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Abstract— Intrinsically elastic robots surpass their rigid
counterparts in a range of different characteristics. By tem-
porarily storing potential energy and subsequently converting
it to kinetic energy, elastic robots are capable of highly dynamic
motions even with limited motor power. However, the time-
dependency of this energy storage and release mechanism
remains one of the major challenges in controlling elastic robots.
A possible remedy is the introduction of locking elements (i.e.
clutches and brakes) in the drive train. This gives rise to a new
class of robots, so-called clutched-elastic robots (CER), with
which it is possible to precisely control the energy-transfer
timing. A prevalent challenge in the realm of CERs is the
automatic discovery of clutch sequences. Due to complexity,
many methods still rely on pre-defined modes. In this paper, we
introduce a novel contact-implicit scheme designed to optimize
both control input and clutch sequence simultaneously. A
penalty in the objective function ensures the prevention of
unnecessary clutch transitions. We empirically demonstrate the
effectiveness of our proposed method on a double pendulum
equipped with two of our newly proposed clutch-based Bi-
Stiffness Actuators (BSA).

I. INTRODUCTION

Leveraging the natural dynamics of intrinsically elastic
robots (ER) has become a widely embraced paradigm in
recent years. Many novel robot designs employ series or
parallel elasticity in their drive train. These systems show
increased performance in terms of energy efficiency (cf. [1]),
peak power (cf. [2], [3]), and safety (cf. [4]) in comparison
to rigidly actuated robots. Naturally, ERs are associated with
some challenges in terms of control. A common issue is the
time dependence of energy storage and release [5]. To alle-
viate this problem, the use of clutches in combination with
intrinsic joint elasticity has become increasingly popular.
This gives rise to a new class of robots, so-called Clutched
Elastic Robots (CER), which allow for precise control of the
timing of energy storage and release.

For example, in [6], a multi-modal actuator is presented,
in which dynamic coupling via clutches and brakes is used
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Fig. 1.
by two Bi-Stiffness Actuators. Internal structure (b): For each joint j, the
spring inertia can be locked in place by brake b; (violet) and/or coupled
directly to the link by clutch c; (cyan).

Hardware setup (a): Experimental 2 DoF elastic pendulum actuated

to produce a wide range of behaviours and controlled energy
storage and release. In [7], a clutched parallel elastic actuator
concept for improved energy efficiency in legged robots is
introduced. In our recent work, we also introduced a novel
clutched-elastic concept called Bi-Stiffness Actuation (BSA,
cf. [8]). This concept allows to accurately control the energy
transfer timing and can exploit synergistic effects between
gravitational and potential energy, as demonstrated by our
prototype [9].

A. Optimal Control for Clutched-Elastic Robots (CER)

Numerous CER prototypes validate their performance
through the application of optimal control techniques, often
with simplifications, such as providing hard-coded clutching
sequences. For example, in [10], different pre-defined mode
sequences are explored, but there is no definitive confir-
mation that the optimal sequence is included among them.
Similarly, in [11], the authors assume optimal switching de-
pending on initial and final positions, though other sequences
might yield better results. In [12], a mixed-integer quadratic
program for optimization is used. However, it is limited to
a linear model and a single actuator scenario. In [8], trajec-
tory optimization for a clutched elastic double pendulum is
considered. Still, only pre-defined mode sequences are used
for control. All these examples indicate that the automatic
resolution of the mode sequence for the full nonlinear model
including multiple degrees of freedom (DoF) still remains an
open problem in CERs, possibly due to the way how clutch
contacts are handled.
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B. Contact modelling

CERs are characterized by the interplay of continuous
and discrete dynamics due to the rapid change of contact
situation as a result of the clutch action and can thus
be effectively modelled as hybrid systems. There are two
main methods to describe this class of systems [13]. More
commonly, CERs are modelled using event-driven schemes.
Here, the continuous dynamics is simulated until an event
is detected upon which the new mode is determined and
initialized. A common issue of this scheme is the number
of possible modes, which increases exponentially with the
dimensionality of the system. Time-stepping methods, on the
other hand, do not rely on event detection but encode the
different modes via complementarity constraints [14]. They
scale to high-dimensional systems and reduce the complexity
since mode transitions are automatically resolved in the
complementarity constraints.

