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Abstract—The interest of series elastic actuators (SEAs) for
legged robots has recently increased to achieve compliant
interactions and efficient gaits. However, control of legged robots
with SEAs is difficult due to the need to design controllers that
take into account both torque and impedance feedback loops.
The work presented here addresses this issue by proposing a
critically-damped fourth order system gain selection criterion
for a cascaded SEA control structure with inner torque and
outer impedance feedback loops. Velocity filtering and feedback
delays are taken into consideration for stability and impedance
performance analysis. We observe and analyze the interdepen-
dence between torque and impedance feedback gains to achieve
the desired closed loop performance. Based on this analysis we
derive a simple gain design criterion to maximize the tracking
performance of SEAs. Our final goal is to maximize the output
impedance capabilities of SEAs in order to fulfill a wide range of
application needs. In contrast to low impedance design studies,
we focus here specifically on achieving the highest possible
impedance gains of SEAs. Finally, experiments using our UT-
SEA are conducted to verify our proposed approach. This
study serves as a stepping stone towards utilizing and designing
humanoid robots with SEA actuators for mobile behaviors and
interaction with cluttered and unknown environments.

I. INTRODUCTION

Cascaded control structures for series elastic actuators
(SEAs) [1] have gained attention during the past decade [2],
[3], [4]. This type of structure utilizes multiple nested control
loops to achieve robustness and disturbance rejection. Exist-
ing studies proposed one type of cascaded structure with an
inner torque loop for controlling SEA dynamics and an outer
impedance loop for modulating high-level tasks [5], [3]. More
recently, investigations have been made to add an inner-most
motor velocity feedback loop nested inside the torque loop
[2], [3], [4]. This velocity loop enables the motor to behave
as a velocity source, eliminating the need to model drivetrain
friction. The results in [5] analyzed various cascaded loops
including torque, velocity and position feedback loops.

Impedance control is suitable for dynamic interaction control
between a robot and its environment [6]. In general, control
designers often choose low impedance as a design target of
SEAs for compliant performance [3], [4]. However, different
tasks require different impedances and high impedance for
SEAs will benefit “stiff” tasks. For instance, without feed-
forward compensation, legged robots require high stiffness to
counteract the effects of gravity. Our target is to maximize
the impedance range of series elastic actuator, i.e., the Z-
width [7], [8]. Since low or near-zero impedance has already
been explored successfully [9], [1], we focus more on the
achievable high impedance of SEAs, which is rarely explored
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Fig. 1. UT-SEA and Hume-SEA. This figure shows two types of series
elastic actuators. The upper one is the high-performance UT-SEA test bed.
The lower one is our Hume bipedal robot with series elastic actuators.

to the authors’ best knowledge. It should be kept in mind
that the impedance of SEAs still can not reach as high as
that of rigid actuators. In fact, SEA impedance is limited by
the user-defined virtual stiffness at low frequencies and by
spring stiffness at high frequencies [3].

Series elastic actuators have high-order system dynamics.
Designing controller gains for their several cascaded loops
is challenging and there is still a lack of convincing method-
ologies for this type of control design. Most existing re-
sults rely on empirical tuning [1], [5]. In [3], the authors
use a passivity criterion to derive controller gain ranges.
However, these ranges are inequalities and gain parameters
are coupled together, which makes controller gain selection
still complex. Recently, we proposed a critically-damped
gain selection criterion to achieve high impedance for rigid
actuators while incorporating effects from signal filtering and
feedback delays [10]. However, the field of gain design for
SEAs has not yet been explored. In this study, we propose a
fourth order gain selection criterion, which uniquely defines
both impedance and torque gains. This criterion only allows
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Fig. 2. SEA Model Scheme. ¢y, g; represents motor and joint position,
respectively. k is the spring stiffness. I;, I, is joint and motor inertia,
respectively. b;, by, are joint and motor damping coefficient, respectively.
Iy, and by, are mapped to the joint coordinates by multiplying by the square
of the gear reduction.

one variable to be determined by the designer, which is
convenient for selecting controller gains.

In this study, we design a fourth order gain selection criterion
to achieve critically-damped performance of series elastic
actuators. Making multiple gains depend on a natural fre-
quency reduces the degree of freedom for gain selection to
one and this natural frequency represents the SEA impedance.
To the best of our knowledge, this is the first time a
critically-damped gain selection criterion has been proposed
for SEAs. This criterion is supported by a detailed analysis of
filtering and feedback delays and their influence in cascaded
impedance control of SEAs. Finally, our theoretical results
are validated through experimental implementations.

