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Effect of Reduced-Order Modelling on Passivity
and Rendering Performance Analyses of
Series Elastic Actuation

Celal Umut Kenanoglu

Abstract—We study reduced-order models of series elastic actu-
ation under velocity-sourced impedance control, where the inner
motion controller is assumed to render the system into an ideal
motion source within a control bandwidth and replaced by a low-
pass filter. We present necessary and sufficient conditions for the
passivity of this system and prove that the passivity results ob-
tained through the reduced-order model may violate the passivity
of the full-order model. To enable safe use of the reduced-order
model, we derive conditions under which the passivity bounds of
the reduced-order model guarantee the passivity of the full-order
system. Moreover, we synthesize passive physical equivalents of
closed-loop systems while rendering Kelvin-Voigt, linear spring,
and null impedance models to provide rigorous comparisons of the
passivity bounds and rendering performance among the full- and
reduced-order models. We verify our results through a comprehen-
sive set of simulations and experiments.

Index Terms—Physical human-robot interaction, force control,
compliance and impedance control, haptics and haptic interfaces,
safety in HRI.

1. INTRODUCTION

ERIES elastic actuation (SEA) is an interaction control

approach introduced to provide safe and natural physical
interactions that feature high stability robustness and rendering
fidelity. SEA uses a linear compliant element intentionally in-
troduced into mechanical design and relies on the model of this
compliant element to implement closed-loop force control [1],
[2], [3]. The existence of the compliant element not only im-
proves contact stability by decreasing the reflected impedance
of the plant as seen from the interaction port but also improves
stability robustness by relaxing the stringent stability bounds
on the controller gains that are imposed due to sensor-actuator
non-collocation and actuator bandwidth restrictions [4], [5], [6].
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Given that high rendering fidelity can only be achieved by ac-
tively compensating for the dynamics of the compliant element
through its model, actuator saturation limits the performance
bandwidth of SEA.

Series damped elastic actuation (SDEA) extends the control
paradigm by adding a linear viscous dissipation element parallel
to the spring of SEA [7], [8], [9], [10]. The addition of viscous
dissipation to the series compliant element has been shown to
help increase the force control bandwidth [7], reduce undesired
oscillations [6], eliminate the need for derivative controller
terms [9], and extend the upper limit on the passively renderable
stiffness levels [10], [11].

The velocity-sourced impedance control (VSIC) is the most
commonly used controller for SEA and SDEA (together abbre-
viated as S(D)EA), due to its reliable performance and ease of
implementation [1], [3], [12], [13], [14]. The high performance
of VSIC is mainly due to its inner motion control loop based
on colocated sensor feedback [1]. Colocated sensor feedback
enables high controller gains to be utilized in this motion con-
trol loop to effectively eliminate parasitic forces—undesired
effects due to dissipation, compliance, and inertial dynamics that
negatively affect the rendering performance—without inducing
instability. Hence, the robust inner motion control loop can
render the system to act as an ideal linear motion source within
its control bandwidth, while the rest of the S(D)EA plant is
intentionally designed to feature a linear time-invariant (LTT)
series elastic element.

Given that S(D)EA under VSIC is designed as an LTI system,
the coupled stability of interactions with this system has com-
monly been analyzed in the frequency domain. The coupled
stability of interactions requires the system to be stable when
attached to any passive environment. A necessary and sufficient
condition to ensure the coupled stability of an LTI plant coupled
to any passive environment is that the reflected impedance of
the closed-loop plant as seen from the interaction port is pas-
sive. Consequently, the passivity of LTI systems ensures robust
coupled stability across a wide range of environments, including
those involving state-independent feedforward actions, such as
non-malicious humans [15].

Passivity enables coupled stability analysis to be performed
without the need for an environment model. Furthermore, the
closed-form conditions derived from such analyses are of high
value, as they offer analytical insights into the influence of
system parameters on stability robustness. Passivity conditions
are inherently robust as they restrict the phase of the closed-loop
system to the right side of the complex plane, away from the
critical point. However, there exists a fundamental trade-off in
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interaction control between stability robustness and rendering
performance [6], [11].
Under the assumption of a robust inner motion controller,
reduced-order models have been used to study the passivity
and rendering performance of SEA [16], [17], [18], [19]. For
reduced-order modeling, the inner motion controller is assumed
to render the system into an ideal motion source within a control
bandwidth, while the physical interaction force applied to the
actuator is further omitted.
Reduced-order modeling is valuable as such models enable
more tractable closed-form analytical passivity conditions for
complicated closed-loop systems, such as S(D)EA under VSIC.
On the other hand, the performance and passivity conclusions
obtained through such reduced-order models necessitate rig-
orous validation with respect to their corresponding full-order
model, since, in general, there is no guarantee that these prop-
erties will match with that of the full-order model, as proven in
Section V.
In this study, we rigorously analyze the consequences of
reduced-order modeling on the coupled stability and haptic
rendering performance of S(D)EA under VSIC. Our novel con-
tributions can be listed as follows:
e We present necessary and sufficient conditions for the
passivity of reduced-order models of S(D)EA under VSIC.

