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Abstract: Force tracking control for hydraulic series elastic actuators (SEAs) is the demand in robots
interacting with the surrounding world. However, the inherent nonlinearities and uncertainties
of the hydraulic system, as well as the unknown environment, make it difficult to achieve precise
contact force control of hydraulic SEAs. Therefore, in this study, force tracking impedance control
of hydraulic SEAs is developed considering interaction with an unknown environment in which
the force tracking performance can be guaranteed in theory. Based on the typical force tracking
impedance frame, the force tracking performance is improved by introducing backstepping control
into the inner position controller to deal with the high-order nonlinear dynamics of the hydraulic
SEA. In addition, the environment parameters are also estimated online by the adaptive method.
Finally, comparative simulation is conducted with different interacting environments, which verifies
the advantages of the proposed method.

Keywords: force tracking; impedance control; electro-hydrostatic actuator; hydraulic series elastic
actuators

MSC: 70Q05; 70K20

1. Introduction

Force control has been the fundamental capacity and a hot topic research area for
actuators due to its wider applications in industry and robot systems. These research issues
may be broadly classified into two types: compliance and precision. For the case of com-
pliance force control, this is commonly used in the collaboration between humans and robots,
tele-robotic systems, and walking robots, which have been reported in the literature [1-3].
For the case of precise force control, this is usually applied in force loading simulation [4].
An important control method of compliance force control is impedance control presented
in [5,6], which adjusts the contract force by using the relationship between force and posi-
tion/velocity error. Impedance control avoids dangerousness when the actuators interact
with the external environment. However, the force tracking performance is not satisfactory,
especially in an unknown environment.

With the growing interest in providing force tracking capability for impedance control,
force tracking impedance control was proposed by Seraji and Colbaugh [7]. The main
contribution of this method presents accurate steady-state force tracking performance and
flexibility when the external environment changes rapidly. Therefore, it is widely employed
in hole operation, deburring, grinding, etc. A special device for precise force control
is hydraulic series elastic actuators (SEAs), which are equipped with a spring between
the power output shaft and the environment. The advantages of hydraulic SEAs can be
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summarized two aspects according to [8-11]. On the one hand, it provides high force
fidelity, shock tolerance, and force sensing for interaction control. On the other hand, it
enjoys the property of high power density compared with electric SEA. However, to our
knowledge, the studies on the precise force tracking for hydraulic SEAs have not yet been
established. In the existing literature, there is some research on modeling and controller
design. Shen et al. [12] established the hydraulic SEAs model based on flow equations [13]
and Newton’s second law. Then they applied the impedance method to the hydraulic
series elastic actuator using an outer loop feedback position and inner feedback force to
achieve force control. Mustalahti et al. [14] established a fifth-order state space model for
the hydraulic SEAs considering the non-linear dynamics of hydraulic systems, and the full
stated feedback position controller was designed. However, the environment was regarded
as known and rigid, which decreased the application of the proposed control. Furthermore,
the force tracking performance is not satisfactory in the above papers. In order to improve
force performance, force tracking impedance control is an available method. The main
difficulties applying this control method to the hydraulic SEAs are as follows. Firstly, a
position tracking error due to unknown dynamic uncertainties of hydraulic systems should
be minimized. Secondly, the controller must be robust enough to deal with unknown
environment stiffness.

These problems will also emerge when applying the force tracking impedance to
electronic SEAs. Many efforts have been made to solve these problems. For the of case
control frame, Zhao et al. [15] proposed a controller design criterion, which is composed of
outer impedance and inner torque feedback loops for SEAs. For the detail control methods,
based on disturbance observer control is applicable with overcoming the model uncer-
tainty. For instance, Oh and Kong [16] applied a disturbance observer and feedforward
controller to achieve the high-precision force control for the SEA system by utilizing the
two-mass dynamic model. Sun et al. [17] proposed nonlinear observer-based force control
for electro-hydraulic actuators, which does not require the cylinder position and velocity
information. In addition, adaptive control is another method to deal with the model uncer-
tainties. Liu et al. [18] proposed a Lyapunov-based parameter adaption control algorithm
to compensate for parameter uncertainties. Baigzadehnoe et al. [19] and Wang et al. [20]
used the adaptive fuzzy control method to achieve the force/position hybrid control for a
robot manipulator. However, these literature concentrate on the electrical drive machinery
system using the motor torque control close-ring. Unfortunately, the hydraulic SEAs system
generally does not have a force closed loop. This is because the hydraulic system behaves
with higher nonlinearity, stronger parameter uncertainties, and a higher dynamic model
compared with electronic SEAs. In spite of this, many control methods have been proposed
to achieve precise position control for hydraulic systems, for example, adaptive control,
robust control, adaptive robust control [21-24], disturbance control based on the extended
state observer [25,26], backstepping control [27], the sign of the error (RISE) control [28],
sliding mode control [29] and so on. These theories have not been integrated into force
tracking control to achieve perfect force tracking performance. Moreover, the adaptive
techniques using force tracking errors have been proposed to estimate environment param-
eters (stiffness and damping). Misra et al. [30,31] applied adaptive techniques to bilateral
manipulators for estimating environment parameters. Calanca et al. [32] developed an
environment-adaptive force controller by estimating the environment dynamics online
and continuously adjusting the control law accordingly. These theories provide a basis for
this paper.

