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Description
Technical Field

[0001] The presentinvention relates to a control device and a control method that control a position of a control object
driven by a liquid pressure actuator or a force acting on the control object.

Background Art

[0002] A control method for automatically shifting, e.g., a bucket or a working device of a machine such as an excavator
driven by an oil pressure actuator to a target position has been developed. A response characteristic of a liquid pressure
actuator including an oil pressure actuator indicates a strong nonlinearity and greatly varies according to opening and
closing of a relief valve. Therefore, it is difficult to achieve an automatic position determining control with a simple control
law.

[0003] Itis difficult to achieve the control with a simple control law also in a case where force control is performed for a
machine driven by the liquid pressure actuator, specifically, in a case where admittance control of a force acting on a control
object in contact with an external environment is performed, due to the strong nonlinearity for the liquid pressure actuator.
[0004] Patent Literature 1 involves simplifying a control algorithm by solving simultaneous equations of a predictive
equation for predicting a position and a velocity of a control object in a next timestep based on prior information on a
dynamic characteristic of the control object and an equation representing a sliding mode control law to calculate a valve
opening degree instruction as a manipulated variable to the liquid pressure actuator.

Citation List
Patent Literature

[0005] Patent Literature 1: Japanese Unexamined Patent Publication No. 2021-121717

[0006] The control method in Patent Literature 1 utilizes the dynamic characteristic of the control object in the calculation
of the valve opening degree instruction to the liquid pressure actuator. However, in a case where the prior information on
the dynamic characteristic of the control object is inaccurate or a case where there is a time delay in response of the oil
pressure actuator, accuracy of the predictive equation cannot be ensured, and therefore a desired control characteristic
may not be achieved.

Summary of Invention

[0007] An object of the presentinvention is to provide a control device and a control method that achieve a high control
performance in position control or force control even in a case where prior information on a dynamic characteristic of a
control object is inaccurate and a case where there is a time delay in response of a liquid pressure actuator.

[0008] A control device according to a first aspect of the present invention includes: a movement instruction part that
controls a liquid pressure actuator for driving a machine that is a control object; a desirable velocity calculation part that
calculates a desirable velocity to be produced in a next timestep for the machine based on a target position and a current
position of the machine; a reference velocity calculation part that calculates a reference velocity and a reference
generative force based on a quasistatic characteristic of the liquid pressure actuator, the reference velocity being a
target velocity closest to the desirable velocity among target velocities from which actuator forces producible by performing
PID control or PD control for the liquid pressure actuator are calculable, and the reference generative force being an
actuator force to be produced by performing the PID control or PD control when the reference velocity serves as the target
velocity; and a manipulated variable calculation part that calculates a manipulated variable for the liquid pressure actuator
based on the quasistatic characteristic of the liquid pressure actuator, the reference generative force, and the reference
velocity.

[0009] A control method according to a second aspect of the presentinvention includes: a desirable velocity calculation
step of calculating a desirable velocity to be produced in a next timestep for a machine that is a control object and is driven
by a liquid pressure actuator, based on a target position and a current position of the machine; a reference velocity
calculation step of calculating areference velocity and a reference generative force based on a quasistatic characteristic of
the liquid pressure actuator, the reference velocity being a target velocity closest to the desirable velocity among target
velocities from which actuator forces producible by performing PID control or PD control for the liquid pressure actuator are
calculable, and the reference generative force being an actuator force to be produced by performing the PID control or PD
controlwhen the reference velocity serves as the target velocity; and a manipulated variable calculation step of calculating
a manipulated variable for the liquid pressure actuator based on the quasistatic characteristic of the liquid pressure
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EP 4 560 079 A1
actuator, the reference generative force, and the reference velocity.
Brief Description of Drawings
[0010]

FIG. 1 is a schematic diagram showing a configuration of an oil pressure actuator according to a first embodiment of
the present invention.

FIG. 2 is a side view briefly showing an excavator according to the first embodiment.

FIG. 3 is a block diagram showing a configuration of a control system according to the first embodiment.

FIG. 4 is a schematic diagram showing how a plurality of the oil pressure actuators is controlled.

FIG. 5 is a flowchart showing a flow of position control according to the first embodiment.

FIG. 6 is an illustration showing a posture of an oil pressure excavator and a path of a target position in numerical
examples.

FIG. 7A is a schematic diagram showing a flow of a process in a conventional control law.

FIG. 7B is a schematic diagram showing a flow of a process in a control law according to the first embodiment of the
present invention.

FIG. 8 shows results of simulations for the conventional control law and the control law according to the first
embodiment of the present invention.

FIG. 9A shows results of simulations for comparing effects of modeling errors under the control law according to the
first embodiment of the present invention without regeneration circuit compensation.

FIG. 9B shows results of simulations for comparing the effects of the modeling errors under the control law according
to the first embodiment of the present invention with the regeneration circuit compensation.

FIG. 9C shows results of simulations for comparing the effects of the modeling errors under the conventional control
law.

FIG. 10 is a block diagram showing a configuration of a control system according to a second embodiment.

FIG. 11 is a functional block diagram showing a configuration of the control system according to the second
embodiment.

FIG. 12 is a flowchart showing a flow of force control according to the second embodiment.

FIG. 13 is a schematic diagram showing a configuration of a hydraulic testing machine in numerical examples.
FIG. 14A shows graphs indicating results of a simulation under a stepwise input and a hardness of a contact
environment of 50 HS in the numerical examples.

FIG. 14B shows graphs indicating results of a simulation under the stepwise input and a hardness of the contact
environment of 65 HS in the numerical examples.

FIG. 14C shows graphs indicating results of a simulation under the stepwise input and a hardness of the contact
environment of 70 HS in the numerical examples.

FIG. 15A shows graphs indicating results of a simulation under a sinusoidal input and the hardness of the contact
environment of 50 HS in the numerical examples.

FIG. 15B shows graphs indicating results of a simulation under the sinusoidal input and the hardness of the contact
environment of 65 HS in the numerical examples.

FIG. 15C shows graphs indicating results of a simulation under the sinusoidal input and the hardness of the contact
environment of 70 HS in the numerical examples.

Description of Embodiments
<First Embodiment>

[0011] A control device and a control method for position control among control devices and methods according to the
embodiments of the present invention will be described below with reference to the drawings.

<Control Algorithm>

[0012] First, a control law according to the embodiment, i.e., a control algorithm for determining a manipulated variable u
for aliquid pressure actuator in a case where a machine as a control object is driven by the liquid pressure actuator and the
control object is shifted to a target position will be described. Specifically, an oil pressure actuator 1 shown in FIG. 1 is
supposed to serve as the liquid pressure actuator.

[0013] As shown in FIG. 1, the oil pressure actuator 1 includes an oil pressure pump 11a for providing oil pressure, a
pump relief valve 11b, a bleed valve 11c, a pump check valve 11d, main control valves 12 for controlling the oil pressure, a
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rod-side relief valve 13a, a rod-side check valve 13b, a head-side relief valve 14a, a head-side check valve 14b, and a
cylinder 15 actuated by control of the oil pressure. The oil pressure actuator 1 includes a regeneration circuit 16. The
regeneration circuit 16 includes a check valve 16a and a flowrate control valve 16b.

<Mathematical Preliminaries>

[0014] The embodimentinvolves a closed unit ball B and functions represented by Formulae (1), (2), (3), and (4) below.