® We demonstrate that the passivity results obtained through
the reduced-order model may violate the passivity of the
full-order model.

® We derive conditions under which the passivity bounds

of the reduced-order model guarantee the passivity of the
full-order system.
® We introduce passive physical equivalents of reduced-
order closed-loop systems while rendering Kelvin-Voigt
(abbreviated as Voigt), spring, and null impedances.

® We provide rigorous comparisons of the passivity bounds
and rendering performance among full- and reduced-order
closed-loop systems.

® We present experimental verifications of our results.

II. PRELIMINARIES

A schematic representation of a single-axis SDEA plant
(without its controllers) is presented in Fig. 1. Without loss
of generality, a rectilinear representation is used in the figures
for simplicity of presentation, while all variables are kept in
a rotary domain. Let J,,, and B,, denote the reflected inertia
and viscous damping of the actuator, including the reflected
electrical damping. A physical compliant element consisting of
a parallel torsional spring and viscous damper pair denoted by
K — By, is placed between the end-effector and the actuator. Let
the actuator and end-effector velocities be w,,, and w,,4. The
symbol 7,,, represents the actuator torque, while the end-effector
inertia is denoted by M, 4.

The interaction torque induced on the damped compliant
element, also called the physical filter, is represented by Tsgeq-
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This interaction torque consists of the sum of the torques induced
on the torsional spring and the viscous damper. Let 75, and
7, capture the human-induced torques on the system, which
consists of a passive component 73, and the deliberately applied
active component 7; which is assumed to be independent of
the system states [15]. We assume that human interactions are
non-malicious. The end-effector inertia of SDEA is neglected,

SO Tsdea($) & T, + 775 hence, the impedance at the interaction

port can be defined as Z,,,:(s) = — T:ded“((ss)), where the spring-

damper torque is considered as positive when these elements are
in compression.

Fig. 2(a) illustrates the block diagram of the full-order model
of SDEA under VSIC. The thick lines represent physical quanti-
ties, while G; and GG,,, denote the torque and motion controllers,
respectively. The colocated inner velocity control loop of VSIC
effectively transforms the system into an ideal motion source.
This loop operates on the motion reference signal w, generated
by the outer torque control loop, whose aim is to regulate
the spring-damper deflection at a desired level to match the
reference force signal 74, computed according to the reference
impedance Z,.s. The reference impedance is selected based on
the impedance desired to be rendered at the interaction port [20].

The reduced-order modeling focuses on the colocated in-
ner motion controller of S(D)EA under VSIC, highlighted in
Fig. 2(a). It assumes that an aggressive and robust motion
controller G, renders this subsystem into an ideal motion source
within a control bandwidth. The inner motion control loop of
VSIC has the following transfer function:

Gm
Wm, _ Gm _ T — We (1)
Wd Jm8+Bm+Gm S—‘r% S+’wa

where v = & Gf

m+Gm

Fig. 2(b) depicts the block diagram of the reduced-order
model of S(D)EA under VSIC. The reduced-order model re-
places the inner velocity loop with a first-order low-pass filter,
where w,, captures the bandwidth of the motion-controlled sub-
system in Fig. 2(a). In the reduced-order model, v multiplies
the torque controller gain, and for the simplicity of analysis,
this scaled controller gain is redefined as G;. In most practical
cases, B, is significantly smaller than G,,, resulting in y~1.
Furthermore, the physical interaction force 754¢, applied to the
actuator as a disturbance is also omitted in the reduced-order
model presented in Fig. 2(b), as it is assumed that this measured
force can be partially canceled out with a feedforward control
action and the motion-controlled system is designed to be suffi-
ciently robust to compensate for the remaining disturbances.

III. PASSIVITY OF REDUCED-ORDER MODEL

The impedance at the interaction port of the reduced-order
model of SDEA under VSIC during Voigt model rendering is

given by, Z§0EAw(5) = —Tdeels)

Bf s° —+ [K -+ Bfwa(l + BrefGt)} 52
+[Kwa + Gt’wa(BrefK + Bf Kref)} s+ GtKKref Wy
3+ (we + By Grwg) $2 + Gy K wg s

)

where the reference Voigt model is Z,.; = % + Byey with
K,y and B,..y denoting respective spring and damping values.
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Proposition 1: Consider the reduced-order model of Voigt
model rendering with SDEA under VSIC as in Fig. 2(b), where
G is a proportional gain. Let all parameters be positive. Then,
the following expressions constitute necessary and sufficient
conditions for the passivity of ZéZiA”d (s).