II. MODELING OF SERIES ELASTIC ACTUATORS

In this section, we model a series elastic actuator that is
subject to two nested control loops: an inner torque loop
and an outer impedance loop. First, let us consider the SEA
dynamics. As shown in Figure 2, the spring force 7 is

Tk = k(gm — ). (D

For the joint side, we assume external force 74 = 0 (i.e.,
spring torque is equal to load torque) and have

T = Ijijj + bj(jj. )
Note that this model only considers the effects of viscous

joint friction; analysis of the effects of other types of friction
is left for future work. The load plant Py, (s) is then

_gi(s) _ 1
Puls) = me(s)  I;s2+bjs )

By Equations (1) and (2), we have the transfer function from
motor position g, to joint position g;.

g(s) k

= . 4
am(s) Ijs>+bjs+k @

Motor torque 7, is represented as
Tm = LmGm + b Gm + k(Qm - Qj)~ @)

Combining Equations (4) and (5) and defining Aq = ¢, —g;,
we have the relationship between spring deflection and motor
angle

Aq(s) . Ij32+b]‘3
gm(s)  Lis2+bjs+k’

r(s) = (6)

Combining with Equation (1), spring force can be calculated

Tr(8) = kAq(s) = kr(s)gm(s). @)

Since the motor current ¢, and motor torque 7, is related
by
T (8)
im(8)

= B =Nk, )

with drivetrain efficiency 7 (constant for simplicity, ignore
dynamic model of drivetrain losses), gear speed reduction N
and motor torque constant k., the control plant Pr(s) is

TE(S) Br(s)k

P, = = .
i (s) im(s)  Ims?+bms—+r(s)k

©))

Then, from Figure 3, the closed-loop torque control plant Po
is

Te(s) _ Pr(B~'+C)
P, = = . 10
c(s) Taea(3) ~ 14 PpCe—Tos (10)
The torque feedback loop has a feedback delay e~7~* and

a PD compensator C' = K, + B;Q,4s, where Q.4 is the
filtering for torque derivative.
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where f,4 is the filter cut-off frequency. A feedforward term
is designed to convert from desired torque T4.s to motor
current i,, as shown in Figure 3. By Equations (3) and (10),
we have the following transfer function

Pr(B~1+0O)
(1+ PpCe=Tr5)(1;s% + bjs)

= P.Pc = (12)

The impedance feedback has the following form

Tdes(s) = Kq(qdes - G_TQSSQJ‘) - qu_ququdqua (13)

where e~ 7a% and e~7ee* represent the feedback delays in

stiffness and damping loops, respectively. The first order
low-pass filter ()44 for joint velocity has the same form as
Equation (11) with a cut-off frequency f;4. Using Pr, and Pc
in Equations (3) and (10), we can derive the system closed-
loop transfer function Py, from gqg., to gj,
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Fig. 3. Joint-Level SEA Control Block Diagram. The inner torque loop has proportional and derivative feedback and a feedforward loop with a mapping
scaler 1. The outer impedance loop has stiffness and damping feedback. Our distributed controller proposes to embed the damping feedback at the low

level while maintaining the stiffness loop for high-level tasks. Delays in each loop are labeled as e

—Ts_ A first order low-pass filter is applied to both

velocity and torque derivatives. The motor has a current input i,,. 7% is the spring torque. P represents the embedded torque control loop.
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with coefficients

Dy =I,1;/k,

D3 =(Ljby, + Iubj) /k + 1;3B;Qrqe” 7%,

Dy =Ii(1 + ¢ *BK;) + Iy + 0;3B;Qrac”*
+ BB:Bge” "1 QqqQra + bjbm [k,

Dy =bj(1+e " BK,) + by + BB, QraK e Toe*
+ e 114 (14 BK;)ByQqa,

Dy =e Tos5(1 4 BK,)K,.

This transfer function is a sixth order system since the low
pass filters Qqq and (),q increase the order by two in total.
An important issue to notice is that there is a zero in the
numerator of Equation (14). This zero is caused by the torque
derivative term. This induced zero will shorten the rise time
but also cause an overshoot in step response. However, it
does not influence system stability, which is determined by
the characteristic polynomial in the denominator.

III. GAIN SELECTION OF SERIES ELASTIC ACTUATOR

Nested impedance and torque loops make controller gain
design more challenging. This section proposes a method to
design controller gains based on a critically-damped criterion.

