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ABSTRACT This paper proposes a robust hybrid position/force control (HPFC) system for multi-degree of
freedom manipulators (MDoFMs) with torque constraints on each joint. General HPFC systems can control
the interactive contact forces and positions of manipulators in various environments. In HPFC systems,
to improve the control performance for MDoFMs, motor torque saturation should be considered. Thus,
a robust HPFC system that considers torque constraints by predictive functional control (PFC) is proposed in
this paper. The proposed method simultaneously handles the response characteristics and torque constraints
of actuators by using PFC as joint space position controllers. Additionally, the robustness of actuators against
external forces is enhanced, and the model parameter errors are compensated by the disturbance observer
technique. Moreover, implicit force control law and inverse kinematics are introduced for the workspace
position/force control to implement the joint space position controllers. Consequently, the stability and
robustness of the actuators are considered, and suitable position/force control can be performed even if the
torque is saturated. The validity of the proposed method is tested with three planar manipulator joints with
a uniaxial force sensor.

INDEX TERMS Force control, manipulators, optimal control, position control, predictive control.

I. INTRODUCTION
Hybrid position/force control (HPFC) [1], [2] is a control
method for the positions and forces of multi-degree of free-
dom manipulators (MDoFM), by which it is possible to
control the position/attitude and the force/moment on the
workspace states of manipulators. HPFC has been applied
to bilateral control [3], [4], continuum robots [5], polishing
[6], microhandling [7], quadruped robots [8], rehabilitation
robots [9], assembly robots [10], and cooperative polish-
ing tasks [11]. Unfortunately, guaranteed motion generation
against external forces by HPFC is a serious challenge for
the practical application of manipulator systems, such as
human-robot collaboration. In general hybrid control sys-
tems, the control variables on the workspace are decomposed
into the dimensions of position and force, and the control
inputs are derived by integrating both control inputs through
a Jacobian matrix (differential kinematics). This method does
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not consider the motion and torque of the joint space. Thus,
problems related to the saturation of input torque, such as
excessive overshoot and vibration, remain. Moreover, the
torque saturation caused by external forces from contact with
unknown objects can result in unstable robot behavior. To
prevent unstable motion, an HPFC method that considers
constraints imposed on each actuator should be developed.

Alternatively, impedance control [12]–[14] and variable
impedance control [15]–[17] have both been proposed as
control methods for position and force. The impedance con-
trol law (ICL) is a control method for position and force
in the workspace. Thus, the ICL cannot directly handle the
constraints imposed on each actuator, and, accordingly, the
method can cause several problems, such as unstable behav-
ior, hunting motion, bouncing motion, and the application
of excessive force to the skin. Kikuuwe [13] developed
torque-bounded admittance control and demonstrated that
position-based force control considering torque saturation
is useful in realizing safe behavior for a single-axis force
controller. By contrast, to achieve HPFC via a joint space
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controller, implicit force control methods [18]–[21] have
been proposed, which indirectly control the force by position
or velocity control in the joint space. For implicit control
methods, an inner-loop controller determines the response
characteristics of the actuator, and, thus, it is assumed that this
method avoids unstable behavior associated with impedance
control and HPFC due to considering input torque saturation.
Ohishi et. al. [22] demonstrated that a control system that
considers torque saturation can contribute to the execution of
high-speed motion control. Additionally, this control system
considering torque saturation is useful with respect to avoid-
ing machine failure due to unexpected external force.

This paper proposes a robust HPFC strategy for MDoFMs
that considers the torque saturation of each joint. The pro-
posed position/force control uses the position control in the
joint space to consider torque saturation and to avoid the
unstable state of force control when an unknown object comes
into contact. To consider the torque saturation, a joint space
position controller is used and its reference is derived by
utilizing inverse kinematics [23] based on the workspace
position reference modified by the implicit control law.
Additionally, the proposed method uses predictive functional
control (PFC) [24]–[27], which is a model predictive con-
trol (MPC) strategy, as the joint space position controller.
MPC is well-known as a method that can systematically
handle the control input and output constraints of robots. The
main drawbacks are high computational load and accurate
internal model design. For instance, if MPC is applied to a
force control manipulator in an unknown environment, the
force control cannot be implemented because environmen-
tal parameters are not available in the internal model. By
contrast, the force control part of the proposed method is
implicitly achieved by the position control of the joint space,
which means that MPC is only applicable for plant param-
eters. However, achieving precise force control requires a
high control frequency, which may not be possible with
normal linear MPC. PFC can implement by high control
frequency due to avoiding online optimization while secur-
ing the control input constraint. Therefore, it is an effec-
tive method for considering torque saturation. However, it is
challenging to apply PFC to MDoFM systems, because it
mainly targets single-input/single-output (SISO) systems. To
apply PFC to an MDoFM, it is necessary to use the distur-
bance observer (DOB) method [28]–[35], which is a con-
trol technique that estimates modeling errors and external
forces as input disturbances and cancels them to nominal-
ize the plant model. Applying DOB to MDoFM is possi-
ble to independently control each joint as a SISO system
because of construct acceleration control with decoupling
using the nominal inertia matrix. Thus, the proposed method
uses the DOB-based acceleration control system of the joint
space by applying PFC to MDoFM systems. Moreover, the
decoupling-based control system of the manipulator can
determine the control response of each joint independently,
so it is easy to use and consider redundancy. Additionally, the
proposed method can perform disturbance cancellation and

FIGURE 1. Model of the three-link manipulator.

high-speed motion control in consideration of torque satura-
tion, which is also useful for profitability improvement. An
experiment involving a planar three-link manipulator control
is conducted to demonstrate the validity and usefulness of the
proposed method.