C. Contact-Implicit Optimal Control

In the legged robotics field, contacts were also usually han-
dled by formulating a multi-stage optimization using event-
driven schemes, where contact sequences had to be defined a
priori by the user (cf. e.g. [15]). In the last decade, however,
some very promising optimal control approaches emerged
that were able to jointly optimize the control inputs as well as
the mode sequence. In [16], a time-stepping method is used
to formulate a contact-implicit optimal control problem as a
nonlinear program (NLP). Instead of predefining the mode
sequence, the contact forces are included as decision vari-
ables via complementarity constraints. The formulation facil-
itates dealing with high-dimensional systems with numerous
possible mode transitions. This, however, comes at the price
of violating some of the constraint qualifications that NLP
solvers assume which commonly leads to bad performance
(cf. [17]). In practice, a smoothing or relaxation method
can be used to alleviate this problem. In [16], contact-
implicit optimal control could thus be successfully applied
to a dynamic locomotion task. Similar formulations have
been used for manipulation tasks as well. In [18], a contact-
implicit scheme is used for dynamic object manipulation with
a robotic arm. While these systems share many similarities
with CERs, there are some key differences: In case of
dynamic locomotion or manipulation, contact is established
between the environment and the robot. Thus, switching
is state-based. In CERs, contacts are used to change the
internal state of the robot’s actuators. Switching is user-
defined or externally forced (cf. [19]): That is to say, the
user defines a signal p(t) : Rt — {0,1} for each clutch,
in which the transitions from O to 1 (or vice versa) indicate
an instantaneous mode change corresponding to the clutch
being engaged or disengaged.

D. Contribution

To address the characteristic switching behaviour exhibited
by CERs, we propose a new contact-implicit scheme for
jointly optimizing the control input and the clutch sequence.

Our formulation treats the clutch torque as a freely optimiz-
able parameter. This theoretically permits mode changes at
each time step. To avoid unnecessary switching, we propose
a penalty term in the objective function for shaping the clutch
torque signal. To verify our method, we conducted a series
of experiments on a clutched-elastic double pendulum that
is equipped with two BSAs (see Fig.1):
1. Optimal control trajectories are generated using both the
new method and a pre-defined sequence [8].
2. A closed-loop hybrid LQR controller (adapted from [20]
to account for user-defined switching) is applied for
trajectory tracking.

II. MODELLING

Modelling CERs necessitates addressing both continuous
and discrete dynamics. Initially, we present the continuous
dynamics, followed by the introduction of event-driven and
subsequently the novel complementarity-based formulation
to handle discrete dynamics.

A. Equation of motion

We introduce the vector of link positions g as well as the
vector of internal states x and define £ := (x, q). Similar to
[5], we state the dynamics of a CER as

I(EE+n(&, &) +Tp+T(€Tm) =Te, (1)

Here, TI(£) is the generalized mass matrix, n(&, €) is the
nonlinear bias term, 7 ¢ is the friction torque and 7 (&, Tp,) is
the overall internal torque generated by internal springs and
motor torque T, and 7. is the torque generated by clutches.
In this work, we consider a double-pendulum actuated by a
specific clutch-based concept, Bi-Stiffness Actuation (BSA).
Each BSA joint consists of a motor, a spring element in
series with the motor, and a link. Each joint is also equipped
with mechanical brake b; and clutch ¢;, which can either lock
the and/or couple it to the link side, which gives rise to the
various modes of the actuator. An overview of the system is
found in Fig. 1. The system parameters are summarized in
Tab. II.

The internal states are the motor position 8 and the spring
position ¥, thus x = (6, ). The motor dynamics is

BoO + K(0 — ) =T, 2)

As in [21], we can bring (2) into singular per.turbation form.
We assume a control law 7, = K p(04 — ), which leads
to

K3 (Byb+K(0—1))=60,—6. 3)

By taking the limit K;l — 0, we obtain @ = 0. That is to
say, we can assume the motor velocity as our new control
input u = 64. Thus, the motor position can be removed and
the notation is simplified, i.e. x = . Now, as in [8], the
continuous dynamics for BSA can be formulated as

[%w M(?qﬂ & [h(;, q)] + {K(GO ’m] +rp=Te,
—_— Y —

=TI(¢) =n(¢&,€) =7(8)

“4)
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Here, By, By, M(q), K, and h(q, q) denote the motor,
spring and link-side inertias, the stiffness matrix, and the
link-side nonlinear bias term, respectively. In each joint, there
are two clutches: one can lock or unlock the spring element,
the other couples or decouples the link from the spring. If a
clutch is engaged, the relative speed between the two frames
it connects becomes zero. We define the vector of relative
speeds

