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Position controllers are commonly used for free motion, while force controllers are used for
constrained motion of robots. However, it is not trivial to set controller parameters for
practical contact tasks with unknown environments. In particular, the environmental posi-
tion is uncalibrated, and it is impossible to determine the contact position through force
sensor information because of the presence of a force measurement threshold. To this
end, an estimation algorithm based on L-BFGS is proposed to obtain the environmental

Keywords:
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Online estimation impedance parameters and position. The estimated environment position is updated with
Position and force switching controller the impedance parameters, and the impedance parameter estimation is directly related to
BFGS method the penetration position. The penetration position is determined by the real position of

manipulators and environment surface position. The estimated environmental parameters
are used to modify the position and force switching controller parameters; therefore, the
accuracy of these parameters can be evaluated by the performance of the modified con-
troller. Simulations and experiments are successfully conducted and validated with the
proposed impedance estimation method. The accuracy and effectiveness of the algorithm
is verified through the force and trajectory tracking performance in simulations and
experiments.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Since robots are being more widely deployed in all aspects of production and life, they are not only just required to per-
form simple repetitive tasks in static environments. Studying the interaction between robots and different environments has
become an important topic in robot controller design. Position and force switching controllers are always applied to inter-
active tasks to guarantee the performance of trajectory and force tracking regardless of the free motion or contact phase.
Here, a virtual semi-active damping controller [1] is employed in this paper, and the controller is improved to suppress
the bouncing [2] in the transition phase without reducing the contact speed. As one of the most commonly used interactive
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control methods, impedance control is directly affected by the mechanical characteristics of the contact environment [3,4].
The controller parameters are updated with the environmental parameters, so it is critical to accurately obtain the param-
eters of contact dynamics models [5] in different environments.

An accurate description of the contact dynamics can make the robot controller better adapt to the current working con-
ditions. A scheme based on artificial neural network is developed to provide a new and feasible approach for the research of
contact/impact process between complex contacting surfaces by utilizing the data-driven modelling framework [6]. The
genetic algorithm sequential quadratic programing (GA-SQP) hybrid estimation method is employed to obtain the unknown
contact dynamical parameters under each initial indentation velocity [7]. Iterative learning impedance methods are adopted
to obtain the desired impedance model with better performance [8,9]. Impedance parameters are modulated by learning
neural networks, although this requires expensive data preprocessing to train the samples [10,11]. Reinforcement learning
methods such as the PI2 (policy improvement with path integrals) algorithm [12] and iterative linear-quadratic-gaussian
(iLQG) [13], enable the execution of various contact tasks indifferent environments by applying impedance control to the
robots. Most of the mentioned methods use the position and velocity of the robot end-effector and the forces that act on
the end-effector to estimate the impedance parameters; furthermore, the penetration depth of the probe is always consid-
ered known [14]. However, the environmental surface position is difficult to accurately obtain without visual information
assistance or calibration in advance [15], when a robot interacts with different environments in the actual application
process.

Several studies on impedance estimation taking into account the environment position. A Kalman filter-based algorithm
is presented to estimate both the environmental contact dynamics parameters and geometric parameters such as the envi-
ronment position and orientation [16]. Unfortunately, the state space model contains a discontinuity because of the
employed switching controller, which causes a significant amount of bimodality [17], such that the estimation method based
on the Kalman filter cannot be successfully applied in this situation. A least-square-based method is developed to identify
the contact parameters from complex stiff multi-point contact scenarios [18]. Moreover, a hybrid contact modelling (HCM)
method is presented to accurately simulate practical contact scenarios by combining a physics-based contact model and a
data-driven error model [19]. Although these two methods can overcome the effect of a discontinuity, the noise of the mea-
sured force information is not fully considered. In particular, they do not consider the effects of the nonzero state of the mea-
sured force in the free motion and the force overshoot in the contact transition process on the environmental parameter
estimation. Considering the switching controller focused in this paper, the measured force is a critical judgement about
mode switching [20]. Basically, whether the measured value of the force sensor is zero is commonly used as a basic judge-
ment for whether the robot is in contact with the environment [21]. Because the measured force is noisy, it is impossible for
the force to always be zero in the noncontact state. To this end, a measurement threshold is generally set for the force sensor.
When the measured force is not greater than it, the force exerted on the robot probe is considered zero. However, if there is a
force measurement threshold, it is a substantial challenge for both environment parameter estimation and controller design.

