais +az)
(a) Open- loop for fourth-order system
R(s) + k _ as q (s _
O 1+t 8 - 2 -
3 S (s"+ai1s +a2)

(b) Closed- loop (unity feedback) for fourth-order system

Figure 2.5: Open and closed loop of fourth-order system
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Figure 2.6: Root locus for the fourth-order system system (without compensation)
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CHAPTER 3

HYDRAULIC ROBOT OPERATING FROM A

CONSTANT PRESSURE

In this chapter, we will study the performance of the two degree-of-freedom robot
which is shown in Figure 2.1. The mathematical model of this robot was developed
in the previous chapter. We consider the robot as a light-duty robot arm using closed-
center valves (zero-lapped conditions) operating from a constant supply pressure. The
physical parameters of the robot have been chosen to resemble the hydraulic robot
which is used in Kyoto University (Hanafusa and Asada, 1983) and they are listed
in Appendix B. Three different control strategies will be discussed as applied to this
model; actuating force feedback control, non-interaction control and load-insensitive
control. The objective is to control the joint angles with faster response and less
oscillation. Also the effect of the interaction between the linkage and loading will be

considered

3.1 Feedback Compensation of Third-order Systems

The dynamic performance of the robot arm (under consideration) is described by
a third-order and first type system. In general, velocity and acceleration feedback
compensation are employed to control a third order system (Ogata, 1990). Whether
to use velocity, acceleration or both as a feedback signal depends on the structure
of the system. The system shown in Figure 3.1 is a third order system, in addition
to proportional control, velocity and acceleration are used as feedback signals. The

inclusion of velocity and acceleration feedback allows the parameters of the system
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to be adjusted from {ay, s, a3,«, and B} to {af, a5, a5, 0™ and 3}, which will be
examined in the following sections.
3.1.1 Velocity Feedback Compensation

When velocity feedback G = ks is applied, the sct of system parameters change as

follows:

a) = ay, ay = as + azk,, a3 = ag,

* F] 2/3 2/3
o =, g = ag/a3/ + (agh,) /a3,
Therefore, § increases while o does not change.

B = B + (agky)/ad’® (3.1)

3.1.2 Acceleration Feedback Compensation

When acceleration feedback Gy = k,s? is applied, the set of system parameters change

as follows;

O'; = a1 + (Lgka, a§ = {9, (l; = asg,

‘_ 1/3 . 1/3 . _
a = (Ll/(i'3 + (GBAQ)/("B 3 ﬁ — 46
Therefore, o increases while # does not change.

o = o + (aska)/ai® (3.2)

3.1.3 Velocity & Acceleration Feedback Compensation

When both velocity and acceleration feedback ,Gy = kys + k,s%, are applied, the set

of system parameters change as follows:
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U(s) + + (s
9 —0O—0— 8 :
-+ 1 S ($“+a18 +a2)
kv.S
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ka.S
U (s) 1 qs)
e r——— 3
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Figure 3.1: Velocity and acceleration feedback compensation
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a) = a1 + asgk,, iy = as + ask,, , ay = ag,

o =a + ((Lgka)/(té/:;, 8 =0+ ((L3k71,)/(t.§/3.
Therefore, o and 3 have increased.

o = o+ ((.',3;%:&)/0;;)/:i

B = B+ (asky) fa5"” (3.3)

The effects of velocity and acceleration feedback compensation are shown in Figure

3.2-a. Two different cases are considered as:

e When 5 is much larger than «, {§ > «) in the original system (as represented by
point A in Figure 3.2), the effect of acceleration feedback increases ¢. Therefore,
stability and damping are improved. The velocity feedback has no effects on

the improvement in this case.

e When « is much larger than g, (o > ), for different system parameters as
represented by point B in Figure 3.2, the effects of the feedback compensation

are opposite to the previous case.

The response time can be determined by adjusting the gain constant as. Increas-
ing az further, decrease a and f simultaneously and the system approaches unstable
region. Knowing the parameters of the system, the nature of the feedback signal
can be determined for a desired system response. In regards to the robot arm under
consideration at which o = 0.45 and § = 5.0 (§ > «a) acceleration will be used as

feedback signal.
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(b} Sample transient responses for third order system.

Figure 3.2: Parameter plane and effect of velocity and acceleration feedback
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3.2 Single-link Position Control

3.2.1 Closed-loop System with Actuating Force Feedback

In practical applications, actuating force feedback is used for electrohydraulic servo-
mechanisins instead of acceleration feedback. The actuating force is determined by
measuring the pressures on both sides of the piston. However, the pressure feedback
causes static control error due to a static disturbance force. It is thus necessary to
insert a high pass filter in the feedback loop in order to eliminate the feedback of
steady state force differences (Welch, 1962). Referring to Figure 3.3-c, the actuating
force Iy; of Equation ( 2.7) is used as a feedback signal. The input to the servo-valve

changes from U; to U;:

