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Summary/Abstract
In this article, we address the problem of controlling robots with arbitrarily-switched constraints and unknown dy-
namics. Switching between different constraints of a robot would result in a switched nonlinear system that does not
inherit the behavior of its individual subsystems. In order to guarantee stable performance of robots with arbitrarily
switched constraints and unknown dynamics, we propose a Robust Adaptive Fuzzy Control (RAFC) strategy that can
guarantee global stable performance under such challenging conditions. The suggested control strategy relies on the
synergy of the Sliding Mode Control (SMC) that adds robustness against possible dynamics parameters drift, finding a
Common Lyapunov Function (CLF) that guarantees stability under arbitrary constraints switching, and Direct Adaptive
Fuzzy System (DAFS) that relaxes the need for knowing the precise robot dynamics. Experiments are performed on
a KUKA Lightweight Robot (LWR) doing camshaft caps assembly of an automotive powertrain. The given robotic
assembly process falls in the category of switched constrained robots and the efficiency of the suggested RAFC strategy
in controlling such a robotic task will be shown.

1 Introduction

Robots are considered nowadays the most important tools
in automating many processes and their control was at-
tracted by research and industrial institutions. One of the
earliest control scheme of robots was reported in 1973
by Markiewicz when he suggested a computed torque
and inverse dynamics control strategy for robotic manip-
ulators [1]. Conventional PD and PID controllers were
successfully employed in controlling different types of
robots with acceptable performance [2]. Despite the de-
sign simplicity of PD and PID controllers, they can per-
form well only within a small region of operation that
results in a reduced robustness against possible drift in
the point of operation. In order to enhance the control
performance of robots, output feedback control schemes
were proposed and an improved stable control strategy,
over a wider mode of operation for the robotic sys-
tems, was obtained [11, 19]. Adaptive control strate-
gies were successfully used in improving the robots con-
trol performance when we have unknown parameters in
the robot dynamics and excellent tracking performance
was reported [5, 6, 8, 10]. Further improvements were
achieved through using the sliding mode control strat-
egy that can accommodate possible parameters drift in
the robot dynamics and a more robust performance was
resulted [7, 12]. In order to accommodate more un-
certainty in the robots dynamics, universal approxima-
tors, like neural networks and fuzzy systems, were suc-
cessfully employed in developing control strategies that
relax the need for knowing the dynamics of the robot
[14, 15, 18, 21].
The majority of the robot systems applications involve
interactions between the robots and their environment re-
sulting in constrained motion robots. Different control

strategies were proposed to handle the constrained mo-
tion robot systems, and hybrid position/force control is
considered the most prominent scheme in dealing with
such systems through controlling both the position and
force of interaction between the end effector and the envi-
ronment [3, 9, 22]. Likewise to the unconstrained robots,
the dynamics certainty was also considered through us-
ing fuzzy logic control for both holonomic and nonholo-
nomic constrained robots (see for example [13, 23, 25]
and the references therein). In [17], it was shown that
for switched control systems, switching between different
stable subsystems can cause unstable or undesirable per-
formance. In many constrained robots applications, we
have multiple constraints switched from one to another.
For instance, in robotic assembly operations, different
contact phases could result between the manipulated ob-
ject and the environment that makes different constraints,
possibly one at a time, to be inserted in the overall dy-
namics of the robotic process which would result in a
switched nonlinear system. Furthermore, in many situ-
ations the parameters of the robot dynamics are not pre-
cisely known that would add more challenges in control-
ling such robotic systems. In [28, 29], the authors pro-
posed control strategies that handles the transient switch-
ing in the constraints and excellent tracking performance
was obtained. However, the whole dynamics parameters
are required to be precisely known which is unfortunately
not the case for many industrial robots.

In this paper, we address the problem of controlling
a robot manipulator with switched constraints and un-
known dynamics. We suggest a Robust Adaptive Fuzzy
Control (RAFC) strategy in controlling such interest-
ing robots. The RAFC strategy is a synergy of find-
ing a Common Lyapunov Function (CLF), the Sliding
Mode Control (SMC), and fuzzy logic approximation.



Therefore, the main contribution of this paper is to solve
the control problem for the switched constrained robots
with unknown dynamics. In order to validate the sug-
gested control strategy, we use it in controlling a KUKA
Lightweight Robot (LWR) doing a camshaft caps of a
powertrain of an automotive engine.
The rest of the paper is organized as follows. In section
2, we describe the dynamics of the switched constrained
robots and present our control problem. Section 3 will
lodge several preliminary concepts like fuzzy logic ap-
proximators along with basic definitions, assumptions,
and properties. The suggested control strategy is pre-
sented in section 4. In section 5, we explain the exper-
imental test stand with the results obtained when using
the RAFC strategy in controlling the considered switched
constrained robotic system and section 6 summarizes the
concluding remarks.