Kre
) K2 g g
2y/BfGiK(K—K,cf+Bres G K )-Gt(Bres K+ByKyes)
- B, (Bye G TD(B;GitD) SWa
The proof is presented in Appendix A.
For a simpler set of sufficient conditions, Condition (ii) of

Proposition 1 can be replaced by the following:

Gy (BrefK + Bf K’ref)
Bf (B,,«ef Gy + 1) (Bf Gy + 1)

The impedance at the interaction port of the reduced-order
model of SDEA under VSIC during Voigt model rendering given
in (2) reduces to that of SEA under VSIC during Voigt model
rendering when B is zero.

Corollary 1: Consider the reduced-order model of Voigt
model rendering with SEA under VSICin Fig. 2(b), where By =
0 and G is a proportional gain. Let all parameters, except By,
be positive. Then, the following expressions constitute necessary
and sufficient conditions for the passivity of Z‘S/if;‘[ ed(s).

D) 0< Kyef < (BrefGi+ 1)K, and

i) =1 < ByeyGy <0.

The proof follows from Proposition 1 by setting B¢ =0.

Note that passive Voigt model rendering with SEA under
VSIC is only possible when B,.; < 0, indicating that while
the physical damping in the system can be compensated, aug-
mentation of system damping is not possible with SEA under
VSIC under the passivity constraints.

Remark 1: When B,.; (B,.y and K,.y) is set to zero in
(2), the output impedance transfer function for SDEA becomes
equal to the transfer function for spring (null impedance) ren-
dering. Accordingly, necessary and sufficient conditions for
spring rendering with SDEA reduce to Conditions (i) and (ii)
of Proposition 1 with B,y =0 (B, = K,y =0). During null
impedance rendering, Conditions (i) and (ii) of Proposition 1 are
always satisfied.

Similarly, the output impedance transfer function and the nec-
essary and sufficient conditions for spring and null impedance
rendering with SEA can be derived by substituting By =
Brey=0and By =B,y =K,y =0 into (2) and Corollary 1,
respectively.

and

< We 3)

Block diagrams of (a) full-order and (b) reduced-order models of S(D)EA under VSIC

IV. ANALYSIS OF RENDERING PERFORMANCE OF S(D)EA,..4
VIA PASSIVE PHYSICAL EQUIVALENTS

Passive physical equivalents (also called realizations) de-
scribe physically realizable behaviors with a network of passive
fundamental elements in a domain to realize a driving-point
impedance. Realizations are useful as they provide analytical
insights into the trade-offs between passivity and performance
in interaction controllers and facilitate rigorous comparisons
of various plant and controller dynamics with each other [6],
[20], [21].

Passive physical equivalents not only provide sufficient con-
ditions for passivity but also establish an intuitive understanding
of these bounds in terms of the non-negativity of fundamental
mechanical elements involved in their topology. Moreover, these
realizations explicitly demonstrate how plant parameters and
controller gains influence rendering performance; they clarify
the extent of controller authority on the closed-loop system
and enable the rendered dynamics to be distinguished from
the parasitic terms. Accordingly, one can analytically study the
fundamental passivity-performance trade-offs due to plant and
controller parameters through realizations. Furthermore, they
offer a structured analytical framework for rigorous comparisons
of various closed-loop dynamics resulting from different system
configurations. In this study, we utilize passive physical equiv-
alents for analytical comparisons of full- and reduced-order
systems.

A. Passive Physical Equivalent of SDEA,..q

A realization of the impedance at the interaction port
as in (2), characterizing the reduced-order model of
SDEA under VSIC during Voigt model rendering when
the controller is proportional, is presented in Fig. 3(a).

The parameters of this realization are given as: c¢j, =
K- Krey — By=Brey o _ (ByKreg—Bres K) (Bywa—K)
G: K ° v — BfGtwa’ 2v szGtKwa )
(Bf Kref=Brey K) (Bf wa—K
and by, = BiBrer—Bres ) (By wa—K)

B 7 G K2 w,

For the realization in Fig. 3(a) to be feas1ble all components
should be non-negative. Hence, the non-negativeness of the
terms imposes:

K B
K > K,.f and Bf > B,.f and w, > B, and K K:;

“)
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Fig. 3. The passive physical equivalents of the reduced-order models of the
Voigt rendering under VSIC of plants with (a) SDEA (for B,.. 7 =>0) and
(b) SEA (for By < 0).

