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Dear editor,

In human robot interaction (HRI), actuators with
high stiffness can realize high bandwidth at the
cost of safety performance, whereas actuators with
low stiffness can decrease response oscillation and
enhance stability and safety performance [1]. Vari-
able stiffness actuators (VSAs) can realize a trade-
off between the two contradictory performances.
However, some VSAs, e.g., antagonistic-type mod-
els with decoupled stiffness and load, require aux-
iliary motors to realize stiffness adjustment, lead-
ing to high energy consumption and system com-
plexity [2,3]. Actually, it is valuable to design
nonlinear stiffness actuators (NSAs) with coupled
stiffness and load based on the “high stiffness
corresponds to large loads, whereas low stiffness
corresponds to small loads” strategy [4]. There-
fore, we designed a load-dependent NSA (LDNSA)
whose stiffness obeys this strategy [5]. However,
like many compliant actuators that employ classi-
cal proportional-derivative (PD) controllers to im-
prove the control bandwidth and response stabil-
ity, obvious limitations for NSAs still exist.

PD parameters have a major influence on the
nonlinear system [6], but they must be tuned
manually and cannot be adjusted during each
torque/position response [7]. Specifically, during
each response of LDNSA, the constant PD param-
eters set manually are not always appropriate for
all stiffness values, causing weakening of the con-
trol bandwidth and torque/load tracking stability.
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Although some advanced methods used for com-
pliant actuators, e.g., active damping control and
output feedback control, are available, they are in-
applicable to actuator systems with high nonlin-
earity and variable stiffness in real time [6].

This study proposes a novel stiffness-adaptive
control system with a nonlinear compensation
term and an auto-tuning feedback controller to
adaptively compensate for nonlinearity and tune
control gains along with the variable stiffness
based on an optimum damping ratio (¢ = 0.707).
This allows the actuators to realize a high con-
trol bandwidth and relatively high response sta-
bility [8]. The contributions of this study are that
the control system is proposed for the first time
in the control of NSAs, and for any given actu-
ator, the auto-tuning feedback control gains cor-
responding to torque/stiffness are determined and
do not need to be set manually, thereby consid-
erably improving the work efficiency of the actu-
ators. Furthermore, the stiffness-adaptive control
system can adapt the nonlinearity of NSAs and
optimize their control performance to achieve the
optimum damping ratio.

Principle and design. Figure 1(a) shows the
structure of LDNSA. It comprises a support frame,
motor combination (including a motor, gearbox,
and encoder), a pulley, an inner cylinder, an
outer cylinder, wires, a magnetic linear encoder,
and three uniform elastic structures. The mo-
tor combination as a power source transmits ro-
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Figure 1 (Color online) (a) Sectional view of the LDNSA structure; (b) block diagram of the stiffness-adaptive control
system; (c) torque tracking performance of the LDNSA with the proposed control system; (d) variation of the auto-tuning
feedback control gains during torque tracking; (e) simulation results of LDNSA with classical PD controller responding
to different torques (0.5, 1 and 1.5 Nm) where ¢, and M, represent the rise time (ms) and maximum overshoot (Nm),
respectively; (f) experimental results of LDNSA with the proposed control system.

tation to the outer cylinder through wires. The
transmission ratio can be expressed by R. Each
elastic structure includes a roller fixed onto the
outer cylinder through a flange shaft and an elas-
tic component with two symmetrical elastic ele-
ments fixed onto the inner cylinder by screws. The
roller is always in contact with the elastic ele-
ment. The nonlinear stiffness characteristic can
be realized by designing the profile of the elas-
tic element based on the analysis of the interac-
tion between the roller and the elastic element [4].
When loads act on the inner cylinder, the elastic
elements will deflect and a relative rotation (6.)
between the inner and outer cylinders will be de-
tected by the magnetic linear encoder. Next, we
obtain load through the nonlinear stiffness relation
T = 0.1505 — 0.23602 + 1.78602 + 0.670.