This paper is organized as follows; Section II provides
mathematical modeling; Section III proposes a novel posi-
tion/force control and provides each component; Section IV
shows the experimental results on position/force control,
guaranteed motion against external forces, and additional
experimental results on the utilization of redundancy; and
Section V concludes by providing application examples of
the proposed method.

II. PRELIMINARIES
A. MATHEMATICAL MODELING
This paper uses the planar three-link manipulator to ver-
ify the proposed method. Fig. 1 shows the model of this
manipulator. It can determine the position and attitude of the
end-effector on a plane. Additionally, if the attitude can be
controlled appropriately, accurate force control is possible
with a single-axis force sensor. Thus, it is suitable for the
experimental verification of HPFC systems. First, the joint
angle vector (q) and the input torque vector (τ ) are defined as
q = [q1 q2 q3]T and τ = [τ1 τ2 τ3]T , respectively. Then,
the position vector and end-effector attitude in the workspace
can be defined as X = [x y φ]T . In the joint space, using the
Lagrange equation, the equations of motion are given by

q̈ =
1
J
{τ − D(q̇)−H(q, q̇)− τ dis}, (1)

where J , D, and H denote the inertial matrix, friction func-
tion, and centrifugal force and Coriolis force functions,
respectively. τ dis denotes the disturbance torque generated by
external force and modeling errors. The workspace position
utilizing forward kinematics is given by

X =
[
Ja1 Ja2 Ja3

]T
, (2)

where Ja1 = L1 cos q1+L2 cos(q1+q2)+L3 cos(q1+q2+q3),
Ja2 = L1 sin q1+ L2 sin(q1+ q2)+ L3 sin(q1+ q2+ q3), and
Ja3 = q1 + q2 + q3.
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FIGURE 2. System diagram of the proposed method. IK and FK denote inverse kinematics and forward kinematics, respectively.

Moreover, the differential kinematics that translate the
velocities in the workspace and joint space can be described
as

Ẋ = Jacoq̇ (3)

where Jaco denotes a 3 × 3 Jacobian matrix, which can be
obtained by partial differentiation of (2). The Jacobian matrix
is related to q, which is represented by Jaco(q); however, (q)
is omitted in this paper.

III. PROPOSED CONTROL SYSTEM
Fig. 2 shows the system diagram. The proposed method
comprises four components: 1) DOB to improve robustness
and nominalize the plant model as well as to design the accel-
eration control, 2) implicit force control law in the workspace
to transform the force reference to the position reference,
3) inverse kinematics to convert the modified workspace
position reference to the joint space position reference, and
4) PFC for the joint space acceleration control system con-
sidering torque saturation. This section describes the case of
force control on the x-axis.

A. IDENTITY DISTURBANCE OBSERVER AND
ACCELERATION CONTROL
DOB can be used to estimate and cancel modeling errors,
parameter errors, and external disturbances. If the distur-
bances can be estimated accurately, the stability and tracking
performance of the control system can be improved. Addi-
tionally, DOB-based control systems ensure robust motion
control as well as overall plant robustness by feedbacking the
disturbance estimates [32]. Fig. 3 shows the basic structure of
the DOB, where Jn, gw, and q̈ref denote the nominal inertia
matrix, the cutoff frequency of the lowpass filter used in the
DOB, and the acceleration reference, respectively. This DOB
estimates and cancels the disturbance torque (τ d ) which is
the torque generated from other than the nominalized model
with the inertial matrix. Additionally, acceleration control can
be transparently conducted by multiplying the input from the
upper controller by the nominal inertia matrix. Consequently,

FIGURE 3. Basic concepts of acceleration control by DOB.

the internal model of the upper controller is nominalized by
the DOB.

Generally, the DOB is obtained using a minimal-order
state observer to estimate the disturbance. However, PFC,
which is a model-based control method, requires state vector
information, including velocity in the joint space. Thus, this
study utilizes the identity DOB (IDOB) [35] on the basis
of state-space observers. The IDOB not only estimates the
disturbance but also simultaneously estimates the velocity of
the joint space and the actual value of the measured variables
contaminated by noise, by which the influence of noise on
the feedback loop can be reduced. Moreover, the simultane-
ous estimation of state and disturbance should improve the
estimation accuracy. Fig. 4 shows the IDOB design method
in the joint space. First, the equation of estimated disturbance
is given by

τ̂ d = D(q̇)+H(q, q̇)+ τ dis. (4)

This disturbance equation is utilized to implement accelera-
tion control and nominalize the plant model with the nominal
inertia matrix.

Then, a state vector including position and velocity as
ζ = [qT q̇T ]T is defined. Additionally, to simultaneously
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FIGURE 4. Acceleration control by IDOB.

estimate the state and the disturbance, the extended state
vector including disturbance is defined by ζ̄ = [ζ T τTd ]

T .
The extended state space model is given by[

ˆ̇ζ
ˆ̇τ d

]
= Ā ˆ̄ζ + B̄τ ,

=

[
A −B
0 0

] [
ζ̂

τ̂ d

]
+

[
B
0

]
τ , (5)

y = C̄ ˆ̄ζ =
[
C 0

] [ ζ̂
τ̂ d

]
, (6)

where A, B, C, and 0 denote the system matrix, the input
matrix, the output matrix, and a zero matrix with appropriate
orders, respectively. Accordingly, Ā, B̄, and C̄ are the system,
input, and output matrices for the extended system, respec-
tively.

