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Passivity-Based Lag-Compensators With Input
Saturation for Mechanical Port-Hamiltonian
Systems Without Velocity Measurements

Kiyoshi Hamada ™, Pablo Borja

Kenji Fujimoto

Abstract—In this letter, we propose a passivity-based
control technique, where the resulting controllers can be
interpreted as lag-compensators for nonlinear mechani-
cal systems described in the port-Hamiltonian framework.
The proposed methodology considers a dynamic controller
such that the relationship between the control input and
the error signal of interest can be expressed in terms of
a transfer function. Accordingly, the control gains can be
tuned through a frequency analysis approach. Additionally,
two practical advantages of the resulting controllers are
that they do not require velocity measurements, and they
can cope with input saturation. We illustrate the applicabil-
ity of the proposed methodology through the stabilization
of a planar manipulator, where the experimental results
corroborate the effectiveness of the technique.

Index Terms—Control applications, Lyapunov methods,
stability of nonlinear systems.

[. INTRODUCTION

HE PORT-HAMILTONIAN (pH) framework has proven

to be suitable to represent a broad class of mechani-
cal systems [1], [2]. An advantage of the pH approach is
the explicit representation of physical phenomena and con-
cepts such as energy, interconnection patterns, and dissipation,
which may provide some intuition to ease the analysis of the
system and the control design process. Due to the energy-
based nature of the pH models, passivity-based control (PBC)
techniques arise as a natural option to devise controllers to
stabilize these systems [3], where the control design process
consists of two steps: energy-shaping and damping injection.
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Concerning the stabilization of mechanical systems via PBC
techniques, the literature is vast, e.g., [4]-[10]. However, most
of PBC methods focus only on stabilizing the system under
study. Therefore, there is no clear guidelines on how to tune
the controller gains to ensure desired responses of the closed-
loop system. To address this problem, in [11], the authors
propose a dynamic extension, where the dynamics of the new
state are designed such that it is possible to find a transfer
function that relates the control input with an error signal of
interest. Accordingly, the control gains can be chosen by per-
forming a frequency analysis. In this particular approach, the
resulting controllers admit a lead-compensator interpretation.
Moreover, in [11], the authors provide some guidelines on
how to select the controller gains to remove oscillations in
the closed-loop system response. It is noteworthy that, while
this control approach can improve the responsiveness of the
closed-loop system, it cannot reduce the steady-state error
since these compensators cannot change the characteristics of
low-frequency signals. An alternative to overcome this issue
is given by the so-called lag-compensators, which amplify the
input signals at low frequencies. This property makes it pos-
sible to reduce the steady-state error without changing the
responsiveness property [12].

In this letter, we propose a PBC approach to stabilize
nonlinear mechanical systems, where the controllers can be
interpreted as lag-compensators. Therefore, the resulting con-
trollers can effectively reduce the steady-state error while
mitigating the windup phenomenon often exhibited by integral
control [13]. To this end, we propose a dynamic extension such
that the pH structure is preserved for the closed-loop system,
which eases the stability proof. Moreover, the proposed control
methodology does not require velocity measurements and can
deal with input constraints by naturally saturating the control
signals.

The rest of this letter is organized as follows. In Section II,
we introduce the pH representation of mechanical systems, the
problem formulation, and briefly revisit some previous results
regarding PBC techniques with dynamic extension. Next, in
Section III we propose a passivity-based lag-compensator and
a modified passivity-based lag-compensator where the con-
troller is saturated. In Section IV, we illustrate experimental
results of the implementation of the lag-compensators in a two
degrees-of-freedom (DoF) planar manipulator with flexible
joints. We summarize this letter in Section V.

2475-1456 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Notation: The symbol I, represents the n x n identity
matrix, and 0, x,, is the n x m matrix of zeros. The Euclidean
weighted-norm is expressed as ||x||f‘ := x! Ax. The differential
operator is defined as V,f = %. The symbol A; represents
the (i, i)-th element of the matrix A or the i-th element of the
vector A. A diagonal matrix A is expressed as diag(A;)}_,,
where (A;)}_; = (A1,...,An). Lla(?)] denotes the Laplace
transformation of a().

