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Abstract— A passivation method to passivate a given system
by using an input-output transformation matrix is introduced.
This matrix generalizes the commonly used methods of series,
feedback and feedforward interconnections to passivate a sys-
tem. Through an appropriate design of this matrix, positive
passivity levels can be guaranteed for the system. Further, this
transformation matrix allows the use of a non-passive system
as a controller to guarantee the passivity and stability of a
feedback configuration.

I. INTRODUCTION

Passivity and dissipativity characterize the energy con-
sumption of a dynamical system. Passivity is preserved under
parallel and feedback interconnections. Moreover, passivity
implies stability under mild assumptions [1], [2]. Passivity-
based controllers have been used to robustly control passive
linear or nonlinear plants in many applications [3], [4]. Many
physical systems, however, are not inherently passive. To
apply the passivity based techniques to such non-passive
systems, we need to passivate these systems through series,
feedback and feedforward interconnections [5], [6]. Appli-
cation of any of these methods requires some assumptions
on the system. For instance, feedback alone cannot passivate
systems that are non-minimum phase or have relative degree
larger than one [6], [7].

In this paper, we introduce a passivation method for any
finite-gain stable linear or nonlinear systems using an input-
output transformation matrix. As shown in Fig. 1, consider
a finite-gain stable system GG. We show how the system can
be passivated using a transformation matrix M, that can be
realized through a combination of the commonly used series,
feedback and feedforward passivation techniques. Through
an appropriate design of this matrix, positive passivity levels
can be guaranteed for the new system X,. Compared to
passivation through feedback as in [6], [7], our passivation
method can be applied to systems that are non-minimum
phase or have relative degree larger than one. In this sense,
our method is a generalization of the series or feedback
or feedforward interconnections to passivate a system. The
system Y can also be used as a controller to stabilize and
passivate another plant.

As an application, we focus on the case when system G
is a stable linear system with an input/output delay. Such
systems represent an important class of practical systems [8].
In some applications such as process control, the input/output
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Fig. 1. The framework considered in the paper. G is a finite gain stable
system. By designing an appropriate input-output transformation matrix M,
the system 3o is made passive with given passivity indices.

delay is called transport delay [9]. Linear models for human
operators are also of this form [10], [11], [12]. Passivity of
linear systems with delayed state has been studied in e.g.
[13], [14], [15]; however, these works use relaxed passivity
definitions, where the passivity indices of a passive system
are allowed to be negative. We show that such systems are
non-passive by using the original definitions for passivity
and passivity indices in [6], [16]. Linear systems with time
delay may be passive under certain conditions, provided that
the time delay appears in the denominator of the transfer
function for the system [17], [18]. However, for systems with
input/output delay, time delay appears in the numerator of the
transfer functions and such systems cannot be passive. Our
passivation method in Fig. 1 can be used to passivate such
systems. Since this system can be a linear model of a human
operator; this application shows that our proposed matrix
may be useful to design an interface for human operators of
a non-passive system in order to passivate it.

The main contributions of this paper are summarized as
follows. (i) We introduce a passivation method that can be
used to passivate any finite-gain stable linear or nonlinear
systems. (ii) By using our passivation method, not only
the passivity but also the desired passivity levels of the
passivated system can be guaranteed. The passivated system
can also be used as a controller to stabilize and passivate
another non-passive plant. (iii) We show that linear systems
with input/output delay are non-passive and our passivation
method can be used to passivate such systems.

The rest of the paper is organized as follows. In Section II,
we review some fundamental results in passivity and dissi-
pativity theory. In Section III, we show that stable linear sys-
tems with input/output delay have negative passivity indices
and such systems cannot be passivated by feedback alone.
The main results are presented in Section IV. Specifically,
the passivation method in terms of a transformation matrix
is derived in Section IV-A. The use of the passivated system



as a controller for a plant is discussed in Section IV-B. A
numerical example is given in Section V to illustrate the
results. Section VI concludes the paper.

Notation: The signal space under consideration is either
the standard L, space or the extended Lo space. The exact
space will be clear from the context. We use H: u —y
(or simply H) to denote a dynamical system with input u
and output y. We use the notations «(¢) and u for a signal
interchangeably. We use G(s) to denote the transfer function
for a SISO linear system. The n-dimensional identity matrix
is denoted by I, «,, or simply I by omitting the dimensions
if clear from the context.