These matrices, which are based on the disturbance esti-
mation of (4), can be described as

A =
[
0 I
0 0

]
, (7)

B =
[

0
J−1n

]
, (8)

C =
[
I 0

]
, (9)

where I is a 3 × 3 identity matrix and 0 denotes a 3 × 3
dimension zero matrix.

The equation of this IDOB system is given by

¯̇ζ = (Ā− LC̄)ζ̄ + B̄τ + Ly, (10)

= (Ā−
[
Lstate
Ldis

]
C̄)ζ̄ + B̄τ +

[
Lstate
Ldis

]
y, (11)

where L is the observer gain of the IDOB and is configured
by observer gains for state (Lstate) and disturbance (Ldis). To
compensate for the stability of the IDOB, the observer gain
should be designed so that all eigenvalues of (Ā − LC̄) are
negative. This can be achieved by utilizing the pole placement
method or the linear quadratic regulator method. In this paper,
the pole placement method was utilized to design the IDOB.

By using IDOB, it is possible to obtain estimates that are less
sensitive to noise compared with conventional DOB.

B. REFERENCE GENERATOR FOR IMPLICIT FORCE
CONTROL
In this section, the method of converting a workspace force
reference (Fref) into a modified workspace position reference
(X ref) is explained. In the experimental verification, force
control was performed on the x-axis, and position/attitude
control was performed for other variables (y, φ). Thus, the
explanation in this section concerns converting F ref

x to xref.
The conversion of the nominal position reference (xrefn ) in

position-based impedance control is given by,

xrefn = xcp +
1
Ke
F ref
x , (12)

where xcp and Ke denote the known contact position and
environmental stiffness, respectively. Applying the force con-
trol based on the known environmental parameters of (12)
is challenging because of the difficulty involved in handling
uncertain environments. Moreover, applying excessive force
is possible because of variation in contact point and stiffness.
Additionally, such a single control system cannot handle
various objects.

To achieve force control in various unknown environments
through position control, this paper proposes amodified nom-
inal impedance reference, which is given by

xref = x +
1
Kf

(F ref
x − Fx), (13)

x̃ =
1
Kf

(F ref
x − Fx), (14)

xref = x + x̃, (15)

where 1/Kf is the gain required to convert the force error to
the position reference and Fx denotes a measured force of the
x-axis in the workspace. The force feedback is integrated into
the position reference, as shown by (13). Equation (15) makes
it possible to consider the contact velocity of the environment
and the force reference. Generally, control parameter designs
of the force control system for unknown environments are
smaller than those of the position control system. By con-
trast, the proposed reference generation method achieves
high-speed force control based on position control. There-
fore, the proposed method converges with the force reference
faster than direct force control systems. This helps to suppress
impact force, hunting motion, and bouncing motion during a
collision.When performing position control for all directions,
the proposed method directly inputs the position reference
value to all state variables.

C. INVERSE KINEMATICS
In this paper, the implicit workspace force control by the joint
space position control is utilized to consider the stability of
contact motion and torque saturation. The implementation of
the proposed method requires the conversion of the position
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reference (X ref) in the workspace to the position reference
(qref) in the joint space. In this paper, the inverse kinematics
based on the Levenvetg-Marquardt method [23] applied in
several previous studies are utilized with small modifications
made to avoid singular points in the workspace state of the
robot. The inverse kinematics equations are given by

qref(k) = q(k) + q̃ref(k), (16)

q̃ref(k) = H(k)M(k), (17)

H(k) = {JTaco(k)W eJaco(k) +Wn(k) }−1, (18)

M(k) = JTaco(k)W eXe(k) + Xe(k), (19)

W e = diag(w1,w2,w3), (20)

Wn(k) = diag(Xe(k))+ λI, (21)

where k denotes the current sample time. This study avoids
singularities in the workspace by applying a small bias λ(=
10−8) and theworkspace error vector to (21).W e is a diagonal
matrix with weights (w1,w2, andw3) for each joint angle.Wn
is a damping factor and a diagonal matrix of error vectors in
the workspace. Xe is a position error vector in the workspace.
By using this method, it is possible to maintain control from
the singular point of the manipulator, and it is also possible to
calculate the inverse kinematics considering the precise initial
positioning and the variation reference (q̃ref). In this paper,
speed constraints are imposed for q̃ref by a nominal speed (30
rad/s) of an actual motor which can be defined as 2π ·30/60 =
π [rad/s]. Indeed, control based on the joint angle is use-
ful, because it can utilize initial workspace position/attitude-
based angles calculated offline to avoid singular points, which
are essential for precise initial positioning.

D. JOINT SPACE POSITION CONTROLLER
The joint space controller comprises PFC and an acceleration
controller based on the IDOB. PFC is one of many MPC
strategies. Generally, several MPC systems aim to control
multi-input/multi-output systems explicitly by considering
input and output constraints through real-time optimization.
By contrast, PFC systems aim to control SISO systems
explicitly by considering control input constraints. Although
PFC cannot consider output constraints, it can be imple-
mented with a higher control frequency than general MPC
systems, because real-time optimization is not necessary.
Thus, it is easy to replace the proportional-derivative (PD)
control utilized in general DOB-based acceleration control
systems with PFC systems. Furthermore, the two main con-
trol parameters of PFC include the target settling time and the
damping factor for tracking errors when making predictions.
Accordingly, it is easier to design a controller considering the
torque saturation and the response of each link with a PFC
system than it is with a PD system.