2 Problem Formulation

The dynamics of a switched constrained robotic system
can be described by [28, 29]:

M(q)q̈ + C(q, q̇)q̇ +G(q) = τ + fσ(q) (1)

with:

fσ(q) = JT (q)DT
σ (α)λ (2)

Where q ∈ Rn is the links position vector, M(q) ∈
Rn×n is the inertia matrix, C(q, q̇)q̇ ∈ Rn is the cen-
tripetal and Coriolis vector, G(q) ∈ Rn×n is the gravity
vector, τ ∈ Rn is the torque vector actuating the links,
J(q) ∈ Rn×6 is the Jacobian of the manipulator, λ ∈ Rm
is the vector of Lagrange multipliers,D(α) is the gradient
of the task space constraints, and α = (x, y, z,Θ,Ψ,Φ)T

is the pose (the Cartesian position and orientation) of the
manipulated object with x, y, and z are the Cartesian po-
sition and Θ, Ψ, and Φ are the roll, pitch and yaw respec-
tively. σ is the index of the constraints (σ = 1, 2, ..., P ),
and P is the total number of the constraints.
Free space robot motion can be viewed as a special case
of (1) with fσ(q) = 0. Suppose that M(q), C(q, q̇), and
G(q) are unknown. Then equation (1) would be an un-
known switched nonlinear system, and the objective of
this paper is to propose a direct adaptive fuzzy control
strategy that can guarantee global stable performance of
the robot under arbitrary unknown constraints switching
behavior with unknown robot dynamics.

3 Preliminaries

Before presenting the main control strategy suggested in
this paper, we will explain the concept of fuzzy logic ap-
proximators along with other preliminary concepts, prop-
erties and assumptions.

3.1 Fuzzy Logic Approximators
One of the vital applications of the fuzzy set theory is
the functions approximation. It gives a feasible way of
approximating unknown smooth functions through the
use of T-S fuzzy models. Suppose that we desire to
approximate the control action of (1), and consider that
(q1, q̇1, ..., qn, q̇n) = (u1, u2, ...., u2n). Let’s assume that
the output of each mapping, that will be approximated, is
yf . Such approximation would be feasible in the context
of fuzzy If-Then rules as:
Controller Rule i:

If u1 is Ai1 and u2 is Ai2 and... and u2n is Ai2n
Then yf = yif (3)

where i = 1, 2, ..., L, L is the total number of the If-Then
rules, Aij(i = 1, 2, ..., L; j = 1, 2, ...,m) are the premise
fuzzy sets, and yif is crisp output of the kth rule. Through
using a singleton fuzzifier along withe product inference,
the overall output for the fuzzy system above can be com-
puted as [13, 16]:

yf = θTh(u) (4)

with:

µi(u) =

2n∏
j=1

Aij(uj)

h(u) = (
µ1(u)∑L
i=1 µi(u)

,
µ2(u)∑L
i=1 µi(u)

, ...,
µL(u)∑L
i=1 µi(u)

)

µi(u) ≥ 0

L∑
i=1

µi(u) > 0

and:

θ = (y1
f , y

2
f , ..., y

L
f )

Hence, the control action τ of (1) can be approximated
through a fuzzy logic controller τf = (yf1, ..., yfn) and
this is called a direct fuzzy control strategy [16]. That is:

τf (q, q̇|θ) = θTh(q, q̇) (5)

Next, we will explain several concepts, properties, and
assumptions necessary for the derivation of the suggested
control strategies.

3.2 Properties and Assumptions
Below properties are common between robot manipula-
tors [20]:
P1. For all robot manipulators, M(q) is a positive defi-
nite and symmetric matrix.
P2. For all robot manipulators, the matrix Ṁ(q) −
2C(q, q̇) is a skew symmetric matrix, that is for all x́ :
x́ ∈ Rn and x́ 6= 0, we have x́T (Ṁ(q)−2C(q, q̇))x́ = 0.
Define the joints error vector to be:

q̃ = q − qd (6)



and consider the joints filtered error vector to be de-
scribed as:

s = ˙̃q + γq̃ (7)

with γ > 0. (7) can be rewritten as:

s = q̇ − q̇r (8)

where:

q̇r = q̇d − γq̃ (9)