The proposed stiffness adaptive control system
is shown in Figure 1(b). Through dynamic anal-
ysis of LDNSA with a nonlinearity compensation
term, the relationship between the actual output
torque T, and the desired torque T4 can be ex-
pressed as ki’re + (RK2 + k%)"re + (KhiR+ 1)t —
i = (RK, + 1)tq + RKoty + RQ, where
Q is a nonlinearity compensation term chosen as

Jksy -9 Jksy p2 - o
Q= — kajl To = — gt with ks, = 5

and

ks = gge . Next, based on above response relation,

the formula for the optimal damping ratio, and
its corresponding maximum overshoot (6%) [9],
the auto-tuning feedback control gains K7 and Ko
should be designed as

Jb?
K= 1,
1.089 x 10-5(428.487 — ky)%k, W
K b
27 428487 — k.’

where J and b are system equivalent rotational in-
ertia and damping respectively.

Results and decisions. The simulation results
for LDNSA with the proposed stiffness-adaptive
control system for loads of 0.5, 1, and 1.5 Nm are
shown in Figure 1(c). Because the damping ratio
of the system contains a constant and the stiff-
ness varies within a relatively small range (1.9-
4.13 Nm/deg), the rise times of the above re-
sponses are close to 7.898 ms and the control band-
width is 44.3 Hz, for which the maximum over-
shoots are 0.03, 0.06, and 0.09 Nm, respectively.
The variations of the auto-tuning feedback control
gains are illustrated in Figure 1(d). The control
gains always decrease when stiffness increases. At
the beginning of the response, because the stiffness
is minimal, feedback control gains are maximal.
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Further, when the actual torque of LDNSA reaches
maximum overshoot, feedback control gains be-
come minimal. Finally, these gains attain stability
corresponding to a constant stiffness and a desired
torque. The larger the desired load/torque, the
smaller the auto-tuning feedback control gains.

For comparison, we also conducted some torque-
tracing simulations of LDNSA with a classical PD
controller whose parameters were chosen accord-
ing to Figure 1(d). The results are shown in Fig-
ure 1(e). Although the two individual cases K, =
0.665, Kq = 0.012 and K, = 0.568, Kq = 0.012
can generate a lower maximum overshoot (i.e., a
higher response stability performance) when the
desired torque is 0.5 Nm, the overall rise time is
much slower. Except for these two cases, the pro-
posed control system can realize a much smaller
overshoot with a shorter rise time, indicating a
higher control bandwidth. This situation is simi-
lar to the LDNSA response for a torque of 1 Nm.
The proposed control system can offer shorter rise
times and lower overshoots than most PD con-
trollers, except at K, = 0.310, K4 = 0.012 and
K, = 0.210, K4 = 0.012, for which the response
occurred with no overshoot and very slowly. Al-
though the response with no overshoot realizes a
high response stability performance, the slow re-
sponse speed is not allowed in HRI. When LDNSA
tracks a torque of 1.5 Nm, the rise times of PD con-
trollers are much slower, except for the situations
wherein K, = 2.136, K4 = 0.002 and K, = 2.136,
K4 = 0.001, for which the response speed is al-
most the same as that of the proposed control sys-
tem. However, the maximum overshoots of the
two aforementioned situations are much larger and
there exist severe oscillations, which are not advis-
able in HRI.

For classical PD controllers, it is common that
high bandwidth performance and high response
stability cannot be obtained simultaneously even
when the PD parameters are matched repeatedly.
The proposed control system can not only real-
ize a quick response and high control bandwidth
with high response stability but can also realize op-
timal performances without manual adjustment,
improving the efficiency of NSAs.

Figure 1(f) shows the experimental results for
LDNSA with the proposed control system. It
can quickly track reference torques of 0.5, 1, and
1.5 Nm with rise times of 0.015, 0.021, and 0.032 s,
respectively. The maximum overshoots are 0.026,
0.063, and 0.088 Nm, which also indicate high sta-
bility performance in the actual implementation.
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Conclusion. We proposed a stiffness-adaptive
control system to automatically tune feedback con-
trol gains and compensate for the nonlinear term
during control. The relation between auto-tuning
feedback control gains and nonlinear stiffness is
established based on the optimal damping ratio
and its corresponding maximum overshoot. Simu-
lations of the proposed control system and classi-
cal PD feedback controller were conducted, which
proved that the proposed stiffness-adaptive con-
trol system can adapt to the nonlinear stiffness
of LDNSA and simultaneously realize high control
bandwidth and high response stability. Finally,
experimental results verified the feasibility of the
proposed system.
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