The purpose of this paper is to propose a force tracking impedance control method
for the hydraulic series elastic actuators. It is robust with respect to uncertainties in both
hydraulic dynamic model and environment stiffness. The main idea is to minimize force
error by using an advanced position controller and a parameter adaptive method for an
unknown environment.

This paper is organized as follows. The dynamic model of the nonlinear hydraulic
SEAs is derived in Section 2. Section 3 demonstrates the design of the force tracking
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impedance controller. In Section 4, the simulation utilizing a hydraulic SEAs system
verifies the high performance of the proposed controller. The conclusion and further
research are presented in Section 5.

2. Modeling of the Hydraulic Series Elastic Actuators
2.1. Hydraulic SEAs Modeling

The structure of single-rod electro-hydrostatic series elastic actuators is shown in
Figure 1. The environment is represented by a linear spring and a damper. Thus, the
mathematical dynamics model of hydraulic SEAs is represented [8] as follows:

mcyljécyl + chlxcyl + Ks(xcyl - xloud) —-h =0, (1)

Mioad¥ioad + BeXioad + (KS + Ke)xload - stcyl =0,

where m,,; and mj,,, are the mass of the piston and load in [kg], respectively. x.,; and x;544

are the position of the piston and load in [m], respectively; K; is the spring stiffness of SEA

in [N/mm]; By is the viscous damping coefficient of the piston in [Ns/m]; K, is a linear

spring stiffness and B, a damping coefficient; and F; is the hydraulic driven force in [N].
The hydraulic driven force F; satisfies:

F =PA - PA,

- . . 2

b = ‘X(xcylr t)wp + ﬁ(xcylr t>xcyl + §0(xcy1/ t)Fl + '7(xcyl/ xcyl)r
where P;, P, are the pressures of both chambers for hydraulic cylinders in [N/ m?]; Ay, Ay
are the areas of both chambers for hydraulic cylinders in [m?]; wp is the speed of the pump
in [rad/s]; and a(xcy1,t), B(xcy1, ), and @(xcy1, t) are the parameters of the pump control
hydraulic cylinder satisfying [26]:

‘X(x(:yl/ t) = (Alll + %)ﬁerl 3)
A2 Al

:B(xcylrt) = (711 + 722),3@/ 4)

P(xcyi,t) = (Vi1 + Viz)Lp/%e, (5)

where Dp is the volumetric capacity of the pump in [m?/rad], Lp is the total leakage
coefficient of the pump and cylinder in [m®/Ns], B, is the effective bulk modulus of the
systems in [N/m?], and Vi(xeyr) = Vao + Arxey and Va(xe) = Vpo — Azx,y are the
volumes of chambers A and B in [m?], respectively. x.,; and xj,,4 are physically bound as:

—Xjim1 < Xeyl < Xim1,
(6)

—Xlim2 < Xigod < Xlim2,
where Xjiy1, Xjin2 are positive constants. The ranges of Vi (x¢y1),V2(xcy1) are defined as:

Vao = A1Xtim1 = Vamin < V1(xeyt) < Vamax = Vao + A1X1im1,
Vo — AoXtim1 = VBmin < V2(Xey1) < VBmax = Vo + A2Xjim2-

@)
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Figure 1. The structure of the single-rod electro-hydrostatic series elastic actuators. P; and P, are the
pressures of both chambers for hydraulic cylinders, Q; and Q are the flow of the two chambers, K;
is the spring stiffness of SEAs, and K, and B, are the environment stiffness and damping coefficient,
respectively. x,; and x4 are the position of the piston and load, respectively; x, and x. are the
reference and commanded position trajectories, respectively, and x, is the location of the environment.

