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Abstract—Accurate position-force control is a core and chal- Edundant manipulators, which have more DOFs than
lenging problem in robotics, especially for manipulators with those required to complete a given task, are more flexible
redundant DOFs. For example, trajectory tracking based control than non-redundant ones. The redundant DOFs enable ma-
usually fails for grinding robots due to intolerable impact forces . - . .
imposed onto the end-effectors. The main difficulties lie in the nipulators to realize fault tolerapt 99””0" Improve operation
coupling of motion and contact force, redundancy resolution and Performance and enhance reliability. Therefore, redundant
physical constraints,etc. In this paper, we propose a novel motion- manipulators have been widely used in industry, agriculture,
force control strategy in the framework of projection recurrent  mijlitary, space exploratiorgtc Consequently, the research on
neural networks. Tracking error and contact force are described | oqundant manipulator has been studied intensively[[L]-[3].

in orthogonal spaces respectively, and by selecting minimizing . .
joint torque as secondary task, the control problem is formu- Motion control and force control construct two major

lated as a quadratic-programming (QP) pr0b|em under mu|t|p|e pal’adlgms n redundant manlpu|at0r Contl’ol. In motion Contl’ol
constraints. In order to obtain real-time optimization of joint problems, a basic assumption is that there is no contact be-
toque which is non-convex relative to joint angles, the original tween the robot and environment, in other words, the robot can
QP is reconstructed in velocity level, where the original objective move freely in the work spac&][4]. This problem is manifested
function is replaced by its time derivative. Then a dynamic neural . S - . .

network which is convergence provable is established to solve the'N appl|cat|ons.such .as paln'Flng, welding, palletizirge .
modified QP problem online. This work generalizes projection Then the core issue is to design control commands, to drive
recurrent neural network based position control of manipulators  the robot to move according to a predefined trajectory. The
to that of position-force control, which opens a new avenue to control command may be joint angular sequence [5], velocity
shift position-force control of manipulators from pure control sequencel]6], acceleration sequeride [7] or torque sequences

perspective to cross design with both convergence and optimality L .
consideration. Numerical and experimental results show that the [B]-{10]. The redundancy resolution is usually used to achieve

proposed scheme achieves accurate position-force control, and is@ secon.dlary task, SUCh as avoiding ObS.tadEB [11] , avoiding
capable of handling inequality constraints such as joint angular, singularities [[12],etc. Different from motion control, force
velocity and torque limitations, simultaneously, consumption of control involves the direct interaction between a robot and

joint torque can be decreased effectively. its environment. The control of contact force is capable of
Index Terms—Dynamic neural network, redundancy resolu- enhancing robds robustness and flexibility in weak structured
tion, joint torque optimization, motion-force control. environment, and thus strengthen the operating abllity [13].
. INTRODUCTION The corresponding typical applications can be found in tasks

such as polishing, grinding, assembly|[14].][1&¢ In [16], a
theoretical framework of impedance control is proposed. The
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usually described as a quadratic-programming (QP) problem
[31]. with high efficiency of parallel computing, recurrent neu-
) ral networks are often used to solve the QP based redundancy
oy o resolution online[[32]. In recent studies, projection recurrent
i _.neural network (RNN) based controllers are introduced into
kh'ﬂ' . motion control of redundant manipulators. [n][33], the RNN
~is modified such that projection operations to honconvex sets
are allowed, and accumulation of tracking error against system
¢ noise is avoided either. 1 [B4], a manipulability optimization
Dexterous Hand scheme is proposed by maximizing its time derivative indirect-
Fig. 1. A brief diagram of robotic force control and typicalpéipations. ly, numerical experiments show that this method achievés 40
improvement. Some extensions of projection based RNN can
be found in multiple manipulator systenis [35], flexible robots
[21], a robust neural force control scheme is proposed. [86], model uncertainties [37]/_[38]. Despite the wonderful
is verified that the controller can make the robot to track @sults on motion control of redundant manipulators based on
specified desired force, and at the same time, uncertaintiepigjection RNN has achieved, to the best of our knowledge,
environment location and stiffness as well as robot dynamifsv research on the application of projection RNN to motion-
can be compensated. In[22], a fuzzy recurrent wavelet neuf@lce control of manipulators has been reported.
network (RNN) based adaptive force/motion control scheme isin accordance with the foregoing description of the rel-
proposed for a class of mobile manipulator, which combinesant literature review, the position-force control problem
the advantages of recurrent technique and wavelet networks. redundant manipulators should consist of three aspects:
In [23], an adaptive impedance controller based on dynangesition-force control, performance optimization, and ensuring
recurrent fuzzy neural network is developed for upper-limphysical limitations. Therefore, in this paper, we propose
rehabilitation robot, where the RNN is used to regulate the projection RNN based position-force control scheme for
desired impedance control parameters between rehabilitatiobots with redundant DOFs, which is capable of handling
robotic end-effector and upper-limb. Considering the motiathe optimal position-force control problem while ensuring
planning problem in nonprehensile manipulations, Kutsuzawgequality constraints. This paper is an important extension of
et al. propose a sequence-to-sequence based method [24d recurrent neural network to the force control of robots. In
which is neural networks applicable for time series conversioBection Il, the tracking error and contact force are modelled,
In [25], this work is extended to trajectory planning problerand the control problem is written as a QP problem. In Section
with contact model. [, by rewriting objective function and constraints, the QP is
Although the above mentioned works have achieved graaformulated in velocity level. In Section IV, a RNN is built
success in motion-force control of non-redundant manipte solve the redundancy resolution problem. Stability is also
lators, the control of redundant ones has received mingroved. In Section V, verifiable numerical experiments on a
attention. Remarkably that the redundancy of a manipula®DOFs planar manipulator are carried out. Finally, Section
provides an opportunity to meet a secondary objective, bt concludes the paper. Before ending this section, the main
also sets difficulties in mathematically solving it. In_[26], aontributions are listed as below:

position-force control strategy is proposed, where the fsbot , Thjs paper deals with motion-force control of redundant
motion is completely decoupled into two parts: end-efféstor manipulators in the framework of projection RNNs, the
motion is controlled to achieve position-force control to the  control strategy realizes real-time optimization of joint
environment, while the internal motion is designed to avoid torque, which could save energy in industrial applications.
obstacles via minimizing impact forces. 10_[27], a robust , |n the proposed control scheme, the motion-force control
control strategy with the capability of regulating contact force problem as well as redundancy resolution problem are
and apparentimpedances is designed, the controller also shows reconstructed to facilitate practical implementations.
great robustness with respect to dynamic and kinematic uncer; The controller is capable of handling multiple inequality
tainties. In [28], by defining a function scaling the difference  constraints, including but not limited to angle constraints,

requires continuous calculation of pseudo-inverse of Jacobian By introducing model information into the neural net-
matrix, which would lead to a huge computational burden, and  \york, the established RNN has a simpler structure, which
at the same time, it remains a difficult problem in dealing with g helpful for the application in practical engineering.
multiple constraints[[29].

In order to handle the redundancy resolution problem for 0
redundant manipulators, one feasible method is to transform )
the control problem into an optimization one under constrairfs Problem Formulation
[30]. The objective function is built according to the secondary In this paper, we focus on position-force control problem for
task, and the constraints are formulated based on the primegglundant manipulators. Figl(1) also gives a brief introduction
task and physical limitations. This optimization problem isf a redundant robot and its operation on a workpiece. The

Assembly

. PROBLEM FORMULATION
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robot is expected to offer a desired contact force in the vertiaror ey and displacemenitX in Ry. X will lead to contact
direction of the contact surface, at the same time, the erfdrce F in the vertical direction, and position tracking eregr
effector is required to track a predefined trajectory alorajong the contact surfac&; and ¥, are used to realize the
the surface. In the base coordinate fraRg0o, o, Yo, 20), decoupling of the contact force and tracking error of the end-
forward kinematics of a serial manipulator can be written asffector. When the contact surface is known, the combination
£O(t)) = x(t), (1) ggifél%gssgd S; enables the normalized description of the
where & € R" is the vector of joint angles, and € R™ In real implementations, given the desired contact fafge
represents the end-effect®rcoordinate vector in fram&,, and trajectory commangg, the manipulatds end-effector is
f(e) : R — R™ is used to describe the forward kinematicexpected to offer contact forc&y while tracking zq, i.e,
operator. For a redundant manipulator, we have m. F — Fy, eq — 0. For the convenience of writing in the
By differentiatingx(¢) with respect to timet, we can get following sections, letAd = [k;S[>;S;; S]%;S;] € R¥m>m,
the relationship between Cartesian velocitft) € R™ and = = [FT e[|, andry = [Fy; 0]. Then [6) can be reformulated
joint velocity (or joint control signal@(t) € R™ as follows:  as

J(6(1))6(t) = @ (t), ) A(f(6) —xq) =1 (7)

whereJ(0(t)) = 9f(0(t))/06(t) is called Jacobian matrix. Therefore, the control objective of position-force control is
In position-force control tasks, the end-effeésomotion is 0 adiust the joint angle8, to ensurer — 7q.

constrained by the contact surface. For simplicity, we define

a tool coordinate system &2 (x;, y:, z:), in which the axis B. Joint Torque and Physical Constraints

z; is set in alignment with the vertical direction of the contact \yhan the end-effector offers a contact forBe the cor-

surface. Obviously, the motion of end-effector can be Spedﬁ?gsponding torque is provided by motors at every joint. The

alongz; andy. In this paper, frictional force between the o ationship between contact forde and the joint torquer
robot and contact surface is ignored, therefore, the contagh e formulated as

force F' is in alignment withz;.
In the tool coordinate systerii;, let § X; be the displace- T=J(Q)F. (8)
ment between effector and its position command, then the

contact forceF, can be formulated as In the control of redundant manipulators, there would be

infinite groups of solutions to a certain control task. In order
F, = k36X, 3) to save energy during the control process, we select a objective
function scaling energy consumption a$7/2. The smaller
wherek; > 0 is the stiffness coefficient.; = diag(0,0,1). 777 /2, the less energy consumption.
Diagonal matrix ¢ des_cribgs the relationship b_etween the In real implementations, the system is limited by physical
contact force and relative displacement along different axegnstraints. For example, the joint angl@sand velocities
1 means that displacement component alengaffects the @ must not exceed their limits9™n gmax gmin  gmax gince

contact force, and 0 otherwise. N ~ the possible collisions or overheating of motor would lead
Similarly, in tool coordinate systeti;, the position tracking to irreversible damages. At the same time, considering the
errore; can be written as bounded torque output of the motors, the limitation of joint
_ i i mn »~ - < max
e = $0X,, (4) torquer is described as™" < 1+ < T

wherey.; = I3, = diag(1, 1,0), 1 means there is a DOF of Optimization Problem Formulation
movement along the corresponding direction, and 0 otherwisg. _ o -