In this paper, the estimated parameters are used to modify the controller parameters of the position and force hybrid con-
troller based on virtual semi-active damping. If the measured force information is still used as a judgement for the controller
mode conversion, the position of the control mode conversion is not on the environmental surface because of the existence
of this threshold. To address environmental position uncertainties, not only the environmental dynamics parameters but
also the environmental position should be identified. Therefore, an impedance estimation method based on L-BFGS for robot
contact with uncalibrated environment is proposed. The L-BFGS (limited-memory BFGS) method is a nonsmooth analysis
method for unconstrained optimization, and it is not affected by a discontinuity. Moreover, unlike these learning methods,
the proposed L-BFGS impedance estimation method is based on a clear environmental dynamics model and has a simpler
framework, which enables practical implementation. The online estimation method is developed under a switched system
controller framework to identify the environmental constraints. Therefore, the performance of the controller can be used to
evaluate the accuracy of the estimated parameters. This paper aims to combine the online estimation and the evaluation of
the estimation results, which is of great significance in practical applications.

The remainder of this paper is organized as follows. In Section 2, a model of the contact between the manipulator and the
environment is established, meanwhile, and a switching motion-force controller based on virtual semi-active damping is
also designed. Section 3 discusses the details of the proposed impedance estimation algorithm based on L-BFGS. In Section 4
and Section 5, simulations and experiments are conducted by letting manipulators contact with different environments to
verify the correctness and feasibility of the proposed method. Thereafter, the conclusions are drawn in Section 6.

2. System modeling and controller design

In most cases, when the manipulator interacts with the environment, only one DOF of the end-effector of the manipulator
is affected. Considering the simplified interaction model in Fig. 1, the dynamics equation is expressed as:

Mp +bp+F. =F, (1)

where p € R? is the manipulator position, M is an equivalent mass for control and b € R* is the equivalent viscous friction
that acts on the end effector (viscous friction b is generally set 0 to prevent viscous friction from the dissipating energy [22].).
F. € R? is the control force, and F. € R is the force exchanged between the environment and the end effector.
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Fig. 1. 1-DOF contact model in 3D space.

The position of the environment is p = p,, when the equivalent spring is at rest. Therefore, once the manipulator makes
contact with the environment, the penetration depth of the manipulator is Ap = p — p,. Kelvin-Voigt linear contact model is
employed to characterize the relationship between penetration and reaction force [10]

F. = k. Ap + b.Ap, 2)

where k. and b, are the matrices of the stiffness and damping of the environment, respectively. These matrices depend on
the dynamic properties of the end-effector and environment and their contact configuration. They are both symmetric matri-
ces in a generally accepted sense of the term [23]. Without considering the effect of the shape of the end-effector, there is a
rotation matrix R., such that

kx bx
k. =R, ky R],b. =R, b, R] 3)
k. b,

where ky, ky, k;, b, b, and b, are the principal translational stiffness and damping in the directions that correspond to the col-
umns of the rotation matrix [24], respectively. Moreover, R, can be considered an identity matrix that neglects the coupling
of stiffness and damping and the friction force. Because k. and b, are diagonal, the force of the environment acting on the
manipulator in each direction can be written as F, = k.Ap + b.Ap (k. and b, are the stiffness and damping coefficient corre-
sponding to the force F, direction; Ap and Ap are the penetration depth and velocity.).

The present work aims to control the manipulator so that it follows a desired trajectory p,(t) in free motion and regulate a
desired force profile F4(t) in the contact phase. The simplest strategy that accomplishes the described task is to switch
between a position controller and a force controller. In each direction, the switch of the controller is realized by detecting
whether the manipulator is in contact with the environment; i.e., the controller is a position controller when Ap < 0 and
a force controller otherwise. However, the surface of the environment is unknown without calibration. The switching
between position and force control modes cannot rely on whether Ap > 0. The most widely used method to determine
whether a robot is in contact with the environment is whether the contact force F =0 [21].

