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ABSTRACT Hydraulic manipulators exhibit significant potential for various applications owing to their
advantages. To simulate scenarios and evaluate their control performance effectively, a real-time simulation
method of hydraulic manipulators is required. Simulations are easier and safer to conduct, and are therefore
preferred over physical experiments. This paper discusses a real-time simulator for hydraulic manipulators.
This simulator entails servo valve dynamics, hydraulic equations, a friction model, a pipe-cutting model,
mechanical manipulator dynamics, a robust numerical integration algorithm, and a controller. The hydraulic
manipulator dynamics was developed by considering the compressibility of fluid and applying the multibody
recursive formula to effectively implement the characteristics of the actual system. In addition, a non-
iterative HHT-o numerical integration algorithm was applied to real-time simulations including the stiff
characteristics of the hydraulic system and the cutting force. The performance of the real-time simulator
was verified by comparing the results obtained with the results of the open-loop control experiment. The
results of circular trajectory-tracking and pipe-cutting simulations showed that an advanced simulation
with a controller can be realized in a working environment, and the real-time performance was verified
by measuring the computational time.

INDEX TERMS Control simulation, hydraulic manipulator, pipe-cutting, real-time simulator, real-time

integration algorithm.

I. INTRODUCTION

Hydraulic manipulators have been applied to underwater
manipulation, academic research, building maintenance, and
dismantling [1]-[5]. For example, hydraulic manipulators
are used in decommissioning of nuclear power plants to
cut contaminated pipes or core facilities, which are large
and heavy [5], [6]. The hydraulic system can obtain a large
force/torque with a small input and has robustness for over-
load. Thus, hydraulic manipulators have a high ratio of power
to weight than electric manipulators and can be more compact
for manipulation. Therefore, hydraulic manipulators are still
considered for robot systems that manipulate heavy objects
or require high force/torque.
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Experiments should be repeated several times to stably
use hydraulic manipulators because various problems are
resolved based on feedback information. However, physical
experiments have limitations in terms of stability, cost, and
time. Owing to Industry 4.0, digital twins have been receiving
more attention than physical experiments [7]-[9]. Real-time
simulation of the digital twin is effective not only in repre-
senting physical environments, but also in integrating with
real-time data, optimizing design, and enhancing system per-
formance. Therefore, real-time simulations are necessary for
system design, development of control systems, and operator
training of hydraulic manipulators [6].

Recently, various simulators have been proposed for the
simulation of robot systems [10]. These simulators pro-
vide several functions such as virtual sensors, working envi-
ronments, kinematics, and dynamics. However, simulating
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hydraulic manipulators is complex because most simulators
can not include hydraulic actuator systems. Thus, further
studies on real-time simulation of hydraulic manipulators are
required.

Previous research related to the simulation of hydraulic
manipulators has shown that real-time simulation can
be performed using the simplification of hydraulic
equations [11]-[13]. They increased the computational effi-
ciency by neglecting the compressibility of the fluid to ensure
real-time performance because highly accurate models can-
not be simulated in real-time. However, the accuracy of the
simulation was decreased due to the simplified model, and
only a simple target system with less than three degrees-
of-freedom (DOF) was considered. Thus, a more accurate
and efficient method is required to simulate the hydraulic
manipulator with multi DOF in real-time.

Real-time simulations of hydraulic manipulators with
improved accuracy have also been presented [14]—[17]. The
friction model and compressibility of the fluid were con-
sidered to enhance the accuracy of simulations. The real-
time performance was satisfied using a hybrid model, which
mixed simplified and detailed models, or screw theory. These
studied focused on a more accurate and efficient modeling
method to increase simulation speed and accuracy, and real-
time simulations of multi DOF hydraulic manipulators were
used for verification. However, only the motion simulations
according to the predefined input were performed. The work-
ing environment such as the contact model should be consid-
ered to simulate the working scenarios.

Real-time simulations including contact model were con-
ducted [18]. This study combined a mechanical system,
hydraulic actuator, and contact modeling methods in real-
time simulations. Real-time performance was achieved while
maintaining accuracy using a recursive formula-based model-
ing method and a penalty method-based contact model. These
methods were applied to a hydraulic harvester, and real-time
simulation was possible for the actual working scenarios.

