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Temporal Coupling of Dynamical Movement
Primitives for Constrained Velocities
and Accelerations

Albin Dahlin

Abstract—The framework of Dynamical Movement Primitives
(DMPs) has become a popular method for trajectory generation
in robotics. Most robotic systems are subject to saturation and/or
kinematic constraints on motion variables, but DMPs do not inher-
ently encode constraints and this may lead to poor tracking per-
formance. Temporal coupling (online temporal scaling) of DMPs
represents a possible way for handling constrained systems. This
letter presents a temporal coupling for DMPs to handle velocity and
acceleration constraints for the generated trajectory. A novel filter
is presented based on a potential function which proactively scales
the trajectory before reaching the acceleration limits. In this way,
the velocities and accelerations remain within the limits even for
trajectories with aggressive accelerations and stricter bounds. The
performance of the proposed method is demonstrated by means of
simulations and experiments on a UR10 robot.

Index Terms—Motion control, reactive and sensor-based

planning.
1. INTRODUCTION

YNAMICAL Movement Primitives (DMPs), first intro-

duced in [1] and presented in detail in [2], encode the
desired trajectory using dynamical second-order systems. They
are highly flexible in creating complex movements, and their
structure allows for easy trajectory scaling in space and time
by a simple modulation of a goal position or temporal scaling
factor, respectively. One of the major advantages of the DMP
framework is that it allows reactive planning by readily intro-
ducing sensory feedback in the planning process. In this way,
the trajectory can adjust to unpredictable events and obstacles
in the environment [3], be modified online to improve the task
performance according to a given metric [4]-[6] or scale in order
to adapt the final position to a moving object [2], [7]. Allowing
online modifications of the trajectory, and thereby making it
less predictable, can however raise problems when constraints
on velocity and acceleration need to be accommodated in the
motion planning. These constraints may arise due to actuator
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limitations or safety limits, e.g. for robots in human environ-
ments. Maintaining the system trajectory within the limits can
be guaranteed by introducing reference governors [8], [9] or by
direct saturation in the controller, but this leads to divergence of
the system trajectory from the target trajectory generated by the
DMP and may distort the system path significantly. This letter
deals with the problem of adapting a nominal trajectory online
to respect velocity and acceleration constraints while preserving
the original trajectory path.

In [10] a model predictive control approach inspired by the
DMP framework was presented which offers the possibility to
constrain the velocity and it may be expanded to handle ac-
celeration constraints. This method of constrained optimization
ensures that the velocity is kept within an allowed region for each
degree of freedom but cannot ensure that the shape of the path
remains unaltered. This is the general case for all types of spatial
modulations on the dynamical system level since the temporal
evolution for the rest of the system is not affected. To remain
on the same path, it is necessary to simultaneously decrease the
velocity in all dimensions. This motivates for temporal coupling
that consists in modifications of the DMP temporal scaling factor
rather than spatial coupling. In [11] temporal coupling is used to
improve tracking performance of the controller by reducing the
speed based on the tracking error. With this method, distortion
of the path is necessary to slow down the trajectory and can
therefore not be directly used to limit the velocity or acceleration.
A method to counteract increased velocities due to moving goals
was presented in [7] but this does not allow for explicit velocity
limits and does not consider any other possible modification
(obstacle avoidance term, modified kernel weights, etc.) that
affect the velocity of the DMP system apart from a modified
goal. In [12], we presented a temporal coupling to guarantee pre-
defined velocity limits for the continuous-time DMP trajectory.
However, for discrete implementation, this method encounters
some stability issues depending on sampling rate and tuning
parameters. To the best of our knowledge, no temporal coupling
schemes have been presented to treat the problem of limited
acceleration.