These conditions impose constraints that are more conserva-
tive than Condition (i) of Proposition 1 and (3). Consequently,
the feasibility of Fig. 3(a) provides sufficient conditions for the
passivity of (2). Physical realization of the reduced-order model
of SDEA under VSIC during Voigt model rendering in Fig. 3(a)
consists of three main branches in parallel: a spring-damper
pair K. y—B,..y in parallel, and a branch capturing the parasitic
dynamics governed by a complex topology of damper-inertance
terms (C1y, C2y» b1y, and bo,,) that are coupled to the system in
series through a coupling filter. This coupling filter also consists
of a spring-damper pair in parallel, where the stiffness and
damping of the filter are given by K — K.y and By — By,
respectively.

The parasitic dissipation effects are split into two parts: a
damper term (ci,,) multiplied by G% indicating a significant
effect of the force control gain G; on this damper term, and a
serial damper-inerter term (co,, - b2,,) that introduces frequency-
dependent dissipation to the system that increases with fre-
quency. The parasitic inertance (b1,,) reduces with higher force
control gain G like the damper term. Furthermore, this inertance
is scaled with w%, indicating that a higher cut-off frequency
reduces the parasitic inertance.

After removing the rendered Voigt model K. -B,.; and
the serial coupling filter (By — Byey)—(K — K,ey) pairs, the
effective damping of Fig. 3(a) can be computed as

[By (B —Bref)wa+Bres K—By Ky Jw*+ K (K — Kyef)wa
(BfQG,gwa)w2 + G K2w,

®)
which converges to ¢y, atlow frequencies, while it approaches to
c1y + c2, at high frequencies. Similarly, the effective inertance
of the subsystem can be computed as

[Bf(Bf—Breg)|w?+ K(K—Kyep) = (Breg K= Bf Kreg)wa
(szGtwa)wQ + Gy K2w,

(©)
which converges to by, + b2, at low frequencies, while it ap-
proaches to by, at high frequencies.

B. Passive Physical Equivalent of SEA .cq

A realization of the reduced-order model of SEA un-
der VSIC during Voigt model rendering when the con-
troller is proportional is presented in Fig. 3(b). The pa-
rameters of this realization are given as: c3, = By +

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 10, NO. 6, JUNE 2025

K—Kye Bres?

G K L, bsy = Kforcf +

(K—Kyef) (K=Kyef+Brey wa)
Biey Gy Kw, :

Note that this realization is significantly different from the
realization in Fig. 3(b), since passive Voigt model rendering
with SEA under VSIC is only possible for B,..; < 0.

For the realization in Fig. 3(b) to be feasible, all compo-
nents should be non-negative. Non-negativeness of c3, imposes
Condition (i) of Corollary 1. Moreover, if we substitute the
non-negativeness condition of cs, into b3, and c4,, we observe
that B,..; should be negative for non-negativeness of b3, and
c4,. Hence, the feasibility of the realization provides sufficient
conditions for the passivity of the system. Accordingly, if we
consider that the controller gains are positive, then the realiza-
tion is valid as long as B,..s is negative, and Condition (i) of
Corollary 1 are satisfied with non-negative bs,, and c4,, values.

Fig. 3(b) indicates two main branches in parallel: a spring
K.y, and a branch capturing the parasitic dynamics and desired
damping value governed by a complex topology of damper-
inertance terms (csy, C4,, and bs,,) that are coupled to the system
in series through a coupling spring with a stiffness of K’ — K. y.

The low-frequency damping behavior of this realization is
captured by c3,,, which is adjustable via B;.y. When a high
value of G is chosen, the value of c3, converges to B,.r at
low frequencies, demonstrating that the damping in the system
approaches B,.. . Itis important to remember the trade-off; since
the passivity constraint requires B,.s to be negative, while the
feasibility of the realization requires cs, not to be negative.

After removing the rendered virtual stiffness K.y and the
serial coupling filter K — K.y from the system, the effective
damping of the realization in Fig. 3(b) becomes (7) shown at
the bottom of the next page which converges to cs, at low
frequencies, while it approaches to c3,+c4, at high frequencies.
Similarly, the effective inertance of the realization in Fig. 3(b) is
(8) shown at the bottom of the next page which converges to bz,
at low frequencies, while it approaches zero at high frequencies.