A. Critically-damped fourth order system gain criterion

For second order rigid actuators, impedance control gains
[10] can be designed based on the well-known critically-
damped criterion. For high order systems, there is no well-
defined critically-damped criterion. However, high order sys-
tems can be often be represented as the product of first
and second order systems. To achieve a critically-damped
response for Equation (14), we represent this fourth order
system by two multiplied second order systems [11]

(82 4+ 2C w1 s 4+ wi) (5% + 2Cowas + w3). (15)

Note that we ignore feedback delay and filtering effect when
designing controller gains. This allows the system to be
a fourth order system instead of a higher one. Now we
have four design parameters w1, ws, (1, (2, which are used to
design four gains K, By, K., B;. First, we set (; = (2 =1
in Equation (15) for a critically-damped purpose. Second,
let us assume wy, = w; for simplicity. We plan to study an
optimal pole placement in future work. Now we can define
the natural frequency f, of the fourth order system.

(16)

By comparing denominators of Equations (14) and (15), we
have the following gain selection criterion equations.

A
w1 = ws = wy =27 fiy-

by, + Inb; + ;8B k

T, 4wy,
k(Lj(1+ BE;) + Im + BB (b + Bg)) + bibm _ 6,2
L1, "
k(b + By)(1+ BE,) + k(b + BB, Ky) _, 5
I, "
(A +BE kK, ff;j)qu = wh. (17)
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Fig. 4. SEA Step Response with Effects from Feedback Delays and An Extra Zero. These subfigures demonstrate that large impedance feedback

delays deteriorate step response performance. Comparing subfigures (b) and (c), we observe that system stability is more sensitive to damping feedback
delays than its stiffness counterpart. Note that, in subfigure (a), the larger f, is, the larger the overshoot, which seems counterintuitive. However, if observed
closely, the solid magenta line with the largest f,, already shows distortion and its phase margin value is 36.4°, smaller than other three cases. Also, to
analyze the effect of zero in Equation (14), we simulate step responses without this zero, shown in dashed lines of subfigure (a). By comparison, we can

observe this extra zero induces an overshoot.

TABLE I
CRITICALLY-DAMPED GAIN SELECTION RULE

Frequency Impedance Gains Torque Gains Phase

(Hz) (Nm/rad, Nms/rad) | (A/Nm, As/Nm) | Margin
fn=12 Bijq::0§456 g::: ooy | 49°
Jn =14 éjq::o?%a 1§:=: oo | 4T0°
e | R | Eoan e
f=18 | i Ziss | B —oosr | 29
f= | BIZihe | Bi—oosr | %54

These nonlinear equations can be solved using Matlab’s
fsolve function. Table I shows five natural frequency cases.
As f,, increases, all four gains increase simultaneously, which
is consistent with our intuition that increasing torque (or
impedance) gains will increase system torque (or impedance)
bandwidth. Note that, when calculating phase margins, we
incorporate filters f,; = 50 Hz, f,4 = 100 Hz and feedback
delays Tr = Tys = T4q = 0.5 ms.

Now let us consider how impedance feedback loop delays
affect the SEA step response. Since torque feedback is
regarded as the inner loop, it always has the smallest delay,
T, = 0.5 ms in our case, than the other two impedance
loops. As observed in Figure 4, system stability is more
sensitive to damping delays than stiffness delays. The case
with Tr-q = T4q = 0.5 ms, Tys = 8 ms is analogous to our
proposed distributed control architecture in [10].

B. Trade-off between impedance control and torque control

The motivation first came from gain tuning work on our
bipedal robot, which uses a similar cascaded control archi-
tecture in Figure 3. We observed that, when torque gains
increased or when impedance gains decreased, the robot’s
motions became less stable. To validate this phenomenon, we

made simulations where a gain scale, G.S, was used between
adjusted gains (K, , B;,) and nominal gains (K;_ ,B;, ),
i € {7,q}. Adjusted gains are the real gains used in the
simulations while nominal gains are the gains determined
from the fourth order system gain selection criterion. For
instance, we choose the gain set of f, = 14 Hz in Table I
as nominal gains (K; ,B; ),¢ € {7,q}. Adjusted gains

(Ki,,B,,),i € {7,q} are obtained by a gain scale below
K K
GS =T =_""1,
KTn an
Similarly, the damping gains are related to GS by
B B
GS — Ta — dn
BTn BQa 7

which guarantees multiplication of cascaded proportional (or
damping) torque and impedance gains are the same for both
normal and adjusted cases, i.e.,