B £ [~1,1]cR (1)

minX if z<mind
‘ A .
saty(z) = T if zeX (2)
max X if x> maxX

| xzflel i x#0

iy 3
seNLr _— 3
gn(z) (—1,1) if =0 &

R(z) 2 sgn(z)/|z| (4)

[0015] Further, a function with a set-valued argument represented by Formula (5) below is used.

o(X) = | o(=) (5)

reX

[0016] Here, X denotes a real closed interval.
<Control Law>

[0017] The liquid pressure actuator is represented by Formulae (6a), (6b), and (6¢) below.
Mo= f+g (6a)
p=wv (6b)

feTl(v,u) (6c)

[0018] Here, pdenotes a position of a control object, vdenotes a velocity of the control object, and M denotes mass of the
control object.

[0019] The control object represented by Formulae above receives an actuator force f and an external force g. The set-
valued function I" represents a quasistatic model of the liquid pressure actuator, and is defined as a set-valued function
from a current velocity v and the manipulated variable u as a valve opening degree instruction to the actuator force f.
Specific forms of the set-valued function T, which is the quasistatic model of the oil pressure actuator 1 driven in a state
where the regeneration circuit 16 is eliminated from a hydraulic circuit of the oil pressure actuator 1, i.e., in a state where the
regeneration circuit 16 is always closed, are shown by Formula (19) in a known Document 1 (R. Kikuuwe, et al., "A
nonsmooth quasi-static modeling approach for hydraulic actuators," J. Dyn. Sys., Meas., Control, vol. 143, no. 12, p. 1210
02,2021), and Formula (24) in a known Document 2 (Y. Yamamoto, et al., "A sliding-mode set-point position controller for
hydraulic excavators", IEEE Access, vol. 9, pp. 153735-153749, 2021).
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[0020] The manipulated variable ueB, which is the second argument of the function T, represents opening degrees of
four main control valves 12 shown in FIG. 1. The manipulated variable u and the opening degrees u*<[0, 1] (*<{ph, pr, th,
tr}) of the main control valves 12 are in a relationship represented by Formula (7) below.

Upp = Uy = max(0,u) , Uy = uy, = —min(0, u) (7)

[0021] According to Formula (7) above, a positive control input, which is a manipulated variable u, represents an
instruction for extension of the cylinder, and a negative control input, which is a manipulated variable u, represents an
instruction for contraction of the cylinder.

[0022] The embodimentinvolves a position control law for the oil pressure actuator, which is represented by Formulae
(8a), (8b), (8c), and (8d) below.

f=La+Ka+Di—g (8a)
f e (v, sgulpy — p+ H(pg — v,))) (8b)
u € O(vy, f) (8c)

a=1v,—p (8d)

[0023] Here, K, L, and D denote PID gains, H denotes a time constant, p, denotes a target position, p denotes a current
position, v, denotes a reference velocity, u denotes an instruction to the actuator, f* denotes a reference generative force of
the actuator, and a denotes an integral value of errors in a PID controller. Further, g denotes an estimation value of the
externalforce. The estimation value of the external force may be setas g =0 if unavailable, but a better control performance
can be achieved if the estimation value g is available.

[0024] The function ®isaninverse function with respectto the second argument of the set-valued function T, and is a set-
valued function in a relationship with the set-valued function T, the relationship being represented by Formula (9) below.

u€ O, f)<= fel(lv,u) (9)

[0025] Formula (8a) represents a PID control law based on the velocity p* and the reference velocity v,. Formula (8b)
represents a sliding mode control law with a switching surface represented by Formula (10) below.

— D —Dd+ H(vr‘ “’”2}(}3) =0 (10)

[0026] In the embodiment, Formula (8a) representing the PID control law and Formula (8b) representing the sliding
mode control law are combined. Hereinafter, this approach is referred to as differential algebraic relaxation. Formula (8b)
representing the sliding mode control law, of which right-hand side is set-valued, cannot give a unique value, and thus is not
appropriate forimplementation if used solely; however, this problem can be avoided by the combination with Formula (8a)
representing the PID control law, enabling calculation (computation, the same applies hereinafter) of the reference
generative force f* Although a symbol such as a dot placed above a sign in each of Formulae is written after the sign in the
description, both mean the same.

<Discrete-Time Algorithm>
[0027] A discrete-time control algorithm is considered to implement the control law described above. A discretization of

the control law represented by Formulae (8) (Formulae (8a) to (8d)) using the backward Euler method results in Formulae
(11) below (Formulae (11a) to (11f)).

fg = Lay + K(ay — a‘kwg)/T + D(ag — 20,1 + akmg)/Tz —gr  (1la)
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ﬂ € Tk, sgn(pae + Hvap — pr — Hurg)) (11b)
ur € vk, fg) (11c)
ag = 201 — a2 + TQ(’Z»‘W;A: ~Ug) (11d)
v = (pp — pr-1)/T (11e)
vak = (Pak — Pagr-1)/T (11f)

[0028] Here, T denotes a sampling interval, and k € Z denotes a discrete-time index.
[0029] An elimination of Vek and a, from Formula (11b) using Formulae (11a) and (11d) results in Formulae (12) below
(Formulae (12a) to (12c)).

fi € T(vrg + fr/A, sgn(vsp — vk — fi/A)) (12a)
Vf ke £ Vi — ((ﬁ'/T -+ L)(;'Lkmq - {I;gfmg) + Lag..1 — gg)/ﬂ (1211))
Vek = (Pak + Hoap —pi)/H (12¢)

Here, A =A LT2 + KT + D (as shown in Formulae 12, =A corresponds to a sign of A vertically placed above =).

[0030] Here, vq can be interpreted as a desirable velocity to be reached in a next step according to the sliding mode
control law. Also, v¢  can be interpreted as a provisional target velocity to cause the generative force by the liquid pressure
actuator to be zero when the PID control law is performed for the liquid pressure actuator.

[0031] A known Document 3 (R. Kikuuwe, Y. Yamamoto, and B. Brogliato, "Implicit implementation of nhonsmooth
controllers to nonsmooth actuators," IEEE Trans. Autom. Control, 10.1109/TAC.2022.3163124, 2022) shows that
Formulae (13) below holds.

[ e (v +nf,sgn(ve —nf)) <= [ =satr, (0,8 /1) (13)
[0032] Formula (12a) can be rewritten as Formula (14) below by using Formula (13).

M

f = satp, (174,078 (A(vs 6 — V11)) (14)

[0033] Thus, analgorithm for obtaining a control input uy from a state {py, vy, Py k. Vg }» Which is represented by Formulae
(15) below (Formulae (15a) to (15f)), is obtained.

Vs := (par + Hvar — pr)/H (15a)
vig = v — ((K/T + L)(ag—1 — ap—2) + Lag—1 — gi) /A (15b)
Jr = Sgiftf“g(lk/ﬁi,wf,;“ﬁ)(A(vs,k - ’Uf:k)) (15(3)
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Vpg = Vs T fk/A (15(1)

ap = 2ap-1 — ap—o+ T° (Upp — Vg) (15€)

up = O (Vy ke, fr) (15f)

[0034] Here, the function I'g and the function @4 are single-valued functions that have a relationship with the functionI's
and the function ®s as shown in Formulae (16) and (17) below.

f=Tsinvu)<= fellv+nf,u) (16)

Os(v, f) € O(v,sabrq,.8y(f)) (17)

[0035] As described above, the set-valued function I" can be obtained from a quasistatic characteristic (relationship
between the velocity v in a steady state, the generative force f, and the manipulated variable u representing the valve
opening degree instruction) of the liquid pressure actuator. The set-valued function ® can be obtained from the set-valued
function I" by using Formula (9). The single-valued function I'g and the single-valued function ®4 can be obtained by using
these relationships, and Formulae (16) and (17). Specific forms of the single-valued function I'; and the single-valued
function @ for the oil pressure actuator 1 driven in the state where the regeneration circuit 16 is eliminated from the
hydraulic circuit of the oil pressure actuator 1 shown in FIG. 1, i.e., in the state where the regeneration circuit 16 is always
closed are shown by Formulae (34) and in Section 111.C in the known Document 2.