When the realizations of the reduced-order models are com-
pared with those of the corresponding full-order in [20], it can
be observed that both the structure and the behavior of the
realizations are quite similar to each other. Furthermore, the
reduced-order model captures the similar stability-performance
trade-offs as the full-order model, while resulting in realizations
that are easier to interpret. Numerical comparisons are presented
in Section VI.

Remark 2: When B,y =0 (Bycf =K,y =0), Fig. 3(a) re-
duces to the passive physical equivalent of linear spring ren-
dering (null impedance) rendering with SDEA. Similarly, the
passive physical equivalent of linear spring (null impedance)
rendering with SEA can derived from Fig. 3(b) by substituting
Bref =0 (Bref:Kref:0)~

KﬁKref“’Bref Wq
Gy Kw,

,and cq, = _Bref -

V. PASSIVITY OF REDUCED VS FULL-ORDER MODEL

The results of Section III indicate that the passivity results
obtained through the reduced-order model may violate the pas-
sivity of the full-order model. Below, we present the conditions
under which the passivity bounds of the reduced-order model
guarantee the passivity of the full-order system, to enable safe
use of the reduced-order model.

Proposition 2: Consider positive controller parameters for
Voigt model rendering with S(D)EA, with the exception of
negative B,..y for SEA. The necessary and sufficient conditions

Authorized licensed use limited to: TU Delft Library. Downloaded on May 07,2025 at 11:43:45 UTC from IEEE Xplore. Restrictions apply.
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TABLE I
PARAMETERS OF THE SDEA PLANT IN SIMULATIONS

Parameter Value Parameter Value
Jm 0.002 kgm? Bm 0.18 Nms/rad
K 360 Nm/rad By 0.15 Nms/rad

of the reduced-order model S(D)EA, .4 with w, = BT”J#G"‘ to

ensure the passivity of the full-order model of S(D)EAmunder
VSIC are as follows:

() Bref(1 — ByyGy) > 0or

(ii) Byef(1 — By, G¢) < 0 and ) < wg.

The proof is presented in Appendix B. Note that, while By
is positive for SDEA, it must be negative for SEA.

In Condition (i), 1—B,,,G; > 0 term ensures that the damp-
ing term cy, in the realization of the reduced-order model in
Fig. 3(a) underestimates the corresponding damping term in the
realization of the full-order model of SDEA under VSIC during
Voigt model rendering [20], since this damping term dominates
the parasitic dynamics at low frequencies and the effective
damping of both reduced- and full-order models converge to B
at high frequencies. Furthermore, since B,.; must be negative
for SEA during Voigt model rendering, the sign of the condition
is reversed accordingly.

Similarly, Condition (ii) ensures that the effective damping
of the overall realization of the reduced-order model does not
overestimate that of the full-order system.

Remark 3: The passivity of the reduced-order model with
we =2 ij’" provides a sufficient condition for the passivity of
the full-order system during spring rendering. Furthermore, null
impedance rendering with the reduced- and full-order models is
always passive for S(D)EA, if non-negative controller gains are
utilized.

refGan (B Gt

VI. NUMERICAL EVALUATIONS

Table I presents the SDEA plant parameters used for the
numerical simulation, while the controller gains are selected
as G; = 5 rad/sNm and G,, = 5 Nms/rad. These parameters
are selected so that a clear counterexample can be provided to
support the theoretical analysis.

Fig. 4(a) presents Bode plots of reduced- and full-order mod-
els while rendering Voigt models with B,..y = 0.05 Nms/rad.
The passivity of these systems can be easily visualized from
the Bode phase plots, as the phase is restricted to stay within
the [—-F, 5] range for passive systems. The figure shows
that the reduced- and full-order models are both passive when
K,ey = 150 Nm/rad. Similarly, the reduced- and full-order
models are both active when K.y = 600 Nm/rad. However,
when K.,y = 455 Nm/rad, the full-order model remains pas-
sive, whereas the reduced-order model no longer maintains its

5749

passivity. In this case, the reduced-order model provides a more
conservative bound than the full-order model, as 1 — B,,,G; > 0.

Conversely, Fig. 4(b) illustrates two scenarios when 1—
B,,G; < 0. In particular, the condition BretCm G’ (BmG:i—1) <
w, is not met for G; = 15 rad/sNm and K.y = 630 Nm/rad
and the full-order model becomes more conservative than
the reduced-order model. This implies that, under these con-
troller parameters, the passivity of the reduced-order model
cannot guarantee the passivity of the full-order model. In

contrast, when G; = 10 rad/sNm and K,.r = 542 Nm/rad,
BiefGmGyi (BmGi—1)

T <w, 1is satisfied, confirming that the
reduced-order model still provides a more conservative bound
than the full-order model.