In the proposed method, an independent PFC system for
each joint is utilized as the position control system. In design-
ing the PFC systems, each joint is decoupled by the IDOB.
Consequently, each joint is decoupled on the joint controller,
and, accordingly, it is possible to output the acceleration

reference of each joint and perform joint position control
while considering each joint torque independently. Addition-
ally, a control parameter of the PFC system is expressed as
the target settling time, so that the response of each joint can
be set explicitly and independently. Consequently, by utiliz-
ing PFC and considering actuator saturation, the proposed
method can be designed such that the response time is con-
stant for different output actuators.

The main problem with utilizing model-based control sys-
tems is associated with the derivation of internal models. In
model-based systems, the parameter errors of internal models
can reduce the tracking control performance. However, the
internal model for the proposed PFC is markedly unlike
internal models utilized in several conventional model-based
control system designs; particularly, it utilizes 1/s2 by uti-
lizing the nominalization and the acceleration control. Thus,
the design of the internal model of the PFC does not require
physical parameters, and it is easy to adjust the control perfor-
mance. It should be pointed out that this advantage is obtained
from the DOB-based acceleration control. Unfortunately, the
offset-free characteristics of the PFC are dependent on dis-
turbance estimation and rejection by the IDOB. The PFC
design method follows [27]; only the internal model and the
constraints for designing the proposed method are explained,
focusing on the first joint angle (q1).

1) INTERNAL MODEL
An independent joint space state vector xq = [q1 q̇1] is
defined based on the state estimates of the IDOB, and, as an
internal model of the PFC, the discrete-time state spacemodel
can be described as

xq(k + 1) = Aqxq(k) + Bqu(k), (22)

y(k) = Cqxq(k), (23)

where each coefficient matrix is defined as

Aq =
[
1 Ts
0 1

]
, (24)

Bq =
[
0
Ts

]
, (25)

Cq =
[
1 0

]
. (26)

where Ts is the sampling period of time. Note that the control
input (u) denotes the acceleration reference (q̈ref1 ) and the
internal model does not utilize the physical parameters.

2) OUTLINE OF CONTROL SCHEME
The derivation of the acceleration reference is described in
this section. The derivation method as a control input is based
on [26] and [27]. An element of reference trajectory (T (k+i))
in a prediction horizon is given by

T (k + i) = s(k + i)− αi(s(k)− y(k)), (27)

where s represents the set point value, which is the joint
angle reference obtained by inverse kinematics, and α is a
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damping factor for the trajectory reference, which, following
[27], is described as

α = e−3Ts/Tref , (28)

where Tref is the target response time of the closed-loop,
which is a control parameter determining the plant response.
In this paper, α is fixed by (28), and, thus, Tref is the main
controller parameter. Additionally, PFC does not require the
optimization of all sample points in a predictive horizon. To
calculate the optimal control input, coincidence points, which
denote the calculation points, are defined on the reference
trajectory. In this study, the coincidence points (hj) can be
defined as

hj = Tref/(Ts(n− j+ 1)), (29)

where hj(j = 1, 2, . . . , n) represents the sample time of
coincidence points and n is the number of coincidence points
(n is also one of the controller parameters).

The cost function (V ) utilizing the coincidence points
based on error correction between the output prediction (ŷ)
and the reference trajectory is given by

V (k) =
n∑
j=1

{ŷ(k + hj)− T (k + hj)}2, (30)

=

n∑
j=1

{yb(hj)Tµ(k) + Cq(A
hj
q − I )xq(k)

+ (αhj − 1)(s(k)− y(k))}2. (31)

where µ (1, 2, . . . , n) is the decision variable for determining
the control input. The control input for prediction and opti-
mization at each coincident point is designed by a prespeci-
fied combination of base functions, such as step, ramp, and
parabola [25], [26]. yb(hj) is the plant response to each base
function input. For example, the system response to the first
coincidence point (n = 3) is given by

yb(hj) = 2(hj)us +2(hj)ur +2(hj)up (32)

where 2 = [CqA
hj
q Bq . . . CqA0

qBq ∈ Rhj ], us =
[1 . . . 1]T ∈ Rhj , ur = [0 Ts 2Ts . . . hjTs]T ∈ Rhj , and
up = [0 (Ts)2 (2Ts)2 . . . (hjTs)2]T ∈ Rhj . PFC predicts
the future state by utilizing the forced response by the base
function and the free response of the system (CqAiqxq(k) ).
The actual optimal control input is µ, and its closed-form
solution is given by

µ(k) = −{
n∑
j=1

{yb(hj)yb(hj)T }−1

×

n∑
j=1

{Cq(A
hj
q )− I)xq(k)

+ (αhj − 1)(s(k)− y(k))}yb(hj). (33)

The first element of µ is the optimal control input based on
the receding horizon control.