When the contact surface is prior knowk, can be obtained ~ According to the descriptions above, the position-force
from R, by a rotation matrixS;. Let F, e, and X be the control problem for redundant manipulators considering torque
corresponding description of}, e, and 6X; in coordinate Optimization can be formulated as

frame Ry, then we haveF' = S| F;, e; = Siep and§X; = , I, SN 9
S;0X. Therefore,F' andey can be rewritten as min G 7: /2 (92)
P 1oSTS .S 5X s.t. T=J'F, (9b)
{ i (5) ra= A(f(6) — za), (90)
ey) = St Efst(SX Gmin S 0 S Bmax, (gd)
Notab_le that in frameRy, the disp_lacementS_X can _be M < § < émax7 (%)

described a9 X = x — x4, Wherexy is the desired position )

Tmln S - S Tmax, (9f)

signals described iRy. Using (1), [5) can be rewritten as

{F:k:fStTEfSt(f(a) — zq), with 6 being the decision variable. Equatiofn](9a) is the
Te (6) cost function to be minimized, the equality constraififs] (9b)

eo = 5; 27 5:(f(9) — xa). describes the relationship between the resulting joint tosque
Remark 1:Equation[[(6) gives the unified description of thend contact force?. The force and motion tasks of the robot
relationship between the contact ford& position tracking are described in[(9c), and inequality constrainfs [9¢)(9d)(9f)
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show the physical limitations to be satisfied. By substituting. Reconstruction of Constraints
(@) into [9&), the optimization problem can be rewritten as | this subsection, we will transform the constrains into

min G, = FTJ(G)JT(B)F/Z (10a) velocity level. First of all, we define a concatenated vector de-
st — A(F(0) — 10b scribing force and position errors as= r—rq = [F — Fy; eg),
fd (£(8) — @q), (100) according to[{l7)e can be formulated as
oM <9 <M (10c)
émin < 0 < 0‘max7 (10d) e = A(f(@) — ZBd) — Tg. (14)
L A Sl (10e) Differentiatinge and combing[(R) yields
To solve [ID), there are two main challenges. Firstly, as an é=A(JO — ig) — 7. (15)

objective function to be minimizedFTJ(8)JT(8)F/2 is _
usually non-convex relative t@, because it is a function In order to ensure converge to zero, a simple controller can

of J(6). Secondly, the equation constraif {LOb) is highl9e desi.gned ag = —ke, Where@ >0is a positive constant.
nonlinear, and at the same time, it remains difficult to handféecording to [I#](1b), the equality constrains can be converted

the inequality constraints, especially {10d) ahd [10e). in velocity level as

[Il. RECONSTRUCTION OFOPTIMIZATION PROBLEM AJO =7y + Adq — k(AF(0) — zq). (16)

In this section, in order to overcome the above difficulties, As to the inequality constraint§ {J0C)(10d), according to

the redundancy resolution problefa)(10) will be reconstructeld0], let w =  and definen > 0 as a constant parameter to
The objective function is firstly redefined, and both equalitycale the negative feedback to conform the joint constraints,

and inequality constrains are rebuilt in velocity level. these two constraints can be formulated in the speed level as
min max
A. Reconstruction of Objective Function Wi sws W (17)
As to F'J(0)JT(6)F/2, we will replace F with the where w™ = maxa(™" — 6),0™", and wm* =
desired valueFy. Therefore, the optimization function can bemin{a(6™M2* — @), ™2}
formulated asis = FJ J(0)J"(0)Fy/2. Similarly, (I0&) can be built indirectly by limiting its

Remark 2: There are two main reasons: firstly, according tderivative: 3(t™" — 7) < + < B(7™* — 1), where 3 is
the control objective, the contact ford@is expected to track a positive constant. By combining_{12), the boundedness of
Fy, if the controller is proper designed; will eventually joint torque can be rewritten as an inequality constraint about
converge toFy, consequently,Fy J(0)J"(8)Fy/2 will be a functiong(w) as
equivalenttoF'".J(8)J"(8)F /2. SecondlyFy is independent

of 8, this replacement will reduce the computational complex- g(w) <0, (18)
ity in the control process. where _ mn _ oy JTE. - He. Hw — max _
Differentiating G, with respect to time, we have o) +9§$%d]T[£(£2n T) ¢ — Hw, Hw — (7
Td(JT(0)Fy)

Gy = (JT(0)Fy) (11)

dt
Obviously,G» describes the change 6%. By minimizing Gs,

the system will be compelled to develop in the direction CH
decreasing+» . Therefore, in this paper, we usg instead of
G2 as the new objective function. Notable th&td (0) Fy) /dt
can be formulated as