I\,pf;TfiS

IJI>< = Ui ai
1 —|—Tf,'8

2

(3.4)

where I{,y; is the gain constant of actuating force feedback loop, and T; 15 the time
constant of the high pass filter. By recalling Equation (2.10) and replacing U; by U7,

the driving force of the piston is obtained as follows

1 ) .
Fa(s) = Cos + I [KoiUT (Ap + Aoi) — (A% + A5)sJigi(s)]
i pi
1 K, 1iThis
. F U 1. . . — . . N2pfilfi8
Fu(s) = Gt K [KuilUi(As + Aoi) —Ku(Ar + Aoi) a5 Fy;

—(A% + AQO:‘)SJE%(S)]

Solving for F,;(s)

1 . -
s Kl Ar + Aoi)Us — (A7 + A%)sJigi(s)]

Cis + Kpi + Kui(Ars + Aoi) 512

Faj(S) =

Fails) (KuiUd( A + Aoy — (A2 + A2)sJiqi(s)] (3.5)

C;‘S + f j‘);l
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This result shows that the effect of the actuating force feedback is represented by

- 3 o 7 T
replacing I{,; by I
where

Ku(An + Aoi)Tyis
1+ ngS

K

pi = f&]’i + I&Pf?'
The control input becomes as follows:

Uf = Ui— KyuF:

i ai

Ui* = k}J(Qi.des - Qf.ac!) - I(pfiF;

where F; is the output of high pass filter (H.P.F.).

3.2.2 Simulation Results

(3.7)

(3.8)

A unit-step input is used as a test signal for the simulation program which simulates

the joints motion of the robot shown in Figure 2.1. Link "one” is commanded to

move from the reference position ¢, = 90° to the desired position ¢ = 99° while, ¢o

is fixed at gy = —45°.

o Results of using only proportional control (without actuating force feedback)

Figures 3.4 through 3.9 show the simulation results using proportional control.
Figure 3.4, represents the step responses of ¢ for different values of gain.
Clearly, the proportional control affects the response time of the system, in the
manner of high gain reduces response time. However, as a result of increasing
the gain constant of the system, the system response becomes more oscillatory
and requires more settling time. From this figure the desired response time can
be determined by selecting appropriate proportional gain. Figure 3.5 shows
the control input of the system for the desired gain, (k,; = 0.02), and the signal
of actuating force feedback. From this figure (only using proportional control),

the gain of the actuating force is adjusted in order to be used for improving the
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response. IFigures 3.6 and 3.7 represent the actuating force of the hydraulic
actuator and the pressures in both lines, respectively. Effect of loading and
compliance of the hydraulic system on the system response are shown in Figures
3.8 and 3.9, respectively. In both figurcs, the unit-step response of ¢; becomes

oscillatory and requires more settling time (&, = 0.02).

Results of using proportional control and actuating force feedback

Figures 3.10 through 3.15 show the simulation results using proportional con-
trol and actuating force feedback. Figure 3.10 shows the improvement of step
response of ¢ previously shown in Figure 3.4 (k, = 0.02). The effect of the
actuating force changes with the actuating frequency, thus, the actuating force
feedback gain, I,s; is determined by observing the step responses at which the
response of Figure 3.4 becomes without overshoots and without oscillations.
When the inertia load is increased, the result shows overshoots and increased
settling time. Therefore, it is necessary to compensate for the disturbance due
to the expected load increase with an adjusted K,z as shown in Figure 3.14.
In this experiment /5 = 0.6 x 1077 and 7} = 1.0. Referring to Figure 3.12,
the actuating force required to hold the robot in this configuration is very small

(57.75 N).
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(c) Closed-loop system with actuating force feedback

Figure 3.3: Closed-loop system with actuating force feedback
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3.3 Multi-link Position Control

3.3.1 Compensation For Interaction Between Two Link Motions

Many control systems have multiple inputs and multiple outputs. It is often desired
that changes in one reference input affect only one output. If such non-interaction or
uncoupling can be achieved, then there is no interaction between the outputs. The
closed-loop transfer matrix must be a diagonal one for non-interaction control as seen

in Equation ( 3.9).

ai(s) Ui(s)
=G(s
QQ(S) UQ(S)
G;}(S) 0
G(s) = (3.9)
0 GQQ(S)

‘The compensation for interaction of multi-link motions (two link motions in our
simulation) is applied after the individual servo system is improved as a single-link

mechanism. Recall Equation ( 2.11) where the actuating force is represented,

where
Kui(An+Ao1)h 0
A(S) _ Crs+In )
0 Kus(Ara+A402)Jd2
Cas+Ipa
Ur(s)
U(s) =
Us{s
(/1122[(i -1—)}12521 AL 0
B(S) - C;S—{*I(Fi ) . »
0 (A, +4%,)J2 s
T Chst i
q1(s)
¢(s) =
¢(s)
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It was previously shown that using the filtered actuated force, F;, as a feedback signal
improved the individual joint response, which means the flow-pressure coefficient has

changed from K,; to I(; defined as:
Kui(An + Aoi)Tyis

K
1 + Tf,‘S

m

= I + K,p
Now, the actuating force is represented as follows instead of Equation ( 2.11).
Fals) = A%(s)U(s) = B™(s)a(s) (3.10)