However, most of the previous studies did not consider
integration with real-time data such as the controller. The
evaluation of the control system is also important for operat-
ing hydraulic manipulators. Moreover, simulations of the cut-
ting process are not possible. Previous studies only addressed
collision detection and could not obtain real-time simula-
tions. Therefore, this study proposed a real-time simulator for
hydraulic manipulators capable of advanced simulations that
include the controller and cutting environment.

A robust numerical integration algorithm is also required
for advanced simulation in real-time because it is essen-
tial to obtain a stable solution for real-time data or con-
tact conditions. Generally, explicit integration algorithms
are widely used in the simulation, such as Runge-Kutta or
Adams-Bashforth methods [19]. These methods can be eas-
ily implemented due to simple formulas. However, explicit
integration algorithms are not suitable for real-time simula-
tion of hydraulic manipulators because the hydraulic system
becomes a stiff system due to the compressibility of the fluid.
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Thus, implicit integration algorithms are required to obtain a
stable solution for the stiff system.

The implicit integration algorithm based on the backward
Euler method is proposed for the real-time simulation of stiff
systems [20]-[22]. This method can maintain the accuracy
of the solution even though the integral step size is larger
than explicit integration algorithms. The simulation speed can
be increased, but the accuracy of the solution is significantly
decreased for a highly stiff system. A real-time simulation
using the Hilber-Hughes-Taylor-o (HHT-«r) method was pre-
sented to increase the accuracy of solutions [23]-[25]. This
method can simulate highly stiff systems in real-time by
adding a numerical damping effect; further, the accuracy
of its solution is better than that of the backward Euler
method solution. Thus, the HHT-« method is effective for the
real-time simulation of the hydraulic manipulator. However,
an iterative method is required to apply the HHT-o method.
Implementing the iterative method for real-time simulations
is difficult because the same computation efficiency should
be guaranteed for every integral step. The fixed number of
iterations to obtain a stable solution requires several repeated
simulations. Therefore, a noniterative implicit integration
algorithm is necessary.

Thus, this study proposes a real-time simulator of a six
DOF hydraulic manipulator for pipe-cutting applications.
It combined a hydraulic actuator model, friction model,
mechanical manipulator model, pipe-cutting model, and
controller. For the hydraulic actuator model, servo valve
dynamics and compressibility of the fluid were considered
to represent the actual environment. The mechanical manip-
ulator system was modeled using the multibody recursive
formula [26] to increase the computational efficiency, and
the modified LuGre friction model [27] was applied. The
accuracy of the hydraulic manipulator model was verified
via a comparison with the open-loop control experiment.
In addition, a noniterative HHT-o¢ method [28], which is a
robust numerical integration algorithm without the iterative
method, was applied to guarantee real-time performance.
A proportional-integral-differential (PID) controller with a
systematic gain selection method [29] was considered to
simulate the position control of the hydraulic manipulator’s
end-effector. The pipe-cutting model assumed a situation
wherein a circular saw installed on hydraulic manipula-
tor cuts the pipe along the cutting trajectory. Finally, the
performance of the developed real-time simulator model
was verified through circular trajectory-tracking and pipe-
cutting simulation, and real-time capability was confirmed by
measuring the central processing unit (CPU) time required
for computations. The contributions of this study are as
follows:

« To propose areal-time simulator of the hydraulic manip-

ulator with a controller for a pipe-cutting environment.

o To provide real-time performance using a noniterative

HHT-« numerical integration algorithm.

« To validate the developed model through real-time sim-

ulations of the hydraulic manipulator.
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FIGURE 2. Structure of the hydraulic manipulator dynamics.

TABLE 1. Modified D-H parameters and ranges of the hydraulic
manipulator.