II. PROBLEM SETTING AND PREVIOUS RESULTS

Let us consider mechanical systems whose behavior is
represented by

q — Onxn Iy VqH(q, p) + Onxm u
P =1, —D(q,p))\VpH(q,p) G Jv
1
H(gq,p) = szM@—lp +V(g), (1)

where ¢, p € R" are the generalized positions and momenta,
respectively, u € R is the input vector, with n < m, D : R" x
R™ — R™" is the positive definite symmetric damping matrix,
H : R"xR" — R, is the Hamiltonian function of the system,
where V : R" — R} is the potential energy of the system and
M:R" — R™" is the positive definite inertia matrix, and the
input gain matrix G is defined as

G = <Oel><m>; L:=n—m. 2)

Hence, we can split the state vector as follows
qu u
= s = . 3
= () = () ®

qu=G"q,q.:=G'q, pu=G'p,p.:=G'p, &

with Gt = (I Ogxm).
To formulate the problem under study, we first define the
set of assignable equilibria for (1), which is given by

E={qeR"|VyV(g) =0}, ®)

where

and we define the error ¢° = ¢ — ¢* and ¢ = G ¢¢, where
q* € £. Then, the problem under study can be formulated as
follows.

Problem Setting: Given the mechanical system (1) and the
desired equilibrium point (¢*, 0,), find a controller u that
renders asymptotically stable (¢*, 0,,) while ensuring that:

« No velocity measurements are required to achieve the

control task.

o There is a systematic method to select the control gains

to reduce the steady-state error caused by modeling errors
of nonlinear friction.

A. Some Previous Results on PBC With Dynamic
Extension

In this section, we briefly revisit the results reported
in [11]-[14], where the reported controllers are suitable to
suppress oscillations or reject disturbances. The main idea of
these methods is to propose a dynamic extension x. € R” and
a dynamic control law of the form

”:fu(Q»Paxc)» (6)
-).CC :fxc (Q7 ps xC)’ (7)

such that the closed-loop system takes the form

. Onxn In F13
£ = —I;_@r —D(q+p) F23 | VeHq(8), ¥

—F; —Fy; F33
Hq(§) = H(q,p) + H(§), 9
where € = (¢',p",x])T, Fi3 € R™™, Fy e RvM

F33 € R™™. Following this approach, passivity-based con-
trollers that can be interpreted as lead-compensators are
reported in [11], while in [15], a kind of integrator is
proposed for removing matched disturbances. Additionally,
in [11], [14], [16], the dynamic extension removes the neces-
sity of velocity measurements to inject damping into the
closed-loop system and ensure the asymptotic convergence
towards the desired equilibrium. Inspired by these results, in
the following section, we propose a new PBC methodology
where a controllers can be interpreted as a lag-compensators.

I1l. PROPOSED METHOD

The lead-compensator in [11] is effective for removing
oscillations without measuring velocities, but cannot deal with
steady-state errors. On the other hand, the integrator in [15]
ensures that the steady-state error equals zero and is suitable to
reject some disturbances. Alas, this controller requires veloc-
ity measurements. To address these issues, in this section, we
present the main contribution of this letter, namely, a passivity-
based lag-compensator that can reduce the steady-state error
without measuring velocities. To this end, we implement a
dynamic extension that leads to a pH system different from (8).

A. Passivity-Based Lag-Compensator

The following theorem introduces a dynamic extension and
a control law such that the closed-loop system admits a pH
representation. Additionally, it provides conditions to ensure
the stability of the desired equilibrium.

Theorem 1: Consider system (1), the virtual state x. € R™
with nonlinear dynamics

X = =DV, H(qa, xc). (10)
and the nonlinear control law
u ==V, H(qa, xc) — 2V H(qa, xc). (11)

Then, the closed-loop system takes the form of a pH system

§ = (T —D)VsHa(6). (12)
Oan Il’l Onxm
J = _In On><n -G s (13)
Omsn GT Omxcm
OI‘lXVl Onxn Onxm
D: On)(n D g N (14)
Onxn G' D
if the following condition holds.
D(g.p) G
( G D) =0, (1)
where D € R™™ is a positive definite symmetric

matrix, and Hq(&) = H(q,p) + H(), with H(£) to be
defined. Furthermore, the desired equilibrium point &* =
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Fig. 1. Bode plot of the lag-compensator (24).
(q*7,0] .01 T is asymptotically stable if the following

conditions hold.