Temporal coupling for DMPs has a close relation to the
path-velocity decomposition paradigm [13] since the temporal
scaling factor in the DMP framework can be viewed as the path
traversal time. In [14], online trajectory scaling using path-
velocity decomposition was presented to handle torque con-
straints for robot joints and in [15], [16] the idea has been

2377-3766 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Lunds Universitetsbibliotek. Downloaded on October 31,2023 at 14:15:30 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-1481-8757
https://orcid.org/0000-0001-5129-342X
mailto:albin.dahlin@chalmers.se
mailto:yiannis@chalmers.se
https://doi.org/10.1109/LRA.2021.3058874

2234

extended to consider both joint and end-effector velocities and
accelerations as well as path velocity and acceleration. The
aforementioned techniques scale the nominal trajectory online
such that the specified limits are ensured if a solution exists. The
problem may however become infeasible for some trajectories
and a trade-off between path preservation and constraint satis-
faction must be made. In [17] a condition for assuring feasibility
over the entire trajectory is presented but is only treating the case
of offline motion planning.

In this letter, we present a temporal coupling algorithm to con-
strain both the velocity and acceleration of the DMP in discrete
time. We adopt the technique of transforming the differential
constraints into constraints for the path traversal variable (tem-
poral scaling factor) as in [13]-[17]. The feasibility condition
in [17] is also applied but is here formalized for an online
one-step prediction usage. In addition, a novel filter, inspired
by the potential based update law in [12] used to constrain
velocities, is introduced in a discrete-time setting to further
facilitate feasibility for the online trajectory scaling over the
complete movement. Compared to previous works on trajectory
scaling [13]-[17], the proposed method can retain the feasibility
for the differential constraints for a wider set of trajectories by
also scaling in a proactive, instead of solely reactive, manner and
can thereby satisfy the constraint to a greater extent. This comes
at a cost of a slightly slower trajectory depending on a tuning
parameter. We also demonstrate that satisfying the constraints
via temporal coupling results in an accurate reproduction of
the original path. In contrast to previous literature in DMP,
we address simultaneously velocity and acceleration limits in
the reactive planning process, with capability to adapt to online
modification of the limits.

The letter is organized as follows. In Section II, a brief descrip-
tion of DMPs is provided. The proposed temporal coupling for
constrained velocity and acceleration is presented in Section III.
Evaluations are provided in terms of simulation in Section IV
and experiments on a UR10robotin Section V. Final conclusions
are drawn in Section VI.

II. DYNAMICAL MOVEMENT PRIMITIVES

The framework of DMPs employs second-order linear dy-
namical systems with a nonlinear virtual forcing term along with
a canonical dynamical system for a phase variable as follows:

TY =z, (2)
TS = —Qs. 3)

Here the position y € R™, the scaled velocity z € R™ and the
phase variable s € R are initialized to y, 0 and 1 respectively,
with n denoting the dimension and yy being the desired initial
position of the target trajectory. g € R” is the attractor point
(goal), 7 € R is a temporal scaling term, K and D are con-
stants determining the dynamics of the unforced system and
« is a constant determining the rate of change for the phase
variable. The forcing term, f(s), is formulated using [NV weighted
Gaussian basis functions and such that it converges to zero as
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s converge to zero leading to a convergence of y to the goal.
Since the virtual force is dependent on the phase variable rather
than time, it is possible to couple the DMP with other dynamical
systems and coordinate DMPs with several degrees-of-freedom.
The selection of weights in the forcing term can be solved as an
offline optimization problem such that the DMP evolution is a
best fit to a target trajectory [18]. In this way, the DMPs can
encode any trajectory along a sufficiently smooth path using the
parameters 7, g and the kernel weights, with increasing precision
as the number of kernels grows. See [2] for a more thorough
description of DMPs.

Normally in control applications, the reference is kept con-
stant for one time step, At, such as when addressing velocity
constrained closed-loop inverse kinematics [19]. Thus, using
DMP systems for online trajectory generation requires dis-
cretization that can be implemented by using Euler integration

Zk+1 = Rk + ZkAt (4)
Yk+1 = Yk + YAl (%)
Sk+1 = Sk + Sp At (6)

where At is the sampling time and Zj, ¢ and $; are defined
as in (1)-(3). When temporal coupling is used, the scalar 7 is
modified online and we also have

Tk+1:Tk+7LkAt @)

where 7y, is determined online by an update law. In this letter
we refer to the DMP system without temporal coupling as the
nominal system with corresponding nominal temporal scaling
factor denoted by 7*.