By applying the actuating force for non-interaction control, the input to the servo

valve is changed from U; to U; defined as:
Uis) = U(s) — K{(s)Fuls) (3.11)

where
Kj(s) is the transfer matrix of the actuating force feedback loop. By substituting

U(s) instead of U(s) in Equation ( 3.10) the actuating force becomes as follow

Fai(s) = A*(8)U(s) — A™(8)K{(8)Fa(s) — B*(s)q(s)

Fai(s) = [T + A™(s)K ()] [A*(5)U(s) = B*(s)a(s)] (3.12)
Substitution in Equation ( 2.9) gives

[+ A™(s) Ky ()| H(s)q(s) = [A™(s)U(s) — B™(s)a(s)]
With these changes the equation of motion becomes as:

a(s) = [H(s) + A (s)I;(s)H(s) + B(s)] " A™(s)U(s) (3.13)

The non-interaction of the equation of motion can be achieved by making the coef-

ficient matrix of Equation (3.13) a diagonal one by determining right elements for
I (s)
W) = [Hos)+ B )] A(s)U(s) (3.14)
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where Hy(s) is the desired diagonal matrix which has the same elements as H{s).

Equating Equations { 3.13) and (3.14) yields

Ky(s) = A7 (s)[Hals) — H(s)|H'(s). (3.15)
where
Cls+I(;1 0
w1 _ Kui{An+A4o1 A
AT (s) = . Cast K2,

Kuz(Arz+A02) 02

0 H1232
Hy(s) — H(s) =
H2152 0
Hggsg—i—jQQd')S —h’;gsz
A A
H(s) = R
_}{2152 Hus* 4+ dys
A A

A is the determinant of matrix H(s)

24 4 ~ 2 = 2 3 -~ 2 ~ 2 9
A= (HlngQ - fIm)S + (HHJQ (Ig -+ HQQJ} (ll)S + (J} (ll.Jg dg)s

C'ls+1(*1 _ G O H 952 H7'132+j22([')$ ~ngsg
K(s) = | oCnTaond 2 A A
I 0 C,'?S-{-I\};z ,. }I 8‘2 O —Hays* hr;;s?-|-j12d15
Kya({Apa+Age)Jz 21 A a
Crs+IC, 0 —HZ, st Hyps?(Hyus?+Jy dys)
K(s) = Kuy(An+A01)01 A A
S 0 Costiy, || Hips®(Haps? 4o dys) —I3,st
Kua(Arz+Ao2))2 A A
L CistER CistKy  Hips?(Hiis®+di dis)
K (S) . Ku{Ant+tAo )1 A Ku(An+4oe1)h A
7 Cast K, Hyzs?(Haps? 12" das) _ Cost i, Hyst
I&'“g(/{jg—l—Aog)Lfg A Iqu(AI2+AOE)j2 a

The exact numerical value of each element of K{f(s) can be found from the above
equation. As a first approximation (Hanafusa, 1980), one must consider the first two

terms of each element. Therefore, cach element of K((s) is represented as follows:

I{fn = Cllfljs—l_cllfi

Krin = ciops + cay
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K = cops +cayp

Kypon = oo15,5 + 022,

Finally, the control input to the servovalves are:

(0}

kpl(ql.des - q%.act) - I\,ple(:l "I(f;i I{flg

jQFal
) } (3.16)
‘ZFai

kp?(@'?.des - (J'?.aci) "' I(pf?. :2 I{f'zl —'I(fgg
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3.3.2 Simulation Results

A unit-step input is used as a test signal for the simulation program which simulates

the joints motion of the robot in Figure 2.1. Joint one, q;, was commanded to move

from the reference position ¢; = 90° to the desired position ¢; = 99° and joint two, gs,

was commanded to move from the reference position ¢ = —45° to the desired position

q2 = —35°. Non-interactive control was implemented after having the response of each

link improved as a single link servo-mechanism by using actuating force feedback. In

this section we study the performance of moving both joint at the same time.

o Results of without non-interactive control

Figures 3.16 and 3.17, represent the unit-step response of ¢; of and ¢, respec-
tively. Clearly, link one was less influenced by the interaction forces than was

link two.

Results of with non-interactive control

Figures 3.18 and 3.19, represent the step response of ¢ and ¢, respectively.
Response of joint one has improved and is more stable than the response of joint
two. The reason for this behavior is believed to be due to the fact that similar
servo-valve configurations are used for both links. Therefore, for the interaction
forces it is important to know the exact system parameters. Loading the system
with three times the inertia for the same gains (non-interaction control) not only
intensifies the interaction forces but also creates a steady state force disturbance

as shown in Figures 3.20 and 3.21.
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3.4 Load-insensitive Control

3.4.1 Construction of Load-insensitive System Control

In the joint motion control of an articulated robot arm, it is necessary to compensate
for the changes of moment of inertia and gravity loading due to the joint angles
and load condition. Also, for accurate control, the interaction among multiple link
motions has to be reduced. All of the above-mentioned effects appear as a disturbance
at the actuating force for the individual cylinder. Therefore, the degrading effects on
performance can be reduced by applying the proper feedback of the actuating force.