Fig. 4(c) presents the effective damping and effective spring of
the reduced- and full-order models, respectively. In these figures,
K,cp= 150 Nm/rad, while B,.; = 0.05 Nms/rad for SDEA
and B,y = -0.05 Nms/rad for SEA. Fig. 4(c) shows that the
effective damping of the reduced-order model underestimates
the effective damping of the full-order model, as required by the
passivity condition (B¢ (1—B,,G¢) > 0). Atlow frequencies,
the effective damping converges to c¢i, + B,y for SDEA and
c3y for SEA, as shown by their respective passive physical
equivalents.

Similarly, Fig. 4(c) indicates that the effective stiffness is
K,cr = 150 Nm/rad for both SEA and SDEA for the reduced-
order model, while the effective stiffness of the full-order model
is GG’gfjrl K,y in the low-frequency range, which is also
consistent with their respective passive realizations.

Numerical effective impedance comparisons in Fig. 4(c) show
that the performance of the reduced- and full-order models are
quite close to each other, and the reduced-order realizations can
be used to study the performance trade-offs involved in the full-
order system, as predicted in Section I'V.

VII. EXPERIMENTAL VALIDATION

This section validates the theoretical passivity limits of the
reduced-order model of S(D)EA through physical experiments.
We employ a modified version of the single-axis SEA brake
pedal depicted in Fig. 5(a) [22]. The SEA brake pedal is driven
by a brushless DC motor equipped with a Hall-effect sensor and
an optical encoder. Motor torque is amplified with a transmission
ratio of 1:39.5. The series elastic component is implemented as
a compliant cross-flexure joint whose deflections are measured
with a linear encoder to estimate interaction torques. The system
is controlled in real-time at 1 kHz via an industrial PC connected
to an EtherCAT bus. For the SDEA implementation, the system
is augmented with an eddy-current damper in parallel to the
cross-flexure joint. Furthermore, the stiffness of the cross-flexure

- [Bref(K_Kref)ﬂ

W[ (K—Kref)3+BrefGi K (K—Kyep)?| wa

( TefGtKwa) ’LU2 + waaK(K — Kref)2

GtwaBgefK(K — K,-ef) + waBref(K — Kref)2

N

+ (K — Kyey)?

(GtwanefK)w2 + Grw K (K — Kyef)?

®)
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TABLE I
PARAMETERS OF THE S(D)EA PLANT

Parameter Value Unit
Jim 0.0024 kgm?
B, 0.0177 Nms/rad
K 121.8 (for SDEA) and 252 (for SEA) | Nm/rad
By 0.0127 Nms/rad

joint is reduced by half for the SDEA implementation to ensure
a larger effect of By with respect to K.

The experimentally determined plant parameters are pre-
sented in Table II [20]. Nominal VSIC controller gains are set
to G, = 0.0576 Nms/rad and G; = 30 rad/(sNm).

Theoretical passivity bounds in the previous sections are
derived assuming a unity reduction ratio in power transmis-
sion. These results generalize to system with a reduction ratio
n through the following mappings: J,, , = 12 Jom, B, =
n? B,,, Gm., = n? G,,, and Gy, = 1/nGy.

A. Verification of Passivity Bounds

We investigate the passivity of the system by studying the
stability of interactions when coupled to the most destabilizing
environments. The passivity is affirmed only if no set of ideal
springs or inertias destabilizes the system under excitations
spanning all frequencies. Inertial environments are the most
destabilizing environments for S(D)EA.

The S(D)EA brake pedal under VSIC was connected to
various inertias and impacts were imposed to its end-effector.
Non-passivity conclusions were made if any violation of the
coupled stability was observed. Conversely, if no violations
were detected during multiple trials with gradual increase in the
end-effector inertia, it was concluded that experimental evidence

Bre{ [Nms/rad]

(b) Bres-Kres Voigt rendering with SDEA

0.06 0.08 0.1 120 <3 45 43 4 3
B, INms/rad]

(¢) Breg-Kres Voigt rendering with SEA

The S(D)EA pedal (a) and results of coupled stability experiments during Voigt rendering with (b) SDEA and (c) SEA.

supports passivity. A video of sample experiments is provided
in the Multimedia Extension.