C. Reformulation and Convexification

According to the above description, in order to achieve
osition-force control of redundant manipulators, instead of
solving [I0) directly, one feasible solution is to solve the
optimization problem in velocity level as

; T
d, . n a(JT(O)Fd) . N . min FyJHw, (19a)
_ F) = 2 VY. F
g (0)F) ; ) 0; + JT(0)Fq 12) sit. r. = AJw, (19b)
= [H;, - H,)0 + J"(0)F, g(w) <0, (19¢)
where H; € R" is w €, (19d)
Z;nzl(a('](jv]->Fd(j))/80i> where r, = 74 + Adq — k(Af(0) — zq), @ = {w €
A(JIT(0)Fy) S (0(J (5, 2)Fa(4))/06;) R™"w" < w; < w"} is a convex set. It is remarkable that
H,; = — 0. = o : the objective function described in (19a) is non-convex relative
i S (A(I(j,n)Fa(}))/08)) to w. Therefore, [(19b) is introduced to convexify (19a). The
=t ’ final form of optimization problem is described as
Let H = [Hy,---, H,], then [I1) can be converted as . . .
Gy = FIJH6 + FIJJ Fq. (13) min - FgJHo+ (AJw - v {Adw =), (200)
¢ ¢ sit. r = AJw, (20b)
It is worth pointing that the second term ¢f{13) is indepen- (@) <0 (200)
dent of 9, therefore, the objective function is equivalent to g -
FJJHS. w e . (20d)

0278-0046 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: SWANSEA UNIVERSITY. Downloaded on March 02,2020 at 10:15:10 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTE.2020.2970635, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 5

So far, we have reconstructed the position-force control witeural networks[20], from both the mathematical description
joint torque optimization problem into a quadratic prograniq.(23) and the architecture, the states A; and X, are
ming issue under constraints. However, the QP probleth (2Q)dated recurrently,e., one characteristic of the established

cannot be solved directly. neural network can be found that the neural network uses
its historical information to calculate the output at current
IV. RNN BASED REDUNDANCY RESOLUTION moment, which is also a typical feature of recurrent neural

In this section, in order to solve the optimization probleri€tworks. According to the previous researchl [40]-[43], neu-

(20), an expanded recurrent neural network is built to obtaiftl networks with similar structure proposed to solve robot

the optimal solution of[{20). Stability will be also discussedKinématic control problem are also called RNN. We expand
this kind of RNN to the field of robot force control, which is

) also a main contribution of this paper.
A. RNN Design

Firstly, let \; € R*" and X, € R*" be dual variables to g Stability Analysis

constraints[{20b) and(20c), a Lagrange function is defined as . . . o
[C20b) ) grang In this part, theoretical analysis of stability and convergence

L=F{JHw+ (AJw —7,) (AJw —1,) of closed-loop system using the proposed neural netviatk (23).
+ Al (r, — AJw) + M g(w). (21) First of all, several important definitions and Lemmas are
presented, which is very useful in stability analysis.
According to Karush-Kuhn—Tucker condition, the optimal  Definition 1.A continuously differentiable functiod’(e) is
solution of the optimization probler (P0) can be equivalentlyaid to be monotone iV F + VF' is positive semi-definite,

formulated as whereV F is the gradient ofF'(e).
B oL Lemma 1[39] A dynamic neural network is said to con-
w = Po(w - a_w)’ (223) verge to the equilibrium point if it satisfies
Az = (A2 +g(w))T, (22¢)

. _ o ~ wherex > 0 andp > 0 are constant parameters, afd =
where Po(z) = argmin, ||y — || is a projection operation argmin, . q||y — || is a projection operator to closed st

to convex setQ, and (z)" = (zf, - ,x3,)", =f = So far, a theorem about the convergence of the redundancy
maxx;, 0). resolution problem can be described as follows

In order to solvel[(22), an expanded recurrent neural networkTheorem 1:Given the motion-force control problem for re-
is designed as dundant manipulators with torque optimization under physical

constraints ag(20), the recurrent neural netwbrk (23) is stable

o =— Pow—H"JTFy—J AT (AJw — 7, _ . .
«“ w+ Polw d (AJw =) and will globally converge to the optimal solution ¢f {20).

) +JTATAL — Vghs), (238)  Pproof: Let ¢ = [w', AT, AI]T, the proposed RNN(23) can
e =r, — Adw, (23b) be written as
Aa =(A2 — (A2 + g(w)) ™), (23c) €= €+ Pyle — F(£)], (25)
where Vg — (% . 3gzm> _ [LHT,HT] € Rrx2n, WhereF (&) = [Fi(§), Fa(€), F5(€)]T € R+, in which
e is a positive constant scéfing the convergence of (23). ThiF; H'J Fy+J AT AJw —r,) — JTATA; + Vg,
projection operatof, plays an important role in guaranteeing| F» | = AL -1+ AJw
the boundedness of the output of neural netwak,the |F3 —g(w)

boundedness ofv can be ensured by introducinBg. As -
described in Eq[{17), based on escape velocity method, botrlfet VF(£) = OF/0g, we have