From Equations ( 3.17) and { 3.18) which represent the equation of motion and
the actuating force of a single link mechanism, respectively, the original system is

constructed as shown by solid lines in Figure 3.22-a.

J;
gi{s) = —————=—Fu(s 3.17
( ) H5552+Ji2(li5 ( ) ( )
1 .
Fyi = K Ui(An + Api) — (A% + Aoi®)s Jig; 18
(s) C’;3+Kp;[ Ui(Ani + Aoi) — (A" + Aoi”)sJigi(s)] (3.18)

A compensation circuit is introduced which is shown in Figure 3.22-a by broken
lines, where r is an adjusting coefficient smaller than unity. The final block diagram
with unity feedback is shown in Figure 3.22-b. From this construction, the load
effect can be reduced and the resultant system approach the first order system when
r approaches unity. This compensation is essentially based on the idea of load in-
sensitive system construction. However, if the parameters Iy;, Ky, A, Ao and C;
are not exact (over estimated), the inner feedback loop might result in the equivalent
cifect of a positive feedback, which would make the system unstable. The adjusting
parameter, 7 is employed to insure a local negative feedback cffect.

Now, the control input becomes as follows:

- . ?‘(C’iS + I(,g)
Ug = U’ + ! E”' 3.19
Y Ku(An 4 Aos) (3.19)
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where

% I(pfingS
i 13 1+Tf;5 at

3.4.2 Simulation Results

In this experiment the robot was loaded (five times inertia load) and both joints
were commanded to move at the same time from the reference position ¢; = 90° to
the desired position ¢; = 99° and joint two, ¢o, was commanded to move from the
reference position ¢y = —45° to the desired position ¢ = —35°.

Figures 3.23 and 3.24 represent the step responses for ¢, and ¢y, respectively,
without load-insensitive compensation (r=0). The effect of increasing the inertia
load is a response with overshoots and increased settling time. Figures 3.25 and
3.26 represent the step responses for ¢ and ¢, respectively, with load-insensitive
compensation (r=0.8). The responses are remarkably improved with load-insensitive
system compensation. The system’s degree of sensitivity was adjusted by varying the
value of the coefficient 7 within a range of (0 < » < 1). The more expected load, the
higher value of 7 should be used in the force feedback gain to handle (compensate for)
the effect of disturbance forces. Simulation results confirmed that this method (load-

insensitive system compensation) is cffective in all cases, even if system parameters

are not exactly identified.
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CHAPTER 4

HYDRAULIC ROBOT OPERATING FROM A

CONSTANT FLOW

In the previous chapter we studied the performance of a typical robot operating
from a constant pressure. In this chapter we extend our study to a different class of
hydraulic manipulators that are operating from a constant flow pump system. This
type of operating system is mainly used for outdoor heavy-duty machines such as
excavators shown in Figure 2.2-a. The use of a constant flow pump system implies
that a new type of valve (open-center valve) must be used. The necessity of using
this type of valve is incurred by the need to maintain reasonable fluid temperature
and continuous flow when the valve is at null position for extended periods of time.
As was mentioned carlier, the performance of such model is described by a fourth-
order system. In this study only the motion of boom and stick of an excavator
are considered. The parameters are given in Appendix B. The actual system has a
dead-band in the servo-valves input. (either from the torque motor or a zener diode)
that makes the system unresponsive within a range (0 — 0.3) volt. There are also
dead-bands on the orifices {over-lapped conditions) of the servo-valves,

In this chapter we analyze the effect of velocity and acceleration feedback on the
performance of fourth order systems. Delay in the spool displacement, dead-band on
the servo-valve input and over-lapped conditions are examined with simple closed-

loop control.



4.1 Feedback Compensation of Fourth-order Systems

We have seen for a third-order and first type system that the effect of the real
pole, ¢ on the unit-step response reduces the maximum overshoot and increases the
settling time. In the fourth order system, the situation is different because the original
system (without compensation) has two real and two complex roots, see Figure 4.1,
The effects of velocity and acceleration feedback are described as follows:

Velocity feedback adds o zero to the transfer function. Acceleration and velocity
feedback adds two zeros to the transfer function which could be real or complex.

By adding zeros to the transfer function of the system, the contribution of some
poles to the overall dynamic behavior of the system is limited (Ogata, 1990). The

following factors must be considered:

1. if there is a pole close to zero, then the residue, at this pole, is small and the
coefficient of the transient response term corresponding to this pole becomes

small.
2. a pole and zero closely located will effectively cancel each other.

3. in the case where a pole is located far from the origin, the residue at this pole
may be small. The transient response corresponding to such a pole is small and

will last a short time.