AXiS | a1 | ai_1 d; 6, Range
1 0 0 0 01 +7/2
2 |—w/2| 0 |1329+dy| —m/2 |0-04m
3 |—w/2| O 0 03 — /2| £7/2
4 0 0.502 0 04 +7/2
5 |—m/2/0.482 0 05 — /2| £7/2
6 |—mw/2| O 0.9291 Os +7

Il. HYDRAULIC MANIPULATOR

The hydraulic manipulator [30] was designed with six DOF
and an R-P-R-R-R-R structure, as shown in Fig. 1. It was
developed for use in decommissioning of core facilities in
nuclear power plants such as reactors, steam generators, and
pressurizers. Modified Denavit-Hartenberg (D-H) parame-
ters and ranges are listed in Table 1. The payload is 250 kg and
the maximum extension reach is 3.2 m. All joints are actuated
using Danfoss hydraulic gerotor motors and Star servo valves.
The detailed specifications are summarized in Tables 2 and 3.
A harmonic reducer was applied to revolute joints to increase
the accuracy of position, and a ball screw mechanism was
used to convert rotational motion into linear motion at the
second joint. Moreover, a module type was applied for easy
maintenance or expansion.

The dynamics of hydraulic manipulator entails servo valve
dynamics, hydraulic equations with the compressibility of
fluid, mechanical manipulator dynamics, a friction model,
and a pipe-cutting model, as shown in Fig. 2.
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TABLE 2. Specifications of hydraulic actuators.

1, 3, and 4 axes 2,5 and 6 axes
Hydraulic motor | Danfoss OMP80 Danfoss OMM40
(gerotor type) (gerotor type)
Max. speed 960 rpm 630 rpm
Max. torque 150 N-m 45 N'm
Max. pressure drop 140 bar 90 bar
Mechanical parts | Harmonic reducer | Harmonic reducer
(1:160) (1:160)
Ball screw mechanism
(5 mm/rev)

TABLE 3. Specifications of servo valves.

1, 3, and 4 axes 2,5, and 6 axes
Servo valve Star ST-456 Star ST-454
(Nozzle-flapper type) | (Nozzle-flapper type)
Max. flow rate 55 Ipm 20 lpm
Max. operating pressure 315 bar 315 bar
Max. rated input +20 mA +20 mA

A. SERVO VALVE DYNAMICS
We consider a second-order system for the servo valve to
apply the actual dynamic characteristic as follows:

Xi(1) + 20,00, X0(1) + wp X1 = wp KLu'@), (1)

wherei =1, 2, - - - , 61s the index of each servo valve, t is the
index of the time, x,, is a displacement of spool, K, is a valve
gain, u is a control input current, and ¢, and wj,, are damping
ratio and natural frequency.

The damping ratio and natural frequency can be obtained
from the datasheet. Then, the spool displacement of the
servo valve according to the control input can be computed
through (1), and the flow rate supplied to the hydraulic motors
can be controlled.

B. HYDRAULIC EQUATIONS

The hydraulic equations can be defined through Bernoulli’s
and fluid continuity equations [31]. The flow rate at the
supply and return ports of the hydraulic motor can be defined
using Bernoulli’s equation as follows:

Cixi(t),/Ps — Pi(t) if xi(t) > 0

ol =1 " :
Cyx,(t)y/ P (1)

otherwise,
—Cixi(t),/Pi(t) if x,(7) > 0
—Clixi(t),/ Py — P(t) otherwise,

Cl JPi(t) — Pi(t) ifxi(t) >0 ®
—Ci \/P5(t) — Pi(t) otherwise,

where Q1 and Q> are flow rates of the supply and return ports,
respectively; Qjeqk 1s a internal leak; Py is a pressure supplied
from the hydraulic supply unit; P; and P; are pressure of
the supply and return ports, respectively; C; is the flow
coefficient; and Cj, is the internal leakage coefficient.

0h(1) =

Q;.eak (t) =
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Moreover, the pressure at the supply and return ports of
the hydraulic motor can be obtained from the fluid continuity
equation as follows:

Vi) = D,6;(1) = =V50).

Dl _ ﬂe i i 7l

PO = 5o Q1) = Gt — V)]

B = P[0+ 0w -] @
2 Vzl(t) 2 leak 2 ’

where V1 and V; are the total volume of the supply and return
ports, including horse, respectively; Dy, is the volumetric dis-
placement of the hydraulic motor; 6, is the angular velocity
of the hydraulic motor; and B, is the fluid bulk modulus.

The hydraulic motor torque according to the control input
can be obtained using (1), (2), and (3) as follows:

D!, [P|(t) — P} (r)]
27

@) =nln P 4
where t,, is a hydraulic motor torque, 7,, is the mechanical
efficiency, and 1 is the gear ratio.