P = (1/}17¢1 — 1,12, 1 — 6}2) )
and the index set

7= {i€{1,2,3,4}|¢; = 0}, (6)
where ; is the i-th element of . Next, we define the vector

9= (‘Pi)iez (N

which contains the relative speeds of all engaged clutches.
In case of BSA, this leads to four possible modes per joint,
which are summarized in Tab. I. Here, the vector 1, contains
the relative speeds of all active clutches in joint j. The full
vector is obtained as ¥ = (Y1, 92). We will introduce two
modelling techniques to compute 7.. First, we recapitulate
the event-driven scheme presented in our previous work.
Next, we introduce a time-stepping formulation that will be
used to formulate the optimal control problem.

B. Event-driven formulation

We express (7) as Cp€ = 9, where C,, := 99 /0E. Setting
Te = C;)\, differentiating and rearranging leads to a direct
expression for the constraint torque (cf. [8])

A=(c 1 'c,) e, (T + 7). (8)

When a change in the contact situation occurs, the new
constraint is enforced by an instantaneous impulse

Er=¢ +II'C)A, ©)
A=—(C,I7'C])'Cé .
Here, £ = (resp. éJr) denotes the velocity right before (resp.
after) the impact, and A, denotes the contact impulse.
Introducing the state vector = = (0,&,£), we obtain the
continuous dynamics
u
= f,(x,u):= £ (10)
Hfl(C’IT))\ -n-T)
At a switching instance, the reset map g,, has to be evaluated:
0
. ' . (11)
&+ 'C A
In an optimal control setting, an event-driven formulation
usually requires a predefined sequence of dynamic modes.
Using a contact-implicit formulation, the modes can be en-

coded in the constraints. Thus, the sequence can be optimized
alongside the control input.

TABLE I
ACTUATOR MODES FOR THE j-TH JOINT. DEC (DECOUPLED), SEA,
STG (STORAGE), BRK (BRAKED STORAGE). IF ¢; = 1, b; = 1 THE
CLUTCH AND BRAKE ARE ENGAGED, ELSE IF ¢; = 0, b; = 0,

DISENGAGED.
LR 7
Mode bj Cj 19]' §\>\\'\\§\>{’
DEC | 0 | 0 - &8
"II‘:
SEA | 0 | 1 | 4j—d; 2o
STG | 1 | 0 j
¥ }
BRK | 1 | 1 .
Lﬁj =gy -

N
s Yy rrts

C. Time-stepping formulation

Applying the backward Euler method (cf. [16]) with time-
step length ¢ to (1) and setting 7. = Z?:l ngf“, where
I'; .= 0p; /O and Cf“ is the associated friction torque, the
following discrete dynamics are obtained:

EkJrl _ Ek + 5ék+1

; . 4
E+1/gk+1 _ gk k41 k+1y Trk+1
I E —€5) 1o+ o) =) T >
where TTFt! = H(£k+1), nhtl = 77(5'““,6'““), and
7kt = 7(¢51). Rearranging (12) results in

£ = (H’““)I{Z%l e U Tk“)] +€".
(13)

Introducing ¥ == (6% &% £%), w* = 0% and ¢ =

(¢, ..., ¢t), we can formulate the discrete-time dynamics
more compactly as
u*
2t = flabub () = € 4 0E (14)
ghtl

To compute the clutch torque, we employ a complementarity
formulation. The friction torque is split into positive and
negative components

(F=nf—uf. (15)

Similar to [16], using an additional slack variable fyf >0,
the following conditions hold:'

k
(v; + o) Lok,

In contrast to the formulation presented in [16], where
contact is established solely when the distance between a

(16)
a7

IThe symbol L denotes a complementarity relation, that is, a L b if
and only if ab = 0,a,b > 0. In practice, the complementarity relation is
relaxed to ab < €, where € > 0 is a relaxation parameter. The problem is
then solved multiple times with decreasing values for e using the solution
of the last iteration as a warm start.
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contact point on the robot and the environment reaches zero,
there is no distance function in our case. Instead, contact
can be initiated in every time step when the optimizer
selects a non-zero Ck .

III. OPTIMAL CONTROL

In this section, we present a contact-implicit optimization
scheme based on the previously formulated time-stepping
approach and the objective function design to generate open-
loop trajectories.