[0036] A pair {f", v, ) in real numbers for a generative force fy producible in the oil pressure actuator 1 and a target
velocity v, to produce the generative force fy at a time k satisfies two Formulae (18a) and (18b) below.

Urk = Uf ks + f k/A (18a)

fr € T(vrk, B) (18b)

[0037] Although aninfinite number of pairs {f,", v, } satisfy Formulae (18) shown above, the pair {f", v, } obtained from
Formulae (15b), (15¢), and (15d) has v,  closest to v , among the infinite number of pairs. In other words, Formulae (15b),
(15¢), and (15d) represent a step (reference velocity calculation step) of calculating the reference velocity v, and the
reference generative force f, based on the quasistatic characteristic of the liquid pressure actuator, the reference velocity
being a target velocity closest to the desirable velocity vg among target velocities v from which actuator forces
producible by performing PID control for the oil pressure actuator 1 are calculable, and the reference generative force
being an actuator force to be produced by performing the PID control when the reference velocity v, serves as the target
velocity v .

[0038] IfL =0in Formulae (15) representing the algorithm, a, is caused to become infinite, causing an issue. For this
case, Formulae (15) representing the algorithm can be modified as Formulae (19a) to (19f) below by using a new variable
e, defined as e, = (a, - a,_¢)/T.

sk i= (pax + Hvar — pi)/H (19a)

v = v — (Kep—1 — gi) /A (19b)
Fri= satr, (14,078 (A(Vs ke — V5 k) (19c¢)

Uk = vfk + fr/A (19d)
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e = ex—1 + T(vr — k) (19e)

Wy 1= (Lfg,jk) (19f)

[0039] Here, A =AKT + D (=A corresponds to a sign of A vertically placed above =).

[0040] The algorithm represented by Formulae (19) above can be derived by replacing a’ with e and setting L = 0 in
Formulae (8), performing discretization by the backward Euler method, and following a similar procedure for deriving
Formulae (15) above. Thus, the PID control in Formulae (15) can be replaced with a PD control in Formulae (19) where the
integral gain L = 0.

[0041] The conventional control law in the known Document 2, which is based on a quasistatic model similarly to the
embodiment, involves a double-implicit implementation scheme to deal with set-valuedness of the sliding mode control
law. In the double-implicit implementation scheme, both the control law and a dynamic characteristic model of a control
object are discretized by the backward Euler method and combined to construct a control algorithm. The control method
based on the differential algebraic relaxation according to the embodiment, which does not require the dynamic
characteristic model for the implementation, is more robust against modeling errors than the conventional control method.
Additionally, sensitivity to the modeling errors and deadtime can be adjusted by adjusting a gain of the PID controller
connected by the differential algebraic relaxation.

[0042] As shown in Formulae (19) representing the algorithm, in the position control according to the embodiment, the
desirable velocity v | to be produced in the liquid pressure actuator in the next timestep is calculated based on the target
position py , and the current position p, of the liquid pressure actuator, specifically, based on the target position py ,, the
current position p,, the target velocity v , obtained from these positions, and the current velocity v, (the desirable velocity
calculation step, Formula (19a)). The reference velocity v, and the reference generative force fi* are then calculated
based on the quasistatic model T of the liquid pressure actuator, the reference velocity being a target velocity closest to the
desirable velocity v , among target velocities v¢ , from which actuator forces f producible by performing PID control or PD
control for the liquid pressure actuator are calculable, and the reference generative force being an actuator force to be
produced by performing the PID control or PD control when the reference velocity v, serves as the target velocity (the
reference velocity calculation step, Formulae (19b) to (19e)). Further, the manipulated variable u, for the liquid pressure
actuator is calculated based on the quasistatic model I" of the liquid pressure actuator, and the calculated reference
generative force f " and reference velocity v, (the manipulated variable calculation step, Formula (19f)).

<Compensation for Effect of Regeneration Circuit>

[0043] The oil pressure actuator 1 includes the regeneration circuit 16 as shown in FIG. 1. The regeneration circuit 16
transfers hydraulicliquid (hydraulic oil) from arod-side chamber to a head-side chamber by use of potential energy of a link.
For a cross-sectional area A, of the rod-side chamber, a cross-sectional area Ay, of the head-side chamber, and A-= (A, +
Ay)/2, apressure difference caused by the external force g between the rod-side chamber and the head-side chamber can
be approximated to g/A-. Since a flowrate in the flowrate control valve 16b is proportional to the square root of the pressure
difference between the chambers, an estimation value of the flowrate q,.q of the hydraulic oil flowing through the
regeneration circuit can be calculated by Formula (20) below.

treg = max(Cregtireg R (9/4). 0) (20

[0044] Here, Ureg denotes an opening degree of the flowrate control valve 16b of the regeneration circuit 16. The
coefficient ¢, is defined as C,q reg\/2/p, where p denotes mass density of the hydraulic oil, a4 denotes a maximum
opening area of the flowrate control valve 16b, and C,, denotes a discharge coefficient.

[0045] Anincrease Vreg in a cylinder velocity due to the flowrate reg in the regeneration circuit 16 can be calculated as
Vieg = Greg/An- The variable v, indicates a non-negative value due to an effect of the check valve 16a of the regeneration
circuit 16. An expansion of the control law represented by Formulae (8) based on the increase Vreg in the cylinder velocity
for compensation for an effect of the regeneration circuit 16 results in a control law represented by Formulae (21a), (21b),

and (21c) below.

f=La+Ka+ Di—g (21a)
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f e (v, sgn(pa — p+ H(pg — vr — Vpeg))) (21b)

ue Ofv,, f) (21c)

[0046] Duetoanintroductionofthe variable Vreg described above, the switching surface is represented by: py-p+H(py' -
V- Vigg) = 0, in a case where the hydraulic oil is transferred to the head-side chamber through the regeneration circuit 16.
Thus, the switching surface is reached at a velocity reduced by Vreg compared to a case without the compensation.
Therefore, a control that prevents an excessive increase in the velocity can be performed.

[0047] An algorithm for implementation of the control law involving the variable Vyeg CaN be obtained by applying the
similar procedure for deriving the algorithm represented by Formulae (15) to the control law represented by Formulae (21)
and performing the discretization. The algorithm is derived by replacing Formula (15a) of the algorithm represented by

Formulae (15) with Formula (22) below.

Vs | (pd}k: + IJ((UC&,!&? - vwag&k} - p};;)/H (22)

[0048] Avalue ofthe variable v  can be computed by using Formula (20) for each timestep relevantto computation. In
the computation, gravity acting on the cylinder 15, which is derived from a joint angle and mass of the link, can be used as
the external force g.

<Configuration of Control System>

[0049] Inthe embodiment, a specific example of a control system configured to perform position control of a bucket of an
excavator driven by a plurality of oil pressure actuators will be described.

[0050] A control unit 50 serving as a position control device according to the embodiment is installed in an excavator 30
as shown in FIG. 2 and controls movement of the excavator 30.