C2. Hy(£) has an isolated minimum at £ = £,
C3. VpHd(S) = Opx1, chHd(g) =0px1 = q= q*,xc = Opix1- (16)

Proof: Note that

VyHa(§) = V4H(q, p) + VH(qa, xo), i (17)
VpHa(§) = V,H(q, p), Vi Ha(§) = Vx H(qa, xc). (18)
By substituting (11) in (1), we have
g = VpH(q, p) = VpHa(§), (19)
p = —V4H(q,p) — D(q,p)V,H(q,p) + Gu
= —V,H(q,p) — D(q, p)V,H(q, p)
+ G(—anl_{(qa, Xe) — 2VxCH(¢Ia7 xc))
= —V,H4(§) — D(q, p)VpHa(§) — 2GV, Hy(§), (20)
and (10) leads to
k¢ = =DV H(ga, x0) = =DV Hy(§). 1)

Hence the dynamic extension (11) and (10) transforms (1)
into (12), and if (15) holds, D > 0 holds and this shows
that (12) is a pH system from the fact that J T = 7.
Hereafter, we omit the arguments ¢, p in D in this proof for
simplicity. It follows from (13) and (14) that

fa=~eta@n" (0 §)VeHae) <o.

Moreover, if C1 holds, Hq = 0 if and only if V,Hq(§) = 0,x1
and Vy Hq() = Opyx1, where & = (pT,x;r)T. Hence,
it follows from the assumptions that Krasovskii-Barbashin
theorem [17] proves asymptotic stability. |
The following theorem establishes a linear relationship
between the control input and the error in positions such
that the controller (11) with (10) admits a lag-compensator
interpretation.
Theorem 2: Design the function H (qa, Xc) as
_ 1 1
H(ga, %) = 51451, + 5 Ik — g5l (22)
and D as D = R., where Kp, K1, R, € R™™ are diag-
onal positive definite matrices. When Kp; — K;; > 0

(i=1,2,...,m) holds, the controller (11) with (10) repre-
sents a lag-compensator, where the relation between g3 and u

U (s) = diag(Gi(s))L, 25(s), (23)
is given by
T; 1
Gis) = Ki—2 1
o;Tis + 1
Kpi — Ky Kp.;
Ki=Kp,;, T;= A i = - 24)
Kp iK1 iR ; Kp; — Ki,i

where 2(s) = LIg ()], % (s) = LIu(n)].
Proof: The dynamic extension (11) and (10) with (22) is
calculated as

€

u = —Kpq, — Ki(xc — q,),
Xe = —RcKi(xe — Q§)~ (25)
Since the matrices Kp, K1, R, are diagonal, for each element,
(26)
(27)

hold, where %(s) = L[ui(1)], Z'c,i(s) = Llxc,i(D], 23 ;(s) =
E[qz,i(t)]. Hence we have the following relation

02/,' = —KP,iQ;l‘ - KI,i(%c,i - Qg,i)y
sZci = —ReiKi(Zei— 230,

R ,-KL‘
Ui = _KP,iQ;i — KLi(S—FCRl—C’iI;L,‘gg’i — "@:,i)
_ (Kp,i — K1,i)s + Kp,iRc iK1,i ¢ 28)
s+ R iK1 s
It follows from (28) that (23) with (24) holds. [ |

As Theorem 2 claims, the value of «; in (24) takes more than
one if Kp; — K1; >0 (i=1,2,...,m) holds, which implies
that the controller (11) with (10) works as a lag-compensation.
Figure 1 shows the bode plot of the transfer function (24),
where the values of K;, T;, ; are varied as in the legends of
the figure. As in the figure, the lag-compensator keeps the gain
high at low frequencies and low at high frequencies. Hence,
this compensator can improve the steady-state characteristics.
The tuning of the controller can also be done intuitively. It
follows from (28) that

o — 1
Ki, R ;

Kpi =K, Ki; = =—,
' b Q; (a; — DTiK;

(29)
hold, so the parameters in (22) and R. are decided by speci-
fying K, o, T. When tuning the gains, one can choose K, o, T
appropriately, referring the bode plot of the lag-compensator.
In practical applications, inputs are often restricted. In the
next subsection, we propose another passivity-based controller
that represents a passivity-based lag-compensator dealing with
input saturation.