III. TEMPORAL COUPLING FOR CONSTRAINED VELOCITY
AND ACCELERATION

The aim is to constrain the DMP system trajectory velocity
and acceleration such that

|yk,i‘ S ’Umax,iy Vk7i7 (8)
|yk,i| S a'max,ia Vk7i7 (9)

where ;. ; indicate the ith element of y,, at time step k, while
retaining the path shape. This should be done such that the
path traversal speed is not increased compared to the nominal
trajectory. Expressed in terms of temporal scaling factor this
corresponds to

T > T, VEk. (10)

As the trajectory velocity, ¥y, is directly proportional to the
temporal scaling factor, task scaling could be applied to limit
the velocity. However, the acceleration, given by differentiation

of (2)
Ze — kT h(Zk, Yk, Sk) — 26Tk

= - = ( 2) ; (11)

k T

Uk

cannot be constrained in a similar straightforward manner. As
seen in (11), the acceleration depends both on the current tem-
poral scaling factor and its derivative, i.e. it depends explicitly
on the decision variable for the temporal coupling, 7. The
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constraints (8)-(9) can be stated as 4n inequality constraints
on the one-dimensional variable 7. In this way, the trajectory
velocity and acceleration can be limited while the trajectory path
is preserved. However, due to this limitation, it is not certain
that all limits result in a feasible solution, e.g. one dimension
may yield an upper limit of 75 that is lower than the lower
limit yielded from another dimension. Furthermore, the limits on
71, imposed from the acceleration constraints may very well be
negative. Intuitively, the trajectory should slow down (7 should
increase) in order to decrease the trajectory acceleration, but
directly imposing these constraint would rather speed up the
trajectory in such cases. In fact, as the velocity and acceleration
are directly related to Tik, decreasing 7, makes the constraints
tighter and may lead to infeasibility in future steps.

In this section, we present a temporal coupling algorithm for
constrained velocity and acceleration. First, the velocity and
acceleration constraints are transformed into constraints on 7.
Lower bounds of 7 are then presented to guarantee feasibility
of the acceleration constraints and limited path traversal speed.
Next, an update rule for 7 before applying the constraints,
referred to as the base update law, is introduced with intention
to keep the acceleration away from the limits to improve fea-
sibility of the saturation of 7. Finally, the complete algorithm
combining all steps is presented.

A. Acceleration Constraints Imposed on 7

By use of (11), the acceleration constraints (9) can be formu-
lated as

I(Zkis Yhyir Sk) — ThZk,i

—Qmax,i S 2 S Amax,is (12)
Tk
or in vector notation after rearranging to one side
Ayt + Bt + Cp, <0, (13)
where
—z —Umax h(zk, Y, s
Ak): k ,B: ma 7Ck: (k,yk k) ) (14)
Zk —QAmax —h(Zk, Yk Sk)

Inequality (13) can be reduced to scalar upper and lower bounds

for 75, imposed by the acceleration constraints
. min,a . . max,a
Ty < TR ST )

15)

where the bounds are defined as

i B2 + Ck ;
= _DiT Ok g 16
Tk iE{Iln,.?j),(Qn} { Api | A, ,  (16)

P i Bt + Chi
max,a = _ Ttk T TR A ; 0 : 17
Tk ie{llq,l}.r,lzn}{ A | Ak > a7

and Ay ; denote the ith element of Aj.

B. Velocity Constraints

As 73, does not directly impact the velocity but indirectly
through integration, one-step prediction of the system velocity is
possible and necessary to transform the velocity constraints into
constraints on 7. From (2), we see that the velocity constraints
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(8) can be reformulated as
Rk+1,i
—VUmax,i < = < Umax,i» (18)
Tk+1
or in vector notation after proper rearrangement
D71+ Ap1 <0, (19)
where
—v
D= max (20)
—Umax

As all elements of D are negative, (19) implies a scalar lower
bound for 711 defined as

min,v Ak+1 7
= - 21
Tk-i,-l 26{1}/,18‘5(271} { Dq, 9 ( )
that, using (7), corresponds to
. min,v Tminm — Tk
= A (22)

C. Feasibility of Acceleration Limits

Selecting 7 such that (15) is satisfied, the acceleration con-
straints (9) are ensured under the assumption that such a solution
exists, i.e. 7 ¢ < 7. Similar to [17], the feasibility of
(15) can be guaranteed by requiring the inequality to hold for
all combinations of the min and max functions. Let ¢ and
j denote all indices such that Ap4q; <0 and Ap4q; > 0.