Consequently, the hydraulic motor torque that includes
both the servo valve dynamics and the compressibility of
the fluid can be implemented. The parameters for the anal-
ysis of the hydraulic system were obtained through actual
experiments.

C. FRICTION MODEL

A friction model was applied to represent the friction of
each joint for the hydraulic manipulator. We considered a
modified LuGre friction model [27] to satisfy both efficiency
and accuracy. This model includes Coulomb friction, viscous
friction, stiction, and Stribeck effect. The detailed expression
is as follows:

IdG]
g (1))

g(q’(t))——[ o+ (F
9

) =) — ——-2(),

Fff) e—@(r)/\/;ﬂ] ’

0, = ajd (1) + o]F () + g o), 5)

where j = 1,2,---,6is an index of the joint, Oy is a total
friction force, z is an average deflection of the bristles, §(¢)
is the joint velocity, Fr is the Coulomb friction, F; is the
stiction, Fyy is the viscous friction, vy is the Stribeck velocity,
oy is the stiffness, and o7 is the damping ratio.

The friction parameters in (5) were selected through phys-
ical experiments.

D. PIPE-CUTTING MODEL

We considered cutting the pipe by attaching a circular saw on

the hydraulic manipulator’s end-effector, as shown in Fig. 3.
The teeth of the circular saw come into contact with the

pipe with a cutting force. Thus, calculating the contact area

and finding the teeth of the circular saw in the contact area
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FIGURE 3. Configuration of the pipe-cutting using a circular saw.
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FIGURE 4. Contact area of the pipe-cutting.

are crucial. The contact area is shown in Fig. 4, and can be
obtained using (6).

d= \/(yp - yc)z +(zp — ze)%,
d2 +R2 _ r2
eom = acos (T()) s

d* + R? — ri2
acos | ———~- 1},
2dR

¢ = asin (m;d) , (6)

where d is the distance between the center point of the circular
saw and the center point of the pipe, R is the radius of the
circular saw, r, is the outer radius of the pipe, and r; is the
inner radius of the pipe.

In addition, the position of each tooth considering the
rotation of the circular saw can be defined as follows:

>
=
Il

B, 1) n27r+ ;
n,t)y = — + wt,
k N

0,(n. 1) = 6p(n, 1) — V";"’ ”J 2, )

T

where 7 is the index of the tooth, 0;(n, t) is the angle of each
tooth with respect to the positive Y-axis, N is the total number
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of teeth, w is the angular velocity of the circular saw, and |- ]
is the floor function.

Whether the teeth of the circular saw are within the contact
area can be detected, as follows:

when 27 — (¢ + Opur) < 64(n, 1) <21 — (¢ + i) :

Ni(n,t) =1,
when 277 — (¢ — 0in) < 6:(n, 1) <27 — (¢ — Oousr) :
Ni(n,t) =1,
otherwise : N;(n, t) = 0, ®)

where N;(n,t) denotes a state variable for each tooth of
circular saw; and 1 means true and 0 means false.
The cutting force of each tooth can be expressed as fol-
lows [32]:
W 2mvy sin (6,(n, 1))
N sin (¢;) cos (¢5 + ,Bf — o) '

where 7; is the shear stress for the material of the pipe, W is
the thickness of the circular saw, vy is the feed rate, ¢ is the
shear angle, B is the friction angle, and o, is the rake angle.
The parameters were obtained through the datasheet.

The cutting force of (9) can be divided into tangential
force (F;) and normal force (F},) as follows, respectively:

Fi(n,t) = Fe(n, t)cos (Br — a;),
Fu(n,t) = Fe(n, t)sin(Br — ;). (10)

FC(n’ t):Nl(ns t) (9)

Finally, the contact force of pipe-cutting is expressed in
Cartesian space as follows:

Fy(n,t) = Fi(n, t)sin(6,(n, 1)) + Fu(n, t) cos (6;(n, 1)),
F,(n,t) = Fi(n, t)cos (6;(n, t)) — F,(n, t) sin (6;(n, 1)),

Fy(r) = ZFy(n, 1),

n=1

N
F(t) =) F:(n.1). (11)

n=1

E. MECHANICAL MANIPULATOR DYNAMICS

A multibody recursive formula [26] based on the joint
coordinate system was used to improve the computational
efficiency. The generalized coordinates, which describe the
motion of the system, consist only of the linear or rotational
motion at the joints. Thus, the equations of motion are simple
and efficient calculation is possible. In addition, these equa-
tions can be easily extended to a multi DOF system.