Remark 1. In chl/ Ks, A1, Ap, V1, and V; can be easily known because they are mechanically
fixed parameters. However, the B, varies with the temperature and working time. In addition,
considering the unmeasured states <y, the total model uncertainty can be defined as dy, including vy
and AB,. The dy is also bounded since V z0, Vo, and x,; are bounded.

2.2. Problem Formulation

The new state variable x is defined as:

X1 Xload
X2 Xeyl
x= | x3 | = | Xload
X4 Xeyl
X5 2]

Form the relationships (1) and (2), the hydraulic cylinder dynamics are obtained as:

X1 = X3,
Xp = X4,
i3 = —Bloaax3 — (Ks + Ke)x1 + Ksxp
Mipad ’ (8)
. _ch1x4_Ks(x2_x1)+x5
X4 = ’
Myl

X5 = IX(Xz, t)wp + ﬁ(Xz, t)X4 + QD(Xz, i’)X5 +d;.

The main goal in the controller design is the force tracking impedance control based
on the advance position tracking control interacting with an unknown environment.
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3. Force Tracking Impedance Control of SEAs Based on Dynamic Models

In this section, the force tracking impedance control is designed, which includes an
inner position controller, environment estimation, and the desired impedance model. Its
frame is shown in Figure 2. In this picture, some notations are defined as follows: x, and x,
are the reference and commanded position trajectories, respectively. xp is the output of the
desired impedance model. wy is the controller output. F, is the desired contact forces, F; is
the hydraulic SEAs output torque computed by evaluating the spring displacement, and E
is the force tracking error. F, is the actual contact force acting on the environment, which
can be measured with force senors. Fs and F, drive the load dynamic system.

- X
‘F;‘ + E Impedance | ? N DRC Wy Ya
model + = x| contoller

1 T ) _77""\\

/" Nonlinear ™
( . ‘
\._dynamic model /

-

Figure 2. Frame of force tracking impedance control for hydraulic SEAs. Including designed
impedance model, inner position controller (DRC), and environment parameters estimation. F; is the
desired contact forces, Fs is the hydraulic SEA output torque, F, is the actual contact force acting on
the environment, E is the force tracking error, and xp is the output of the desired impedance model
based on the force tracking error.

3.1. Inner Position Controller Design

A precise position controller is fundamental for improving the force tracking per-
formance. According to the dynamic model, the direct robust position control (DRC) is
designed via the backstepping method to deal with the high-order dynamics and nonlin-
earities of the hydraulic system. Assuming the system all state can be obtained, the three
steps of the controller are as follows.

Step 1: The position tracking error is defined as z; = xy — x.(t). Then, it is defined
Zp as:

7y = 21 + K121 = X4 — X4eq, Xaeqg = Xc — k121, )

where x. represents the command trajectory, which can be given later, and k; is the a
positive stabilizing feedback gain.
Step 2: The error dynamic of z, is written as:

) —Boyxg — Ks(x2 — x1) + x5 )
Zy = & ’ — Xdeq- (10)
Myl

Here, x5, is defined as the desired value of x5. For the virtual control input for Step 2,
the control law is:
X5eq = X5eqa T X5eqs1s
X5eqa = Meyr[(BeyiXa) + Ks(x2 — x1)] + X4eq, (11)
X5eqs1 = —koz,

where x5, is a physical-model-based compensation term, and x5 is the stabilizing
feedback term. kj is the positive stabilizing feedback gain.
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Step 3: We defined z3 = x5 — x5, as the input discrepancy of Step 2. Let the pump
speed w), be the control input of Step 3 to make z3 converge to zero or a small value.
The error dynamics of z3 is written as:

Z3 = Dé(x2, t)w,, + ,3(962, t)xv + QD(XZ, t)X5 +d; — XSeq' (12)

Considering the nonlinearities and uncertainties, the direct robust control law is
designed as:

Wa + Ws1 + Wsp

W= a(xo, 1)

Wy = —PB(x2,1)x4 — @(x2,t)x5 + Xs5e, (13)
ws1 = —k3z3,

wsy = —k3s223,

where w, is a physical-model-based compensation term, w;; is the stabilizing feedback
term, wy) is the robust feedback term, k3 is the positive stabilizing feedback gain, and k3, is
the positive nonlinear robust feedback gain, which is chosen to satisfy the following robust
conditions:

(1) z3(kss2 — d1) < €3, (ii) z3kss2 <0, (14)
where €3 is a small enough and positive number.