Now, the condition for feasibility of (15) at next time step, i.e.

Topr < T, can be written as
2 2
_BiTkJrl +Ck+1,i _Bka+1 +Ok+1,j (23)
A1, - Apyrj
and extraction of 71 leads to the inequality
Cri1.4]A |+ C i|A il
2 k+1,i|4k+1,5 k+1,7 14 k+1,i
Th+1 = (24)

|BiAgt1,5] + | BjAr41,i]

Here we have made use of the fact that all elements of B are
negative and the signs of all terms of Ay ; and Ay ; are
known. The inequality (24) is satisfied for all Cj11 ;| Akt1,5| +
Cl+1,j]Ak+1,5| < 0 and the lower bound for 74,1

ming _ Crt1,ilAkt1,5] + Crt1,51 Ak41,]
bt i€{l,....2n} |BiAk+1,5] + |Bj Akl
je{l1,....2n}
Crt1,ilAkt1,5] + Chtr,g

Apg1il >0
’ . 25
Apy1, <0, Aggq,; >0 25)

is used in (7) to get

min,f

7-_min,f _ Tk+1 Tk
k At
which ensures feasibility of (15) at next time step.

(26)

D. Path Traversal Speed

A final bound on 75 arises from constraint (10) to ensure
that the path traversal speed is not faster than for the nominal

Authorized licensed use limited to: Lunds Universitetsbibliotek. Downloaded on October 31,2023 at 14:15:30 UTC from IEEE Xplore. Restrictions apply.



2236

1200

T

-=-y,=01] i1  Fea___ - —c=1e-

a i 1000} T Tme-- c=1e3

—, = i : —e=2e-3

= =7, =10 " — 800 L [Tme=3e3
k=Y i 1
5 / |

(b) ya =1

Fig. 1. The potential term for three values of v, and e.

trajectory. Combining (7) and (10) we get

. min, 7" T — Tk
LY 27
k At @7)

E. Base Update Law

A first intuitive approach for the base update law is to select
Tk such that 7,41 = 7*. The trajectory would then follow the
nominal trajectory whenever no constraints are violated and
slow down otherwise. However, this would in many cases lead
to infeasibility due to extreme changes of 7 when reaching
the limits. Instead of drastically changing 7 at the limits we
propose an update law that increases 7 gradually as the limits
are approached. That s, instead of applying reactive task scaling,
select 7 such that the trajectory is slowed down in a preventing
way whenever approaching the limits. In [12] an update law
for temporal coupling using repulsive potentials was developed
which enforces the velocity to stay within prescribed bounds
for the continuous-time case. Here we extend the idea to use
acceleration constraints instead. However, as 7, directly affect
the acceleration, the true acceleration cannot be used to calculate
7. Instead, the normalized acceleration evaluated statically with

M, is used. The statically evaluated

T Gmax,i

7.']€ = 0, i.e. ykz =
acceleration gives an indication of how close to the limits the
acceleration components g, ; are assuming 7 remains unaltered,
i.e. T4+1 = 7x. The base update law is defined as follows:

Tk = 7 (7" = Tk) + 0 (Gik) (28)

where 7, is a positive constant. The function o is defined as

n

=9
= o yk_’i
700) =70 2 =i, 7

1=

(29)