A. Trajectory optimization
For formulating the optimization problem, the clutch

torque ¢ * s exposed as an active decision variable. Hereby,
the optimizer can reason about the optimal contact sequence,
i.e., to determine when to engage and disengage the clutches
in the drive train. The optimization problem can be stated as

minimize 7 (x*, u*, ¢¥)

xk ,uk R Ck
Eq. (14) Dynamics
Egs. (15)—(17) Contact handling
ke Xx State constraints
uk eU Control constraints

Next, we will explain the formulation of the objective
function, which has to be designed in a specific way to take
into account the freely optimizable clutch torque.

(18)

B. Objective function

When designing the objective function, we have several
goals in mind. The main goal is speed maximization, specif-
ically focusing on the end-links velocity vgg = J(¢™)q"
at the final time 7" = nd. The term in the objective function

corresponding to this goal can be expressed as
Ji(@") = ~|ves|*.

The optimal control formulation so far would allow switching
modes in every time step. We seek a signal that encodes
the number of mode changes such that we can formulate
a penalty term for it. For this reason, we first define an
indicator signal that corresponds to the clutch being engaged
and disengaged. At each step k, we define the indicator signal

1
ko —acker 135,
O-Z =e R — = B 1

-1

19)

if ¢t =0,

. (20)
otherwise,

2
where o > 0 is a smoothing parameter. The signal serves
as a classifier, which is positive, if clutch j is disengaged
at the current step k, and negative, if it is engaged. The
number of zero crossings in this signal corresponds to the
number of switching instances, making it a suitable penalty
term in the formulation of the cost function. This count can
be approximated as:?

B¢ =30 S S(tann(B(-ot o). @D

2Here, a smooth approximation for the sign function is used:
tanh(Be) ~ sign(e)), where 8 > 0 is a smoothing parameter.

Additionally, we add a regularization term J3(u*) :=
> h_,|luk||>. The objective function can be defined as the
weighted sum of our main objective (speed maximization),
the switching penalty and the regularization term, i.e.

T (kb ¢F) = ) Ty (@F) +we To (¢F) +ws Tz (uh), (22)

where w1, wq, w3 > 0 are appropriate weighting factors.

IV. TRAJECTORY TRACKING

To respond to system disturbances and accommodate even
minor fluctuations in system parameters, we implemented
a closed-loop feedback controller to track the trajectory
(Bres(t), €,5(t)) resulting from a numerical interpolation of
the solution of (18).

As shown in [20] and references therein, small variations
in initial conditions lead to variations on the jumping solution
of a hybrid system, making the tracking problem of the
optimal clutch sequence more challenging than the tracking
problem in purely continuous-time systems. Nevertheless, the
classic LQR controller for continuous-time systems can be
generalized to a hybrid setting [20]. More precisely, let Q,
R and Pp be positive-definite matrices with appropriate
dimensions, and consider the minimization problem of the
functional

e 1

3 / x'(5)Qx(s) + u' (s)Ru(s) ds + §a:T(T)PTa:(T)
’ (23)

over the horizon [0, 7], with N switches happening during

the instants ¢/, i = 1,..., N — 1. For the sake of notation

convenience, we define £° := 0 and V¥ := T.

The hybrid-feedback law to track (0c¢(t), &,.¢(t)) is given
by [20] as

)
u(E.t) = us) - B (2] POIE - €ult), b

where P(t) is defined piecewise by solving (backward in
time) each of the following Riccati differential equations for
te ("), k=N—-1,...,0:

. af. \
—P(t)= (apr) P(t) + P(t)%

- P(t)S(t)P(t) + Q,
with S(t) := (0f,/Ou)R™"(9f,/0u)T, and associated
terminal boundary conditions given by

P({*y=(I+H,,)"PE*"") I+ H,,), k=1,...,N-2,

with H,,(t) being the sensitivity of the p-th mode of the
system over a jump [20] to the g-th mode at the instant ¢
and given by

- -0 0A™
H,p(D) = Gup(D) 52 (@) + S0 (@), (29)
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- T, u) — z,u)— A (z7,u
AR AR Y St

(@) fy @ w+ G @)
A (@) = g,(x) .
A @)= 20 @) (e w) - O (@),

For systems without state-dependent switches such as the
BSA, the first term of (25) is null and

= 2 (g ) )

V. EXPERIMENTS

Hq,p(f) = Hp(f) :

CER display a wide range of dynamic behaviours, some
of which may be unexpected. Sequences based on intuition
or heuristics might be suboptimal. Some resulting sequences
might not have been taken into account before. Therefore, in
this section, we conduct a series of experiments, in which we
compare the results generated by the new method with the
results obtained by the “guessed” sequence from our previous
work [8]. As an experimental platform, we use a double-
pendulum that is actuated by two BSAs. In the following, we
denote the first and second joint as J; and Js respectively.