The two controllers are commonly a resolved acceleration controller and a proportional force controller [22]. However,
this closed-loop switching system cannot prevent the bounce of the manipulator from contacting a rigid environment unless
a high-damping controller is used during contact. To this end, a position force hybrid controller is designed based on virtual
semiactive damping [1], and the controllers are switched by detecting the measured force F,

- {Mpd+kp1(p—pd)+kd15 [F|| =0 (4)
¢ Fd + kpzAF - bsemp HF” >0

where k,; = diag(ky;, k), k) and ky, = diag(k,, k), k’,) are the proportional gains of the motion and force controller.

k, = diag(k}, k), k5) is the derivative gain of the motion controller, Ap and AF are the position and force error, respectively,
and byen = diag(bl,,,, B, bler) 1S the virtual semiactive damping. Contact force F, position p and velocity p can be measured
by sensors. There must be three directions of interaction when the manipulator contacts the environment, and the force
exchanged between the environment and the manipulator also exists in three directions, so the forces in all directions must
be considered in the control mode switching. Then, ||F|| is selected as the criterion for control mode switching. Although the
measured force can be considered equal to the environmental force in the contact phase, the measured force F in one direc-
tion cannot remain at O in the entire free motion phase. Therefore, a threshold of ||F|| is introduced, and it is set as . When
the measured value of the force sensor is not greater than g, it is assumed that the robot is not in contact with the environ-
ment, and the force that acts on the robot in all directions is zero.
The virtual semiactive damping by, works in the force control phase and is defined as
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by =bs +b,, (5)

where by = diag(bj, bf, b;) is the damping gain, dissipating energy during the contact phase, and b, = diag(b;,, b’,,b) is the
virtual damping that can be actively modulated. A semiactive damper based on the position error is considered [25], as
shown in Fig. 2. The damping prevents the manipulator from moving away from the desired position, which implies that
a stronger damping force acts further from the desired position. Therefore, b, is considered virtual active damping in any
of the three directions, and b, is defined as

p, — § i (4P = Pl bumax]  [Fll > B o
0 Il < 5

Here, the virtual semi-active damping in the three directions is uncoupled, so Eq. (6) only focuses on one direction. 4 > 0 is
the gain coefficient of damping and position error, while b, max is the saturation point for the damping coefficient. Addition-
ally, py is the virtual desired position that corresponds to the desired contact force Fy in the same direction, which satisfies
ke(Prg — Pe) + bePra = Fa. It is assumed that the manipulator tracks only a constant force in each direction. The velocity of the
manipulator is py; = 0 in the steady state for a constant desired force; otherwise, the system oscillates. Therefore, the damp-
ing effect can be ignored in this case, p; only must satisfy k.(py — p.) = Fa. Therefore, it is considered that there is a desired
Py, Which corresponds to the desired contact force F, in the contact phase, where py = Fy/ke + p..

For this switching controller, the semiactive damping comprises by and b,, where by is the fixed damping gain, while
b, = Alp — py| is the active damping gain simulated by position feedback. Without considering that the contact phase p is
much larger than pg, the damping is maximum when p = 0, i.e., when the robot has only touched the environment. Large
damping can suppress the force overshoot. The value of / can be changed in an allowable range according to the actual needs
to adjust the peak value and rate of change of damping to better suppress the overshoot. When the manipulator approaches
DPya» the damping will decrease, which is beneficial for saving energy. In this regard, an accurate estimation of the environ-
mental dynamic parameters and surface position can ensure that the controller has good performance.

3. Identification of Environment Parameters

As mentioned in Section 2, the stiffness and damping in each direction are uncoupled, so an impedance estimation strat-
egy is designed to estimate the impedance parameters in a single direction; it can be applied to all three translational direc-
tions in Cartesian space. However, the control model switching depends on ||F||, i.e., Whether contact occurs, it is determined
by the force that acts on the manipulator in three directions. Meanwhile, the impedance identification algorithm begins
when the contact occurs.