with e being a small positive constant and v, a positive tuning
parameter. The update law (28) consists of two terms. One acts as
a potential function which aims at maintaining the acceleration
within the limits by increasing 7 whenever these are approached.
The other drives 7 back down to the nominal temporal scaling
factor, 7*. The potential function (29) in the one dimensional
case is shown in Fig. 1. As seen, the function is rather flat
when 4, is within some margin from the normalized limits,
[—1, 1], and increases drastically as it approaches the limits. The
implication of , is also obvious from Fig. 1(a): a smaller value
of v, “flattens” the potential function in the region of allowed
values and leads to a lower impact of the potential term when gjy,
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is not close to its limit. When all accelerations are sufficiently
far away from the limits, the potential term in (28) is negligible
and the base update law can be interpreted as a first-order filter
of 7" with time constant % Hence, a bigger v, leads to a
faster convergence to the nominal temporal scaling factor. The
proposed logarithmic-like function without the max term is
properly defined in a region (—1,1). To continuously extend
the domain of ¢ such that it is properly defined in R we use the
max function in the denominator of eq (29). This is equivalent to
a quadratic extension for values §j7 ; > 1 — 7,¢, as illustrated in
Fig. 1(b), and is preferred for comf)act representation purposes.
Other extensions ensuring large positive values before leaving,
and outside of, the bounds can be used. It should be noted
that using the base update law (28), the trajectory is slowed
down before a limit is reached and might therefore result in a
slightly slower trajectory than necessary. This conservative way
of treating the acceleration limits however gives more capacity
for feedback terms in saturated controllers and can therefore
lead to an improved tracking performance of the controller.
The tuning parameter 7, determines how cautious the trajectory
scaling should be about approaching the acceleration limits.
For selection of the tuning parameters, a good principle is to
select such that the ratio 0.1 < 1—“ < 10 to have a good balance
between the return rate and potential term in (28).

F. Algorithm

As opposed to [12], where the trajectory is ensured to stay
within the velocity limits, the update law (28) itself cannot guar-
antee that the acceleration limits are not violated. This is due to
the direct impact of the decision variable, 73, on the acceleration,
k- Rather, it is used as a base update law before applying the
derived constraints on 7. In Algorithm 1, the complete temporal
coupling for constrained velocity and acceleration is presented.
The order of saturation of 7, in step 7 is important as there might
be no feasible solution, i.e. 7™ > 7,"**. This can happen
even though the feasibility of acceleration limits are ensured by
%,ff T’f since, for instance, we may still have %,’Cllin’f > 7% In
these cases, the lower bound has priority. The reasoning for this
prioritization is that the infeasibility indicates that the current
path traversal is too fast and the trajectory should slow down
(7 should increase) to enable feasibility in future states at the
expense of a momentary violation of the acceleration limits. This
order of prioritization also guarantees that the velocity limits are
satisfied at all time since we get 75, > 7,"""".

Remark: The use of the statically evaluated acceleration
based update law (28) is essential for satisfying the acceleration
constraints and cannot be replaced by a velocity based update law
such as in [12]. The latter would only yield redundant velocity
bounds, given that 7 is saturated by the limit in (22). Note
that resolving this redundancy by removing (22) would also
jeopardize the velocity limits because of the max saturation in
step 4.

IV. SIMULATIONS

A two-dimensional DMP system was implemented with the
nominal trajectory fitted to a handwritten trajectory with a
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TABLE I
PARAMETER SELECTION OF TEMPORAL COUPLING
Simulation Experiment
Ya 0.5 0.5
Vi 1 1
€ le 3 1e™3

Vmax - [30 30]° /s
Amax | [0.454 0.416]  [100 100]° /s*

Algorithm 1: Temporal Coupling for Constrained Velocity
and Acceleration.

Illpllt: Yks Zky Sk, Tk
Output: 7
Parameter: ., Y, €, Umax, @max
1 Calculate DMP prediction zg11, Yg+1 and Sg41.
2 Formulate matrices Ay, Ax11, B, Cj, Cry1 and D.

.min,a .max,a -min,v -.min,f

3 Compute bounds 7, 7,40, 7Y 7™ and
7'-,2“”1’7* using (16), (17), (22), (26) and (27) respectively.

.min,a .min, v .min,f .min,7*

Let 700 = max {7, ", 70 il Ay }.
4 Calculate 74, with a saturated base update law

i = V(" = 7k) + 70 (1)

T = max(min(%k, T o), %,inin)