Proposition 1. The hydraulic SEA is equipped with an “almost perfect” inner position control
loop such that the commanded position x. is achieved, i.e., Xeyl R Xe.

Proof. The positive definite function is:

1 1 1
Taking a derivative in both sides of (15), it follows from (9), (10), (12), and the back-

stepping control laws (11) and (13) that

V3 = —k123 — koz5 — k323 + z3(kasa — dy)
< —klz% — kzZ% — k3Z% + €3 (16)
< =2AV3 + €3.

Consequently, the transient performance is quantified by:

Vs < exp(—2AH) V5(0) + 26—5’\[1 —exp(—2At)], (17)
where A = min{ky, kp, k3 }.
The position tracking error of the inner position controller will converge to an arbitrar-
ily small domain when t — co, which completes the proof. O

3.2. Environment Parameters Estimation

Accurate knowledge of the environment parameters is also necessary for precise force
tracking. The parameters’ adaptive control aims to compute the estimated environment
stiffness K, and damping coefficient M, online, which will be used to compute the ref-
erence trajectory x,. Here, the desired trajectory is rewritten in terms of the estimated
environment parameters:

Xr = — + Xe. (18)
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where K, is a parameter relate to K. and Ks. Considering the estimate force:
Fo = Re(%100d — Xe) + Be (H100a), (19)
the contact force estimation error is written as:
Fo — Fo = (Re — Ke) (X10aa — Xe) + (Be — Be) (100a)- (20)
We define £, = F, — F,; hence, the error can be written as:
E =974, (21)
where ¢ = [xloi‘jo;d el and § = [IEZ - I;:]
Define the parameter adaptive law as follows:
0 =-T 1F, (22)

where I' is a positive, definite, and symmetric gain matrix.

Proposition 2. If F, satisfies the persistent exciting (PE) condition, the environment parameters
K, and B, can converge to an actual value.

Proof. The Lyapunov function is denoted by:
vV =6Té. (23)

Taking a derivative of (23) with respect to ¢, we conclude by parameter adaption
law (22) that )
V =201 = —20T¢¢T0 < 0. (24)

Therefore, the estimation parameter K, = K., B. = B, when t — +o0, which com-
pletes the proof. [

Remark 2. The DRC controller deals with the dynamic uncertainty of the hydraulic SEAs system,
achieving the perfect position tracking, x.,; ~ X, and the adaptive control methods estimate the
unknown environment stiffness to produce the desired trajectory x;.

3.3. Force Tracking Impedance Controller Design

In this subsection, the impedance model is designed based on force tracking error.
Then, the force tracking impedance control is developed.
The force tracking error is defined by;

E=F —F,. (25)

The defined impedance (or called admittance) model is a second-order linear system
with the transfer-function
Zt(S) = ]\/ItS2 + Bts + K;.

where M;, By, and K; are the designed model parameters. The dynamical relationship
between the force tracking error E and the position perturbation x, mimics a mass-spring—
damper system shown as:

E _ E
Zt(S) - M;s2 + Bis + K,

Xp = (26)
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Es(s) =

In order to achieve a precise force tracking performance, we set x. and x, satisfying:

Xe = 2+ %, (27)

F
= —_— 2
Xp = Xe + Ko (28)
where K, satisfies:

K.Ks

Kes = . 29

¢ 29)

With the above preparation, the main result is provided based on Propositions 1 and 2.

Theorem 1. If the control input of inner position x. is designed as (27) and the reference input x,
satisfies (28), then the force tracking error ess converges to 0 as t — +oo.