II. BACKGROUND

Consider a dynamical system given by an operator
H:u — y, where u € U denotes the input and y € Y
denotes the corresponding output, and a real-valued function
w(u, y) defined on U x Y, called supply rate [19]. We assume
that f:ol |w(u, y)|dt < oo, for any tg, ¢; and any input u € U.

Definition 1: An operator H: u — Yy is said to be dis-
sipative with respect to supply rate w(u,y), if

t1
/ w(u,y)dt > 0, (D
to
for all t1 > tg, and all u € Y. O

In particular, we can define passivity and £, stability when

the supply rate is in particular forms.

Definition 2: Suppose the system H : u — y is dissipa-

tive. It is said to be

o passive if w(u,y) =u'y;

o input feedforward passive (IFP) if there exists a constant
v so that w(u,y) = uTy — vuTu; we call such a v an
IFP level, denoted as IFP(v);

o output feedback passive (OFP) if there exists a constant
p so that w(u,y) = uTy — pyTy; we call such a p an
OFP level, denoted as OFP(p);

o input-feedforward-output-feedback passive (IF-OFP) if
there exist constants § and € so that w(u,y) = uly —
dyTy — euTu; we call such § and e passivity levels,
denoted as IF-OFP(e, §);

o finite-gain Ly stable if there exists a constant v # 0 so
that w(u,y) = v?u?u — yT'y, denoted as FGS(y).

Further, if v > 0, then the system is said to be input strictly
passive (ISP); if p > 0, then the system is said to be output
strictly passive (OSP). Similarly, if 6 > 0 and € > 0, then the
system is said to be very strictly passive (VSP). The largest
IFP level v is called the IFP index and the largest OFP level
p is called the OFP index, respectively. (|

Remark 1: 1f either one of two passivity indices is pos-
itive, we say that the system has an ‘excess of passivity’;
similarly, if either one of the two passivity indices is negative,
we say that the system has a ‘shortage of passivity’. (|

In Definition 1 and 2, system H:u — y can be either
linear or nonlinear. If H is linear, then the IFP index can be
defined in the following manner.

Fig. 2. Input feedforward passivity.

Fig. 3. Negative feedback interconnection of system H and system G.

Definition 3: The IFP index for a stable' linear system
G(s) is defined as

W(G(s) £ S min NGlw) + G Gw), @)
where A\ denotes the minimum eigenvalue and G* denotes
the conjugate transpose of G. ]
In Definition 3, the transfer function G(s) may be rational
or irrational. If v > 0, then the system G(s) is called passive
or positive real. If v < 0, then the system G(s) is not passive
and v can be interpreted as the minimum feedforward gain
required for a stable non-passive linear system to become
passive [6], [16], as shown in Fig. 2. When G(s) is a single-
input-single-output (SISO) system, we can test the passivity
of G(s) using its Nyquist plot. If the Nyquist plot of G(s)
is in the closed right-hand half of the complex plane, then
the system is passive; otherwise, the system is not passive.
For the special case when G(s) is rational, if it is passive,
then it must satisfy all of the following conditions [6], [21]:
(i) stable; (ii) minimum phase; (iii) relative degree 0 or 1.
Remark 2: For a stable linear system G : u — y, the
IFP index is given by the largest IFP level so that fOT uly —
vuTu dt > 0 for any T > 0 and any u € U. Further, if G
has IFP(?), then 7 < v. We show that the IFP index defined
in Definition 3 is exactly the largest IFP level of G (see e.g.
[22]). Therefore, the two definitions of IFP index of stable
linear system are equivalent to each other. (]
Consider the feedback configuration as shown in Fig. 3,
the passivity and stability of a complex system X can be
guaranteed from those of systems H and G which are much
easier to analyze in practice.
Theorem 1 ([21]): Consider the feedback interconnection
of two systems H and G in Fig. 3.

1) If system H and G are passive, then system X is
passive.

2) If system H and G are output strictly passive (OSP),
then system X is OSP;

3) If system H is IF-OFP(¢y,d;) and system G is IF-
OFP(62752), where €1 + 0y > 0, e + 01 > 0, then

A function G(s) is called stable if it is analytic in the closed right half
plane of the complex plane, see e.g. [20].



system X is finite gain stable (FGS). (]

In Theorem 1, the passivity of both systems G and H is
required to guarantee that system X is passive. However, it
is not necessary for both system G and H to be passive to
guarantee the stability of system X. For instance, if ¢; < 0
and 0; < 0 (i.e. system H is not passive), we require that
the system G has passivity levels e > —d; > 0 and d2 >
—e; > 0 to compensate for the shortage of passivity of the
system H.