B. Passivity-Based Lag-Compensator With Input
Saturation

In [16], Wesselink et al. propose a lead-compensator consid-
ering input saturation. Inspired by this method, we propose a
passivity-based lag-compensator that takes into account input
saturation.

Theorem 3: Select the function H (qa, xc) as

H(ga, x0) = ¢ () (5) + b (e — G5, (30)

Authorized licensed use limited to: University of Groningen. Downloaded on February 22,2021 at 09:04:44 UTC from |IEEE Xplore. Restrictions apply.
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and D as D = R., where Kp, K1, R € R™" are diagonal
positive definite matrices and ¢f,)(~) (I=1,2) are given as

Sloy@ =Y ci‘;% log(cosh(1:2). 31)

with design parameters oy; > 0, and B;; > 0. Then, the

input (11) always satisfies
lu;] < Kp a1, + Ky jon,;. (32)

In addition, the linear approximation of the controller (11)
with (10) represents a lag-compensator under the condition

Kpia1,iB1,i — Kiion,iB2,i > 0.
Proof: The input (11) is calculated as
U = _an.i‘P(IKP)(qz) - an,i¢(21(1)(xc )
- zvxc¢(2K])(xc - qz)
= —Kp ;a1 tanh(B1 iqj ;)
— Kz tanh(B,i(xc,i — q3.,))-
Since |tanh(:)| < 1, it follows from (33) that

(33)

lu;] < Kp a1, + Ky iz,

Maclaurin series of tanh(z) is tanh(z) = z 4+ o(||z||) as z — 0,
hence, if B; ;g5 and B2 ;(xc; — q;l-) are small enough that
tanh(-) can be linearly approximated, the input (11) and the
dynamics (10) are given as

u; = —Kpio1,iB1.idy ; — Kui22,iB2,i(xci — g5 )

Je,i = —Rc,iK1i02,i2,i(Xe.i — q3.7)- (34)

Replacing Kp ;o1 ;B1,; and Ky ;a2 if2.; with i(pJ and k],i imme-
diately confirms that (34) represents a lag-compensator, and
this completes the proof. |

The parameters of the controller (11)-(10) with (30) are
designed in the same way as the proposed lag-compensator
by specifying K, T, and o of (24). If the input is saturated
as |uj| < Unax,, the parameters o1 ; and ap; are chosen so
that (Kp ot1,; 4+ Kr1,i002,;) < Unax; 1s satisfied. The parameters
B1.i and Bo;, that affect the region where the controller can
be linearly approximated, can be freely chosen.

IV. PRACTICAL IMPLEMENTATION OF THE
PASSIVITY-BASED LAG-COMPENSATOR

To confirm the effectiveness of the proposed controllers
in Section III, this section shows experimental results of
the implementation of the controllers in the 2 DoF manip-
ulator by Quanser depicted in Fig. 2. The first experiment
consists in applying the passivity-based lag-compensator to
the manipulator and corroborate its suitability to deal with
steady-state errors by choosing appropriate gains. The sec-
ond experiment compares the performance of a PID controller
and the passivity-based lag compensator, where the inputs are
saturated.

In these experiments, only the positions g are measured,
and the inputs are the currents supplied to the motors. Note
that, strictly speaking, the control inputs we analytically devise
should be torques. However, there exists a static relationship
between the torque of each motor and the corresponding cur-
rent. Such relationships are considered during the practical
implementation of the controllers. We refer the reader to [18]
for further details.

Y Link 2

Link 1 \

Motor 2

Fig. 2. 2 DoF serial flexible joint by Quanser and its corresponding
schematic.
TABLE |
SYSTEM PARAMETERS

du, | 0.38 [N -m-s/rad du, | 0.30 [N -m-s/rad

da; | 0.30 [N-m-s/rad day | 0.14 [N -m - s/rad

ai 0.068 [kg - m?2 as 0.013 [kg - m?]

b 0.018 [kg - m?

T 0.042 [kg - m?2 s 0.0070 [kg - m?]

Ks, 9.4 [N -m/rad K, 4.2 [N -m/rad]

A. Control Design

The 2 DoF planar robot with flexible joints in Fig. 2 admits
a pH representation of the form (1) where

Dy 0Oyx2
D — u X
<02><2 Da >7
Dy = diag(dy,, dy,), Da = diag(da, . da,),

_ (Mu(@) O2x2 o
M(g) = < Ors M, )»Ma = diag(Zy, 1o),

Moo = (@ + az +2bcos(qu,) a2 + beos(qu,)
ulq) = az + beos(qu, a ’

1 .
V(@) = 5l — qall%. . Ks = diag(Ks,, Ks,).