K, K, =K, -K,,

B, -By, =B, -B,,. (18)

A similar observation is obtained in [12] where increasing
the inner loop controller bandwidth reduces the stable range
of impedance parameters. A trade-off exists between a high
torque bandwidth to provide accurate torque tracking and
a low torque bandwidth to increase the stable range of
impedance gains. However, the experimental validation in
[12] is not completely persuasive because impedance gains
are not reduced when torque gains are increased. This means
that the multiplication of two cascaded gains increases. In this
case, system stability obviously decreases. Instead, our study
assumes a constant gain multiplication and then focuses on
the trade-off between torque and impedance gains. Subfigure
(a) in Figure 5 represents the nominal case with GS = 1. As
observed, when torque gains increase and impedance gains
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Different Gain Scales between Impedance and Torque Gains. Subfigure (a) shows that our critically-damped gain selection is a sub-optimal

solution since its phase margin is the second best. As subfigure (b) shows, increasing GS will slow down the rise time and cause larger overshoot. This
means larger GS deteriorates system stability. However, decreasing GS may decrease phase margin as well. GS = 0.4 has a phase margin around 34°
in subfigure (a) and its step response has a distortion in subfigure (b), although behaving more over-damped. Subfigure (c) samples a range of natural
frequencies for the nominal gains and all of them demonstrate similar results. Filtering and delays are ignored to focus on effects of different gain scales.

decrease (i.e., GS > 1), system shows larger oscillatory
step response in subfigure (b) and its phase margin becomes
smaller in subfigure (a). This result validates our observation
that using larger torque gains deteriorates SEA phase margin
based stability. Note that, when G.S # 1, there is no well-
defined f,, which is only proposed in the case of critically-
damped gains, i.e., GS = 1. Indeed, in our implementations
we only use the critically-damped gains due to their resulting
optimal behaviors. The purpose of considering GS # 1 is to
study the trade-off phenomenon.

Impedance control is suitable for dynamic interaction be-
tween robots and their environment [6]. Since legged robots
inevitably have contact impact, it is necessary to study how
SEA impedance behaves within different frequency ranges
based on the gain selection criterion proposed above.

IV. SEA IMPEDANCE ANALYSIS WITH FILTERING AND
FEEDBACK DELAY EFFECTS

In this section, we derive the SEA impedance transfer
function based on the control block diagram in Figure 3
and analyze different frequency range characteristics with
considerations of filtering and delays. Recall that the higher
the natural frequency f,,, the higher the SEA impedance. Let
us first derive the SEA impedance transfer function.

A. SEA impedance transfer function

To study the impedance of SEA dynamics, we choose joint
velocity g; as input and joint torque 7; as output. Given zero
desired joint position g4.s, the impedance transfer function
Z(s) = 1j(s)/(—sq;(s)) is formulated as follows.

7i(8) _ Z?:o N;s'
=sq;(s) S0 D.ist’
with numerator coefficients

N.a =1, T4, Tt Bk,
N3 =Bk(In(Tir + Tro) + T Trobm),

Z(s) = (19)

N.o =L, 8k + Bkbum(Tsr + Tty) + kkyr

(Tyr + B(Br + K- Tpr)) (Bye™ 4 + K Tpoe ™),
N.1 =byBk + Bykk, (1 + K, B)e Te* + K kk,

(Tyo +Tpr + B(Br + K (Tyr + va)))e—qus7
No =Kqgkkre™" (1 + K- 8),

and the denominator coefficients

D.s =1 T- Ty 3,

D.y =Lw(Tpo + Tpr) + T Tr fbm,

D3 =31, + ﬁbm(TfT + va) + vakﬁ(TfT
+ ke (Br + K- Tyr)e” 77%),

Do =B(bym + Tprk + kkr (B, + K, Ty, )e™ 17%)
+ Tt k(1 + K krem %),

D, =Bk(1 + K ke T7%), D,y = 0.

Note that, joint inertia I; and damping b; at the load side
are not included in Z(s) since they are regarded as the inter-
acted environment. When analyzing this SEA impedance, we
incorporate effects of filtering and feedback delays. As far as
we know, results in literature are still missing that analyze the
filtering and delay effects on SEA impedance of a cascaded
control structure with nested inner PD torque control and
outer impedance control. Results in [3] analyzes another
typical cascaded control architecture with a proportional-
integral torque loop and an inner-most motor velocity loop.
However, they only consider sampling rate delay instead of
large delays such as communication bus delays. Also, they
neglect integral gains during SEA impedance analysis for
simplicity. Instead, our study uses the exact transfer function
in Equation (19) without any approximations.