the boundedness of joint angles and velocities are guaranteed. JTATA]  —JTAT Vg
The schematic diagram of the proposed control structure VF(§) = AJ 1 0. (26)
is shown in Fig[2. Based on the problem formulation, the —(Vg)" 0 0

position and force controller EQ.(14)-{16) are described in theis remarkable that
form of equality constraint,, = AJw, and the physical 9JT AT AT 0 0
constraints EJ.(I0c)-(IDe) are formulated as the inequality, -
constraintg(w) < 0. With the introduction of joint torque VE(E) + (VF(©) = 0 21 0. (@7
optimization scheme E{.(19a) and the QP-type problem for- 0 0 0
mulation, a projection RNN is established to obtain the contrBfom Definition 1,F(£) is a monotone function of.
command in realtime. According to the description of (23) and {29y, can be
Remark 3:The architecture of the established RNN is alsformulated asP, = [Pq; Pg; Ps], where Pz € R*™ is a
shown in Fig.[2. The network is organized in a one-laygrojection operator of\; to setR, with the upper and lower
architecture, which consists dfm + 3n neurons, namely bounds beingtcc. Furthermore,(e)* is a special case of
w € R", Ay € R?™ and A, € R*". Despite the difference P,, in which A = R3" is the nonnegative quadrant &f".
between the proposed neural network with traditional recurrertierefore, Py, is a projection operator to closed et Based
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Joint  a(m) o, (rad) d (m)
1 03 0 0
2 03 0 0
8 0.1 0 0
4 0.2 0 0

(b)

Fig. 3. The 4-DOF redundant manipulator to be simulated in this paper. (a)
Physical structure of the 4-link robot manipulator. (b) D-H parameters.

Fig. 2. The control structure of the proposed projection RNiseul control

strategy. 05 %0'4 —
initial S 7 o4 “
£ oo | 204 N[ L
\;01 \ g /1
: x
on Lemma 1, the proposed neural netwdrk] (23) is stable a § i
will globally converge to the optimal solution of (20). The ©2 © °2 04 06 0f 0 2 4 -6 & 10

proof is completed. o (a) (b)
Remark 4:1In this part, due to the limited space, the proo £
cannot be expanded in detail. Whdn(¢) is a monotone
function of &, the rest of proof can be done in two steps
firstly, the boundedness &f should be proved, which plays

[

IN

—with optimization
----without optimization

N

Contact forc
D

o

Joint speed(rad/s) Norm of torque(l@mz)

an important role in ensuring the boundednes®of and 0 “ i) ° 10
7. Secondly, The convergence of the RNN should be proved. (d)
Similar deduction can be found in literatuie [34], [39]. g 2 :
fe [34].139] g L 2 =
< 7 0__ 05 Tk
<) Off gzssse==——""——"""1___g.
: b
V. SIMULATIVE VERIFICATIONS AND COMPARISONS E- 2" | o
'9’ 0 2 4 6 8 10 0 2 4 6 8 10
In this section, numerical results based on a planar . t(s) t(s)
DOF manipulator is carried out to show validity of the ©

established control scheme. First of all, we will check theg. 4. Numerical results when the robot is controlled to offer constant force

control performance when the end-effector is expected to mm}@ fixed point. (a) Profiles of the end-effector (black dashed line) and the

¢ ified int. S dl ition-f trol al corresponding joint configurations. (b) Profiles of position error. (c) Profiles
0 a speciiied point. secondly, position-Torce control along coniact force. (d) Comparison of Euclidean norm of joint torque with and

a straight line is carried out, in which time-varying desiredithout optimization. () Profiles of joint angles. (f) Profiles of joint velocities.
contact force is considered, and the optimization performance

is verified by comparing with the scheme without optimization

(by letting H'J"Fy in (233) be 0). Finally, comparativeB. Position-Force Control on A Fixed Point

simulations between the controll€r{23) with Jacobian-matrix- | this section, joint torque optimization is introduced

pseudo-ln_ve_rse (JMPI) based methods are conducted to Srt] Whnake full use of redundancy resolution. The proposed
the superiority of the proposed control scheme.

position-force control scheme is firstly tested in a fixed point
case, and then extended to dynamic cases.
In this simulation, the robot is wished to offer a con-
stant contact forceFy = [0,—10]" at a fixed pointzg
Fig. [3(a) gives a brief introduction of a 4-DOF planaf0.3,0]". The initial values of joint angles are al#ly =
redundant manipulator to be simulated in this paper, and P-57, —1.26, —0.52, —0.52]'rad. Numerical results are shown
H parameters of the robot is shown in FId. 3(b). We hava Fig. [4. At the beginning stage of simulation, the robot
m = 2 andn = 4. A contact surface in the workspace can bmoves at its maximum speedréd/s), making the regulation
described ag = 0, the end-effector can move freely along therror converge quickly. Then it slows down as the regulation
horizontal axis, and the desired contact foFgds aligned with error is small. Att = 0.5s, robot touches the surface, which
the vertical direction. It is notable that when the manipulator Isads to the emergence of contact force. Using the proposed
planar, the coordination systeRy (0, xo, Yo, z0) degenerates controller, both control error of motion and force converge to 0
to Ro(0o, o, yo), then the matrice¥; and ¥, are selected smoothly. Correspondingly, the Euclidean norm of joint torque
as ¥; = diag([0,1]) and X; = diag([1,0]), respectively. also converges to a constant value (8?7n%). From Fig[4(e)
The stiffness coefficienk; is set to bel00ON/mm. Control and (f), joint angles and velocities do net exceed their limits,
positive control gains are set as = 10, 5 = 10, £ = 8, showing that the proposed scheme could handle inequality
e = 0.005, respectively. Physical constraints of joint anglegonstraints effectively. To further demonstrate the validity