Remark 3: In Fig. 3, we can view system H as a con-
troller and system G as a plant. It can be seen that system
3. is passive only if both the plant and the controller are
passive, which may be difficult to achieve in practice. [

If 7o = 0, the feedback system is given by the mapping
r1 — y1. We have the following less conservative result.

Theorem 2 ([23]): Consider the feedback interconnection
of two systems H and G in Fig. 3. Assume that 7o = 0.

1) If system H has OFP(p) and system G has IFP(v)
where p + v > 0, then the system r; — y; has
OFP(p+ v). Further, the system r1 — yi is finite-gain
stable (FGS) with gain v < —— P

2) If system H has IFP(v > 0) and system G has OFP(p)
where v + p > 0, then the system r; — y; has
IFP(min{v, p + v}).

In Theorem 2, the system r; — y; is guaranteed to be
OSP or ISP (stronger than just being passive). If system H
has OFP p < 0, then the shortage of OFP in system H can
be compensated by an excess of IFP of system G with v >
—p > 0 so that the feedback system r; — y; is guaranteed
to be OSP and FGS. Similarly, if system G has OFP p < 0,
then the shortage of OFP in system G can be compensated
by an excess of IFP of system H with v > —p > 0 so that
the feedback system ry; — y; is guaranteed to be ISP.

III. LINEAR SYSTEMS WITH INPUT/OUTPUT DELAY

We are particularly interested in linear systems of the
form G(s) = Go(s)e ™, where Gy(s) denotes a SISO,
stable, proper, rational transfer function and 7 > 0 denotes
the input/output delay (also called transport delay) of the
system. We show that: (i) such systems have negative pas-
sivity indices, i.e. such systems are not passive; (ii) state or
output feedback cannot passivate such systems. These results
motivate our main results in Section IV which can be applied
to a large class of non-passive systems.

Remark 4: Linear systems in the form of G(s) =
Go(s)e™™* can represent an important class of systems. In
particular, common linear models for chemical processes and
human operators, are of the form G(s) = Go(s)e™ "%, where
7 denotes the time delay, see e.g. [6], [11], [12]. U

Proposition 1: Consider a linear system G(s) =
Go(s)e™*, where Go(s) is SISO, stable, proper and rational
and 7 > 0. Then, G(s) has IFP index v < 0.

Proof: Let Go(jw) = A(w) + jB(w). When w = 0,
we have B(0) =0 and A(0) denotes the gain of the system

Go(s) at w = 0. We have

S(G ) + G (jw))
= A(w) cos(tw) + B(w) sin(Tw)
A2%(w) 4+ B?(w) cos(a(w)),

VF(’LU>

T

where a(w) = 7w — B(w) and B(w) € [-Z, Z] is given by

272
tan B(w) = AE:; For a(w), when w — oo, the term 7w
dominates, and cos(a(w)) can take either positive or negative
values. Thus, there exists a range of w, w € [wy,ws], SO
that vp(w) < 0 for all w € [wy,ws]. Therefore, v =
ming,er vr(w) < 0. u

Proposition 1 shows that the IFP index of system G(s)
is negative, i.e. the system is non-passive. To obtain the
exact value of the IFP index, we need to know the transfer
function Go(s) and the exact value of the time delay 7. To
obtain an approximate value of the IFP index of system
G(s), we can use the Padé approximation to approximate
the pure time delay e~7° by a rational transfer function.
Denote P, (s) as the i-th order Padé approximation of e~ "%,
Then, G(s) = Go(s)e™™* can be approximated by a rational
transfer function G(s) = Gy (s)P;

;(s). For example, a second
order Padé approximation of e~ "° is given by

T 2 2
Po(s) & 23
1+ 3s+ 5s°
One may obtain higher-order Padé approximations to better
approximate e~7° over a wider range of frequencies; how-
ever, the algebraic complexity for analysis and synthesis of
the system will be increased.

In general, feedback alone cannot passivate systems of
the form G(s) = Gy(s)e~°. Given a strictly proper rational
transfer function, it is feedback passive (i.e. can be passivated
through feedback) if and only if it is minimum phase and
it has relative degree one [6], [7]. For an irrational transfer
function given by G(s) = Go(s)e~7°, however, it is not
obvious whether similar conditions can be found to check
whether the system G(s) can be feedback passive. One
possible solution is to use the Padé approximation. For
instance, by using second order approximation, the system
can be approximated by G(s) £ Go(s)Pa(s). Clearly, G(s)
cannot be passivated by feedback alone since it has at least
one zero in the right half complex plane. To passivate such
systems, we may need feedforward or series passivation.