3) TORQUE CONSTRAINTS
PFC systems can consider control input constraints. However,
the PFC in the proposed method derives the acceleration
reference for each joint angle. Therefore, the PFC can directly
treat constraints on the acceleration reference. In this paper,
the torque constraint, which is the actual and essential control
input for stable manipulator control, is imposed by the PFC.
Furthermore, the constraints are useful for avoiding wind-up
problems [36], [37] with respect to DOB estimation. The
torque constraint utilizing the limit value (τlimit) determined
from the maximum current and torque constant is given by

−τlimit ≤ τ1 ≤ τlimit. (34)

The actual torque input utilizing the acceleration reference
and disturbance estimate at the current time (k) is given by

τ1(k) = jnq̈ref1 (k) + τ̂d (k), (35)

where jn denotes the nominal inertia for q1. The torque
constraint is deformed by utilizing the PFC output, which is
described by

−τlimit ≤ jnq̈ref1 (k) + τ̂d (k) ≤ τlimit, (36)

j−1n (−τlimit − τ̂d (k) ) ≤ q̈ref1 (k) ≤ j−1n (τlimit − τ̂d (k)). (37)

The PFC system utilizing this constraint can derive the
acceleration reference that explicitly considers the torque
constraint.

4) STABILITY ANALYSIS
The stability of the proposed system is demonstrated by the
number of coincidence points (n = 3) utilized in the experi-
ments. The actual PFC system, which is represented by (33),
is a linear time-invariant controller with a closed-form opti-
mal solution. The actual control input (µ1 = q̈ref1 ) with
(n = 3) is given by

µ1 = f fo{rfi(q
ref
1 − q̂1)− f fr x̂q + I

3×1q̂1}, (38)

where f fo ∈ Rn, rfi = [1−αh1 1−αh2 1−αh3 ]T ∈ Rn, and
f fr = [CqAh1q CqAh2q CqAh3q ]T ∈ Rn×2 denote the vector
regarding µ1 of the inverse matrix of forced response (yb),
the reference filtering vector, and the free-response vector,
respectively. By utilizing (23), the position elements of f fr are
f fr,1,1, f fr,2,1, f fr,3,1 = 1, where f fr,v,w denotes the elements
of v-th row and w-th column in f fr . Thus, the control input
obtained by decomposing each matrix element is given by

µ1 = f fo,1{rfi,1(q
ref
1 − q̂1)− f fr,1,2 ˆ̇q1}

+ f fo,2{rfi,2(q
ref
1 − q̂1)− f fr,2,2 ˆ̇q1}

+ f fo,3{rfi,3(q
ref
1 − q̂1)− f fr,3,2 ˆ̇q1},

= kp(qref1 − q̂1)− kd ˆ̇q1, (39)

where kp = (f fo,1rfi,1 + f fo,2rfi,2 + f fo,3rfi,3) and kd =
(f fo,1f fr,1,2 + f fo,2f fr,2,2 + f fo,3f fr,3,2). From (40), the PFC
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system without the constraints used in this paper can approx-
imate a PD controller. Then, the discrete-time transfer func-
tion (G(z)) including the nominal plant and the approximate
controller, is given by

G(z) =
T 2
s kpz

2

(1+ T 2
s kp + Tskd )z2 − (Tskd + 2)z+ 1

. (40)

The Lyapunov stability and asymptotic stability of the sys-
tem can both be compensated by setting the absolute value
of the poles of the characteristic polynomial to <1. Note that
the controller parameter of the PFC system is only Tref, and
the stability condition is satisfied by Tref > 0. Therefore, the
PFC system utilized in this paper is a stable and optimal
control system. Additionally, if the constraints on the PFC
system are active, the stability is further improved because
the plant motion is limited within the moveable range. More-
over, the robustness of the joint space controller is com-
pensated by the accurate disturbance estimate of the IDOB.
In the steady-state, the disturbance estimate is accurate for
disturbances within the torque constraint. Additionally, the
estimated excessive disturbance is canceled by the imposed
torque constraints, which is not possible with conventional
DOBs without the said constraints. This contributes to stable
IDOB estimations for motion and disturbance, which is to
say that the joint space controller configured by the IDOB
and PFC systems is both stable and robust. The proposed
method utilizes a joint space position control system that
compensates for robustness and stability under the constraints
as an inner-loop controller. Therefore, the robustness of the
proposed method is compensated by utilizing the IDOB,
which is similar to conventional DOB systems [32]. The
implicit force control law is a simple feedback control system
based on position control. The inverse kinematics conducted
are numerically stable with a high-convergence performance
[23]. Indeed, the proposed method is both robust and stable
and produces accurate disturbance estimations.

IV. EXPERIMENTS
The experiments verify the performance of the proposed
method for position/force control and demonstrate guaran-
teed motion against external forces. In the first experiment,
the HPFC control performance by the proposed implicit force
control was verified both with and without torque saturation.
In the next experiment, the guaranteed motion against exter-
nal forces without the force sensor of the proposed method
was verified. In an additional experiment, the utilization of
manipulator redundancy by the target closed-loop response
time, which is a controller parameter on PFC, was verified.
The three-link manipulator shown in Fig. 5 was utilized to
verify the proposed method. The manipulator has three DC
motors with encoders (harmonic-drive systems) in each joint.
A load cell as a one-axis force sensor (A&D Corporation)
was attached to the tip of the end-effector of the robot. The
control system was implemented by a digital signal proces-
sor (sBOXII by MIS Corporation). The physical parameters
comprised link distance ({l1, l2, l3} = 0.20 m) and mass

FIGURE 5. Experiment configuration.