3.1. Identification algorithm based on the L-BFGS method

The environmental impedance only works when the manipulator makes contact with the environment. The main control
target during contact is the contact force. Therefore, to develop an impedance estimation algorithm, a cost function is defined
to measure the contact performance

- N
J= (F —kap - bAp) ,

(7)
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Fig. 2. Contact model with virtual semi-active damping.
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where k and b are the estimated values of environmental stiffness and impedance, respectively; Ap = p — p. and Ap = p are
the penetration depth and velocity of the manipulator, respectively, in one direction. F,p and p are the force, position, and
velocity measured by the sensors. The cost function can be modified as

- . = \2

J= (F~k(p—po)~bp) . ®)
Since p, is obtained according to the actual position of the manipulator and estimated stiffness, it is expressed as

_ F —bp

Pe=p—Ap=p-— kp. )

Therefore, minJ (l},E) must be solved to achieve better contact performance. Unconstrained optimization variable metric
algorithms are adopted for such iterative problems. The position and velocity of the manipulator are bounded, so it is
assumed that J is strongly convex in the iteration interval. Letting z = [k ] and adopting the Taylor expansion of the func-
tion at z! and ignoring quadratic and higher terms, J(z) is written as

_](Z) :J(ZkH) + VJ(ZkH)T(Z _ Zk+l) + % (Z _ ZkH)TVZJ(ZkH) (Z _ Zkﬂ), (10)
where
ki _ k1 (F _ bApk+l _ hpk+1
V(@) = {Z}} | 4 ~kAp ~bp ) (11)
9 _2pkH (F —kapt — bi)k“)

and

V2J (Zk+1 ) —

{ % (izlb] - l 72(Apk+1)2 _2ApkHT
r I A
Letting z = z¥+1, Ap¥+! = pk+1 — pk, the gradient for Eq. (10) is obtained
V] (@) - V](Z") = V) (2! - Z¥), (13)
when VJ(z¥) = 0,
24 =24 (V) Vi), (14)

where V2J(zk+1) is the Hessian matrix H. H is iteratively updated based on the data measured by sensors. However, the speed
must be equal to zero during the motion, so H is irreversible and prevents us from adopting Newton method. The BFGS algo-
rithm is introduced, and it is a typical implementation of the quasi-Newton method.

Eq. (11) is abbreviated as

P (15)

. -1 . .
where y* = VJ(z¢1) — V](zV),s* = z¢*! — z*. In this case, s* can also be expressed as s = (H**') 'y*. An approximation
matrix can be constructed for the matrix H

B“ ~ H¥, (16)
where B¥ is updated according to
B! = B* + AB" (17

The initial value of the matrix B is the identity matrix I. The problem that must be solved is to modify the construction of the
matrix AB* in each iteration. The calculation formula is

T T
ABk _ yk(yk) _ Bksk (Sk) Bk (18)
- (yk)Tsk (S")TBkSk ’
The next iterate z¥*! is
241 = 24 4 ykd", (19)
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where d* = —(B")AV](Zk) is the search direction, and y* > 0 is the step length. Applying Sherman-Morrison equation, the
relationship between (B"") " and (BY) ' is obtained

k11 _ sk =1 (1 vEsh' sksh)”

(B = (I worst ) B (1= ) + s
1 KT gy~ 1yk T

_ (B 1 oY 9 gk . (20)
BY) + (sk)Ty"+ ((sk)Tyk)z (s“)

-1

(B 'y + sty (B )

YTy

In the implementations of the BFGS algorithm, y* > 0 satisfies Wolfe conditions [26]:

J(2+74d) <f(2) + 67k VI (@), -

(@) (2 +74d") > 0x(d") VI(2), (22)

where 6; and 6, are constants such that 0 < §; < §; < 1. When the objective function J(z) is convex, if Wolfe conditions of an
inexact linear search are satisfied, this algorithm is globally convergent. The pseudocode of the impedance estimation algo-
rithm is presented in Algorithm 1.

Algorithm 1: Environment impedance parameters and position estimation algorithm based on L-BFGS method

Input:
Initial iterate z° € R?, initial step-length Yo, constants ; and J, and sufficiently small value ¢
Ouput: z
1: if F > p then
2 whileVJ(z) > edo
3 Compute d* = —(B¥) 'vJ(z")
4 Find y* satisfying Wolfe line search conditions Eq. (21) and Eq. (22)
5: Compute zk+1 =z + ykd®
6: Compute pkt! = pk — (F — zK1(2)pk) /z¢1(1)
7 Compute pkﬂ — pk+1 _ pléﬂ
8 Compute (B"”f1 according to Eq. (20)
9: k=k+1
10: end while
11: end if

3.2. Convergence analysis

To prove the global convergence of the L-BFGS algorithm, the following proposition is considered. This proposition is an
important tool to analyse the L-BFGS method.