Note 1. It has been shown that the filtered error de-
scribed by (7) has the following properties: (i) the equa-
tion s(t) = 0 defines the time-varying hyperplane in Rn,
on which the tracking error vector q̃ decays exponentially
to zero.(ii) if q̃(0) = 0 and |s(t)| ≤ ε with constant ε,
then q̃(t) ∈ Ωε = { q̃(t)q̃i ≤ 2i−1γi−2ε, i = 1, 2} for
∀t ≥ 0 and (iii) if q̃(0) 6= 0 and |s(t)| ≤ ε then q̃(t) will
converge to Ωε within a time constant of (n−1)

γ [4].
Taking the time derivative of (8), we obtain:

ṡ = q̈ − q̈r (10)

Despite the robustness of the SMC, a possible chattering
may deteriorate the control performance and may even
drive the system to be unstable. Therefore, a modified
filtered error [27] is introduced that can be expressed as:

sε = s− εtanh(
s

ε
) (11)

For bounded values of q, fσ(q) is bounded. That is:

|fσ(q)| ≤ bσ (12)

Furthermore, consider that the bound of bσ for all values
of σ is B, that is:

B = supσ(bσ) (13)

We will design the control strategy relying on the mod-
ified filtered error (11). However, before we proceed in
explaining the suggested control strategy, we will present
two assumptions that need to be satisfied:
A1. The signals q, q̇, and q̈ are assumed to be available
for measurement.
A2. The signals qd, q̇d, and q̈d are assumed to be bounded
and piecewise continuous.

4 Robust Adaptive Fuzzy Control
(RAFC) Design

In [29], the authors derived the certainty equivalence
control strategy for the switched constrained robots with
known dynamics to be:

τ∗m = C(q, q̇)(εsat(
s

ε
) + q̇r) +M(q)q̈r +G(q) (14)

For the case of the unknown robot dynamics, (14) can’t
be computed. Therefore, we will use a fuzzy logic con-
troller τf , that was explained in section 3.1, in approxi-
mating τ∗m defined in (14). Suppose that the approxima-
tion error between τf and τ∗m is:

w = τf (q, q̇|θ)− τ∗m (15)

The minimum approximation w∗ error is defined to be:

w∗ = τf (q, q̇|θ∗)− τ∗m (16)

Where θ∗ is the optimal parameter vector of θ that is de-
fined as:

θ∗ = arg min|θ|∈Mθ
[supq∈Mq,q̇∈Mq̇

τf (q, q̇|θ∗)− τ∗m]

(17)

and

τf (q, q̇|θ) = θTh(q, q̇) (18)

with Mq and Mq̇ are the allowable sets of q and q̇ respec-
tively. We will assume that |ŵ| ≤ Mw and |B̂| ≤ MB ,
i.e. the approximation error ŵ and the constraint param-
eters B̂ will remain within prescribed sets. For the pa-
rameter vector θ, we will prove that it will always remain
within a certain bound.
Let’s consider the control action to be composed of two
terms; a fuzzy control action τf and a bounding term τb,
that is:

τ = τf + τb (19)

Where:

τb = −Kds(t)− Γ(B̂ + ŵ) (20)

with Kd = diag(kd1, kd2, ..., kdn), kd1,
kd2...kdn are positive constants, and Γ =
diag(tanh( s1ε1 ), tanh( s2ε2 ), ..., tanh( snεn )). Therefore, the
need for knowing the robot dynamics is relaxed through
the use of the control action (19). In order to guarantee a
stable performance for the suggested RAFC strategy, the
parameters vectors B̂, θ, and ŵ are updated according to
the following laws:

˙̂
B =


η1|sε| if(|B̂| < MB) or (|B̂| = MB and

η1|sε| ≤ 0)

P (η1|sε|) if(|B̂| = MB and η1|sε| > 0)

(21)

θ̇ = −η2s
T
ε h(q, q̇) (22)

˙̂w =


η3|sε| if (|ŵ| < Mw) or (|ŵ| = Mw and

η3|sε| ≤ 0)

P (η3|sε|) if (|ŵ| = Mw and η3|sε| > 0)

(23)

where η1, η2, η3 > 0 and P (.) is the projection function,
that is:

P (η1|sε|) = η1|sε| − η1|sε|(
B̂T B̂

|B̂|2
)



P (η3|sε|) = η3|sε| − η3|sε|(
ŵT ŵ

|ŵ|2
)

The stability of the RAFC strategy can be ascertained
through considering the Lyapunov candidate:

V =
1

2
sTεM(q)sε +

1

2η1
B̃T B̃ +

1

2η2
θ̃T θ̃ +

1

2η3
w̃T w̃

(24)

Where θ̃ = θ − θ∗ and w̃ = ŵ − w∗. Taking the time
derivative of (24), we obtain:

V̇ = sTεM(q)ṡ+
1

2
sTε Ṁ(q)sε +

1

η1
B̃T

˙̂
B +

1

η2
θ̃T θ̇ +

1

η3
w̃T ˙̂w

(25)

After several mathematical simplifications and using the
RAFC strategy, one can show that V̇ is always nega-
tive semi-definite (more specifically V̇ ≤ −sTεKdsε) that
leads to the fact that the system is stable with all closed
loop signals to be bounded.