[0051] The excavator 30 includes a lower traveling body 31, an upper slewing body 32, and a working device 40. The
lower traveling body 31 causes the excavator 30 to travel, which is, for example, a crawler. The upper slewing body 32 is
slewably attached to the lower traveling body 31 via a slewing motor 47. The upper slewing body 32 is provided with, e.g., a
cab that allows an operator to operate the excavator 30, and the working device 40.

[0052] The working device 40 includes a boom 41 rotatably attached to the upper slewing body 32, an arm 42 rotatably
attached to the boom 41, and a bucket 43 rotatably attached to the arm 42 for performing, e.g., excavation.

[0053] The working device 40 includes a boom cylinder 44 that is connected to the upper slewing body 32 and the boom
41 and moves the boom 41, an arm cylinder 45 that is connected to the boom 41 and the arm 42 and moves the arm 42, a
bucket cylinder 46 that is connected to the arm 42 and the bucket 43 and moves the bucket 43, and the slewing motor 47
thatis connected to the lower traveling body 31 and the upper slewing body 32 and moves the upper slewing body 32. Each
of the boom cylinder 44, the arm cylinder 45, the bucket cylinder 46, and the slewing motor 47 (hereinafter, also referred to
as actuators 44 to 47, respectively) is an oil pressure actuator driven by oil pressure.

[0054] The control unit50 is installed in the excavator 30, and includes a control part 51, a storage part 52, a display part
53, and an input part 54 as shown in the block diagram of FIG. 3. The control unit 50 is connected with, e.g., a position
sensor 48, a velocity sensor 49, and the actuators 44 to 47, and controls movement of each portion of the excavator 30.
[0055] The control part 51 is a computer device including, e.g., a central processing unit (CPU), a read only memory
(ROM), and a random access memory (RAM), and controls movement of the excavator 30. The control part 51 performs
each function as the control part 51 shown in FIG. 3 by loading various operation programs and data stored in the ROM of
the control part 51 and the storage part 52 into the RAM to cause the CPU to operate. Thus, the control part51 operates as a
desirable velocity computation part 511 (desirable velocity calculation part), a reference velocity computation part 512
(reference calculation computation part), a manipulated variable computation part 513 (manipulated variable calculation
part), an external force estimation part 514, and a movement instruction part 515.

[0056] The desirable velocity computation part 511, the reference velocity computation part 512, and the manipulated
variable computation part 513 calculate a manipulated variable u for each of the actuators 44 to 47 for moving the working
device 40, based on measured values output by the position sensor 48 and the velocity sensor 49, and a target position of
the bucket 43, specifically, a target position of a leading end of the bucket 43 (hereinafter, referred to as a bucket leading
end 43a) corresponding to a predetermined portion of the excavator 30.

[0057] The externalforce estimation part 514 estimates a magnitude of an external force acting on each of the actuators
44 t047. How an external force is estimated is not particularly limited; for example, it may be estimated based on an output
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from, e.g., a sensor (not shown) provided to each of the actuators 44 to 47.

[0058] The movementinstruction part’515 controls each of the actuators 44 to 47 based on the manipulated variables u
calculated by the manipulated variable computation part 513 to move the upper slewing body 32, the boom 41, the arm 42,
and the bucket 43.

[0059] The storage part 52 includes a non-volatile memory such as a hard disk or a flash memory, and stores, e.g.,
various setting parameters and a control algorithm for calculating the manipulated variable u.

[0060] The display part 53 includes a displaying device such as a liquid-crystal or organic electro-luminescence (EL)
panel, and displays, e.g., the various setting parameters and detection values by the position sensor 48 and the velocity
sensor49. The display part 53 according to the embodimentis aliquid crystal panel provided in the cab of the excavator 30.
[0061] Theinputpart54 is aninputdevice for inputting the various setting parameters for moving the excavator 30, e.g.,
the target position of the bucketleading end 43a. The input part 54 includes, e.g., a touch panel provided on the display part
53.

[0062] The position sensor 48 is a sensor that detects a position of the working device 40 of the excavator 30 that is a
control object. The position sensor 48 according to the embodiment includes a slewing angle sensor 484 that detects an
angle of the upper slewing body 32, a boom angle sensor 481 that detects an angle of the boom, an arm angle sensor 482
that detects an angle of the arm, and a bucket angle sensor 483 that detects an angle of the bucket. The control part 51
calculates lengths of the boom cylinder 44, the arm cylinder 45, and the bucket cylinder 46 (hereinafter, also referred to as
cylinders 44 to 46, respectively) and an angle of the slewing motor 47 from the angle of each portion of the working device
40 detected by the boom angle sensor 481, the arm angle sensor 482, the bucket angle sensor 483, and the slewing angle
sensor 484, and performs position control of the bucket leading end 43a based on the calculated length of each of the
cylinders 44 to 46 and the angle of the slewing motor 47.

[0063] The velocity sensor 49 is a sensor that detects a velocity of each portion of the working device 40. The velocity
sensor 49 according to the embodiment includes a slewing angular velocity sensor 494 that detects an angular velocity of
the upper slewing body 32, a boom velocity sensor 491 that detects an extension and contraction velocity of the boom
cylinder, an arm velocity sensor 492 that detects an extension and contraction velocity of the arm cylinder, and a bucket
velocity sensor 493 that detects an extension and contraction velocity of the bucket cylinder.

[0064] A position control process for the bucket leading end 43a by the control unit 50 according to the embodiment will
be described below. An exemplary control algorithm to calculate a manipulated variable u for each cylinder 44 to 46 serving
as the oil pressure actuator as shown in the block diagram of FIG. 4 will be described. Hereinafter, the embodiment is
assumed to involve the cylinders 44 to 46 only, but is not limited to this. A controller may be configured to additionally
involve a slewing angle of the upper slewing body 32, based on a coordinates of the target position py, to perform the
position control of the bucket leading end 43a. Specifically, as shown in FIG. 3, the position control of the bucket leading
end 43a may be performed by moving the slewing motor 47 serving as a liquid pressure actuator based on the slewing
angle sensor 484 as a position sensor 48 and the slewing angular velocity sensor 494 as a velocity sensor 49, and by
combining movements of the boom 41, the arm 42, and the bucket 43.

[0065] Inthe control algorithm of the presentinvention, the control part 51 calculates a manipulated variable u for each of
the cylinders 44 to 46 based on, e.g., a target position, a desired behavior, a current position, and a current velocity of a
given control object. The desired behavior is represented by, e.g., the time constant, which involves convergence of
movement of the control object to the target position.

<Flow of Control>

[0066] A specific flow of the position control of the bucket leading end 43a of the excavator 30 will be described with
reference to the flowchart of FIG. 5.

[0067] The operator of the excavator 30 inputs and sets a target position p of the bucket leading end 43a through the
input part 54 (Step S11). A coordinate of the target position py may be input through the input part 54 including the touch
panel, or a coordinate of the bucket leading end 43a manually shifted with a control lever may be set as the target position
pgy- A coordinate on a planned surface prestored in the storage part 52 may be read out and set as the target position p.
[0068] The operator inputs and sets parameters such as the time constant H representing the desired behavior. The
parameters may be set by reading out values prestored in the storage part 52.

[0069] The control part 51 calculates a target length of each of the cylinders 44 to 46 at the target position p, by inverse
kinematics from the input target position p, (Step S12). As shown in FIG. 4, each of the cylinders 44 to 46 is controlled to
extend or contract such that the lengths of the cylinders 44 to 46 become the respective target lengths, so that the position
control of the bucket leading end 43a is performed.