4.1.1 Velocity Feedback Control

Velocity feedback action is represented by adding a zero to the transfer function of the
system. The system type does not change (first type system) and there is no steady-
state error due to the unit-step input. Error due to the unit-ramp input increases

with velocity feedback. Referring to Figure 4.1-b, the steady-state error due to the



R(s) k as qe)
I+ 8 s (s’+ais +az)

7
N
3

{a) Open-loop of afourth -order system

R(s) + k a; qs)
X 1+ 8 S (s?+ais +az)

|
O
|

{b) Closed- loop (unity feedback) of a fourth -order system

Figure 4.1: Open-loop and closed-loop (unity feedback) of fourth-order system

unit-ramp input is e,, = T When velocity feedback is added as shown in Figure

4.2, the steady state error to unit-ramp input is e;, = & k(‘:s"' .

Thus, the effect of adding a zero to the system increases the steady-state ervor
and therefore, zero location must be selected carcfully. The initial location of poles
was found in Chapter 2 for the original system see Figure 2.6.

Referring to Figure 4.2, the open-loop transfer function of the system is

KZ(S) _ K(s+ f)
P(s)  s(s+1)(s®+ais+a2)

where I = 95 j5 the parameter of interest. There are one zero and four roles, two
T ¥

o6



real and two complex located at

1
Zl = “*'AT‘
a . a,? . .
512 = “?1:':] (‘5‘2_%:—*Cwnijwn\f1—<2
83 = 0
1
54 = ——
T
where
Wy = Jlg
— _g
N

The root locus plot is shown in Figure 4.3 for two different values of k,

(ky <1, ky > 7).

R(s) + k dy it ¢
—Q—0— 3 ]
Y Y S(S+I/'c)(s2+81$ +az)
kv$§

Closed- loop (velocity feedback) for fourth order system

Figure 4.2: Closed-loop system with velocity feedback compensation
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4.1.2 Velocity & Acceleration Feedback Control

Velocity and acceleration feedback action is represented by adding two zeros (that
can be real or complex) to the transfer function of the system. The system type does
not change (first type system) and there is no steady-state error due to the unit-step
input. The nature of the two zeros due to velocity and acceleration feedback depends

on the values of k, and k,, and it can be clarified as follows:
o Two real zeros

. 5 Ky 1
kas” + kps + 1 = ko(s® + it

If &, > 2v/k, we have two real zeros at

e Two complex zeros

If &, < 2y/k, we have two complex zeros at

k, > 4
Z19 = — + (=) — —
= oo TG T,

Referring to Figure 4.4, the open-loop transfer function of the system is

Z(s) K(s% + %:s + i)

K =
P(s)  s(s+1)(s2+ a5+ a2)

where i = ﬁy—}"—“ is the parameter of interest
There are two real zeros and four poles, two real and two complex poles, located

as follows:

k, k, 2 4
21’2 = ——Qkai. (E) —ﬁ.,_a
2

S12 = —(;—iij ag—%:—gwnﬁ:jwn\/l—cz
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83:0

where

Wy = /2

(= 3%
2./ az

Adding two zeros to the system, cither reals or complex (with negative real parts)
the system must be stable for all values of K. Root locus plot for the case of both

zeros are reals is shown in Figure 4.5.

R(s} + . k dsi a6 &
———a()-ﬂmﬂ.} >
R4 S(8+1/1) (824815 +a2)
2
kv S+ka S

Closed- loop {velocity+ acceleration feedback) for fourth order system

Figure 4.4: Closed-loop system with velocity and acceleration feedback
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61




4.2 Case Studies

In the remaining chapter we study the performance of a two degree-of-freedom
heavy-duty robot arm similar to the one shown in Figure 2.2, Four different models

are studied:

e Model I: without delay in the spool displacement, without dead-band in the

control input and zero-lapped valve.

e Model II: with delay in the spool displacement, without dead-band in the control

input and zero-lapped valve.

e Model IIf: with delay in the spool displacement, with dead-band in the control

input and zero-lapped valve.

e Model IV: with delay in the spool displacement, with dead-band in the control

input and over-lapped valve.

The reasons for considering these models are; firstly, orifice dead-bands are part of the
control design. Therefore, in order to observe the effects of using velocity feedback,
the over-lapped condition must be removed. Secondly, there is a size relationship
between dead-band in the servo-valve input (voltage) and the lap conditions. Results
and discussion of each model will be shown separately. Previous study by Gulillon
(1961) showed that the over-lapped valve is often used to improve the stability of the

equipment that is connected to it, this improvement is made at the cost of accuracy.

4.2.1 Simulation Results of Model I

Model I is basically a third-order system controlled by a simple position feedback.
Both links were commanded to move from a reference position to a desired position as
shown on the plots. Figures 4.6 and 4.7 show the step responses of boom and stick

at low gain k, = 5, and Figures 4.8 and 4.9 show the responses of boom and stick
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at high gain £, = 10 . The variation of line pressures as well as the pump pressure is
shown in Figures 4.10 and 4.11. The spool displacements for both valves are shown
in Figures 4.12 and 4.13.