Proof of Theorem 1. According to the system model, F; and F. can be written as:

Fs = Ks(xm - xload)t
F. = Ke(xload - xe)/ (30)
Fs—F = mloadjéload + Bexloud‘

Performing Laplace transform and Proposition 1, it is concluded by (30) that

Ze(s)Ks(s) KK,

Fs(s) = WXC(S) + mxe(s)/ 31)
where Z, = m;y,45> + Bes + ke.
Using Laplace transform for (25), one has:
Es(s) = Fi(s) — Fs(s)
— Zi’ (S)KS (S) KsKe (32)
= Fr(S) m(X;’(S)‘i‘X’;(S)) m}(g(s)
Submitting (26) and (28) to (32), we obtain:
Z:(8)(Ze(s) + Ks) Ze(5)K; KK,

Zt(5)Ze(s) + Ks(Zt(s) + Ze(s))

[Fr(s) Xe(s)]- (33)

BV ACES Sl XA a
Thus, the steady-state force tracking error satisfies:

K;

€ss = m(ﬂ — Kesxy — Kesxe)/ (34)

Assuming the environment can be regarded as quasi-static, X, = 0. Then, it is con-
cluded that e;s — 0 when the reference position trajectory is chosen as (28). [

Remark 3. The force tracking performance can be guaranteed in theory considering the interaction
of hydraulic system uncertainties with an unknown environment.

4. Simulations Result

In this section, the performance of the proposed method is evaluated using simulations
by Simulink Toolbox of Matlab. Two different simulation cases were conducted. Case
1: the relation between the inner position controller and the force tracking performance
is evaluated considering hydraulic SEAs interacting with a rigid environment. Case 2:
the environment parameters estimation performance and force tracking performance are
evaluated by different pre-set values of environment stiffness.
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4.1. Configuration of Simulations

The configuration parameters of fundamental sample time are chosen as 0.001 s.
Using s-function established the mathematical model of the nonlinear dynamic system and
controller model.

4.1.1. Controller Set Up

Four different force tracking controller settings were implemented, such as Controller 1
(Cy1), Controller 2 (Cp) , Controller 3 (C3) , Controller 4 (C4). Among them, the impedance
model parameters were designed as:

Zi(s) = 10s* + 100s + 250. (35)

The control gains were tuned to obtain the best tracking performances in both methods.
The controller parameters were designed as follows:
Cj: Inner position controller with DRC:

1
k1 =100, k; =50,000, k3 =600, kzsp = oo B 0.001. (36)
3

Cy: Inner position controller with PID:
ot
u= kpZ(xcyl - xr) + kiz 0 (xcyl - xr) + kd2(xcyl - xr)r (37)
where the control gains k> = 9200, k;; = 5000 and k;, = 100.
Cjs: Direct force feedback PID controller:
t

where the control gains k3 = 100, k;3 = 10, and kg3 = 0.1.

C4: Inner PID position controller without impedance model. The PID controller has the
same parameters as the Cy controller, except without an impedance model.

4.1.2. Model Parameter

The hydraulic SEAs model parameters used are listed in Table 1, which include some
mechanical parameters and viscous damping. d; used in the simulation was designed as:

d; = (100 + 1000 exp(—0.1(t — 1)) sin(t). (39)

The B, used in controller is 7 x 108, which is different from the model. The desired
tracking trajectory is designed as implementing a linear ramp up profile, which has a
third-order derivative, as shown in Figure 3.

Table 1. The model parameters.

Parameter Value Parameter Value
eyl 20 Ay 2.3758 x 1073
Mioad 100 Ay 1.76 x 1073
By 2000 Vao 1.924 x 10~*

Be 7 x 108 Vo 5.702 x 1074

K 10,000 Lp 24 x 1071
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Figure 3. Reference force tracking trajectory including F;, E., E., and F, used in controller design.

4.2. HSEA in Contact with a Rigid Environment

If the environment stiffness is infinite or much greater than the stiffness of the HSEAs,
then K,s ~ K5, which is often used in some work situations. The tracking performances of
the controllers are shown in Figures 4 and 5. Comparing the C; and C; controllers, the C;
controller, which is equipped with the DRC position inner controller, behaves with a smaller
steady-state error and faster transient performance. This is because the advanced position
controller overcomes the hydraulic nonlinearity and uncertainty, which decreased the
position tracking errors. Therefore, the force tracking performance is improved. Moreover,
the C4 controller shows worse performance because the force feedback information is not
used by the impedance outer controller. Furthermore, the role of the impedance controller
is shown in Figure 6, and x, varies drastically for the C; controller, which is due to the
slow convergence rate. However, x, only comes into play at the turning point for the
C1 controller, which is based on the perfect transient response. Therefore, the proposed
method with an advanced position controller and force impedance controller can achieve
precise force tracking control. The force tracking result is better compared with that in [8].