Proposition 1. The selected cost function J(z) satisfies the following.

(a) The objective function J(z) is twice continuously differentiable [27].
(b) The level set Q = {z eR:J(2) g](zo)} is convex.
(¢) There exist positive constants M; and M, such that [28]

M1 < V2(z) < Mol
By Proposition 1(c) and y* = H*"1sk [29],
My s4)]° < (v9)'s* < M s, (23)

and
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B LS (24
(yk) Sk (Sk) THk sk
From Eq. (23) and Eq. (24), the trace of the Hessian approximation can be estimated as
N |
tl‘(B ) = tl‘(B ) (sk)TBksk + (yk)Tsk
T
< tr(B¥ N\ )
(B vh)'sk ) (25)
< tr(BY) + M,
< tr(B°) + kM,
<M
M3 is a positive constant. Then to bound the determinant, it can be written as
kB, (BY) v
det(B“") — det(B") det (1 — e oy
K k K
= det(B ) B: .
_ det(BY) 92" HskHz : (26)
EK
> det(B") M~ S Gl
K\ M
> det(B") !
From Eq. (25) and Eq. (26), it can be concluded that there is a constant § > 0 such that
kBk kT
costt =SB (8) 27)

e

Theorem 1. Let z° and B be the initial iterations, such that J(z) satisfies Proposition 1, and {HB"H} is bounded. Then, Algorithm 1

generates a sequence {z¥} that converges to z*. Furthermore, there is a constant r,0 < r < 1, such that [30]

Jer < (-
According to the line search conditions, Eq. (21) and Eq. (22) and as implied by Proposition 1, Eq. (27) can be rewritten as
[31]

@) -J@) < (1-acos? 0) ((2) ~ () (28)
where o is a constant « > 0. Therefore, it is concluded that

1 w12 *

M|z~ < -, (29)
which combined with Theorem 1, indicates the sequence {z"} is also R-linearly convergent.

4. Simulations

In this section, a one-DOF manipulator is considered in contact with environments with different impedance parameters:
a high-stiffness environment and a low-stiffness environment. The simulations are performed in the MATLAB/Simulink envi-
ronment. Here, the manipulator is required to track a desired trajectory and force profile at the contact and noncontact
phases, respectively. To guarantee good performance of the employed position and force switching controller, the environ-
mental impedance parameters must be timely and accurately obtained to modify the controller parameters. Environmental
parameters include impedance parameters and environmental position. The effect of the active damping modulation
depends on the environment position and impedance parameters, so the performance of the controller can also be used
to evaluate the accuracy of the obtained parameters. The environmental position is obtained by the measured position of
the manipulator and the estimated impedance parameters according to Eq. (9), i.e., as long as the estimated impedance
parameters are accurate, the exact position of the environment can be obtained.