Referring to Figure 4.8, a steady state error is observed in the hoom up-motion.
This result is different from our finding in Chapter 3 (Figure 3.4) where the step
response of a third-order system operating from a constant pressure exhibited a zero
steady-state error. The steady-state error, in this case, is due to the utilization
of different valving system (open-center valve). Referring to the schematic of the
hydraulic driving unit with open-center valve, see Figure 2.2, this type of valving
system allows the fluid flow to return to the tank {or to other coupled valves) when
the spool is at a neutral position. When the spool is displaced to the right or to
the left, the input/output orifices (a;, «@,) start to open, while a, starts to close,
restricting the constant flow. This results in a rise in the pump pressure, which
will produce motion of the corresponding link. As the boom approaches the desired
position, a; and a, start to close and «, starts to open. The main pressure decreases
until it reaches a valﬁe less than the pressure in the input line, which stops the motion
leaving steady-state error.

The interaction effect is shown in Figures 4.14 and 4.15 for both links boom and
stick, respectively. Referring to Figures 4.8, 4.9, 4.10, and 4.11, one can conclude
qualitatively that Model I is performing at low frequency and high damping (o > ).

This implies that velocity feedback can be used to improve the system’s stability.
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4.2.2 Simulation Results of Model 11

Model IT is basically a fourth-order system controlled by first, proportional control and
second, proportional and velocity feedback compensation that are used in controlling
the joint motion of boom and stick. Both links were commanded to move at the same
time from a reference position to a desired position as shown on the plots. Unit-step
mput and wit-ramp input are used as test signals in the simulation program.
Results of only using proportional control are shown in Figures 4.18 and 4.19
for both joints. From these plots, the effect of the first-order lag time in the spool
displacement resulted in a response with steady state error and overshoot. Results of
adding velocity feedback, where &, = 2 was chosen within a range of &, > 7 to keep the
root locus of the real poles always on the real axis are shown in Figures 4.26 and 4.27
for both joints, respectively. Velocity feedback compensation is effective when &, > 7,
because the contribution of the real poles was damping the system response. These
results agreed with the root locus analysis. Ramp input responses indicate that, when
the joints are driven at constant velocities they are affected differently by the gravity

load and the interaction forces (the second link is more stable than the first link).
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4.2.3 Simulation Results of Model 111

Model IIT is a fourth-order system that is different from model II, it has dead-bands
in the servo-valves input ( the system does not respond within a certain region).
Proportional and velocity feedback compensation are used in controlling the joint
motion of boom and stick. Both links were commanded to move at the same time
from a reference position to a desired position as shown on the plots. Unit-step input
was used as a test signal in the simulation program.

Results when only the proportional control is used are shown in Figures 4.38 and
4.39 for both joints. Results of adding velocity feedback, where k, = 2 was chosen
within a range of k, > 7 to keep the root locus of the real poles always on the real
axis, shown in Figures 4.40 and 4.41 for hoth joints. The effect of dead-bands on the
control input made the system unresponsive within a range of (0 — 0.3) volt shown
in Figures 4.42 and 4.43 for both joints, respectively. Comparing these results with
results of model II, it is observed that system with dead-bands in the control inputs

required higher gain than the one without such dead-bands.
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4,2.4 Simulation Results of Model IV

Model IV is a fourth-order system. This model is different from model III in that,
it has dead-bands in the orifices duc to the over-lapped valve. There is a 0.3 volt
dead-band in the servo-valve input and 0.18 inches over-lapping in the orifices. Fun-
damentally, the function of orifice’s dead-band is to close the fluid flow through the
corresponding line in which more force can be held by the hydraulic actuator. This
force may be used to compensate for error caused by dead-band of the servo valve
input and to improve the stability of the joint motion (eliminate the oscillation caused
by the interaction forces and load condition).

Proportional control is applied to control the join motion of the boom and stick.
Both links were commanded to move at the same time from a reference position to
a desired position as shown on the plots. Unit-step input and unit-ramp input are
used as test signals in the siinulation program. Results were obtained for the actual
values of the dead-bands in the servo-valves input and orifices. From the results of
this model, we may conclude that dead-bands in the control input (servo-valve input)
have caused steady-state error. This error can be eliminated by using over-lapped
conditions. Also, these results have shown that dead-band in the servo-valve input
and the over-lap magnitude in the actual design should be designed carefully, see
Figures 4.52 and 4.53 which show the spool displacement of both valves. In the
case of over-sizing thesc values (volt dead-band and over-lap) they may lead to a tool

damage.
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CHAPTER 5

EXPERIMENT WITH UNIMATE ROBOT

In this chapter some experimental results are shown. The experiments were per-
formed on a Unimate MK II hydraulic robot which is shown in Figure 5.1. The
Unimate robot is a five degree-of-freedom manipulator. The main axes are powered
by electrohydraulic servo-valves and pneumatic for the end—cffector; The original
boards of the control system have been removed from the machine. The aim is to
establish a platform for testing modern data acquisition and control technicues on an
existing industrial manipulator.

The robot operates from a constant pressure pump system. The experimental
test station consists of servo-valves to control the joint motion, encoders to feedback
the actual joint angles and a computer that determines the control action. The servo-
valves regulate fluid flow to and from hydraulic cylinders proportionally to the control
input (current). The digital-to-analog (D-to-A) card allows the computer to output
a value of current proportional to the voltage.

Experimental results obtained for the main axes (swing , up/down and in/out),
using only proportional control with different gains are plotted. The objective was
to compare these results with those found through simulations and to validate the
simulation models developed in this study.