B. Effects of filtering and feedback delays on SEA impedance

SEA impedance results are shown in Figure 6. Four cases are
studied with or without velocity filtering and feedback delays:
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Fig. 6. SEA Impedance Effected by Filtering and Feedback Delays. In subfigure (a), the yellow and blue dashed lines represent impedance of physical
spring stiffness k£ and a virtual stiffness gain, respectively. The red dashed line is the ideal SEA impedance without filtering and delay. At low frequencies,
SEA impedance approaches the virtual stiffness, similar to that in [3]. At medium and high frequencies, it converges to another impedance asymptote.
Subfigure (b) analyzes the effect of the filter while subfigure (c) analyzes the effect of feedback delays. Similarly, the sensitivity to different feedback
delays can be analyzed but is not discussed here due to space limitations. A natural frequency of f, = 30 Hz is used for all simulations in this figure
with Kq = 293.6Nm/rad, Bq = 2.49Nms/rad, Kr = 11.71A/Nm, B = 0.146As/Nm.

(I) Z;(jw), ideal impedance without filtering and delays;
(II) Z¢(jw), impedance with filtering only; (III) Zg(jw),
impedance with delays only; (IV) Z4(jw), impedance with
both filtering and delays. At low frequencies, it is observed
that SEA impedance approaches a virtual stiffness in any of
the four cases above (if feedback delays exist, e~ qsjw _y
1,eTri% 51 as w — 0)

_ Kk (871 + K,)
juw - (L+ Koky)
where ¢ € {i, f,d, fd}. We keep jw in final expression
for indicating the existence of a —20 dB/dec asymptote.
The low frequency impedance Z.(jw) behaves like a pure
virtual stiffness impedance K,/jw with a scaling k(87! +
K;)/(1 + K k;). This scaling exists for any PD-type cas-
caded impedance controller. However, k,3~! is normally
very small. When k,K, is larger, Z.(jw) approaches to
K,/jw, more behaving like a pure spring K,/ jw.

— NzO
= lim - =
w—0 Jw Dzl

lim Z.(jw) (20)
w—0

In the case of high frequencies, the impedance magnitude
approaches or twists around an asymptote, depending on
specific cases. First, let us consider the ideal case (), i.e.,
without filtering and delays. We have D,5 = D,4 = 0.

N, 1 B.B
hm z2 _ k( m +k7 T q)

lim  Zi(jw) = wotoo jw - Dy

w——+00

Jw - Iy, en
which is a constant stiffness impedance but differs from
the pure spring stiffness. Figure 6 (b)-(c) shows that the
red dashed line represents an ideal SEA impedance and it

approaches another asymptote at high frequencies.

Second, let us consider case (III) with delay only, i.e. T, =
Tty = 0. We also have D5 = D4 = 0.

N, k(I,, + k;B;Bge~Taas
lim Z3(jw) = lim - 2 _ (I + - e° )
w— 400 w—+o0 ]w . Dz3

Jw - I
(22)

Since the complex number e~*9¢° periodically rotates along
the unit circle, SEA impedance twists around the impedance
of pure spring stiffness at high frequencies. This can be
checked at the high frequency range of both magnitude and
phase plots in Figure 6 (c).

Third, in Case (II) with filtering only, i.e. Tys = Tyq =T =

0.
N.a  k

jwD.s  jw

lim Zf(]w) =

w—+o0

(23)

which has a —20 dB/dec asymptote as shown in Figure 6 (b).
No curve twist shows up since the limit value is a constant.
By comparing Figure 6 (b) and (c), it is obvious to notice
that delay has significantly large effect on the deviation from
ideal SEA impedance.

Practical factors from filtering and delay indeed influence
practical impedance. Based on the passivity stability criterion
[7], [3], [13], the phase value should remain within —90°
and 90° (the blue region). As we see, the SEA impedance
has phase value smaller than —90°, which violates the
passivity criterion. However, a non-passive system does not
mean the system is unstable. For instance, all four cases in
Figure 6 (a) violate the passivity condition, but two cases
without filtering have phase margins larger than 54° while
two cases with filtering have phase margins larger than 16°.
Moreover, filtering and delays make the magnitude and phase
curve twisted at high frequency range. These effects are
commonly ignored in existing literatures but they certainly
play important roles in real implementations.