In the first simulation, the environmental parameters are sset as p, =[X. ¥, z.| =[0.05 0.01 0.02]'mk, =
diag(ky, ky, k;) = diag(10000,20000,50000)N/m and b, = diag(by,b,,b,) = diag(10,10,20)Ns/m. The desired trajectory is
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Pa=1[% Y4 z) = [0.05t2 0.01¢ 0.02t]Tm in free motion, and the desired force is Fy=[FqFayFs,] =[102050]"N in the
contact phase. The controller parameters are selected as M=1 Kk, =diag(5000,3000,2000),k;=diag(100,50,50)Ky,=
diag(100,50,200),b;=I and i=diag(20000,10000,50000). The threshold of the force sensor is /=5N. In the impedance estima-
tion algorithm, the same estimation parameters are set in each direction. They are zy=[10000]",§,=0.1,6,=0.5 and &=10~>. By
employing the impedance estimation algorithm based on the BFGS method, the environmental impedance parameters,
including k. and b,, are iteratively updated, and they converge to preset values as expected (see Fig. 3). The estimation
begins when ||F||>p after t=1s, as shown in Fig. 3; in other words, the estimation begins after contact is made. Therefore,
it is necessary to introduce the environment position estimation, and the estimation results are shown in Fig. 4. It is not dif-
ficult to find that both environmental impedance parameters and position converge to the set value. Here, the desired posi-
tions X,y and zy that correspond to the desired forces in three directions are not directly obtainable because of the
unknown environment impedance parameters and environment position, and they must be updated with the impedance
parameter and environment position (see Fig. 4). The contact environment position p, converges to [0.050.010.02]"m at
approximately 1.005 s (see Fig. 4). The desired position py in each direction is calculated with py=p,+Fa/k., where
X=0.05+10/10000=0.051m,y4=0.01+20/20000=0.011m and z4=0.02+50/50000=0.021. Through the impedance estima-
tion algorithm, the environmental parameters, including the location, can be quickly and accurately estimated; thus, py is
quickly obtained. However, the initial stiffness estimation is set less than its real value, so there is a larger peak of py in each
direction when the estimation starts. It is beneficial to suppress the force overshoot. Moreover, the motion and force tracking
results are almost identical to those controllers with the known environment (see Fig. 5) [1,32]. There is good performance in
tracking both p,(including x,.y4 and z,) and py,(including x4,y and z). Meanwhile, the force overshoot is well suppressed,
and the desired forces (including f ,,.f4, and f,,) are well tracked. Therefore, the estimation algorithm enables us to obtain an
accurate impedance model and guarantees the performance of virtual semidamping control.

In the second simulation, the manipulator is required to contact a low-stiffness environment, the environmental param-
eters are set identical to those in the first simulation except the stiffness, and the stiffness matrix is K. = diag(ky, ky, k;) =

diag(500,200, 100)N/m. Unlike the first simulation, the desired force is set as Fg = [Fox Fgy Fa]' =[5 1 2]'N in the
contact phase, and ky;, is selected as ky, = diag(1000,500,2000). By setting the smaller desired force and selecting larger
k., the convergence speed can be improved in the force control phase. Moreover, the threshold of force should be selected
to be a smaller threshold, and it is set to f = 1N. In the impedance estimation algorithm, the initial value should also be a
smaller value of zy = [100 0]". The actual environmental impedance parameters are obtained by the proposed impedance
estimation method, although the parameters slightly more slowly converge in this simulation. Because the initial stiffness in

x10°
10t
0 10}
E £
=3 z
x>< -Qx 5t
v 0
5 5 X10
. 10
E £
< z
Ne 1 -Q> 571
0.5 J
0 ‘ ‘ ‘ 0
6 x10* ‘ ‘ ‘
—~ 20
= at S
E 4 £
z £
Mol s 10
0 ‘ : ‘ 0
1 1.05 1.1 1.15 1.2 1 1.05 1.1 1.15 1.2
t(s) t(s)
(a) Update of stiffness in three directions. (b) Update of damping in three directions.

Fig. 3. Update of stiffness k and damping b with the impedance estimation algorithm in the first simulation.
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Fig. 6. Update of stiffness k and damping b with the impedance estimation algorithm in the second simulation.

the zdirection is identical to the real setting value, the estimation value of k, is no more than 100.04, and b, quickly converges
to preset values. Meanwhile, the estimated environmental position in the zdirection converges faster than in other directions
(see Fig. 7). Selecting an initial value close to the true value is very beneficial to the entire estimation process. The contri-

bution of damping to the contact force is Fy = 1N, F, = 0.2N and F, = 0.4N. Therefore, ||F|| = /1 + 0.2 + 0.4> = 1.095 > 8
when the contact is made; furthermore, the estimation simultaneously begins (see Fig. 6). The final estimated environment
positions x.,y, and z, are identical to the position where the estimation starts. Nonetheless, the estimation starting position
must be considered the environment position because the real damping is unknown, and it is impossible to determine
whether the damping force is greater than the threshold. To this end, it is necessary to obtain the environmental parameters,
including the position. x, ¥ and zy; are updated with the estimated environment position and stiffness, and their converged
values are marked in Fig. 7. The parameters obtained by the impedance estimation algorithm based on L-BFGS are used to
modify the controller parameters; then, the performance of trajectory tracking in free motion and force tracking in the con-
tact phase is guaranteed (see Fig. 8).