G-shaped path and nominal total time duration of 6.4 seconds.
The DMP was used as reference generator for a saturated PD
controller with a feedforward term, u = sat(¢j + kv(f — )+
kp(€ — ¥), Umax), controlling a second-order system & = u at
1 kHz. Here, sat is a saturating function defined as sat(z,z) =
min(max(x, —Z), Z). The controller was designed to achieve
a critically damped control loop with parameters k, = 25 and
k, = 10. The acceleration limit was set to half the peak ac-
celeration of the nominal trajectory and no velocity limit was
initially set. The parameters for the temporal coupling was set
according to Table I. When approximately half of the path had
been traversed (s = 0.65) a limit for the velocity in the second
dimension was set to 0.15 and the controller saturation was
online adapted to this. The generation of the trajectories and
the system updates were implemented in Matlab.! In this simu-
lation, we compare the generated target trajectories and resulting
tracking performance for three cases of DMP systems; without
temporal coupling (referred to as nominal), using Algorithm 1 as
temporal coupling (referred to as proposed) and using Algorithm
1 as temporal coupling but without potential term (referred to as
proposed w/o o).

In Figs. 2 and 3 the DMP velocity and DMP acceleration
are shown respectively for the three cases. Note that the phase
variable, and not time, is used in the x-axis to simplify compar-
ison. It is clear that for the nominal system, both velocity and
acceleration limits are exceeded. When the proposed temporal
coupling is used, the acceleration stays within the bounds for the
entire simulation and the trajectory adapts to the online modified
velocity limit and respects the new limits for the rest of the

ICode can be found in

constrained Vel Acc.git

https://github.com/albindgit/TC_DMP_
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1 0.9 0.65 1 09 0.65
S S

Fig. 2. Target trajectory velocity for the cases: nominal (dashed black line),
proposed (solid blue line) and proposed w/o o (dash-dotted magenta line).

Fig. 3. Target trajectory acceleration for the cases: nominal (dashed black
line), proposed (solid blue line) and proposed w/o o (dash-dotted magenta line).

&

(a) Resulting path for controlled system.
Desired path is shown as dotted green line. 1 0.9 065

(c) Temporal scaling factor

Fig.4. Path and temporal evolution for the cases: nominal (dashed black line),
proposed (solid blue line) and proposed w/o o (dash-dotted magenta line).

simulation. The resulting system path is shown in Fig. 4(a) for
the three cases along with the desired path. As seen, the control
saturation results in a significantly altered system path when the
nominal DMP system is used as reference generator while the
path is followed closely when Algorithm 1 is applied.

The significance of the potential term in the update law
becomes clear when comparing the tracking performance of the
controller using Algorithm 1 with and without potential. The
worse performance when no potential is used can be attributed
partly to exceeded acceleration limits in some regions due to
infeasibility, and partly to lack of capacity in the control feedback
when the target trajectory acceleration is fully saturated. As
seen in Figs. 4(b) and 4(c), when the base update law includes
the potential term, 7 is increased (trajectory is slowed down)
slightly before the acceleration limit is reached (at s = 0.9) and
the imposed constraints on 7 are thus relaxed which makes the
saturation feasible over the whole trajectory. With potential, a
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TABLE I
TIME TO REACH FINAL POSITION, 7', TOTAL TIME OF EXCEEDED
ACCELERATION LIMITS, Ty, AND MEAN SQUARED ERROR (MSE) AS A
FRACTION OF MSE WHEN 7, = 0.5

:—‘: 5.0 1.0 0.5 0.1 0.05 0.01 0

T 11.6 9.27 8.73 7.94 7.82 7.71 7.51

Ta 0 0 0 0.739  0.735 0.733 0.995
MSE 0.476  0.842 1.0 3.68 465.0  2010.0  7030.0

MSE~ —0.5

Fig. 5. Resulting path for controlled system for different handwritten trajec-
tories for the cases: nominal (dashed black line), proposed (solid blue line) and
proposed w/o o (dash-dotted magenta line). Desired path is shown as dotted
green line.

smoother acceleration is also achieved compared to the more
nervous behavior when no potential is used.

As mentioned, it is not guaranteed that the DMP acceleration
stays within the bounds for the full trajectory even with the
potential. In particular, when small potential gains, ,,, compared
to the nominal gain, ~,, are chosen, the risk for momentary
exceeding the limits is higher. This would also lead to less
capacity for feedback compensation in the controller. Both of
these aspects influence the tracking error of the desired path. In
Table II, a comparison of the resulting mean squared error, total
time of exceeded acceleration limits and the time to reach the
final position is shown for several simulations with various -,
but with maintained v, = 1. Itis clear that reducing the potential
gain results in a slightly faster trajectory but with an increased
tracking error.