[0070] The desirable velocity computation part 511 of the control part 51 calculates the desirable velocity vy to be
produced in the next timestep, which is the desirable velocity computation step (Step S13). Specifically, the control part 51
acquires angle data of each portion of the working device 40 from the boom angle sensor 481, the arm angle sensor 482,
and the bucket angle sensor 483 (hereinafter, also referred to as angle sensors 481 to 483, respectively). The control part
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51 calculates a current position p, representing a length of each of the cylinders 44 to 46 based on the acquired angle data.
The control part 51 calculates the desirable velocity v  of each of the cylinders 44 to 46 based on the calculated current
position py (m), the set target position py \ (M), the target velocity v4  (m/s), the time constant H (s), and Formula (15a) or
(22). The control period is, e.g., 10 ms (milliseconds), but is not particularly limited.

[0071] Next, the reference velocity computation part 512 of the control part 51 calculates the reference velocity v, , and
the reference generative force f, " in the next timestep, based on the current velocity v, (m/sec), the set PID gains K, L, and
D, the control period T (sec), and Formulae (15b) to (15e) or Formulae (19b) to (19e), which is the reference velocity
computation step (Step S14). Specifically, the reference velocity computation part 512 acquires the current velocity v, of
each of the cylinders 44 to 46 from the boom velocity sensor 491, the arm velocity sensor 492, and the bucket velocity
sensor 493. The reference velocity computation part 512 then calculates the reference velocity v, and the reference
generative force f, , based on the quasistatic model I' of the liquid pressure actuator, the reference velocity being a target
velocity closest to the desirable velocity v, among target velocities v¢, from which actuator forces f producible by
performing PID control or PD control for the liquid pressure actuator are calculable, and the reference generative force
being an actuator force to be produced by performing the PID control or PD control when the reference velocity vV, serves
as the target velocity.

[0072] Next, the manipulated variable computation part 513 of the control part 51 calculates the manipulated variable u
for each of the cylinders 44 to 46, which is the manipulated variable computation step (Step S15). Specifically, the
manipulated variable computation part 513 calculates the manipulated variables uy, based on the reference velocity v,
and the reference generative force f,* calculated in Step S14, and the quasistatic model I of the liquid pressure actuator
(Formulae (15f), (17)).

[0073] The movementinstruction part 515 of the control part 51 outputs the calculated manipulated variables uy to the
respective cylinders 44 to 46 to move the boom 41, the arm 42, and the bucket 43 so that the bucket leading end 43a is
shifted (Step S16).

[0074] Whenthe nexttimestep is reached, the control part 51 acquires a new current position p, of each of the cylinders
44 to 46 from the position sensor 48. In a case where a difference between the acquired current position p, and the target
position py y is not larger than a certain preset threshold (YES in Step S17), the control part 51 ends the position control.
[0075] Ina case where the difference between the acquired current position p, and the target position py  is larger than
the certain preset threshold (NO in Step S17), the control part 51 returns to Step S13, i.e., the desirable velocity
computation step. The control part 51 then calculates manipulated variables u, in the timestep based on the control
algorithm, and shifts the bucketleading end 43a. The control part 51 repeats this to perform the position control for causing
the position of the bucket leading end 43a to reach the target position py.

[0076] As described above, in the control device and the control method for the position control according to the
embodiment, the reference velocity and the actuator force are calculated by combining the PID control law or the PD
control law that causes the velocity of the control object to follow the reference velocity with the sliding mode control law,
and the manipulated variable for the liquid pressure actuator is calculated based on the quasistatic characteristic of the
liquid pressure actuator. Therefore, a control independent of the dynamic characteristic model of the control object can be
performed. Accordingly, a high control performance can be achieved even in a case where prior information on a dynamic
characteristic of a control object is inaccurate and a case where there is a time delay in response of a liquid pressure
actuator.

<Numerical Examples>

[0077] Simulations of the position control of an oil pressure actuator based on the control law according to the
embodiment will be described below. In the examples, the simulations were run by using a realtime simulator for a 13
ton-class oil pressure excavator. In the examples, a position of an arm leading end was controlled by applying the control
law according to the embodiment to actuators for each axis by use of kinematics. A sampling interval for the realtime
simulator was 0.1 ms, and a sampling interval for a controller was 10 ms. The realtime simulator and the controller were
connected with each other by User Datagram Protocol/Internet Protocol (UDP/IP), and were capable of transmitting and
receiving, e.g., joint angle information and a control input to and from each other.

[0078] A generative force of a cylinder in the realtime simulator was calculated based on the quasistatic model of the oil
pressure actuator disclosed in the known Document 1 described above. A generative force of the arm cylinder was
calculated based on a quasistatic model covering the regeneration circuit disclosed in the known Document 1. In the
examples, a filter represented by Formula (23) below was interposed between the actuator model and the controller to
simulate a dynamic characteristic of the oil pressure actuator and deadtime in the oil pressure actuator.
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-1 WS e 1as L [u]

5% + 2Cwos + wj |

up =L (23)

[0079] Here, u;denotes a control input after filtering. The deadtime T, the cutoff frequency wg, and the damping ratio ¢
were set as Ty = 300 msec, o, = 94.2 rad/sec, and { = 1, respectively.
[0080] FIG. 6 shows a posture of the excavator 30 and a path of a target position q4. The target position g4 and a rate of
change of the target position q4 with respect to time are as represented by Formula (24) below; the rate of change of the
target position q4 with respect to time was set to be constant.
A T . ,
qa = [z, qy]" 5 lldall = 0.5 m/s (24)

[0081] Inthe examples, parameters for the boom 41 and the arm 42 of the excavator 30 were setas K=3x105N/m,B =
3%X105N-s/m, and H=1.0 s. Further, parameters of the actuator model in the control law were set to have the same values
as parameters of the control object.

[0082] Additionally, control simulations for comparing the control method according to the embodiment and the
conventional control method were run under the same conditions. Specifically, a control law A, which is a conventional
sliding mode control law based on double-implicitimplementation as shown in FIG. 7A (control law according to the known
Document 2), and a control law B, which is the PID control law according to the embodiment as shown in FIG. 7B, were
used. The control law A involves a deadtime compensator; therefore, simulations with the look-ahead time T being set to
300ms (=Ty), 150 ms, and 0 ms were run. The time constant H indicating the slope of the switching surface was setto 1.0 s.
[0083] The control law B is represented by Formulae (25) below (Formulae (25a) and (25b)).

F=Kylpa =) + Kg(ba =)+ K: [ (a =) (250)

uw=O,v, f) (25b)

[0084] Here, the proportional gain Kp, the derivative gain Ky, and the integral gain K; were setto 3 x 108 N/m, 3 x 108
N-s/m, and 0, respectively. The values of these gains result from adjustment by trial and error with repeated simulations.
[0085] FIG. 8showsresults of the simulations. As shownin FIG. 8, the control method according to the embodiment with
regeneration circuit compensation (a proposed method in the drawing) achieves the best results with smaller errors
between the target position and the position of the arm leading end (tip position in FIG. 8, and similarly in subsequent
drawings) over the entire path. The control method according to the embodiment without the regeneration circuit
compensation (control law B) causes large errors due to the effect of the regeneration circuit, during vertical lowering
and horizontal pulling when the regeneration circuit opens.

[0086] The control law A always causes errors in the horizontally pulling, and causes the tip position to always oscillate if
the look-ahead time T 4" = 0 (without deadtime compensation). The control law B also causes the oscillation over the entire
path.