A. Simulation Setup

velocities and torque are defined @8" = [-2, —2, -2, —2]7  of the optimization scheme, comparative simulations without
rad, M = [2,2,2 2]T rad, omin — [-2,—2,—2,—2]T rad/s, optimization is also carried out. The obtained Euclidean norm
omax — [2,2,2,2]" rad/s,7™" = [~10, —10, —10, —10]" Nm, of joint torque without optimization is shown as the red
TMa = 110, 10, 10, 10]" Nm, respectively. dashed line (4.8%m? in stable state). After introducing joint
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04 without optimization 0.4 with optimization o
Forque_ optimization strategy, %6 off of torque consumption o - 3 " 'r;‘['fi'gt'
is achieved. =" ‘ =
0 0
C. Position-Force Control Along A Straight Line 0z 0 060 o608
In this section, the robot is controlled to offer a cong , ‘ - o4
stant contact force on the surface while tracking a gives [ o, "o 5 e
trajectory. The initial joint angles are selected 8 = “éoﬂ/o‘i R <
[1.57,—1.26,—0.52,—0.52]" rad. The desired trajectory is 0! 0 1 g g
defined aszq = [0.25 + 0.1cos(0.5¢),0]", and the contact = | P FEEEETa——
. . . 0 5 10 15 20
force is defined a¥y = [0, —1]"N. In order to verify the ) «(s)
torque optimization, we compare the performance of controllss © €., (d)
(23) with the scheme without optimization. Simulation result' g | % )
are shown in Fig[]5. When simulation begins ¢ 0.55), £ 7| =
the position error is big, and there is no contact between t £ 4 N o zator o | 5 4 —with optimization
. [} £ ----without optimizatiof
robot and surface. Correspondingly, both contact force a © 00 . n I 0 5% . " - o
the result torque are zero. Under the projection RNN bas t(s) < t(s)
controller [2B), joint velocities reach the maximum value, the; C) = ®
end-effector approaches to the surface rapidly from the initi < » without optimization S with optimization 0 1]
position, and the tracking error converges to zero qwcklﬁm0 %o ::Zé
which is very similar to the previous simulation. After= 25, £ [T P e
high precision trajectory tracking is realized by the contr¢S S
. . 0 5 10 15 20 0 5 10 15 20
strategy, as well as the contact force. By comparing Fi «(s) {(s)
(©),(d) and[b (f), it can be found that the position and @) (h)

for(?e _trac_king errors are qu_ite similee,, the introduction of Fig. 5.  Numerical results when tracking a straight line with and without
optimization scheme has little effect on the control errorgrque optimization. (a) Profiles of the end-effector (black dashed line) and
Fig. 8 (7) shows the compavison of Euclidean norms of joife LaerRac, B e ) And the corresponding joint
torque with and without optimization. Correspondingl;t, Eonfigurations without optimization. (c) Profiles of position er?or Wit%ojut
decreased6.2% from 142 to 119, showing the validity of optimization. (d) Optimized profiles of position error. (e) Comparison of
the proposed scheme. It is notable that, after introducifgptract force. (f) Comparison of Euclidean norm of joint torque with and
optimization scheme, tha"® joint reaches its lower bound,"o"mﬂ;{tzgdptmﬁfg'sog'f jg%tp‘;ﬁg::: of joint angles without optimization. (h)
which corresponds to the optimal joint configuration to min- '

imize joint torque consumption. Dynamic change of joint

configurations of both controllers are as shown in Eig. 5 (@andling physical limitations while optimizing joint torque,

and (b). which shows the superiority of the proposed control strategy.
Dynamic change of joint configurations of both controllers are
D. Position-Force Control Along An Arc Surface as shown in Figl16 (a) and (b).
In this subsection, the end-effector is controlled to track
a quarter-circular surface, which is centered[@8,0.3]"m VI. EXPERIMENTAL VERIFICATION