Figures 5.2, 5.4 and 5.6 show the step responses of the swing joint, the up/down
joint and the in/out joint, respectively. These figures show that a steady state error
was observed. This error is due to dead-bands in the orifices (over-lapped valve).
Also, increases in the proportional gain reduces the response time. These results are

similar to our simulation results in Figure 3.4. From Figure 5.4, it can be secen by
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considering the responses with high and low inertia for the same gain (k, = 8.5), that
high inertia produces higher oscillations. This result agreed with the trend shown in
Figure 3.8. Figures 5.3, 5.5 and 5.7 show the control input to the servo-valves which

controlled the above mentioned joints.
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CHAPTER 6

CONCLUSIONS

6.1 Achievements

In this thesis, some aspects of position control in two classes of hydraulically-
actuated manipulators were studied. The first class of manipulators operate from a
constant pressure pump system and are controlled by fast response electro-hydraulic
servo-valves (closed-center valves). The second class of manipulators operate from a
constant flow pump system and are controlled by slow response open-center valves.
Mathematical models were derived and simulation programs were written using the
C programming language. Parameters of the models such as supply pressure, actua-
tors sizes and valves conditions were carefully determined to match the available data.
The accuracy of the simulation models were qualitatively verified with the experimen-
tal data obtained from a hydraulically-actuated robot test station as well as other
available literature. Once the confidence on the simulation models was established,
they were used to study and compare different control strategies.

For the first class of manipulators, it was found that the actuation force feedback
compensation is a suitable method for controlling the joint motion of a single-link
servomechanism. Non-interactive compensation was found to be a suitable method
for controlling the joint motion of multi-link servomechanisms. This method was
more effective in reducing the interaction forces when system parameters were known
exactly. However, the controller did not perform well in the case of excessive loading,.
The load-insensitive control method was found to be the most promising method

for controlling the joint motions. The effect of both interaction and loading were
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handled within a very simple algorithm. The load-insensitive method did not require
knowledge of the linkage parameters.

For the second class of manipulators, four different models were derived to sim-
ulate the joint motion of a two-degree-of-freedom heavy-duty robot arm operating
from a constant flow using open-center five-way valves. Dead-band in the servo-valve
input and the lap conditions were examined and it was found that the joint motions,
with or without dead-band in the servo-valves input and zero-lapped valves, can be
controlled effectively by using proportional and velocity feedback compensation. In
systems with dead-band in the servo-valve input and over-lapped valves, the joint

motion was controlled using simple proportional control.

6.2 Future Development

This work could be extended to study the aspects of position control of manip-
ulators with additional degrees of freedom end to account for swing motion for each
manipulator. The addition of more degrees of freedom to the manipulator could allow
the end effector to operate in 3-D work envelopes.

The effects of over-lapped conditions of the valves for the first class of manipu-
lators (operating from constant pressure), should be studied. For the second class of
manipulators (operating from constant flow), The non-interactive and load-insensitive
control strategies should be studied through simulations to decide on the effective-
ness of these algorithms. Iurther developments will depends on the outcome of these

studies.
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APPENDIX A

Linearization for the Equation of Motion

Equation ( 2.1} is a nonlinear equation and is linearized using Taylor’s series about an

operating point and neglecting the higher order terms. The operating points are (dl,Jl, gﬂ)

and (gs, g2, ¢2) for links 1 and 2, respectively. By substituting

an

—A
a1 1N
a1y

LA
s g2
ary .
A
aaq 41
a1

agy 12
ot ..
g "

@ = 41+ Aq,
g2 = qo+ Ags,
T = TI + ATy,

T = TQ + AT5.

[e1 + 2a3cosq0]d) + [aa + a3cosgalda — a3(2q1 + g2)gasings + aqcosq

+ascosqr + ageos(qr + q2).

T+ @Aql + @A@ + a—jjlaql + @Aq@ + EAQ} + O—%Ag@
dq1 O 7 7 dd %)

la1 + 2a3coscjg]rj?1 + [a2 + (LgCOS(fqu?Q — a3(2q1 + tfg)(fgsingfg + aqcosqy

“+ascosqy + agcos(qy + ¢2).

~[(aq + as)singi + agsin(di + ¢2)]Aq).

—[2a3¢1sings + azgasings + az(241 + ga)gacosgs + agsin(di + ¢2)] Aga.

~[2a3gasinga] Ada.

—[a3(2q1 + 262)singz] Ada.

[a1 + 2agcosda] Adl.

91



——Ady = [az+ agcosgr]Adh.

For small variation about the corresponding reference point and neglecting small terms the

final linearized model becomes:
AT =T — T} = [a1 + 2azcosg| Ag) + [as + (Lgcosjg]Ajé.

Similarly for T5:

Ty = [ag + agcosgaldy + [aslds + azqi®sings + egcos(qr + @).
. a1y Iy JTs JTs &y JdTs

Ty = Tyt o Aq + 22 Ag + 22 A6 + S22 Ada + T2 Ay + 22 Ag:
2 9+ a1 q + 9 g2 + 41 ¢+ 24 42 4 q1 54 g2
Ty = [an + agcosp]qL + [ea]ga + a3qi” singy + ageos(di + ¢a).