<Examination of Effects of Modeling Errors>

[0087] Simulations for examining an effect of a parametric error in the model of the oil pressure actuator on control
performance were run. An error randomly selected in {-20%, 0, +20%} was given to each parameter of the control law with
respect to values such as relief pressure and the discharge coefficient in the simulator, and 100 trials were performed. To
make a comparison, similar simulations were run for the control method according to the embodiment and the control law A
based on the quasistatic model of the oil pressure actuator.

[0088] FIG.9A, FIG.9B, and FIG. 9C show results of the simulations. A comparison between FIG. 9C for the control law
A, and FIG. 9A for the control law B without the regeneration circuit compensation and FIG. 9B with the regeneration circuit
compensation shows that paths resulting from the simulations (paths under the parametric errors) in FIG. 9A and FIG. 9B
come closer to a desirable path under no parametric errors. This shows that the control performance of the control method
according to the embodiment varies little with respect to the parametric errors. The results seem to be ascribed to the fact
that the control method according to the embodiment is independent of the dynamic characteristic model of the control
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object, i.e., has low model dependence. The control law A reflected the effects of the parametric errors more largely,
seemingly because the control law involves the deadtime compensation based on the quasistatic model and the dynamic
characteristic model of the control object. A comparison between FIG. 9A and FIG. 9B shows that a compensation for the
effect of the regeneration circuit even under the parametric errors enables a tip path to come closer to the path of the target
position qg.

[0089] As described above, the control device and the control method for the position control according to the
embodiment involve performing the position control based on the sliding mode control algebraically connected with
PID control or PD control and are independent of the dynamic characteristic model of the control object, and thus are hardly
affected by, e.g., the parametric errors and the deadtime. Therefore, even an oil pressure actuator with along deadtime can
be controlled appropriately. The control device and the control method, which are based on the quasistatic model of the oil
pressure actuator, can deal with the strong nonlinearity of the oil pressure actuator.

[0090] Additionally, the control device and the control method according to the embodiment, which involve the
expansion for compensating for the effect of the regeneration circuit, are applicable to a liquid pressure actuator having
a regeneration circuit.

[0091] Inthe embodiment, the extension and contraction velocity of each of the cylinders 44 to 46 is measured with the
velocity sensor 49, but this is not the only way. For example, the control part 51 may calculate the velocity of each of the
cylinders 44 to 46 based on the angle data measured by the respective angle sensors 481 to 483.

<Second Embodiment>

[0092] In the first embodiment above, the position control of the control object driven by the liquid pressure actuator is
described. A control law similar to the first embodiment can be used to perform force control of the control object. In the
second embodiment, a control device and a control method for force control of a control object driven by a liquid pressure
actuator will be described.

[0093] Specifically, a force control device and a force control method will be described with an exemplary admittance
control of the control object driven by the same oil pressure actuator 1 in the first embodiment. A control system according
to the embodiment is different from the first embodiment in that the control system includes a feedback loop for performing
the force control and a control part 51’ includes a reference position computation part 516 (reference position calculation
part) to achieve this. The other constituents, which are the same as those in the firstembodiment, are denoted by the same
reference numerals, and the description thereof will be omitted.

[0094] As shown in the block diagram of FIG. 10, the control system according to the embodiment performs the
admittance control of movement of the oil pressure actuator 1 based on inputs of a measured value of a force f,
(hereinafter, also referred to as a counterforce) applied to the oil pressure actuator 1 as the control object by an
environment and a target applied force f; that is a target value of a force applied to the environment by the oil pressure
actuator 1. As shown in FIG. 10, the admittance control according to the embodiment is force control based on the position
control. Specifically, in the admittance control according to the embodiment, an internal position controller that performs
the position control according to the first embodiment controls and causes a position p of a rod of the oil pressure actuator 1
as the control object to follow a position g of a virtual object having a target dynamic characteristic of the control object. The
target dynamic characteristic of the virtual object includes a dynamic characteristic defined by target inertia and target
viscosity of the control object. The virtual object according to the embodiment is represented as a mass damper system
obtained by modeling the dynamic characteristic of the oil pressure actuator 1. The virtual objectis assumed to receive the
target applied force fy, and the measured counterforce f, which is a force that the oil pressure actuator 1 receives from a
rigid external environment due to a contact between the control object and the environment.

[0095] A control law according to the embodiment, i.e., a control algorithm for determining a manipulated variable u for a
liquid pressure actuator in a case where a machine as a control object is driven by the liquid pressure actuator and a force
caused by a contact between the control object and a rigid environment is controlled will be described below.

<Mathematical Preliminaries>

[0096] The embodimentinvolves a function represented by Formula (26) below, which is referred to as a normal cone.
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( (—o0,0] if z=a
0 if z € [a,b
Nigp(z) & 4 ‘ 26
041(2) 0,00) if z=0 (26)
|0 if z<avVaz>hb

<Control Law>

[0097] The liquid pressure actuator as the control object is represented by Formulae (27) (Formulae (27a), (27b), and
(27c)) below.

Mi=f+f+g (27a)
p=v (27b)
f el (v,u) (27¢)

[0098] Here, pdenotes a position of the control object, v denotes a velocity of the control object, and M denotes mass of
the control object.

[0099] The control object represented by Formulae above receives the generative force f of the actuator, the external
force (disturbance) g, and the counterforce f, from the environment. The set-valued function I" represents the same
quasistatic model of the liquid pressure actuator as the first embodiment, and is defined as a set-valued function from the
current velocity v and the manipulated variable u as the valve opening degree instruction to the generative force f of the
actuator. The control input u € B determines the opening degree of the flowrate control valve. The flowrate control valve is
opened to generate an oil flow in the liquid pressure actuator in a direction to cause the liquid pressure actuator to extend if
u >0 orin adirection to cause the liquid pressure actuator to contract if u < 0. M may not be already known, and p can be
acquired by a position sensor.

[0100] The embodiment involves an admittance control law represented by Formulae (28) below.

fd + fc = ﬁ'ﬂ;ﬁ + Bz%{i‘ + Mm wm,wm}(f@ (28&)
f=Kp-—p)+Blp-—p) — 3§ (28b)
f €T(pr,sgnlq —p+H(g—pr)) (28¢)

u € 0(p,, f) (28d)

[0101] Here, g" denotes an estimation value of the disturbance, and g, B,,, and M, denote a position of a rod, viscosity,
and mass of the virtual object, respectively. Formula (28a) represents a dynamic characteristic of the virtual object driven
by the target applied force f; and the measured counterforce f, from the environment. The third term Ny, (@) onthe
right-hand side of Formula (28a) has an effect of limiting the velocity q” of the virtual object withinaninterval [- v, v, ], due to
the definition of the normal cone represented by Formula (26). Formulae (28b) to (28d) serve as a position controller that
causes the position p of the control object to follow the position q of the virtual object, and represent a control law similar to
that of the position controller according to the first embodiment. The position controller has adjustable parameters
including PID gains K, B and the time constant H.
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<Discrete-Time Algorithm>
[0102] The algorithm for calculating from {fy ., o «, P, 9} @ control input u, from a force controller according to the

embodiment to the liquid pressure actuator is obtained by following the similar procedure including the discretization to the
first embodiment, and represented by Formulae 29 below.