IV. MAIN RESULTS

In this section, we consider a passivation method to alter
the passivity levels of a given system to desired levels.
When the passivated system is interconnected as a controller
with another system that acts as a plant, the passivity and
stability of the interconnected system can be guaranteed by
appropriately designing the passivity levels of the passivated
system.



Fig. 4. Transformation M given by series, feedforward and feedback.

A. Passivation Method

Many methods are known for passivation of non-passive
systems, such as series, feedback, feedforward or a combi-
nation of such schemes [5], [24], [25]. These passivation
mechanisms require the system to satisfy certain proper-
ties, such as constraints on the relative degree, stability or
minimum-phase property of the system. Consider system
G and a general input-output transformation matrix M as
shown in Fig. 1. This matrix M includes as special cases the
commonly used passivation methods that use series, feedback
and feedforward interconnections.

As shown in Fig. 1, 0] = , Where the matrix

Yo
M 1is constrained to be invertible and is defined as

A m11] mlg.[
M= l: mgl_[ mQQI :| ’

For instance, consider the feedforward passivation in Fig. 2,
where ug = v and yg = y — vu so that M is given by

I 0
[ —vl 1 } '

Similarly, feedback and series passivation can also be repre-
sented by a transformation matrix M. In general, if mq1 # 0,
then M is a combination of series, feedback and feedforward
passivation methods, see Fig. 4. By appropriate choices of
the elements in M, we can obtain the desired passivity levels
(po, o) of the system ¥ : ug — yo. In the present paper,
we focus on passivation using constant gains. It is possible
to use e.g. transfer functions to replace the constants m;; in
M, where i,j € {1,2}.

The following result shows that the passivity levels of the
system Yo : ugp — yo depend on the gain ~ of system G
and m,;, where i, j € {1,2}.

Theorem 3: Consider a system G which is finite gain
stable with gain + and a passivation matrix M as shown
in Fig. 1. Then the system X : ug — yo is

1) passive, if M is chosen such that

miy > magy > 0.
3)

mi1 = ma1, M2 = —M12,

2) OSP with OFP level po = § (22 4 212) > 0, if M

mai 22
is chosen such that

Ma1 = Moy >0, Mmyiimaoz > myama; > 0. (4)

3) ISP with IFP level vy = § (22 4 M22) >, if M is
chosen such that

mi1 2> mi2y >0, miamar > miimag > 0. (5)

4) VSP with passivity levels dg = %:’;;1 > 0 and ¢ =

ﬂm—f > 0, if M is chosen such that

2 mq

Mag7y
mo1 > >0, (6
= (©6)
where 0 < a < 1 is an arbitrary real number.
Proof: 'We provide the proof for the first item. The
complete proofs are presented in [22]. For notational con-

mi1 >0, miz =0,

. T .
venience, we denote (u,y)r = [, uTy dt. Since ug =
mi1u + mi2y and yg = maoru + Mmooy, it can be easily
shown that

(o, yo)r = miimar(u, u)r + miamas(y, y)1

+ (mi1maz + miamar )(u, y)1, (7
Since system G is finite gain stable with gain v, we have
()7 <7 {u,u)r. ®)

If M is chosen such that (3) is satisfied, then according to
(7) and (8), we have

<u07 y0>T = m?1<u7 u>T - m%Z <y7 y>T
2 (m% - m%272)<u,u>T
> 0.
Therefore, the system uy — y is passive. [ ]

Remark 5: For the VSP case, we have dpeg = % < 1,

which satisfies the necessary condition for the passivity levels
given by €ydy < i [26]. The parameter a also provides us
some freedom to design the passivity levels. For instance, if
the parameter a > 0 is taken to be large (small), then we
have a large (small) IFP level . O
In Theorem 3, the system G can be either linear or
nonlinear provided that G is finite gain stable. In particular,
system G can be the class of linear systems with input/output
delay as we described in Section IIl. The choice of the
transformation matrix M is not unique for guaranteeing the
passivity or certain passivity levels of the system .