For this system, n = 4 and m = 2. Furthermore, g,, and
¢a, denote the angle of the first and second motor, gy, and
qu, denote the angle of the first and second link, respectively,
where each link is connected to a motor through springs. The
parameters of this system are provided in Table I.

Note that the assignable equilibria for this system are
characterized by the constraint g, = ¢q,. Accordingly, the con-
trol objective is to stabilize the manipulator at the desired
configuration

ga = qu = qj, (35)

where g} € RR2. To this end, the following corollary proves that
the passivity-lag compensator proposed in Section III solves
the control problem.

Corollary 1: The desired equilibrium positions of the
system defined in (35) are asymptotically stabilized by the
controller (11)-(10) with (22) or (30) if R.; > 1/D,; holds.

Proof: We only prove the case of (22) due to space con-
straints. Since the pH system (1) is transformed into the new
pH system (12) by the controller, if an isolated minimum of
Hy(&) is the equilibrium point ¢* = (q:,q:)T and if (16)
holds, the desired positions (35) are asymptotically stable. We
first check whether (16) holds. Define

Du 0x2 02><2
O2x2 Dy D
0x2 I R

D= (36)

Authorized licensed use limited to: University of Groningen. Downloaded on February 22,2021 at 09:04:44 UTC from |IEEE Xplore. Restrictions apply.
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Since Dy > 0 hold, the condition (16), that can be written as
D > 0, holds if and only if

D, I
(12 Rc) > 0.

From the Schur complement condition, (37) holds if and only
if D, = 0 and Rc — I D;'I, > 0 hold. Noting that Rc, Dy,
I, are all positive diagonal matrices, this condition can be
rewritten as R.; > 1/D, ;, hence (16) holds.

Since the time derivative of Hq(§) is

(37

Ha(8) = —(VcHq(8)) "DV Hy(£) <0, (38)

the equilibrium point ¢* is asymptotically stabilized if both

VpH4(§) = 04x1, Vi Ha(§) = 0241, (39)

hold only at the desired point. It follows from (39) that p =
041 hold since M(q) has full rank. In addition, since p is also
zero at the equilibrium point, we have

p = 04x1 = —V4Ha(§) — DV,Hy(§)
= —V4H4(§) — Oaxy

9 (1 1 1 02x1
Y (z” M) P) * (Kl(xc - qg))
_ Ks(Qu - Qa)

—Ks(qu — qa) + Kp(qa —q3) )’

(40)

It follows from (39) that the first term and the second term
of the bottom row of (40) become zero. Hence, gy — g, =
02x1, ga — g5 = q5 = 021, xc = 0251 always hold under the
condition (39) and this completes the proof. The proof of the
case (30) is the same as the above. [ |

The following subsections are devoted to the experimental
results.

B. Experiment 1: Reduction of the Steady State Error

The objective of this experiment is to confirm that the
proposed passivity-based lag-compensator (11)-(10) with (22)
is effective for reducing steady-state errors. Towards this end,
we perform two experiments with different gains. In the first
case, the response of the closed-loop system exhibits steady-
state errors, which are probably the result of non-modeled
phenomena, e.g., dry friction. In the second experiment, we
successfully reduce these errors by modifying the control
gains.

For the experiments, we consider g¥ = (1, —1)T. Figs. 3
and 4 show the response of g and u respectively, where the
blue lines are the results of applying the controller designed
with K = diag(0.2,0.4), and the red lines are the case
that K = diag(0.4,0.6). For both cases, we select T =
diag(0.4,0.2), « = diag(1.7,1.01). As mentioned before,
the steady-state error present in the first experiment—blue
case-may be caused by nonlinear friction that is neglected
in the model. On the other hand, in the red case with a
greater gain K, the steady-state error is zero. This result
shows that the proposed controller actually works as a lag-
compensator, where the deviations are reduced by amplifying
the low frequency signals. Note that the removal of oscillations
is outside the scope of our control objectives.