The equations of motion for the hydraulic manipulator can
be obtained by adding the hydraulic motor torque of (4),
the friction force of (5), and the contact force of (11) to the
dynamic model of the mechanical manipulator as follows:

M(q(1))4(1) = Q(4(1), q(1)) — Qr(q(1)) + Tm(q(1), u(1)),
12)

t6X1 f6><1

where ¢ € ¥ is the joint position vector, u € ¥ is
the control input vector, M € R*C is the generalized inertia
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matrix, Q@ € R0*! is the generalized force vector including

Coriolis, gravity, and contact force, @, € RO*<1 is the joint
friction vector, and t,, is the hydraulic motor torque vector.

The contact force obtained through (11) is automatically
included in the generalized force term (Q) by recursive
formula.

Ill. NUMERICAL INTEGRATION ALGORITHM

The hydraulic manipulator has a stiff characteristic due to the
compressibility of the fluid. Implicit integration algorithms
are widely used for real-time simulations of stiff systems.
These methods can satisfy both the accuracy of the solution
and real-time performance by using a numerical damping
effect. We considered a noniterative implicit integration algo-
rithm based on the HHT-o method [28] to guarantee real-
time performance. This method is advantageous for real-time
simulations because it is robust without an iterative method.
For the hydraulic manipulator, the noniterative HHT-o was
applied to the servo valve dynamics, hydraulic equations, and
mechanical manipulator dynamics.

A. SERVO VALVE STATE
The modified servo valve dynamics applying numerical
damping effect («) to (1) is defined as follows:

vn+l+(1+a)(2§anl vn+1+w xvn—H (’U K n+1)
—a(24,wp, A Vn—i—a)nvx —w? Kslvun)— . (13)

where (-),+1 means the current step, (-),, denotes the previous
step, and « is the numerical damping effect that satisfies the
condition of —1/3 <« < 0.

The modified servo valve dynamics can be linearized using
the noniterative HHT-o method as follows:

2 *1_ 27—yt | AR
wnv /3 Xy.n 14 Xvn xv,n

= ]’ll:a) Kl l/t _zé-v ny 'vn_a)ﬁv‘x\i,ﬂ]

svTn

+h yhx Xy, 1=—)X,,), (14
v,n ) 2 y s

where § = (1 —a)?>/4 and y = (1 — 2a)/2 are integral
coefficients associated with the numerical damping effect,
h is the integral step size, and Jy,, and J; , are system
Jacobians with respect to the displacement and velocity of
the spool, respectively. The detailed expressions are shown
in (15).

J;M = —(1 + o)},
J)’CM = —(1 4 a)2,0p, . (15)

The displacement, velocity, and acceleration of the spool
at the current step can be obtained using (14).

A T k(. 2B B
x\l/,n+1=x\l),n+h|:x\l/,n+§<l V) vn+ Avni|’

).C\lz,n+1 = ).C\l},n + Ax\l),n’
/1 .;
x:/,n—&-l = x\l/,n + ; (ﬁAx\l/,n - xé,n) . (16)
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B. HYDRAULIC STATE
The hydraulic equations of (3) can also be redefined by
applying the numerical damping effect as follows:

.. Be . . ..
Pl],n+1 —(I+ a)Vl— I:Qll,n-H - Q;eak,n-i-l - Vll,n+1]
1,n+1
Be i _vil=o
+o V,’ Ql,n Qleak,n In| — %
1,n+1
.. Be . . ..
P12,n+1 -(l+w i I:QIZ,n+1 + Q;eak,nJrl - V2[,n+1]
2,n+1
o Vi : I:QIZ,n + Qéeak,n - VZI,n] =0. (17)
2,n+1

The linearization of (17) is shown in (18).