({m1,m3,m5} = 0.22 kg, {m2,m4} = 0.77 kg). The time
constant of the lowpass filter for the force sensor was set
to 0.05 s. All experimental systems were discretized by Ts
= 0.001 s. The maximum outputs of each link torque were
τlimit,q1 = τlimit,q2 = 20.7360 Nm for the first and second
joints, respectively, and τlimit,q3 = 12.6720 Nm for the third
joint. These values were determined from the specifications
of the maximum continuous current of each motor driver.
Additionally, a saturation function utilizing these values was
programmed for the plant input as well as for the IDOB input
in all control systems.

A. CONTROLLER SETUP
The experimental verification compared conventional HPFC
utilizing DOB-based acceleration control and DOB-based
resolved acceleration control (DRAC) [38] for the workspace
position control utilizing the proposed reference generation
with the proposed method. Through comparison with PHFC,
it is evident that the proposed method considering torque
saturation by the joint space position controller has equivalent
control performance for position and force with respect to
conventional methods. Moreover, through comparison with
DRAC, the effectiveness of the position/force control by the
joint space control with the torque constraints was verified.
The IDOB for all controllers was tuned by the pole place-
ment method with [−40, −41, −42, −43, −44, −45, −46,
−47,−48] and the nominal inertia matrix Jn = diag(2.6683,
1.6772, 0.8155). The Jn parameter was obtained by modeling
with the physical parameters. Additionally, the initial state
estimates for the IDOB utilized the initial angle reference
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(qref0 ) for the initial state reference calculated in advance
offline. If the initial state estimates are 0, the control system
other than the proposed method will run out of control by
singular point. This is because the initial state of the robot in
the experiments was a singular point, and the Jacobian matrix
was overestimated because of the singularity. By utilizing
the initial angle reference as the initial observer state, the
singular point of the Jacobian matrix was easily avoided.
For all results, the position in the workspace was derived by
utilizing the forward kinematics of the joint angle estimates
by the IDOB.

The implicit controller gain was set as Kf = 10F ref
x

and was designed as an adaptive gain considering contact
velocity. In the experiments IV-B and IV-C, the number of
coincidence points for the target closed-loop response time
of the PFC systems of each joint were n = 3 and Tref,q1 =
Tref,q2 = Tref,q3 = 1.0 s. The performance of the manipulator
control of the proposed method was improved by utilizing
redundancy with modified target closed-loop response times,
the results of which were demonstrated in experiment IV-D.
Moreover, the weight parameters of the inverse kinematic
were set to {w1,w2,w3} = 102, 102, 101.
The compared control systems can be represented by the

equations for the control input, which, for HPFC, can be
expressed as

τ = Jn{qref + τ d}, (41)

= Jn{q
ref
pos + qrefforce + τ d}, (42)

qrefpos = KphxJ+aco{S(X
ref
0 − X̂)− Kdhx q̇ (43)

qrefforce = Kphf JTaco{(I − S)(F
ref
− Fres), (44)

and, for DRAC, as

τ = Jn{qref + τ d}, (45)

= JnJ+aco{Kpx(X ref
− X̂)

−Kdx q̇− J̇acoq̇}, (46)

where (Kphx , Kpx) and (Kdhx , Kdx) denote the proportional
and differential gain matrices on the position control part,
respectively, Kphf is a proportional gain matrix on the force
control part, and S denotes the select matrix (diag(0,1,1)).
J+aco denotes the pseudo-inverse matrix of Jaco. A square
matrix does not require the pseudo-inverse matrix, however,
the pseudo-inverse matrix can treat singular points, so it is
used in this paper. The position controller includes velocity
feedback on the force control axis, which is introduced to
suppress the impact force caused by the velocity. The IDOB
and the reference generator in DRAC are the same as the
proposed method. These parameters were adjusted by trial
and error through each experiment.

B. HYBRID POSITION/FORCE CONTROL
The control performance of the proposed method when
it comes into contact with a stationary rigid environment
was verified. Because of input torque saturation, conven-
tional force control methods can cause unstable behavior,

FIGURE 6. An example snapshot of experiment IV-B.

FIGURE 7. Experiments setup and configuration for IV-C. The blue arrows
denote the external force direction with pull motion by the hand of the
experimenter.

such as hunting motion and runaway, when the sys-
tem comes into contact with rigid objects. The proposed
method considers unstable behavior by imposing the input
constraints. In this experiment, two force references for
the x-axis were considered: 2 and 5 N. In the steady
state on the force tracking, the 2 N force reference did
not cause torque saturation but the 5 N force reference
did.

The verified control low began from the initial position
X(0) = [x(0) y(0) φ(0)] = [0.6 0 0] and then moved to the
initial state of position/force control X ref

0 = [xref0 yref0 φref0 ] =
[0.45 0 0]; the position and force were controlled from
around 30 s. The reference for position and force control was
X ref
f = [F ref

x yref φref] = [(2 or 5 N) 0 m 0 rad]. The
F ref
x was converted by the scheme described in III-B. Fig. 6

shows a snapshot of the experiments. In Fig. 6(b)-(c), a steel
mount was installed as the environment, and the force was
controlled by contact with the steel. The switching of refer-
ences was performed manually. In the proposed method, the
workspace position reference is based on (15). The attitude
angle of the end effector was controlled. This is because the
force sensor attached to the end-effector was uniaxial, and
it is impossible to perform appropriate force control without
proper attitude control. Additionally, since the position con-
trol of the workspace and the joint space is independent in the
proposedmethod, the joint position control utilizing the angle
reference (qref0 ) calculated in advance offline was utilized to
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FIGURE 8. Experimental result with F ref
x = 2N on IV-B. The filled area on the results denotes the position/force control period. In the

torque results, the dashed line denotes the torque limitations (τlimit,q1,q2,q3
).

move from X(0) to X ref
0 . It is difficult to control the atti-

tude between each link with a conventional workspace-based
control system, but the proposed method can easily deter-
mine the initial posture (i.e., elbow up or elbow down).
Note that it is possible to control the attitude by utilizing a
suitable input in the null space, even in conventional control
systems.