5 Experimental Results
In order to show the performance of the suggested RAFC
strategy, we built a test stand that is composed of a KUKA
Lightweight Robot (LWR), which is a 7-DOF industrial
robot, doing a camshaft caps assembly of an engine pow-
ertrain. The key features of the KUKA LWR 4+ is de-
tailed in [26]. For research purposes, a Fast Research
Interface (FRI) is available in the robot that makes its
joints control strategy customizable by the user through
a C++ platform hence allowing researchers to apply their
own control strategies in controlling the robot joints [24].
Furthermore, the manipulator joints can be set as a rigid
or flexible according to the user requirement through the
programming platform. Figure 1 shows the test stand of
our experiment as per doing the camshaft caps assem-
bly process. From Figure 1, we can see that during the
assembly task execution, the robot passes through differ-
ent switched phases; starting from the free space motion
(Figure 1.b), then the constrained motion of Figure 1.c,
1.d, 1.e, and 1.f with different constraints in each phase.
Hence, the robotic system depicted in Figure 1 falls in the
category of the switched constrained robots. The RAFC
strategy was programmed through C++ in a remote PC.
The features of the PC that we used is of Intel (R) Core
(TM) i5-2540 CPU with 2.6 GHz speed and 4 GB RAM
running under a Linux environment. The rate of the com-
munication between the remote PC and the robot, through
the FRI, is 100 Hz. We used the suggested RAFC strategy
in commanding the robot for doing the assembly process
depicted in Figure 1 for four times so that we have a thor-
ough evaluation of the strategy performance.
Figure 2.a through Figure 2.f show the desired pose,
say αd = (xd, yd, zd,Θd,Ψd,Φd)

T , of the manipulated
object for performing the given assembly. The corre-
sponding desired joints position (qd) and velocity q̇d are

shown in Figure 3. Figure 4.a-g show the control action
when using the RAFC control strategy in commanding
the joints for doing the given task.
The RAFC strategy was used with the following details:
KT
d = diag(60, 30, 30, 45, 15, 9, 6)T

εT = [0.005, 0.07, 0.06, 0.05, 0.04, 0.09, 0.04]T

γT = [80, 80, 80, 50, 12, 12, 5]T

MT
B = [0.025, 0.08, 0.03, 0.17, 0.045, 0.006, 0.005]T

MT
w = [0.002, 0.017, 0.0025, 0.002, 0.00045, 0.0007, 0.0005]T

η1 = 0.001, η2 = 0.01, and η3 = 0.0001.
Gauss membership functions of the form:

Aij(uj) = exp(− (uj − c)2

2σ2
) (26)

are used in the premise of the ith If-Then rule of the
RAFC. c and σ are the center and width of the gauss
membership function. The joints position and velocity,
say q and q̇ respectively, are considered the input vari-
ables for the fuzzy logic controller, and each one of those
state variables is assigned with two membership func-
tions for the premise part of the if-then rules. For sim-
plicity, we will describe each Gauss membership function
described by (26), with an ordered pair (c, σ). Below are
the parameters of the fuzzy sets of the variables consid-
ered in the RAFC, say q and q̇:
q1 : (−0.7, 0.0849) and (−0.9, 0.0849)
q2 : (−0.4, 0.0849) and (−1, 0.0849)
q3 : (0.3, 0.0849) and (0.2, 0.0849)
q4 : (1.6, 0.0849) and (1.2, 0.0849)
q5 : (−0.1, 0.0849) and (−0.4, 0.0849)
q6 : (−0.7, 0.0849) and (−1.1, 0.08494)
q7 : (−2, 0.0849) and (−2.3, 0.0849)
q̇1 : (0.14, 0.0849) and (−0.1, 0.0849)
q̇2 : (0.6, 0.0849) and (−0.5, 0.0849)
q̇3 : (0.05, 0.0849) and (−0.06, 0.0849)
q̇4 : (0.3, 0.0849) and (−0.3, 0.0849)
q̇5 : (0.3, 0.0849) and (−0.6, 0.0849)
q̇6 : (0.4, 0.0849) and (−0.6, 0.0849)
q̇7 : (0.6, 0.0849) and (−0.2, 0.0849)
Figure 4.h-n show the position error signals and Fig-
ure 4.o-u show the velocity error signals for all joints
when using the suggested control strategy. We can see
that the RAFC is having an excellent tracking perfor-
mance despite the uncertain and unknown robot dynam-
ics. Figure 2.g-l show the corresponding error signals in
the task space, i.e. the pose error signals, and we can
notice that the excellent joint space performance is sig-
nificantly reflected to the task space performance. Fig-
ure 6.a-g show the parameters vector B̂1-B̂7 and Fig-
ure 6.h-n show the vector ŵ1-ŵ7. From the results of
the RAFC strategy, we can notice that:
1. If unknown uncertainty is added to the dynamics, then
we would have Meq(q) = M(q) + ∆M(q), Ceq(q, q̇) =
C(q, q̇)+∆C(q, q̇), andGeq(q) = G(q)+∆G(q). In this
case, the RAFC strategy can easily accommodate such
unknown uncertainty, since the control action (19) does
not rely on the robot model, provided that the resultant
robot dynamics, say Meq(q), Ceq(q, q̇), and Geq(q), sat-
isfy properties P1 and P2.