[1 - yh‘]}l)l,n] APll,n = h‘—e [ ll,n - Q;eak,n - Vll,n] s
1,n+1

[1 - yh]ll)z,n] AP’Z,n = hi—e |:QI2,n + Q;eak,n - VZl,n] ’
V2,n+1

(18)

where Jp, , and Jp, , are system Jacobians with respect to the
pressure at the supply and return ports. They are expressed as

i
; B 905
Ty, = (4P,
’ Vv aP
1,n+1 1,n
i
i IBe aQZn
i _ s
by, = (O Tm—20
2,n+1 2.n
C(;x"',n . i
——=rr if x| >0
i 2. /|p—pi il 2
an’n s Ln
i Cixl .
oPy , dvn otherwise,
2. /1P,
Cixi :
dv,n 3 L
— - if |x >0
|
Qz,n 2,n
i Cixi ) (19)
P, , —vn_ otherwise.
2, /|Ps—P

The pressure at the supply and return ports of the hydraulic
motor can be obtained using (18) as follows:

Pll,n+l = Pll,n + APll,n’

Phpir = Py + AP, (20)
C. FRICTION STATE

We applied the numerical damping effect to the joint friction
model of (5), as follows:

. ]
2oo-0+o) g, ——2,
+1 +1 g(é]i,l+1) +1
ey
8(Gn)
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The linearized equation of (21) can be expressed as

ol
[1=yril |ad =n|d, -4 . @)
8(qn)
where J;, is a system Jacobian with respect to z,,. The detailed
expression is shown below:

. 7 n
Jo=—(1+ a)u. (23)
) ()
We estimated the average deflection of the bristles at the
current step using (22).

2y =73+ AZ, (24)

D. MECHANICAL MANIPULATOR STATE
Finally, the numerical damping effect can be applied to the
hydraulic manipulator dynamics of (12) as follows:

M(Gpi)Gpyr — 1+ @)
X [QW@ni1: Gni1) — 0r(q,11) + Tn(@pi1)]
+a (0@, 4,) — Qr(@,) + Tw(@)] =0.  (25)

Equation (25) can be linearized as follows:

(M@, — BT, — yhly,| Ad,
= 1 [Q@n: 4,) — QF(@) + Ti(dy)]

+h |:yh.lqn (én + g (1 - %) éjn>] , (26)
Y

where J, € N6*6 and Jg, € 9M6*6 are system Jacobian
matrices with respect to the position and velocity of the
joint for the hydraulic manipulator, respectively. The detailed
expressions are shown below:

00, 9,) Mg,

’

an =(l+a)

3, 9q,,
90,4, 0@,
i, =(1+a)|: Q(g‘; W _ %qu } 27)

The position, velocity, and acceleration of the joint at the
current step can be obtained as follows:

. h 28\. B ..
=q,+h —(1-= Eag, |,
qn—H q, + |:qn + 2 < y )qn + y qnj|
qdnt1 = 4qn + Aqn’

.. .. /1, ..
91 =4, + ; (EAqn - qn> . (28)

The overall integration process is shown in Fig. 5.

IV. NUMERICAL SIMULATIONS

A. VALIDATION OF OPEN-LOOP RESPONSES

We verified the accuracy of the hydraulic manipulator model
through an open-loop control test. The control input of (29)
was applied to each servo valve, and the actual experiment
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FIGURE 5. Computational flow chart.

and simulation were compared. Only one servo valve was
operated sequentially, and the others were fixed.

u(t) = 10sin (1) mA. (29)

The comparison results are shown in Fig. 6. The solid
blue line is the experimental result, and the dash-dot red
line is the simulation result. In the experiments, actual
joint positions were measured using resolver sensors at
the individual joints of the hydraulic manipulator. For the
second joint, which is a prismatic joint, the displacement
value was converted from the rotation value of the resolver
sensor owing to the ball screw mechanism. The simula-
tion results are similar to the experimental results for all
joints, and the simulation error is less than 0.4 deg and
0.3 mm. Therefore, the implemented hydraulic manipulator
dynamics can well describe the characteristics of the actual
system.
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TABLE 4. Gain Properties for circular trajectory-tracking simulation.

Gain | Joint 1 | Joint 2 | Joint 3 | Joint 4 | Joint 5 | Joint 6
Kg | 004 | 0.10 | 0.05 | 0.04 | 0.10 | 0.10
Ky | 1.28 3.20 1.60 1.28 | 3.20 | 3.20
K; | 256 | 640 | 320 | 2.56 | 6.40 | 6.40

TABLE 5. Computational efficiency for circular trajectory-tracking
simulation.