For HPFC, the gain matrices were set as (2N): Kphx =

{diag(30, 30, 30)},Kdhx = 2
√
Kphx ,Kphf = diag(40, 40, 40),

and (5N): Kphx = {diag(30, 30, 30)}, Kdhx = 2
√
Kphx , Kphf

= diag(20, 20, 20). For DRAC, the gain matrices were set as
(2N): Kpx = diag(15, 15, 15) and Kdx = 2

√
Kpx , and (5N):

Kpx = diag(30, 30, 30) and Kdx = 2
√
Kpx .

The experimental results for F ref
x = 2 N with each con-

troller are shown in Fig. 8, from which it is evident that, for
the proposed method, the maximum reaction force (impact
force) obtained from the force sensor with a lowpass filter
is 5.0152 N, the time from force control start to contact
is 522 ms, and the mean force tracking error for 50-100 s
(steady state) is 0.0032 N. For HPFC, the maximum reaction
force is 5.6958 N, the time from force control start to contact
is 1,070 ms, and the mean tracking error for 50-100 s is
0.0008 N. For DRAC, the maximum force is 10.2835 N,
the time from force control start to contact is 517 ms, and
the mean force tracking error for 50-100 s is −0.0007N.
From these results, it is evident that the proposed method
has a comparable control performance with respect to posi-
tion/force control as conventional methods. Furthermore, for
the proposedmethod, the fluctuations areminimal for attitude
and position; moreover, it has a smaller maximum reaction

force than HPFC, and the contact time is shorter. The pro-
posed method also has a smaller maximum reaction force
than DRHC, but the contact time is equivalent. Indeed, the
proposed method can treat impact force suppression and
high-speed motion control at the same time; however, the
tracking error of the force is slightly larger than conventional
methods, and unexpected torque saturation occurs, both of
which can be attributed to the target response time design.
Accordingly, this error can be improved (or removed alto-
gether) by modifying the tune-up, and IV-D shows its result.
In light of this information, it is evident that the proposed
method is useful for securing precise motion control, even
if the torque is not saturated.

The experimental results for F ref
x = 5 N with each

controller are shown in Fig. 9, from which it is evident that
the torque of each controller is saturated in the steady state,
which is to say that each controller realizes incomplete force
control with respect to x-axis force control. For the proposed
method, the maximum reaction force obtained from the force
sensor with a lowpass filter is 8.9371 N, the time from force
control start to contact is 520 ms, and the mean force tracking
error for 50-100 s is 0.0010 N. For conventional HPFC, the
maximum reaction force is 9.3942 N, the time from force
control start to contact is 899 ms, and the mean force tracking
error for 50-100 s is 0.0809 N. For conventional DRAC, the
maximum reaction force is 15.2608 N, the time from force
control start to contact is 434 ms, and the mean tracking
error for 50-100 s is 0.1835 N. Overall, for force control,
the proposed method can better reduce impact force while
achieving high-speed motion compared with conventional
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FIGURE 9. Experimental result with F ref
x = 5N on IV-B. The filled area on the results denotes the position/force control period. In the

torque results, the dashed line denotes the torque limitations (τlimit,q1,q2,q3
).

FIGURE 10. Experimental results of l1 on IV-C. In the filled area with red on the results, the first link was moved to the left side
(q < y ) by force with a hand. In the filled area with blue on the results, the first link was moved to the right side (y < q) by force
with the hand.

HPFC, which makes a hunting motion (bouncing motion) at
the time of contact. The results confirm that theDRAC system
results in both a large impact force and tracking error. With
respect to implicit workspace control, in using the DRAC
system, it was difficult to control the force while considering
attitude control. By contrast, the proposed method succeeds
in suppressing the bouncing motion caused by contact with

a rigid environment by considering the torque saturation and
implicit control strategy. Furthermore, the time from force
control start to contact for the proposed method are almost
the same by the adaptive gain. Thus, the joint space-based
implicit control strategy is useful for stable force control
system implementations. With respect to the position con-
trol results, the results at y and φ show that the proposed
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FIGURE 11. Experimental results of l2 on IV-C. In the filled area with red on the results, the first link was moved to the left side
(q < y ) by force with the hand. In the filled area with blue on the results, the first link was moved to the right side (y < q) by force
with the hand.