JTs . .

—=Aq = [—agsin{di + ¢2)]Aq1.

dq

aT A . 2 2 R . . A

—a—inqz = [~azqisings + azq1 cosdy — agsin(di + ¢2)]Ago.

2

ot P }

—,Q—A(jl = [2a341sing2]Adgs.

dq1

o1

ZZAg, = 0.0,

dgo

a7y . . ..

S2AG = [az + azcosd) Adh.

41

975

A = las]Ady.

For small variation about the corresponding reference point and neglecting small terms the

linearized model of 75 becomes:
ATy =Ty — Ty = [az + agcosd2) Adi + [as] Ado.
Writing the linearized equations in matrix form:

AT = HnAgy + HpAdgy

AT Hy: Hpo||A¢
= (A.1)
ATS Hoy Ho |1 Agp



where

a1 + 2azcosgs,
@y + a3cosgy,
a2 + a3coss,

3.
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APPENDIX B

Design Consideration and Physical Parameters

B.1 Design Consideration

In the design of a control system, the design must begin with a statement of speci-
fications. The determination of the control elements is not an ecasy task, experience and
past history, for a particular kind of control system would make this task less easier. In
the hydraulic control system there are some consideration in the selection of the hydraulic

circuit components.

e Supply Presswre Selection
Usually, the selection of supply pressure is the first step in the hydraulic control sys-
tem operating from a constant pressure supply. Many considerations favor a large
supply pressure beyond 4000 psi. As supply pressure is increased, less flow is required
to achieve a given horsepower. Smaller pump, lines, valves and oil supply, are then
possible. Because of smaller oil volume and higher bulk modulus, fast response can
be achieved. The major considerations due to higher pressure supply are, leakage
increases, higher oil temperature, decreases in components life. Therefore, tolerances
must be tightened and result system cost increased. In general, lower supply pressure
(500 - 2000 psi) arve always desirable because they are more conductive to long com-
ponent and system life, produce lower leakage, need less maintenance. And the final
choice of supply pressure must be made in conjunction with the hydraulic actuator

sizing to accommodate expected load.
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B.2

Hydraulic Actuator Selection

In the sclection of the hydraulic actuator, there are two basic considerations govern the
size of the hydraulic actuator (¢.e., piston area or motor displacement), the size should
be large enough to handle the loads expected during a duty cycle to obtain horscpower
and force or torque load requirements. Also large enough to permit acceptable servo

response, so that the associated hydraulic natural frequency is adecuate.

Servovalve Selection
In the selection of electrohydraulic servovalve there are some factors need to be con-

sidered such as

The pressure-flow curve for maximum stroke should encompass all load flow and load
. 2 . .
pressure points such that Pp = § P, maximum expected load. This assure that

adequate flow and horsepower is delivered to the hydraulic actuator.

Flow gain should be reasonably linear. The designer must know why, when and how

to introduce a deadband, saturation etc.
The pressure sensitivity should be large.

Leakage flow should be limited to a reasonable percentage of rated flow to prevent

unnecessary power loss.
Null shifts with temperature should be minimum.

Other factors such as weight, reliability, and cost may contribute to the final selection.

Physical Parameters

Parameters for the system operating from a constant pressure
1y = 20 kg mass of link one
Ly = 1.0 m length of link one

Ail = 3.12 x 1073 m? effective areas of piston one
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Aot = 2.12 x 1073 m? effective arcas of piston onc

ms = 20 kg mass of link two

Lo = 1.0 m length of link two

A =1.19 x 1073 m?2 effective areas of piston two

Agy = 1.4 x 1073 m? effective areas of piston two

C; = 2.2 x 10712 m3/N compliance of the hydraulic system

P. = 0.0 psi tank pressure

Py = 900 psi (900 x 6.89 kN /m?) supply pressure (constant)
wl = 0.01 m area gradient of valve one

w2 = (.01 m area gradient of valve one

-3 mm < X; < J mm range of the spool displacement

30° < g1 < 150° range of joint one

—150° < g2 < —30° range of joint two

Lp=022L m

lir =0.80L m

lop = 0.75Ls m

lor =025y m

dy = 8000.0 Ns/rad coefficient of viscus damping (joint one)

dg = 8000.0 Ns/rad coefficinet of viscus damping (joint two)

Parameters for the system operating from a constant flow
myp = 1830 kg mass of boom

L1 = 5.2 m length of boom

A;; = 31.8 in? effective areas of piston one

Aol = 23.75 in? effective areas of piston one

mao = 680 kg mass of stick

Lo = 1.8 m length of stick



Ajn = 14.13 in? effective areas of piston two
Ao = 19.92 in? effective areas of piston two
1 = 455 GPM constant flow of pump one

Q2
P, = 4000 psi (4000 x 6.89 kN /m?) maxinuun pump pressuve

45.5 GPM constant flow of pump two

P, = 50 psz tank pressure
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