Integration method | Integral step size | Computational time
Runge-Kutta 47 0.02 ms 154.443 s
Adams-Bashforth 37¢ 0.02 ms 48.066 s
Noniterative HHT-« 0.2 ms 38.544 s

B. TRAJECTORY-TRACKING SIMULATION

A trajectory-tracking simulation was performed to test the
integrated simulation with the controller. We assumed that
the end-effector of the hydraulic manipulator follows the cir-
cular trajectory in Cartesian space. The target trajectory was
designed with a radius of 300 mm, and the servo valves were
controlled to follow with a velocity of 7.5 deg/s, as shown in
Fig. 7.

The PID controller using systematic gain selection
method [29] was used to control of the servo valves. This
method can easily improve the robustness for nonlinear sys-
tems. The control input is defined as follows:

u(t) = Kqé(t) + Kpe(r) + K; / e(t)dr, (30)

where e = g, — q € R®*! is the joint position error

vector, g, € %%*! is the desired joint position vector from
the trajectory, Ky € 9R%*® is the diagonal matrix of the
differential gain, K, € %*® is the diagonal matrix of the
proportional gain, and K; € %%*% is the diagonal matrix of
the integral gain. The gain properties for circular trajectory-
tracking simulation are summarized in Table 4.

The control frequency is 100 Hz, and the integral compu-
tation frequency is 5 kHz. If the integral calculation is slower
than 5 kHz, the accuracy of the solution will be decreased
significantly. The results of circular trajectory-tracking sim-
ulation are shown in Fig. 8. The solid blue line is the target
circular trajectory, and the dash-dot red line is the position of
the end-effector. The tracking root-mean-square (RMS) error
of each axis was 0.4963, 0.1705, and 0.6564 mm for the X-,
Y-, and Z-axes, respectively. The trajectory of the hydraulic
manipulator’s end-effector matched the target circular tra-
jectory. The above results are similar to the experimental
results under the conditions considered in [30]. Thus, even for
closed-loop control simulation, simulation results that agree
with the results of the actual system can be obtained.

In addition, we measured the computational time to verify
real-time performance. The PC used for simulation has spec-
ifications of Intel(R) Core(TM) i7-9750H CPU @ 2.60 GHz
and 32GB RAM. The computational time should be faster
than the total simulation time of 60 s. The efficiency of the
noniterative HHT-o method was proved by comparing with
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FIGURE 7. Configuration of the circular trajectory-tracking simulation.
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Runge-Kutta 47 order and Adams-Bashforth 3’ order meth- Table 5. The Runge-Kutta 47 order method is not suitable for
ods, which are widely used for simulation, as summarized in real-time simulations because it requires more computational
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FIGURE 9. Configuration of the pipe-cutting simulation. A cyan circle
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time than the total simulation time. The Adams-Bashforth
3" order and noniterative HHT-o method can be used for
real-time simulations. In particular, the noniterative HHT-«
method can perform real-time simulation while maintain-
ing the solution’s accuracy even if the integral step size is
increased ten times. Therefore, the advanced simulation with
the controller is possible, and the performance of the con-
trol system can be evaluated in real-time using a developed
simulator.

C. PIPE-CUTTING SIMULATION

We performed a real-time simulation of pipe-cutting consid-
ering the contact force. The configuration of pipe-cutting is
shown in Fig. 9. The cutting tool used a circular saw and
was attached to the end-effector of the hydraulic manipulator.
The pipe was cut by controlling the center of the circular saw
following the cutting trajectory. The circular saw rotated at
an angular velocity (w) of 30 rpm, and the cutting tool moved
80 mm with respect to the positive Y-axis with a feed rate (vy)
of 12 mm/min. The initial position of Y-axis was 2570 mm.
In addition, the position of X- and Z-axes were fixed as 0 mm
and —1445 mm, respectively.