ﬂ'fl,’l?q,gﬁ_i -+ (fcih + fe,k}T

Vg 7= Sab[—y,, 1] M.+ BT (29a)
gk = Qr—1 + Vg1 (29b)
vy = (P — pr-1)/T (29¢)
Ve i= (qr — pr + Hugr)/H (29d)
vpk = vk — (Kek1 — gr)/A (29e)
fi = satr, (174,05 ,,8) (A(vs,x — V1 1)) (29f)
Ur = vp g+ fi/A (29g)
e = ep—1 + (Upp —vp)T (29h)

ug = Og(Vrgs fr) (291)

[0103] Here, A=AKT + B, k denotes the discrete-time index, and T denotes the sampling interval (the sign of =A is as
described above).

[0104] AsshowninFormulae (29)above, the algorithm of the force control according to the embodiment is represented
by Formulae (29c) to (29i) corresponding to Formulae (19) representing the algorithm of the position control according to
the first embodiment and additional Formulae (29a) and (29b) for constituting the force controller. Thus, in the control
device and the control method for the force control according to the embodiment, the internal position controller based on
the position control method according to the first embodiment is used to perform the force control. Accordingly, a high
control performance can be achieved even in a case where prior information on a dynamic characteristic of a control object
is inaccurate and a case where there is a time delay in response of a liquid pressure actuator.

<Configuration of Control System>

[0105] As shown in the block diagram of FIG. 11, the control part 51’ of a control unit 50’ according to the embodiment
includes the reference position computation part 516 (reference position calculation part), unlike the control part 51
according to the first embodiment.

[0106] The reference position computation part 516 calculates a reference position by using the virtual object having the
dynamic characteristic of the machine including the oil pressure actuator as the control object. Specifically, as shownin the
algorithm above, the target applied force set as a target value of a force applied to the environment by the oil pressure
actuator and a measured value of the counterforce acting on the oil pressure actuator from the environment by a force
sensor 60 included in the oil pressure actuator are input to a model of the virtual object. Then, the reference position at
which the control object, more specifically, the rod of the oil pressure actuator represented by the virtual object, is to be
located in the next timestep is calculated. The force sensor 60 that measures the force acting on the oil pressure actuator is
installed in the oil pressure actuator, or may be disposed outside the oil pressure actuator.

16



10

15

20

25

30

35

40

45

50

55

EP 4 560 079 A1

[0107] The desirable velocity computation part 511 according to the embodiment calculates the desirable velocity by
using the reference position calculated by the reference position computation part 516. Specifically, the desirable velocity
computation part 511 calculates the desirable velocity by using the reference position as the target position for the
algorithm according to the first embodiment. Thus, as shown in FIG. 10, the reference position q output by the reference
position computation part 516 is input to the control law according to the first embodiment serving as the internal position
controller to perform the control, so that, as a whole, the force control of the control object is performed.

<Flow of Control>

[0108] FIG. 12is aflowchartshowing a flow of the force control according to the embodiment. As shown in FIG. 12, inthe
force control according to the embodiment, the target applied force f; of the oil pressure actuator is set (Step S31). Then,
the reference position q is computed based on the set target applied force f; and the measured value of the force f,, acting
on the oil pressure actuator (Step S32). Parameters such as the time constant H given when the control starts are
predetermined as in the first embodiment.

[0109] Specifically, the reference position computation part 516 of the control part 51’ calculates the reference position at
which the rod of the oil pressure actuator as the control object is to be located in the next timestep, which is the reference
position computation step. An algorithm for calculating the reference position is represented by Formulae (29a) and (29b)
above.

[0110] Steps S33 to S36 correspond to Steps S13 to S16 (FIG. 5) according to the first embodiment except that the
reference position calculated in Step S31 is input as the target position.

[0111] InSteps S33to S36, the internal position controller computes the manipulated variable u, so thatthe movement of
the oil pressure actuator as the control object is controlled. The control part 51’ repeats Steps S31to S37 (NOin Step S37)
until the control process is ended by, e.g., an end instruction by the operator or expiration of a predetermined operation
time. The control system ends the control process (YES in Step S37) when a predetermined end condition such as the end
instruction by the operator or the expiration of the predetermined operation time is satisfied. The control part 51’ according
to the embodiment achieves the force control of the control object by executing the process described above.

[0112] Asdescribed above, inthe control device and the control method for performing the force control according to the
embodiment, the reference velocity and the actuator force are calculated by combining the PID control law or the PD
control law that causes the velocity of the control object to follow the reference velocity with the sliding mode control law,
and the force control of the control object is performed by using the control law according to the first embodiment for
calculating the manipulated variable for the liquid pressure actuator based on the quasistatic characteristic of the liquid
pressure actuator. Therefore, a control independent of the dynamic characteristic model of the control object can be
performed. Accordingly, a high control performance can be achieved even in a case where prior information on a dynamic
characteristic of a control object is inaccurate and a case where there is a time delay in response of a liquid pressure
actuator.

<Numerical Examples>

[0113] Simulations of the force control of an oil pressure actuator based on the control law according to the embodiment
will be described below. In the examples, a hydraulic testing machine as shown in FIG. 13 was used to perform the
admittance control according to the embodiment. The hydraulic testing machine includes a proportional flowrate control
solenoid valve (uppermost modular valve), a relief valve, and a check valve. The flowrate of hydraulic oil supplied from a
pump unitwas constant, whichwas 4.17 X 10-4 m3/s, and the maximum force of an oil pressure cylinderwas 1.56 X 10-3N.
The sampling interval was T = 0.01 s.

[0114] The control unit acquires measured values of the position p of the rod and the counterforce f, from the
environment, from a linear encoder and a load cell of the oil pressure cylinder. The control input u is converted into an
input voltage for the flowrate control valve by a D/A conversion board.

[0115] As shown in FIG. 13, a rubber board fixed to a rigid wall was used as the environment in contact with the oil
pressure cylinder. Further, a metal plate was placed on a surface of the rubber board so that only a load button of the load
cell comes into contact with the environment. In the examples, contact experiments with rubber boards having three
different hardnesses were conducted to make a comparison. The rubber boards have hardnesses of a Shore A hardness
of about 50 HS (Shore A50), a Shore A hardness of about 65 HS (Shore A65), and a Shore A hardness of about 70 HS
(Shore A70), with a smaller number indicating a softer rubber board.

[0116] Parameters of the control algorithm for the admittance control in the examples were setas K=2.5 X 103N/m, B =
3.0 X 102N-s/m, and H=0.5s. Parameters of the virtual object were setas B, = 7.5 X 103N-s/m, M, = 5 kg. The parameters
were determined by trial and error to keep the generative force f stable.

[0117] FIGS. 14A, 14B, and 14C show results of contact force control with respect to a stepwise target applied force f;.
As shown in FIGS. 14A, 14B, and 14C, the measured counterforce f from each of the environments with the hardnesses
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follows the target applied force fy successfully.

[0118] FIGS. 15A, 15B, and 15C show results of contact force control with respect to a sinusoidal target applied force f .
As shown in FIGS. 15A, 15B, and 15C, the measured counterforce f from each of the environments with the hardnesses
follows the target applied force fy successfully.

[0119] Asdescribed above, the method for the force control according to the embodiment can cause a force applied to a
rigid environment by an oil pressure actuator in contact with the environment to follow a target applied force properly.
[0120] The presentinvention is suitable for position control and force control of a machine actuated by a liquid pressure
actuator. Particularly, the presentinvention is suitable for automatic position determining control and admittance control of
a construction machine actuated by an oil pressure actuator.