with radius 0.2m, and provide a constant force of 10N in the In order to further show the efficiency of the developed
vertical direction. The initial values of joint angles are selectezbntrol strategy, a group of experiments are conducted on a 7
as@y = [1.5708, —0.9851, —1.1714, 0] rad. Numerical results DOF redundant manipulator KUKA iiwa. Parameters of iiwa
are shown in Fig.[{6). To further show the superiority of thean be found in[[45].The control command is calculated on
proposed controller, comparison with JMP| based methodashost computer using ROS system, and then sent to robot
discussed. Using JMPI based method, the control commandadantroller to drive the robot. The end-effector is required to
obtained by calculating the pseudo inverse of Jacobian matitisgck certain trajectories on a horizontal surface, and provide
and torque optimization is done in the null space based on theconstant contact force along the vertical direction. At the
idea [IB). As shown in Fid.]6 (c), (d) and (e), both controllesame time, the orientation of the end-effector is expected
could realize the convergence of tracking errors and fort@ remain constant. MatriceX; and %, are selected as
error. The comparison of Euclidean norm of joint torque i&; = diag([0,0,1]) and £; = diag([1,0,0]), respectively.
shown in Fig[® (f), it can be observed that wherc 10s, The robot's real physical constrains a#@" = [—2.1]rad,
controller [ZB) obtains better optimization performance tha"® = [2.1]rad, "™ = [~2], 67 = [2], in the interest of
JMPI method, whilet > 10s, JMPI method is better. By safety, in our experiments, we select the physical constraints
comparing Fig[b (g) and (h), when> 10s, despite better as §™"(i) = —2 rad, 8M(;) = 2 rad, ™"(i) = —2 rad/s,
better optimization performance JMPI method has achieved}®(i) = 2 rad/s,7™"(i) = —10 Nm, 7™(;) = 10 Nm

the 37 joint based on JMPI method exceeds its lower bounthr i = 1, --- , 7, respectively. The main purpose of selecting
which means the controller fails in guaranteeing the safgipysical constraints is to verify the performance of ensuring
of the robot system. Accordingly,controllér{23) is capable dfiequality constraints while avoiding damage of physical
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= -3
05 with opt{nization 0.5[ JMPTDbas; § method gr 5 x10 =10
T <} S T
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g o3 % e 8o el 56
> 01 1 > 0.1 S “; iy il »
. = O 4
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£04 JMPI based method — £S04 with optimization S15710 Ee
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o g 20 52 —with optimization
= 0 5 10 15 20 = 0 5 10 15 20 @] 5 % o -~~~ without optimizatiol
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0 5 10 15 20 50 5 10 15 20 = S B
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= () = ® (e ®
e} =}
g > JMPI based method | g > with optimization . ) . .
@ wperbound___———|— 0[] 9§ —qy] Fig. 7. Experimental results of the proposed controller in set-point control.(a)
2, ~== = R Profiles of the position errors. (b) Profiles of contact force. (c) Profiles of
s exceeds lower bound "’Zi S PEnht e T orientation error. (d) Profiles of norm of joint torque. (e)Profiles of joint
.E.z e S ML E-z R T W angles. (f) Profiles of joint velocities.
0 5 10 15 20 0 5 10 15 20
t(s) t(s)
() (h)

Fig. 6. Numerical results when tracking a time varying force command alo|
an arc surface with and without torque optimization. (a) Profiles of the en|
effector and the corresponding joint configurations without optimization. (|
Optimized profiles of the end-effector (black dashed line) and the correspora=
ing joint configurations without optimization. (c) Profiles of position erro
without optimization. (d) Optimized profiles of position error. () Compariso
of contract force. (f) Comparison of Euclidean norm of joint torque with an
without optimization. (g) Profiles of joint angles without optimization. (h
Optimized profiles of joint angles.

o 3
mechanism of the robot. The initial joint is set 8 = ®© ©)
[—0.118;0.736; —0.004; —1.574;0.004; 0.831; —0.909]rad, Fig. 8. Snapshots of set-point force control. (a)= 0s. (b) ¢ = 1s. (c)
and the corresponding position of the end-effector is=1.5s. (d)t = 3s. (e)t = 4s. (f)t = 5s. (g)t = 6s. (h) The orientation
xo = [0.56; —0.068;0.046]m. The control frequency is set as°f end-effector.
100 Hz. It is remarkable that the value«ifvould significantly
affect the convergence of the RNN,= 0.02 is selected in
the same order as the control period.

Remark 5:From Eq. [28B), it can be observed that the for

(h)

the maximum value at = 2.5s. After that,6 decrease to
c%‘ Correspondingly, the robot adjusts its joint configuration

. ) g - " ther fixed valugl7(e)). As a result, the average norm
control is realized by adjusting the joint velocities base on tﬁ ano Lo
y adl 9 J joint torque decreases from2 to 2.8, which is a12.5%

RNN, which is consistent with the idea of admittance contra, 1™ . /
’ ch Is consistent with the idea of admittance contro guctlon. It is also remarkable that during the robot moves,

In our experiment, we assume that it provide an ideal respo rI%e osition error, orientation error and force error are ver
to the joint velocity command. It is remarkable that the uncer- P ' o ) X Y
gwall. The snapshots of the robot is given in Fijy. 8, it can

tainties in the dynamic level such as friction and disturbanc observed that the robot rotates its shoulder-elbow-wrist
do affect the performance of position-force control in the out e o ) .
?crf_ts significantly, and the end-effector is kept to be vertical.

e e e ator e ™ "™ “*TH& notable ha beinning stage can be egarded as nor.

optimized case and the optimal configuration can be regarded
. as optimized results. The control errors in Fig. 9(a-c) also
A. Set-point Control show the effectiveness of the optimization scheme.
In this subsection, a set-point control is firstly conducted.

The robot is controlled to provide a contact foréq = . .