The contact force obtained through the pipe-cutting contact
model is shown in Fig. 10. Pipe-cutting started at 50 s and
completed at 350 s. The magnitude of the cutting force was
determined from the shear stress (7;) of the target material,
as shown in (9). For stainless steel, the range of shear stress
was 320-880 MPa. We assumed a large cutting force and
considered the maximum shear stress. Thus, while cutting
stainless steel pipe, a large cutting force is applied to the
hydraulic manipulator.

In Fig. 10, the contact force was significantly increased
at the beginning of cutting. After the breakthrough the inner
diameter of the pipe, the contact force was decreased. In the
final process of cutting, the circular saw and the pipe were
recontacted, and the contact force was increased again. Thus,
the physical phenomenon was well implemented during
pipe-cutting.

VOLUME 9, 2021
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FIGURE 10. Cutting force during pipe-cutting.

TABLE 6. Gain Properties for pipe-cutting simulation.

Gain | Joint 1 | Joint 2 | Joint 3 | Joint 4 | Joint 5 | Joint 6
Ky | 0.020 | 0.050 | 0.025 | 0.020 | 0.050 | 0.050
Kp | 0.640 | 1.600 | 0.800 | 0.640 | 1.600 | 1.600
K; | 1.280 | 3.200 | 1.600 | 1.280 | 3.200 | 3.200

The results of the pipe-cutting simulation are shown in
Fig. 11. The solid blue line is the target circular trajectory,
and the dash-dot red line is the position of the circular saw’s
center. The gain properties for pipe-cutting simulation are
summarized in Table 6. Same as trajectory-tracking simu-
lation, the control frequency was 100 Hz, and the integral
computation frequency was 5 kHz. The tracking RMS error of
each axis was 0.0013, 0.0146, and 0.0071 mm for the X-, Y-,
and Z-axes, respectively. The magnitude of the tracking error
increased with the contact force at the start of the cut. After
cutting to reach the inner diameter of the pipe, the tracking
error also reduced because the contact area decreased. At the
end of the cut, the tracking error increased as the contact
force increased again. Thus, the actual environment such as
vibration was well represented in the simulation.

The computational time was also measured to verify real-
time performance, as summarized in Table 7. The integral
step size of Runge-Kutta 4" order and Adams-Bashforth
3" order method was reduced due to the addition of the
cutting force, and the real-time performance was not sat-
isfied. They required more computational time than of
400 s to the pipe-cutting simulation. The real-time simu-
lation including the contact force was only possible with
the noniterative HHT-o method because the computational
time is faster than the total simulation time. Thus, robust
numerical integration algorithms should be applied for the
real-time integrated control simulation considering contact
situations.

Thus, the real-time simulation of pipe-cutting with the
hydraulic manipulator is possible using the proposed sim-
ulator. Based on numerical simulations, the proposed sim-
ulator can be applied for the cutting of larger and heavier
objects.
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TABLE 7. Computational efficiency for pipe-cutting simulation.

Integration method | Integral step size | Computational time
Runge-Kutta 4t% 0.01 ms 2139.93 s
Adams-Bashforth 374 0.01 ms 583.493 s
Noniterative HHT-« 0.2 ms 273.882 s

V. CONCLUSION

In this paper, we proposed a real-time simulator of a six
DOF hydraulic manipulator. The advantages of the proposed
simulator are that the advanced simulation is possible with
real-time data, and the working environment is considered.
We applied a multibody recursive formula coupled with the
hydraulic equations and noniterative integration algorithm to
achieve real-time performance. The pipe-cutting model was
also added to simulate working scenarios. The performance
of the developed real-time simulator was verified to be sim-
ilar to that of the real system through an open-loop control
experiment. The real-time performance was demonstrated via
the integrated simulation with the controller for trajectory-
tracking and pipe-cutting. The results of numerical simula-
tions establish excellent accuracy of the proposed real-time
simulator without model simplification and demonstrate the
simulation of pipe-cutting in real-time using the numerical
integration algorithm.

Moreover, the proposed real-time simulator can be applied
to hardware-in-the-loop simulation (HILS) or teleoperation
simulation, which include actual hardware like haptic master
device and electronic control unit (ECU). Thus, the developed
real-time simulator is useful for the design of mechanical
parts, control performance evaluation, scenario validation,
and operator training. For future studies, we aim to add
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a master-slave teleoperation algorithm and extend it to the
digital twin.
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