Figure 1: Camshaft caps assembly process: (a) Camshaft caps assembly as a double peg-in-hole process; (b) Phase
1(free space); (c) Phase 2; (d) Phase 3; (e) Phase 4; (f) Phase 5.

Figure 2: The manipulated object signals: (a) x (in mm); (b) y (in mm); (c) z (in mm); (d) Θ (in degree); (e) Ψ (in
degree); (f) Φ (in degree); (g) ex (in mm); (h) ey (in mm); (i) ez (in mm); (j) eΘ (in degree); (k) eΨ (in degree); (l) eΦ

(in degree).

2. The RAFC strategy is a synergy of considering switch-
ing in the constraint, accommodating unknown dynam-
ics, accommodating uncertain dynamics, and consider-
ing the nonlinear feature of the robot. Consequently, we
had excellent joints position and velocity tracking perfor-
mance.
3. For the parameters update laws (21) and (23), we can
see that the first line is η1|sε| ≥ 0. This would make the
parameters vectors B̂ and ŵ to increase and the use of the
projection function is necessary in this case to prevent the
proliferation of those parameters and avoid possible in-
stability.

6 Conclusion

Robust Adaptive Fuzzy Control (RAFC) was suggested
for robot manipulators with arbitrarily switched con-
straints and unknown dynamics. The RAFC strategy
is a synergy of the concepts of the Sliding Mode Con-
trol (SMC), the fuzzy logic approximation, and finding
a Common Lyapunov Function (CLF). The use of the
SMC adds robustness against possible parameters drifts,
the fuzzy logic approximation accommodates the robot
dynamics anonymity and uncertainty, and the CLF guar-
antees the stable performance under arbitrary switching.
Experiment is performed on a KUKA Lightweight Robot
(LWR) doing a camshaft caps assembly of a powertrain.
Such a robotic system falls in the category of the switched
constrained robots and the experimental results show the



Figure 3: Joints position and velocity signals: (a) qd1 (in mrad); (b) qd2 (in mrad);(c) qd3 (in mrad); (d) qd4 (in mrad);
(e) qd5 (in mrad); (f) qd6 (in mrad); (g) qd7 (in mrad); (h) q̇d1 (in mrad/sec); (i) q̇d2 (in mrad/sec); (j) q̇d3 (in mrad/sec);
(k) q̇d4 (in mrad/sec); (l) q̇d5 (in mrad/sec); (m) q̇d6 (in mrad/sec); (n) q̇d7 (in mrad/sec).

Figure 4: Joints torques, position error signals, and velocity error signals: (a) τ1 (in N.m); (b) τ2 (in N.m); (c) τ3 (in
N.m); (d) τ4 (in N.m); (e) τ5 (in N.m); (f) τ6 (in N.m); (g) τ7 (in N.m); (h) q̃1 (in mrad); (i) q̃2 (in mrad); (j) q̃3 (in
mrad); (k) q̃4 (in mrad); (l) q̃5 (in mrad); (m) q̃6 (in mrad); (n) q̃7 (in mrad); (o) ˙̃q1 (in mrad/sec); (p) ˙̃q2 (in mrad/sec);
(q) ˙̃q3 (in mrad/sec); (r) ˙̃q4 (in mrad/sec); (s) ˙̃q5 (in mrad/sec); (t) ˙̃q6 (in mrad/sec); (u) ˙̃q7 (in mrad/sec);

efficient performance of the RAFC strategy despite the
dynamics anonymity and arbitrary constraints switching.
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