C. Effects of load inertia on SEA impedance

In this subsection, we study how load inertia affects SEA
impedance. In practice, the port of interaction with the
environment contains a load inertia. Thus, a load inertia I;s
is added into Equation (19), i.e., Z;(jw) = Z(jw) + I;s.
Then, SEA impedance behaves like a spring-mass instead of
a pure spring at high frequencies. Specifically, it is dominated
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Fig. 7. Effects of Load Inertia on SEA Impedance. This figure
shows three different load scenarios. At high frequencies, SEA impedance
approaches the load inertia impedance I; - s. Filtering and delays provides
very limited effect since two figures perform very similar.

by the inertia in Figure 7. Four different loads are simulated.
For Equation (19). Z(jw) — 0 as w — +oo. Thus we have

i ) = lim (Z00) + 1) = 1
Thus, I; - jw is the asymptote at high frequencies in Figure 7
when an inertia is attached to the load side. Thus, the SEA
impedance will exhibit the high impedance caused by the
load inertia at high frequencies.

V. EXPERIMENTAL VALIDATION

In this section, we use our UT-SEA testbed [14] to validate
theoretical and simulation results. All of the controller gains
are designed based on the gain selection criterion. In Figure 8§,
we observe that the larger the natural frequency is, the higher
the bandwidth of the closed-loop system is. Simulations and
experiments match each other with the exception of a slight
discrepancy at high frequency range. Refer back to Table I
for the normalized values of virtual stiffness and damping
used in this test. With respect to the trade-off between torque
gains and impedance gains, Figure 9 demonstrates that when
GS > 1, system step response exhibits larger overshoot and
slower rise time. This validates our conjecture that increasing
torque gains while decreasing impedance gains deteriorates

Closed-loop Bode Diagram
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This figure shows that increasing fy, increases closed-loop bandwidth. At
low frequencies, experiments match simulations quite well. At frequencies
around resonant frequency, experiments show a larger resonant peak and a
slightly larger bandwidth than simulations.
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Fig. 9. Comparison of Simulations and Experiments with Different

Gain Scales Experimental data matches simulations with a small discrep-
ancy on the overshoot. This discrepancy probably comes from unmodelled
dynamics and Coulomb friction. It validates that increasing torque gains and
decreasing impedance gains deteriorate system stability.

system stability. As to the discrepancy in these two tests,
one main factor is that our SEA uses a timing belt, which
induces inevitable elasticity. However, it is difficult to model
its elasticity and incorporate it into controller design.

For dynamic legged locomotion [15], torque tracking under
impact dynamics is important for stable and agile walking.
By implementing an impulse test, we show how accurately
our controller reacts to the varied desired torques under
external impulse disturbances. As shown in Figure 10, when
a ball free falls from 20 cm height and hits the arm with
an impulse force, the SEA actuator settles down promptly
and recovers after approximately 0.3 seconds. Joint torque
tracking is quite accurate with only minor distortion around
peak values.
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Fig. 10. Impulse Response of UT-SEA. A ball is dropped from a height
(20 cm) and exerts an impulse force on the arm end-effector. The maximum
angle deviation is around 2.5 degrees. The arm recovers its initial position
within 0.3 seconds. Joint torque exhibits accurate torque tracking.

VI. CONCLUSION AND DISCUSSIONS

This study proposed a controller gain design method for the
fourth order SEA system and analyzed SEA impedance at
different frequency ranges. By considering the trade-off be-
tween torque gains and impedance gains, we demonstrate our
critically-damped gain selection is optimal, and increasing
torque gains while decreasing impedance gains will dete-
riorate system stability. Meanwhile, filtering and feedback
delays are incorporated into our framework. Additionally, our
method is not limited by the conservative passivity criterion.

Our on-going work focuses on the following aspects: (I)
Systematically quantify the effects of filtering and delays
on closed-loop stability and SEA impedance. Additionally,
we are exploring the fundamental causes of the phase mar-
gin sensitivity discrepancy analogous to that in [10]; (I)
Since critically-damped gain selection achieves near-optimal
stability in terms of system phase margin, we will explore
its fundamental reasons; (III) Study a novel stability crite-
rion which removes conservative assumptions for passivity
condition. A good reference is the stability Routh-Hurwitz
criterion proposed in [16]; (IV) Implement the fourth order
gain selection criterion on our Hume bipedal robot. The gain
selection criterion proposed here will serve as a foundation
of our long term goal of implementing Cartesian impedance
control on dynamic legged locomotion on rough terrain [15].
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