1200 T T T T T
Fr
C1
1000 Cc2
C3
C4
800 - .
z
2 e00f .
x
[$]
o
g 400 b
S
g
200 7
0 -
—200 . . . . .
0 2 4 6 8 10 12

Time(s)

Figure 4. Force tracking performance in contact with the rigid environment. Fr is the reference
force tracking trajectory. C; controller behaves with a smaller steady-state error and faster transient
performance compared with other controllers.
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w40 .
—60 4
—-80 1 1 1
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Figure 5. Force tracking errors in contact with the rigid environment. C; controller presents the
largest force tracking error. C; controller has a fast speed of force tracking error coverage to zero.
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0.015
E
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g
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[}
o
©
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0
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/“ \\/\V\f\/\ 1
\
| \ ‘
| ——
L
\ /.;ﬁ/ |
\
\ 1
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Figure 6. Position perturbation. xpplays a role in the turning point to make the actuator present

compliance.

4.3. HSEA Adaptive Environment Parameter

If the environmental stiffness is similar to the HSEAs and the environmental param-
eters are unknown, adaptive technology is an effective method to achieve force tracking
control. The tracking performances based on environment parameter estimation are shown
in Figure 7. The parameter estimation performance is shown in Figure 8. The C, controller
had a larger force-tracking error than the proposed C; controller, especially at the outset
and the stabilization phase. The stiffness of the environment and damping coefficients are
estimated by the proposed adaptive technology. The adaptive gain was [1000, 0; 0, 66]. The

estimation parameters satisfactorily follow the actual parameters [10%;200].



Mathematics 2022, 10, 3383 12 of 15

1000 T T T =

800 -

600 - b

400 - 7
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200 - 1

z
s
o
o
£
X
[$]
o
(0]
2
(o]
w —40 1 1 L L 1
0 2 4 6 8 10 12
Time(s)

Figure 7. Force tracking performance considering unknown and invariant environment-adaptive
parameters. This picture shows that adaptive technology is an effective method to achieve force
tracking control.

10,500 T T T T T 200

190

= 10,000 [ 180

9500 - 160

9000 [ Ke 140

Be

130

Parameter estimation Ke (N/mm
o
Parameter estimation Be (Ns/m)

8500 |- 120

/ 110

2 4 6 8 10 12

8000
0

Figure 8. Environment parameter estimation performance in case of invariant stiffness. Environment
parameter can be converged to actual value as the theory shows.

Furthermore, the variable stiffness case is analyzed as follows. The stiffness of the
environment changes from 1.0 x 10* to 1.2 x 10% in 5 s. The force tracking performances
are shown in Figure 9, and the estimated parameters are in Figure 10. Obviously, this
parameter estimation has good validity, and the force tracking performance is also verified.
The peaking phenomenon occurred because the environment stiffness suddenly changes,
which shows the role of impedance control, that is, to a certain degree of compliance.
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Figure 9. Force tracking performance for variable stiffness. The stiffness of the environment changes
from 1.0 x 10* to 1.2 x 10* in 5's. C; Controller presents faster transience and softer compliance
performance.
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Figure 10. Environment parameter estimation performance for variable stiffness. The stiffness of
the environment changes from 1.0 x 10% to 1.2 x 10%* in 5 s, in which the environment parameter
estimation performance is verified.

5. Conclusions

In this paper, a precise force tracking impedance control with an advanced position
inner controller and an adaptive environment parameter was developed for hydraulic
SEAs. In comparison with [8], the application is expanded due to the online environment
parameters estimation. Furthermore, steady-state performance can be guaranteed. In
addition, the force tracking precision has been improved due to the inner position control
being modified by integrating the direct robust control method based on the force tracking
impedance control frame. The direct robust control overcame the model uncertainty and the
nonlinear and higher-order dynamic property of the hydraulic system via a backstepping
procedure. The performance of the proposed method was validated using simulation. In
the future, we will conduct experiments in actual systems, and the frequency character-
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istics will be tested. In addition, on the basis of this study [33-35], the energy control,
coordinated /synchronized control and fault-Tolerant Control will be conducted.
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