[0; 0; 5]N at the initial point. Experimental results are shown i Force Control for Repeatable Trajectory and Comparison

Fig.[2. When experiment begins, the position and force errdfth JMPI based Method

converge to 0 rapidly[{7(a,b)), which is mainly due to the In this subsection, position-force control on a repeatable

fact that the initial point is the same as the expected poittajectory is conducted. The repeatable path is defined as

The joint angular velocities increase from zero, and reaaly = [0.56 — 0.1sin(t/2); —0.168 + 0.1cos(t/2); 0.0458]m,
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t(s)
Q) of this paper. As shown in Tablé |, using dynamic controllers
Fig. 9. Experimental results of the proposed controller along a circuléruqh as([20],[[21][126]128]/144], the force C_Ontml 1S rea“zed_
trajectory and comparison with JMPI based Method. (a) Profiles of the positith internal loop based on system dynamics, the uncertain
errors of the proposed controller. (b) Profiles of orientation error of theynamics such as friction and disturbances are Compensated
proposed controller. (c) Profiles of the position errors of JIMPI based meth dy b | lidi d |

(d) Profiles of orientation error of JMPI based method. (e) Comparison robust control or sliding mode COI?tf(_JhtC. n [@]' a )
contact force. (f) Comparison of Euclidean norm of joint torque. (g) Profilesequence-to-sequence based method is introduced to robotic
gfjoigt angrlleij of the proposed controller. (h) Profiles of joint angles Of‘]M%yStemS with contact model, which also considers physical
ased method. P .

limitations and performance optimization. In this paper, the

motion-force controller is built in joint velocity level, which is

and contact force command is algy = [0;0;5]N. Exper- based on the idea of admittance control. The main contribution
ISR is, that the force control problem is transformed into an

imental results are shown in Fifgl 9. The control errors afe that tf )
given in Fig[®(a)-(b), the maximum values during the contr@Ptimization problem for systems with redundant DOFs under
process are abolit< 10~3m, 1F and2 x 10~3rad, respectively multiple inequality constraints in realtime. The influence of

At the beginning stage, the motion of the robot is similar taner_tain dynamics is handled by the proposed _controller in
that of the previous fixed-point experiment. It is notable that Q{annmg layer and th? robot C(_)ntrolle_r In execution Iay_er. I
t = 4s, the 7th joint reaches its lower limit. After introducingS "émarkable that this paper is an important expansion of
joint torque optimization schemel, reduces fromi0.3 to Projection RNN from traditional kinematic contrdl [33]. [34]
36.2 with a 10.8% off. The snapshots are shown in Hig] 10. jfo the field of motion-force control problems.
can be observed from both F[g.]10 and Eig. 9(g) that the robot
adjusts its joint configuration from its initial state to an optimal
one(the centers of shoulder-elbow-wrist joints are horizontal.)
It is remarkable that the optimal configuration is the same asThis paper focuses on motion-force control problem for
the set-point case, which corresponds to the fact that if thedundant manipulators, while physical constraints and torque
contact surface is certain, the optimal configuration is uniqugptimization are taken into consideration. Firstly, tracking
To further verify the efficacy of the established controllegrror and contact force are modelled in orthogonal spaces
(23), a comparative experiment based on JMPI method risspectively, and then the control problem is turned into a
carried out. Experimental results are as shown in[Hig. 9(c),@P problem, which is further rewritten in velocity level by
and (h). Similar to the simulation results in Fg. 6(f) and (g)ewriting objective function and constraints. To handle mul-
the 5" joint exceeds its lower bound -2rad durig< ¢ < 7s, tiple physical constraints, a projection RNN based scheme is
which means the tasks fails when JMPI based controller designed to solve the redundancy resolution online. Numerical
used to realize optimal control problem in presence of physicatd experimental results show the validity of the proposed
constraints in real-time. Therefore, it is point worthy thatontrol scheme. Before ending this paper, it is noteworthy
comparing with traditional JIMPI based methods, our controll¢at this is the first paper to deal with motion-force control of
shows great potential in handling inequality constraints whiledundant manipulators in the framework of projection RNNs
realizing optimal force-position control problem in realtime.and redundant manipulators with force sensitivity.
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2 g C. Comparisons
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S - S [ exceeds fower bound, task failedt s In this subsection, comparisons between the proposed

0 5 10 [ais method with existing ones are shown to show the validity

VIlI. CONCLUSIONS
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TABLE |
COMPARISONS AMONG THEPROPOSEDM OTION-FORCECONTROL SCHEME AND EXISTING ONES
Optimizaton  RNN  Motion-force Control Pseudo-inverse Hiargd Multiple Chattering
Considered Based Control Command Required Inequality Constraints
This paper Yes Yes Yes Joint Velocity No Yes No
Methods [[33], [[34] Yes Yes No Joint Velocity No Yes No
Method [26] No No Yes Joint Torque Yes Restrictivel No
Methods [20], [[21] No Yes Yes Joint Torque Yes No No
Method [44] No Yes No Joint Torque Yes No Yes
Method [25] Yes Yes No Joint Velocity Yes Yes No

(1]

(2]

(3]

(4

(5]

(6]

(7]

(8]

El

[20]

[11]

[12]

(23]

[14]

[15]

[16]

[17]

(18]

[19]

1 In [26], the secondary task is defined to avoid physical limitations, therefore, only some certain kinds of inequalities can be handled by [26].
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