A. Setup implementation details

Our double pendulum system consists of two configurable
modular subsystems that correspond to the prototype pre-
sented in [9]. J utilizes a revised version with optimized
weight. The torque sensors in both actuators have been up-
graded to the = 10 Nm range. A control PC (x64 running an
Ubuntu 22.04) hosts the high-level real-time control routine
using a Matlab / Simulink environment (MathWorks, MA,
USA) and the EtherCAT master controller using Etherlab
(Ingenieurgemeinschaft IgH, Germany) at 1 kHz. The opti-
mal control problem is formulated in CasADi [22] and solved
using Ipopt [23] within the Matlab environment (outside the
real-time system) using our system model (Sec.I) and sys-
tem parameters defined in Tab.Il. The resulting trajectories
are stored and used as look-up tables (LUTs). Our high-
level control routine is comprised of an online simulation
block using our system model and parameters that allow
us to compare it with our real-world acquired data, and a
main controller that handles the operational modes, reading
of feedback signals, and selection of desired set points from
the trajectory LUTs.

B. Speed maximization at fixed final time

For evaluation, we compare our new method, which is
jointly optimizing both control input and the clutch sequence,
to the method used in our previous work [8], in which a pre-
defined clutch sequence is used. Similar to that work, we set
the final time to 7' = 0.5s and optimize for maximum speed.
The correspondence of the clutch torques generated by the
contact-implicit scheme with the modes can be seen in Fig. 5.
Fig. 2 shows the trajectories in case of the “guessed” contact
sequence and an optimized sequence obtained by the contact-
implicit scheme.

TABLE I
SYSTEM PARAMETERS OF THE BSA DOUBLE PENDULUM PROTOTYPE.

Parameter Symbol Unit - Joint Valqes
j=11 j=2
Motor Inertia By kgm? 2.38e-5
Spring inertia By kgm? 6.20e-4 | 6.15e-4
Link Inertia By,; kgm? 1.12e-1 4.4e-3
Link Mass mp; kg 9.92¢0 9.5e-1
Link CoM TL m 9.87e-2 | 1.74e-1
Link Coulomb friction TC,q.i Nm 2.00e-1 | 6.00e-1
Link viscous damping dg,i kgm? /s 1.00e-1 | 8.00e-2
opring Coulomb O Nm 2.00e-1
gsrrrllgignglscous dy ;i kgm? /s 1.00e-1
Motor Torque Tm Nm +10
Joint Angle Range Omax rad +1.2
Max. Spring Deflection Pmax rad +0.3
lsvg’i‘l;galtlgr‘gzg Ts,max Nm +3.75 | +4.35
Spring Stiffness K; Nm/rad 12.5 14.5

Optimized Sequence. In case of the optimized sequence,
we can observe that both actuators start in SEA mode
and simultaneously move their respective links. Then, at
t = 0.11s and ¢t = 0.14s, first J, and then J; switch to
STG mode and preload the springs in the opposite direction.
Both links are now fully decoupled and move passively. At
t = 0.27s, J; switches back to SEA mode and moves the first
link forward. Due to spring deflection limits, it is not possible
to fully convert the stored potential energy to kinetic energy.
With some delay, at ¢t = 0.41s, Jo switches to SEA mode as
well. Here, we can observe an almost complete conversion
potential to kinetic energy leading to a final velocity of
H’UEEH = 1.5 m/s.

Guessed Sequence. In the guessed sequence, J; starts in
SEA mode, while J; is in STG mode preloading the spring.
J; uses a resonant swing-up motion and passively excites the
second link with it. At ¢t = 0.41s, J; switches to DEC, and
Joint 2 switches to SEA. Jo now swings the link forward,
leading to a final velocity of |[vgg| = 1.1 m/s.

For both sequences, each joint reaches its maximum velocity
in perfect succession. The motion thus closely resembles the
so-called proximo-distal sequence known from biomechanics
(cf. [24]). However, in the optimized switching sequence,
a countermovement in the opposite direction is performed
during the first part of the motion, leading to an improvement
of 30% in terms of the reached end-velocity.