Voigt Model Rendering with SDEA: In these experiments, we
studied the coupled stability of SDEA under VSIC during Voigt
rendering. A line search was conducted along the K.y values
for different B,..  values, starting from 25% below the most con-
servative theoretical passivity bound, while K,;, was increased
with a resolution of 0.5 Nm/rad. The necessary and sufficient
conditions of the full-order model were utilized as in [20]. The
conditions for the reduced-order model were calculated from
Conditions (i) and (ii) of Proposition 1. Fig. 5(b) shows that one
of the conditions of the reduced-order model presents a more
conservative bound than the corresponding condition of the full-
order model for all B,.. . On the other hand, the second condition
of the reduced-order model presents a more conservative bound
than the full-order model until B,.; ~ 0.0862 Nms/rad, after
which (16) is violated.

Fig. 5(b) presents the experimental K,.;—B,.; plot for the
SDEA brake pedal. In the figure, the necessary and sufficient
conditions of full-order model are depicted as the magenta
and blue lines. In the figure, the theoretical passivity bound
according to Condition (i) of Proposition 1 is depicted as the
green line, while the bound according to Condition (ii) of Propo-
sition 1 is depicted as the orange line. The experimental results
validate the analytically predicted passivity boundary. In partic-
ular, experimental results follow the dashed blue line which is
the stricter condition. The theoretical bounds are about 8% more
conservative, as the physical system is likely to have some extra
dissipation.

Voigt Model Rendering with SEA: In these experiments, we
studied the coupled stability of SEA under VSIC during Voigt
model rendering. We tested various K.y and B,.. s values when
G+ = 15 rad/(sNm). The necessary and sufficient condition for

Authorized licensed use limited to: TU Delft Library. Downloaded on May 07,2025 at 11:43:45 UTC from IEEE Xplore. Restrictions apply.



KENANOGLU AND PATOGLU: EFFECT OF REDUCED-ORDER MODELLING ON PASSIVITY AND RENDERING PERFORMANCE ANALYSES OF SEA

the full-order model is computed from [20], while the passivity
condition for the reduced-order model is computed from Corol-
lary 1.

Fig. 5(c) presents the experimental K,..y—B;..y plot for the
SEA brake pedal. In Fig. 5(c), the passivity conditions according
to the full- and reduced-order models are presented as the blue
and orange dashed lines, respectively. The figure indicates that
the passivity of the reduced-order model provides a sufficient
condition for the full-order model. The theoretical bounds are
about 8% more conservative.

We have also investigated the coupled stability of both SDEA
and SEA under VSIC during spring rendering, that is, when
Brey = 0 during Voigt model rendering. For each case, we
analyzed the range of K. values for different G; gains based
on the necessary and sufficient conditions. Our experimental
results (not shown due to space restrictions) validate the an-
alytically predicted passivity boundaries and demonstrate the
conservativeness of the reduced-order model. The theoretical
bounds for SDEA and SEA were about 6.5% more conservative
than the experimental results.

VIII. CONCLUSION

Reduced-order modeling relies on good velocity tracking
performance of the inner motion control subsystem within a per-
formance bandwidth. Since the existence of a robust collocated
control loop around the actuator is one of the key underlying
ideas of the S(D)EA paradigm [1], this assumption remains
valid for most systems with S(D)EA and is independent of the
controller employed to achieve this goal. Furthermore, the robust
control of the actuator and the linearity of the intentionally
designed series elastic element enable systems with S(D)EA
possess linear dynamics, allowing them to be particularly suit-
able for LTT analysis.

The reduced-order model is commonly employed as it enables
easier analysis; however, the results of such analyses must
be validated against the full-order model. We have provided
necessary and sufficient conditions for the passivity of the
reduced-order model of S(D)EA under VSIC. Our analysis has
revealed instances where the passivity results obtained from the
reduced-order model may not align with those of the full-order
model of SDEA. Consequently, we have derived conditions
under which the passivity bounds of the reduced-order model
ensure the passivity of the full-order system. Specifically, if the
product of the viscous damping of the actuator and the torque

controller gain exceeds one for SDEA, the parameter w, should

be selected higher than BretGom Gt(B Ce=1) . Conversely, if this

product is less than one for SEA wa should be higher than the
same limit.

We have introduced passive physical equivalents for the
reduced-order model while rendering Voigt, spring, and null
impedance. These passive physical equivalents not only enable
explicit study of the rendered impedance and parasitic dynamics
but also facilitate objective comparisons among reduced- and
full-order models in terms of their rendering performance. Ad-
ditionally, we have presented rigorous comparisons of passivity
bounds and rendering performance across different closed-loop
systems utilizing the full- and reduced-order models. Our re-
sults indicate that both the structure and the behavior of the
reduced- and full-order realizations are quite similar to each
other. Moreover, the reduced-order model captures the similar
stability-performance trade-offs as the full-order model. Ac-
cordingly, by employing the passivity guarantees provided in
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Proposition 2, the reduced-order models can be used to effec-
tively study S(D)EA under VSIC.