FIGURE 12. Experimental results of l3 on IV-C. In the filled area with red on the results, the first link was moved to the left side
(q < y ) by force with the hand. In the filled area with blue on the results, the first link was moved to the right side (y < q) by force
with the hand.

method has a better tracking performance than the others.
The torque variation with the initial position control period
is generated by the disturbance estimates due to tracking
errors with nonlinear friction. For the conventional methods,
since the tracking errors are caused by torque saturation after
contact, they cannot correct the position and attitude by the
torque saturation after contact. Overall, the results suggest
that, for conventional methods, the torque calculated from
the controller is clearly saturated. Additionally, vibrational
motion and a large error in the conventional method is caused.
However, the torque violated the constraint is removed by
the saturation function at the plant input and IDOB input,
therefore, unstable motion is avoided. Because the robot

utilizes the uniaxial force sensor, precision force control
cannot be realized unless accurate attitude control is per-
formed. By contrast, the results demonstrate that the proposed
method performs well with respect to position/force control
when considering the torque constraint via the acceleration
reference. Moreover, the response time can be designed as a
constant when considering the saturation of each actuator. In
essence, the proposed method can avoid excessive control
inputs and minimize the predicted tracking error via the
optimization problem in the joint space. Consequently, the
fluctuations in attitude and position are suppressed, and
the proposed method is able to achieve appropriate control
with a small number of sensors, whereas the conventional
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methods result in undesired motion that should be
avoided.

C. GUARANTEED MOTION AGAINST EXTERNAL FORCES
A control system considering torque saturation is use-
ful for guaranteeing motion generation against external
forces when making unexpected contact. The robot with the
torque-bounded control system opposes the external force
until the torque is saturated, but it moves according to the
force that takes place after torque saturation. This behavior is
essential for the collaborative works of people and robots, i.e.,
robots that make contact with people and robots that handle
deformable objects. The proposed method has the potential
to succeed in these areas. Fig. 7 shows a configuration for
the experiment. In the experiment, after the initial position
control, the experimenter forcibly applied an external force of
roughly π/2 [rad] to each link (i.e., the experimenter pushed
and pulled each link by hand). The controller parameters
utilize the same as 5 N of experiment IV-B. Note that the
initial values of the proposed method denote the joint space
position reference, but, in this verification, the initial values
were set as the workspace position references to evaluate the
workspace behavior.

The experimental results of each link are shown in
Figs. 10-12, from which it is evident that the proposed
method can control the robot when considering torque
saturation regardless of which part of the robot arm comes
into contact. Moreover, the position and attitude increase
monotonically after torque saturation. Therefore, the pro-
posed method is successful in adapting to external forces
while considering torque constraints. Additionally, it con-
stantly generates motion that suppresses overshoot and
vibration within an explicit torque range, and thus, it gen-
erates stable manipulator motion. By contrast, the HPFC
system causes large and unwanted motion, especially in the
result of l2. In essence, the HPFC is dangerous because
it creates excessive reactions due to excessive torque. The
same can be said for the DRAC system. Excessive reactions
are problematic because they can cause the joints to behave
unexpectedly.

For the proposed method, it may be possible to realize
more advanced and intelligent control to improve overall
control performance if the reaction torque is utilized in the
controller. Therefore, the proposed method is expected to
integrate and extend with reaction torque observer [39]–[41],
which utilizes an actuator as a force sensor for each joint.

D. MODIFICATION OF Tref
This section aims to improve the tracking control perfor-
mance for experiment IV-B for a force of 2 N and reduce
the reaction for an impact force of 5 N. In other words,
it is verified that the proposed method can independently
adjust the control response of each link and easily utilize
redundancy.

Fig. 13(a) shows the results of improving the tracking
control performance in IV-B for a force of 2 N. The target

FIGURE 13. Experimental results on IV-D.

settling times for the designed PFC system are Tref,q1 = 1.0 s,
Tref,q2 = 1.0 s, and Tref,q3 = 0.7 s. In the results of experi-
ment IV-B, a tracking error can be observed in the steady-state
force (0.0032N). Therefore, the target response time of q3
should be decreased to effectively track the attitude angle and
force. Moreover, the maximum reaction force is 4.3555 N,
the time from force control start to contact is 544 ms, and the
mean force tracking error for 50−100 s is−0.0004 N. These
results show an improved tracking error for the steady state.
The proposed method can be widely and practically applied,
since the response time of each actuator can be adjusted
individually.

Fig. 13(b) shows the results of reducing the impact force.
The target settling times for the designed PFC system are
Tref,q1 = 1.2 s, Tref,q2 = 0.5 s, and Tref,q3 = 0.7 s. The
maximum reaction force is 7.1967 N, and the time from
force control start to contact is 482 ms. Consequently, the
impact force is suppressed, and high-speed control is suc-
cessfully performed. Therefore, the control system can be
adjusted more intuitively and easily than conventional meth-
ods. However, since the focus in this experiment concerns
force control, tracking errors remain in attitude and position
control after the saturation of the first joint torque. Therefore,
a control system design that takes the force reference into
account is required to achieve attitude and position control
before contact is made.

V. CONCLUSION
In this paper, a robust HPFC strategy based on joint space
position control considering torque saturation for anMDoFM
was proposed. The proposed method is very useful compared
with conventional control systems. The experimental results
show that the control system considering torque saturation is
effective in improving guaranteed motion generation against
external forces and control performance. In future studies,
an optimal adjustment method for the target response time
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of each link based on control targets or handled tasks is
desired. The proposed method can be easily implemented in
high dimensional systems by utilizing the inverse kinematics
as well as by decoupling each joint by DOB-based control.
Additionally, it is particularly effective for human-robot sys-
tems and has a wide range of practical applications, such
as bilateral control, driving force control, and conventional
HPFC control systems.
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