In these two simulations, let a manipulator contact different impedance environments: a high-stiffness environment and
a low-stiffness environment. The damping is identical in both environments, so the contact forces are identical when contact
is made with the same velocity. As mentioned, ||F|| is larger than g in the first simulation but less than g in the first simu-
lation. The estimation starting time is different between Fig. 3 and Fig. 6. Moreover, when ||Feonact|| > B (Feontaer 1S the force at
the moment of contact) is satisfied, the position of contact force measured ||F|| > g is the actual environmental position in
simulation 2, as shown in Fig. 7. However, the position where the measured value of the force sensor is greater than 8 cannot
be considered the environment position in simulation 1, as shown in Fig. 4. In the real world, although the velocity can be
measured by sensors, environmental damping is always unknown, so remains impossible to determine whether
IFcontact|| > B. The proposed impedance estimation algorithm in this paper can ensure accurate environmental parameters,
including the position, in the presence of a force measurement threshold. Using the proposed impedance method, the effect
of mode switching timing can be ignored in the overall estimation process. Although the convergence rate of the impedance
parameters is different in different impedance environments, the obtained environmental parameters can guarantee the
good performance of the entire control system in the position and force control modes (see Fig. 5 and Fig. 8). The accurate
and timely acquisition of the environment location for the uncalibrated environment is also an important basis for evaluat-
ing the impedance estimation method. If the environmental position cannot be accurately obtained, the overall control per-
formance of the system will be greatly affected.
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Fig. 9. Experimental set-up of contact with an aluminum plate.

5. Experiments

In this section, the impedance estimation algorithm for robot contact with an uncalibrated environment is validated using
a UR10. UR10 is required to make contact with environments having different impedance parameters. A force sensor is
installed at the end of the UR10 to measure the contact forces with the environment. The type of force sensor is an OptoForce
HEX-70-XE-200 N with a force acquisition period of 0.01 s. The control period cannot be shorter than the force acquisition
period, and experiments are performed using a 0.01-s control period. Considering the 1D case in experiments, the UR10
robot is required to move at a speed of 0.03 m/s and switch to the force control mode after contact with the environment
if ||F|| > B.

In the first experiment, the UR10 robot is required to make contact with an aluminium plate (see Fig. 9), where the
desired contact force is set to F; = 50N, and the position of the environment is unknown. The threshold g is set as 5. By using
the “speedl” instruction of UR10, the speed control mode is adopted in experiments. In this mode, the acceleration is calcu-
lated using p = (F. — F.)/M, and the velocity is obtained in the control period. To suppress higher acceleration in the contact
phase, M is selected as a larger value than the actual mass of the force sensor; i.e., it is assumed that the robot end is
equipped with a larger mass of the end-effector [33]. The controller parameter selection must satisfy the system stability
requirements[1]. Thus, the controller parameters are set as M = 10,ky, = 1000,k = 10,k;, = 10,1 = 500000, and
by = 400. These parameters, especially / and by, are selected to make the controller perform better after the experiment
has been repeated many times. For the impedance estimation algorithm, the input parameters are set as
zo = [1000 O]T,51 =0.1,6, = 0.5 and ¢ = 0.1, and the initial value of impedance estimation can be selected according to
prior knowledge. After contact occurs (||F|| > ), the controller switches to the force control model, and the environmental
impedance parameters and position can be obtained through the impedance estimation algorithm based on the BFGS
method, as shown in Fig. 10. With the estimation starting and the stiffness updating, the estimated p, approaches a value
below the initial value (see the last plot in Fig. 10). Although their deviation is not greater than 0.001, it affects the precision
of the estimation, especially for high-stiffness environments. The environmental position should be obtained while estimat-
ing the environmental impedance. The desired trajectory consists of the preset desired trajectory p, of the free motion phase
and py, of the constrained motion phase, as shown in Fig. 11. py; updates according to the estimation of environment position
p. and stiffness k., and it is used in the controller. It is not difficult to find that the parameters estimated by impedance learn-
ing are used to correct the position of the environment and parameters in the controller, which ensures that the controller
has a better performance in position tracking and force tracking, as shown in Fig. 11. In the contact phase, the defined virtual
desired position is well tracked (see first plot in Fig. 11). The accuracy of the parameters estimated by the algorithm is ver-
ified from the tracking results.