[0121] A control device according to a first aspect of the present invention includes: a movement instruction part that
controls a liquid pressure actuator for driving a machine that is a control object; a desirable velocity calculation part that
calculates a desirable velocity to be produced in a next timestep for the machine based on a target position and a current
position of the machine; a reference velocity calculation part that calculates a reference velocity and a reference
generative force based on a quasistatic characteristic of the liquid pressure actuator, the reference velocity being a
target velocity closest to the desirable velocity among target velocities from which actuator forces producible by performing
PID control or PD control for the liquid pressure actuator are calculable, and the reference generative force being an
actuator force to be produced by performing the PID control or PD control when the reference velocity serves as the target
velocity; and a manipulated variable calculation part that calculates a manipulated variable for the liquid pressure actuator
based on the quasistatic characteristic of the liquid pressure actuator, the reference generative force, and the reference
velocity.

[0122] The liquid pressure actuator may include a regeneration circuit, and the desirable velocity may be calculated
based on the target position and the current position of the machine, an opening degree of a flowrate control valve of the
regeneration circuit, and an estimation value of a flowrate of a hydraulic liquid flowing through the regeneration circuit.
[0123] The machine may be driven by a plurality of the liquid pressure actuators, the manipulated variable calculation
part may calculate the manipulated variable for each of the liquid pressure actuators, and the movement instruction part
may shift a predetermined portion of the machine to the target position by controlling each of the liquid pressure actuators
based on the calculated manipulated variables.

[0124] The control device may include an external force estimation part that estimates an external force applied to the
machine, and the reference velocity calculation part may calculate the reference velocity and the reference generative
force based on the external force estimated by the external force estimation part.

[0125] The liquid pressure actuator may be an oil pressure actuator.

[0126] The control device may include a reference position calculation part that calculates a reference position at which
a virtual object representing the machine and having a target dynamic characteristic of the machine is to be located in the
next timestep, by inputting to the virtual object a counterforce received by the liquid pressure actuator from an environment
with which the machine is into contact and a target applied force indicating a target value of a force applied to the
environment by the liquid pressure actuator, and the desirable velocity calculation part may calculate the desirable velocity
using the reference position as the target position.

[0127] A control method according to a second aspect of the present invention includes: a desirable velocity calculation
step of calculating a desirable velocity to be produced in a next timestep for a machine that is a control object and is driven
by a liquid pressure actuator, based on a target position and a current position of the machine; a reference velocity
calculation step of calculating areference velocity and a reference generative force based on a quasistatic characteristic of
the liquid pressure actuator, the reference velocity being a target velocity closest to the desirable velocity among target
velocities from which actuator forces producible by performing PID control or PD control for the liquid pressure actuator are
calculable, and the reference generative force being an actuator force to be produced by performing the PID control or PD
controlwhen the reference velocity serves as the target velocity; and a manipulated variable calculation step of calculating
a manipulated variable for the liquid pressure actuator based on the quasistatic characteristic of the liquid pressure
actuator, the reference generative force, and the reference velocity.

[0128] The control method may include a reference position calculation step of calculating a reference position at which
a virtual object representing the machine and having a target dynamic characteristic of the machine is to be located in the
next timestep, by inputting to the virtual object a counterforce received by the liquid pressure actuator from an environment
with which the machine is into contact and a target applied force indicating a target value of a force applied to the
environment by the liquid pressure actuator, and in the desirable velocity calculation step, the desirable velocity may be
calculated using the reference position as the target position.

[0129] Inthe control device and the control method of the presentinvention, the reference velocity and the actuator force
are calculated by combining the PID control law or the PD control law that causes the velocity of the control object to follow
the reference velocity with the sliding mode control law, and the manipulated variable for the liquid pressure actuator is
calculated based on the quasistatic characteristic of the liquid pressure actuator. Therefore, a control independent of the
dynamic characteristic model of the control object can be performed. Accordingly, a high control performance can be
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achieved even in a case where prior information on a dynamic characteristic of a control object is inaccurate and a case
where there is a time delay in response of a liquid pressure actuator.

Claims

1. A control device comprising:

a movement instruction part that controls a liquid pressure actuator for driving a machine that is a control object;
a desirable velocity calculation part that calculates a desirable velocity to be produced in a next timestep for the
machine based on a target position and a current position of the machine;

a reference velocity calculation part that calculates a reference velocity and a reference generative force based
on a quasistatic characteristic of the liquid pressure actuator, the reference velocity being a target velocity closest
to the desirable velocity among target velocities from which actuator forces producible by performing PID control
or PD control for the liquid pressure actuator are calculable, and the reference generative force being an actuator
force to be produced by performing the PID control or PD control when the reference velocity serves as the target
velocity; and

a manipulated variable calculation part that calculates a manipulated variable for the liquid pressure actuator
based on the quasistatic characteristic of the liquid pressure actuator, the reference generative force, and the
reference velocity.

2. The control device according to claim 1, wherein

the liquid pressure actuator includes a regeneration circuit, and

the desirable velocity is calculated based on the target position and the current position of the machine, an
opening degree of a flowrate control valve of the regeneration circuit, and an estimation value of a flowrate of a
hydraulic liquid flowing through the regeneration circuit.

3. The control device according to claim 1, wherein

the machine is driven by a plurality of the liquid pressure actuators,

the manipulated variable calculation part calculates the manipulated variable for each of the liquid pressure
actuators, and

the movement instruction part shifts a predetermined portion of the machine to the target position by controlling
each of the liquid pressure actuators based on the calculated manipulated variables.

4. The control device according to claim 1, further comprising:

an external force estimation part that estimates an external force applied to the machine, wherein
the reference velocity calculation part calculates the reference velocity and the reference generative force based
on the external force estimated by the external force estimation part.

5. The control device according to any one of claims 1 to 4, wherein the liquid pressure actuator is an oil pressure
actuator.

6. The control device according to claim 1, further comprising:

areference position calculation part that calculates a reference position at which a virtual object representing the
machine and having a target dynamic characteristic of the machine is to be located in the next timestep, by
inputting to the virtual object a counterforce received by the liquid pressure actuator from an environment with
which the machine is into contact and a target applied force indicating a target value of a force applied to the
environment by the liquid pressure actuator, wherein

the desirable velocity calculation part calculates the desirable velocity using the reference position as the target
position.

7. A control method comprising:

a desirable velocity calculation step of calculating a desirable velocity to be produced in a next timestep for a
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machine thatis a control object and is driven by a liquid pressure actuator, based on a target position and a current
position of the machine;

areference velocity calculation step of calculating a reference velocity and a reference generative force based on
a quasistatic characteristic of the liquid pressure actuator, the reference velocity being a target velocity closest to
the desirable velocity among target velocities from which actuator forces producible by performing PID control or
PD control for the liquid pressure actuator are calculable, and the reference generative force being an actuator
force to be produced by performing the PID control or PD control when the reference velocity serves as the target
velocity; and

a manipulated variable calculation step of calculating a manipulated variable for the liquid pressure actuator
based on the quasistatic characteristic of the liquid pressure actuator, the reference generative force, and the
reference velocity.

8. The control method according to claim 7, further comprising:

a reference position calculation step of calculating a reference position at which a virtual object representing the
machine and having a target dynamic characteristic of the machine is to be located in the next timestep, by
inputting to the virtual object a counterforce received by the liquid pressure actuator from an environment with
which the machine is into contact and a target applied force indicating a target value of a force applied to the
environment by the liquid pressure actuator, wherein

in the desirable velocity calculation step, the desirable velocity is calculated using the reference position as the
target position.
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