C. Experimental results

The optimal trajectories from the previous section have
been tested on a 2DoF double pendulum system integrating
two BSA joints. The results can be seen in Fig. 3 and
Fig. 4. The real system exhibits parameter discrepancies
and unmodeled nonlinear effects. Therefore, to be able to
follow the trajectory generated by the optimizer, the LQR
controller described in Sec. IV is deployed. The open-loop
and closed-loop behaviour is shown for each sequence. Since
the “guessed” sequence already uses most of the available
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Guessed Sequence

o . ' . 7 \ =
= g =5 5 E 2 = 1]
£ Z. £ /] 2 . E
£ 0 g 1 z1
5 g g . g
2 & 2 5 S P c
o o - >
= = 0 0
Optimized Sequence
5 m 1 2

3 el e "-’ £ z —
g z. ’ tlOE Z E:
z g il = g 05 g1
= i ¢ = = =

5 < L 0 0

0 01 02 03 04 05 0.2 03 04 05 0 01 02 03 04 05 0 01 02 03 04 05 0 01 02 03 04 05

Time [s] Time [s] Time [s] Time [s] Time [s]

Fig. 2. Optimization results - Speed maximization at fixed final time. The upper and lower rows show the “guessed” and optimized sequence, respectively.
The background colour indicates the operating mode (yellow for STG and turquoise for SEA)
Open loop control over Guessed Sequence

- 56 STG =  6A by —15 2755
e 95 i SEA = 3 —Qz § |veE| l:‘
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€ 25 T 3 805 <
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AT — STG - 6 b2 : : : 15 : . . . 255
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> - 0 = 1
B B = =
E g 3 308 e
Gl ) L 3]
S S =~ 0 0=
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Time [s] Time [s] Time [s]

Fig. 3. Experimental results - Speed maximization at fixed final time — Guessed Sequence. The upper and lower rows show the results with and without
LQR controller. The background colour indicates the operating mode (yellow for STG and turquoise for SEA). In the left and middle plots, you can observe
the changes in motor angle 61,2 (red) and link angle ¢1,2 (blue) as raw and filtered data and the reference q;z. The data smoothing procedure involved
the application of robust quadratic regression, performed utilizing Matlab’s smoothdata function. The plots on the right show the magnitude of the end
effectors velocity |[vgg| (blue) and acceleration |agg| (red).

5] i ‘ ‘ ‘ 7Open lqop contro‘l over OPtimized ‘Sequence ‘ ‘ ‘ )
o qQ 2 0, = =
= i = 5 G2 Z T
& a g 35 o g g
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= > 0 il 1=
E ,;CJ 35 % 0.5 ?
L [ > <
> = 7 . . . . 0 . f . 0 <

- LQR control over Optimized Sequence

5 ——0 7 - 15 2
2 i o (2] b o0
~ qa ~ 5 n =
g 250 i g 35 i = o
] i & ot £ g
L =, [ = 1 2
g 0 g 0 £ 18
SEA S
g _5 L L L I § _7 L L L L > 0 L L L (] ’rj

0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

Time [s] Time [s] Time [s]

Fig. 4. Experimental results - Speed maximization at fixed final time — Optimized Sequence. The plots are arranged as in Fig. 3.

other hand the optimized sequence used less effort, and thus,
the gains in R could be chosen less conservatively. Conse-
quently, the tracking performance is significantly improved:
the maximum tracking error is decreased to 2.515.

Torque [Nm]

VI. CONCLUSION

0.2 0.3 0.4 05 0 0.1 0.2 0.3 0.4 0.5 . . . . .
Time [3] Time [s] In this paper, we presented a novel contact-implicit optimal

control approach for CER enabling simultaneous optimiza-
Fig. 5. Clutch torques generated by contact-implicit optimal control. The

torques correspond to the STG and SEA modes, indicated by the background tion of control inputs and clutch 'Seq.uence' Our fne‘th()d
colour. addresses the externally forced switching characteristic of

CER and allows to discover new and (possibly) unintuitive
motor speed (which is satured at 4.5 rad/s), higher entries  clutch sequences, leading to improved performance. The
in R had to be used to make the control input stay within  experimental results demonstrate the effectiveness of our
the limits. The maximum tracking error is 5.2412. On the approach in comparison to a fixed mode sequence.
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