1289
LW qu, : K =diag(0.2,0.4)

o = — o, : K =diag(0.2,0.4)
£ : £ - gy, : K =diag(0.4,0.6)
> 0. : K =diag(0.2,0.4) o051 _qu: K —diag(0.4,0.6)
&b : K =diag(0.2,0.4) o
& : K =diag(0.4, 0.6) Z

: K =diag(0.4,0.6) =1

|'d
5 10 15 0 5 10 15

Time [s] Time [s]

Fig. 3. The resulting responses of q(t) with the proposed compensator.

0.2 0.2
= o N—— ] =
= 0 =< o
B +
8-02 / 802 !
5 - K =di 5 1 - : K =diag(0.4,0.6)
= u; : K =diag(0.2,0.4) =} Uy iag(0.4,
O -04 —u; : K =diag(0.2,0.4) O 04| —uy: K =diag(0.4,0.6)|
0.6 0.6
0 10 15 0 5 10 15
Time [s] Time [s]

Fig. 4. The resulting responses of u(t) with the proposed compensator.

C. Experiment 2: Suppressing the Windup Phenomenon

The objective of this experiment is to confirm that
the proposed passivity-based lag-compensator mitigates the
windup phenomenon under input restrictions. Consider the
case that the system is physically constrained for a certain
amount of time such that the state cannot reach the desired
values (35) during this interval. Consequently, applying a
PID will cause that the internal variables of the integrator
to continue increasing while constrained, producing an over-
shoot in the response after the constraints are removed if the
inputs are saturated. Such a problem does not occur when
the lag-compensator is applied. In the experiment, first we
just applied the lag-compensator and a PID controller to the
system, and verify that the control objective is achieved by
both approaches under normal operation conditions. Next, we
fix the links so that all the angles remain 0 while r <2 [s].
Then, we release the links. The desired values are set to
q = (1, =1)T. The saturated lag-compensator (11)-(10)
with (30) is designed by specifying the parameters as K =
diag(0.15,1.2), T = diag(2, 1), = diag(1.7,1.01),a; =
(1.7,0.29), a0 = (4,0.7), 1 = (0.8,2.8), o = (0.8,2.8),
and the PID controller is designed as

t

u(t) = —Gpq,(t) — Gpgy(H) — Gi /0 g (Ddt,

with Gp = diag(1.5,4), Gp = diag(1,2), and G =
diag(0.4, 1), where the magnitude of each input is restricted as
lug ()| < 0.5, lua(r)| < 0.35. The velocities g are estimated
from g§ by using a derivative filter provided by Quanser. Note
that such a filter is not necessary for the lag-compensator since
we use a dynamic extension. Figs. 5 and 6 show the result of
the experiments. Fig. 5 shows the case when the system is not
constrained, and Fig. 6 depicts the case when the system is
constrained for 2 seconds, where the first row figures show the
response of the angle ¢(f), the second row figures show the
response of u;(¢), and the third row figures show the response
of uy(t), the blue lines are the result of the PID controller
and the red lines are the result of the lag-compensator. In
the right figures, the dashed black line and the black solid
line show the saturation values of u; and up, respectively.
Figs. 5 and 6 show that, although the steady-state error is
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Fig. 5. The case that the physical constraint is not imposed.
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Fig. 6. The case that the system is constrained for 2 seconds.

almost zero in both cases, there is overshoot in the PID case,
while the lag-compensator does not evoke such an overshoot.
This result proves that the passivity-based lag-compensator is
also effective for mitigating the windup phenomena.

V. CONCLUSION AND FUTURE WORK

In this letter, we have proposed a PBC methodology suit-
able to stabilize a class of nonlinear mechanical systems,
where the control law admits a lag-compensator interpretation.

Some additional properties of the resulting controllers are
that they do not require velocity measurements and can be
designed to deal with input constraints via the saturation of
their signals. The proposed methodology has two main advan-
tages: first, the pH preservation simplifies the stability anal-
ysis of the closed-loop system. Second, the lag-compensator
interpretation provides clear insight, via a frequency analysis,
into the performance of the closed-loop system. These advan-
tages have been illustrated through the implementation of the
proposed methodology to stabilize a planar robot, where the
frequency analysis provided the guidelines to select control
gains that ensures the reduction of the steady-state error in the
closed-loop system. As future work we propose the develop-
ment of a passivity-based lead-lag compensator for removing
both oscillations and steady-state errors.
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