Additional trajectories have been evaluated with the same
simulation setup without any added online velocity constraints,
these are shown in Fig. 5.

V. EXPERIMENTS

The proposed method was tested on a 6 ° of freedom UR10
robotic manipulator in real world conditions. The robot was
controlled by a saturated joint velocity controller with posi-
tion feedback, u = sat(y + k,(y — ¢), Umax ), at a frequency of
125 Hz with vyyax = 30°/s and k, = 2, tuned approximately
to minimize tracking error for the nominal case. This velocity
command was sent, using ROS!, to the low-level controller
of the UR10 that further saturated the acceleration to a level
max = 100°/ s2 A DMP was used as reference generator, fitted
with a nominal 6D trajectory in the joint space resulting in
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(Offline process |
i |
1/ Kinesthetic | | T \
| demo | |
1 ] | Greg.drey [ Joint u Low-level P . !
! Joint Sampies 1 DMP Velocity 8 r/ Manipulator |
| S 4 Ccnt;uller Controller | |
‘
b a« < J
Temporal
Coupling
Fig. 6. Experiment setup.

1 05 03

1 05 03
S S S

Fig. 7. Target joint velocities with proposed temporal coupling (solid blue
line) and without (dashed black line).

1 05 03 1 05 03

1 05 03

Fig. 8. Target joint accelerations with proposed temporal coupling (solid blue
line) and without (dashed black line).

the Omega-shaped path in the xz-plane for the end-effector.
Experiments were performed both with the proposed temporal
coupling, parameterized according to Table I, and without. A
schematic diagram of the experiment setup is shown in Fig. 6.

The DMP velocities and DMP accelerations are shown in
Figs. 7 and 8, respectively. In Figs. 9 and 10 the resulting robot
end-effector path is shown for the case without and with the
proposed temporal coupling, respectively. As seen, the limits
are exceeded at several time instances for the nominal trajectory
resulting in an altered end-effector path compared to the desired
shape. For the case when the proposed temporal coupling is used,
no limits are violated leading to close following of the desired
path. The same result in terms of path preservation was achieved
when running the algorithm with a kinematic simulator of the
UR10 assuming perfect acceleration tracking with saturation,
i.e. § = sat(u, amax ). When DMP without the proposed tempo-
ral coupling is used there is a discrepancy between the resulting
distorted path in simulation and real robot. The coherency of
simulation and real system when the proposed algorithm is used
can be attributed to the consistency of the DMP imposed and the
real robot constraints.
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Fig. 9. End-effector path for nominal trajectory (green dotted line), traversed
DMP trajectory (black solid line) and traversed actual robot position (blue dashed
line) at four time instances (for DMP phase s = 1, 0.6, 0.5 and 0.3) when no
temporal coupling is used.

Fig. 10.  End-effector path for nominal trajectory (green dotted line), traversed
DMP trajectory (black solid line) and traversed actual robot position (blue dashed
line) at four time instances (for DMP phase s = 1, 0.6, 0.5 and 0.3) when the
proposed temporal coupling is used.

VI. CONCLUSION

In this letter an algorithm for temporal coupling was devel-
oped to handle velocity and acceleration constraints for DMP
trajectories. The proposed method allows for, and directly adapts
to, online modifications of the limits. Both simulations and
experiments on a UR10 robot have been used to evaluate the
performance. The resulting DMP trajectory is guaranteed to
stay within the velocity limits, but for scenarios with aggressive
accelerations and strict bounds momentary violations of the
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acceleration limits may occur. A tuning parameter is used to
determine how conservative the acceleration bounds should
be treated to allow constraint satisfaction for more extreme
scenarios.

The presented temporal coupling solely handles velocity and
acceleration constraints on the DMP trajectory. In the future,
we aim to extend the algorithm to also treat forward kinematic
constraints enabling end-effector limitations when the DMP
trajectory is defined in the robot joint space. Moreover, we intend
to generalize the algorithm to deal with real-time trajectory
scaling for any description of the target trajectory, not limited to
DMPs.
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