In the second experiment, the UR10 robot is required to make contact with a balloon (see Fig. 12), where the desired con-
tact force is set to F; = 10N. Here, the threshold g is set as 0.5. In this experiment, except for by and 7, the selected control
parameters are consistent with the first experiment. However, unlike the first experiment, smaller values of by and 4 are
selected in the force control mode. by and / are set to by = 50 and 4 = 20000, respectively. Without changing other param-
eters of the learning algorithm, the accuracy of the estimated parameters is guaranteed by setting ¢ =0.01 and
zo =[50 O]T,61 = 0.1. The estimated results of environmental impedance parameters and location are shown in Fig. 13.
The position where the measured value of the force sensor is ||F|| > f is p = 0.23, but the estimated environment position
p. is less than 0.22. The position with measured sensor value ||F|| > f obviously cannot be considered the environment posi-
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Fig. 11. Experiment results of contact with an aluminum plate.

tion, which is unfavourable to the design of the controller and contact performance of the robot. However, the contact force
can be calculated with Fepeee = 0.03 x 20.7 = 0.621N > g, and this situation is consistent with simulation 2. However, it pro-
duces a different conclusion that the position where the estimation starts is not the environmental position. Therefore, it is
not feasible to determine the environment position by a force sensor signal in the presence of a threshold. In the proposed
method, the impedance parameters are used to modify the environment position. The position and force tracking results are
shown in Fig. 14, and the tracking results show that the obtained impedance parameters and environment position are suf-
ficient to ensure the performance of the controller even if they are not real.

In these two experiments, both force sensors have set threshold values . To assure the performance of the controller,
different force thresholds are set for different desired forces in the experiments. The measured value of the force sensor
is considered 0 when ||F|| < ; in this case, contact is not made, and the estimation does not start. Comparing the estimated
starting position with the estimated environmental position, it is found that the deviation between two positions is more
obvious in the second experiment. Therefore, even ||F|| > $ can be satisfied under the effect of a damping force, as in simu-
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Fig. 12. Experimental set-up of contact with a balloon.
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Fig. 13. Impedance parameters and environment position learning results in the second experiment.

lation 2, and it is impossible for real experiments to regard the estimation starting position as the real environment position,
as shown in Fig. 13. The relation between environment position and stiffness is not linear. When the estimation algorithm is
used to estimate the environmental position and stiffness, they are coupled to each other, so it is impossible to estimate the
other parameter without discarding one parameter. The impedance parameters estimated by the learning algorithm and
environment position are applied to the controller to modify the control parameters, and the control parameters directly
determine the control effect. The accuracy of the estimated environmental parameters can be evaluated by the performance
of the controller in position and force tracking. The expected force and trajectory are present in the position and force control
mode with the defined py = p, + Fa/sk.. Regardless of whether Fig. 11 or Fig. 14 is used, the virtual desired positions py and
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Fig. 14. Experiment results of contact with an balloon.

fq are well tracked in the contact phase. Although the position and force of the robot slowly converge when it contacts an
environment with larger damping, the overall tracking effect can still converge to the desired position and force values.

6. Conclusion

In this paper, an L-BFGS-based estimation algorithm is proposed to simultaneously estimate the impedance parameters
and uncalibrated environment position online, which can address the discontinuity introduced by the switching controller
and force measurement threshold. In addition, the estimated parameters can be used to modify the position and force
switching controller parameters, and the performance of the controller can be adopted to evaluate the accuracy of the pro-
posed estimation algorithm. Simulation and experimental results are presented, which illustrate the accuracy and viability of
the approach. In summary, the estimation method in this study satisfies the practical application conditions, and it can be
used to estimate the constraint uncertainties when manipulators are required to contact different uncalibrated
environments.

This paper only focuses on the simplified impedance model, and the coupling of stiffness and damping in all directions
was not considered in 3D space. As a future direction of research, the stiffness and damping matrices should not be set diag-
onal. The modified impedance model is closer to a real-world situation and will guarantee a better performance of the con-
troller. Although the effects of the accuracy of the obtained environmental parameters on the controller are clarified, it is
necessary to extend this approach to other control frameworks.
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