Our future work includes extending this analysis to various
controllers, including model reference force controller [23]. Ex-
tending the S(D)EA paradigm to systems with multiple degrees
of freedom and/or with non-linear series elastic elements are
other possible interesting research directions.

APPENDIX A

Proof: According to the positive realness theorem [15], [24],
the necessary and sufficient conditions are:

1) Z(s) has no poles in the right half plane. Z{igff”d(s)
has no roots in the open right half plane if all coefficients of
denominator of ZS2F A“’d( ) are positive.

Voigt
2) Re[Z(jw)] > 0 for all w. The sign of Re[zégf,Ared (jw)]
can be checked by the sign of H (jw) = dew® + dyw* + dow?
where

do=Gy Kw,? (K — Kyep + Byrey Gy K) )

dys=Bw, (BefGy + 1)(BfGy + 1) — By G Kw, (10)
— ByGi Ky pw,

ds = By (11)

The coefficient dg is always positive, since By is positive.
Non-negativeness of d, imposes Condition (i) of Proposition 1.
The last necessary and sufficient condition can be derived from
the condition d4 > —2+/dsdg as the Condition (ii) of Proposi-
tion 1.

3) Any poles of Z(s) on the imaginary axis are simple with
positive and real residues. There exists no poles on the imaginary
axis, except at s = 0, when all controller gains and w, are
positive. When s = 0, the residue equals to K,.r, which is
always positive and real for positive K. . |

APPENDIX B

Proof: Equations (12) and (13) present the passivity condi-
tions for Voigt model rendering of the full-order model for SDEA
under VSIC when the controller gains are positive [20], where
(12) is a necessity condition, while (13) is a sufficient condition
for Voigt model rendering with the full-order SDEA model.

«a B,, + G,
(O( + 1) B, +Gp + Brefa

g < By (Bim+ Gm+ Bres @) [Bn+ G+ By (1 + )]
" (Bf Kreg + Brey K) a

K > Ko (12)

13)

where o = G,,,G¢. When the necessary conditions presented in
Condition (i) of Proposition 1 and (12) are compared:

K > Kref > Kref « Bm + Gm,
Brer Ge +1 (a+1) By, + Gy + Brey o
(14)
Accordingly, (14) shows that SDEA,..4 presents a more con-
servative bound than SDEA when the following equation holds:

OSBm+Gm+Brefa(1_BmGt) (15)
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Since w, = %
m

= (15) can be rearranged as:
> B’r’ef (0% (BmGt - ].)
2 I

If1 — B,,G; > 0, then there is no need to check (15) or (16),
and (14) always holds. If 1 — B,,,G; < 0 and the cut-off fre-
quency of the reduced-order model is selected to satisfy (16),
then it can be shown that the passivity bound of SDEA,..4 in
Condition (i) of Proposition 1 provides a sufficient condition
for the passivity bound of SDEA in (12). In particular, the
comparison of the sufficient conditions presented in (3) and (13)
indicate that

7 < Br(BresGit 1)(ByGet 1) (B + Gm)

e (BfKref+BrefK) Gt

e Bf (Bm+ Gm+ Bref Oé) [Bm-l- Gm+ Bf (1+a)]
B (Bf Krep + Breg K) @

(16)

Wq

a7

Equation (3) presents a more conservative bound than (13) if the
following relation holds:

0< Bref Bfa(l — BmGt) + (Bm + Gm)(Bm + Bf)
(13)

Since w, = %
m

= (18) can be rearranged as:
> Bref Bf « (BmGt - 1)

If1 — B,,G; > 0, then there is no need to check (18) or (19),
and (17) always holds. If 1 — B,,,G; < 0, then the passivity
bound of SDEA in (13) is ensured when (19) is satisfied.
However, (16) presents a more conservative bounds than (19).

Similarly, for Voigt model rendering with SEA under VSIC,
(20) and (21) provide the necessary and sufficient conditions for
the passivity of the full-order model of SEA under VSIC when
controller gains, except B,.. s, are positive [20].

19)

« a By
Keer<|1l+—— | K 20
at1 "t ( +Bm+Gm> <0
_(Bm+Gm) S aBref S 0 (21)

A comparison of (20) with Corollary 1 indicates (14). Accord-
ingly, (14) shows that the reduced-order model SEA,..; presents
more conservative bounds than the full-order model of SEA if
(15) or (16) is satisfied for B,y < 0. If Condition (ii) of Corol-
lary 1 and (21) are compared, then Condition (ii) of Corollary 1
is always more conservative than (21), since B,, > 0. ]
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