B. Interconnected Systems

Consider the feedback interconnection of two systems X
and H as shown in Fig.5, where G is stable and given,
r1 denotes the reference input to the controller >y and 7o
denotes the disturbance input to the plant H. Our objective is
to design the matrix M so that the interconnected system can
be guaranteed to be passive or stable. We denote by X the
interconnected system with mapping [r?, r? T — [yI, yI1T
in Fig.5. Assume that system G is finite gain stable with gain
~. Four cases are possible based on the passivity properties
of the G and H. The following results can be obtained
according to Theorem 1 and Theorem 3.

1) when both H and G are passive: We can choose M =

I (identity matrix). According to Theorem 1, system
> is guaranteed to be passive.



Fig. 5. Feedback Interconnection of Two Systems with Passivation M.

2) when H is passive, but G is not passive: We can choose
M according to Theorem 3 so that G can be passivated
through the transformation matrix M. For instance, if
M is chosen such that (3) is satisfied, then system
Yo is passive and according to Theorem 1, system
Y is guaranteed to be passive. Furthermore, if M is
chosen such that (6) is satisfied, then system X, is very
strictly passive and according to Theorem 1, system >
is passive and also finite gain stable.

3) when H is not passive, but G is passive: Assume that
system H is IF-OFP(§ < 0, ¢ < 0). We can choose M
according to Theorem 3 so that the system >, have
strictly positive passivity levels to compensate for the
shortage of passivity in H. Specifically, we let

a
——Ma1 > M1 >
2% 21 11

and (6) be satisfied. Thus, the passivity levels of system
>0, denoted by (dg, €g), satisfy do+¢€ > 0 and €9+ >
0. Then, according to Theorem 1, system 3 is finite
gain stable.

4) when both H and G are not passive: Assume that
system H is IF-OFP(§ < 0,e¢ < 0). Similar to the
previous case, we can choose M so that X is very
strictly passive and system X is finite gain stable.

— 2m216,

Consider the feedback configuration in Fig. 6 with only
one control input 7. We may guarantee the passivity of
system X that maps r; to yo according to Theorem 2 and
Theorem 3 even if the system H is non-passive.

Theorem 4: Consider the feedback configuration in Fig. 6,
where 71 can be seen as the disturbance to the plant H and G
can be seen as a pre-designed stable controller. Assume that
system H has OFP level p < 0. The system ¥ : ry — yo is
output strictly passive and finite gain stable,

1) if G has IFP level v > —p > 0 and M = I (identity

matrix). Furthermore, the gain of the system X is no

larger than the value p%};
2) if G is not passive and M is chosen such that
1 mor  moo
v = 5 (o 4 T2 5
mii Mi2

and (5) is satisfied. Furthermore, the gain of the system
% is no larger than the value oo O
Remark 6: Note that in disturbance attenuation problems,

we need the gain of the system r; — y2 to be small. This can

Fig. 6.

Feedback Interconnection of Two Systems with only one input.

be done by setting vy > 0 to be large, which implies that the
performance of disturbance attenuation would be improved
by appropriate choice of the matrix M. ([

System H and system G can be either linear or nonlinear
in the above discussion. In particular, we assume that system
G has a form of G(s)e™7° as we described in Section III
For instance, system G could represent a human operator as
a stable controller for the non-passive plant H.

Corollary 1: Consider the feedback configuration in Fig.
6, where 1 can be seen as the disturbance to the plant H and
G = Go(s)e™ ™, where Gy(s) is stable, proper and rational
and 7 > 0 denotes a constant delay. Assume that system [
has OFP level p < 0. If M is chosen such that

1 ma1 | mao

+-2)>p,
mi2

Y= 2 mi1
and (5) is satisfied, then the system X : r; — yo is output
strictly passive independent of the time delay 7. ]

Remark 7: The above discussion can be seen as a gener-
alization of Theorem 1 and Theorem 2, where the plant and
the controller have to satisfy certain constraints, e.g. one of
them has to be more than passive if the other one is less
than passive. If such constraints cannot be satisfied, then we
can design a transformation matrix M so that the passivity
of the feedback system can still be guaranteed. (]

V. NUMERICAL EXAMPLE

To illustrate the results, we provide a numerical example.
Consider the feedback configuration in Fig. 5. The plant H =
iﬂ is unstable with OFP index given by p = —1 < 0. Thus,
the plant H is non-passive. The controller G = QTiHe’O'ls
is finite-gain stable with gain v = 1. The IFP index for G
is given by v = —0.293 < 0 and thus the controller G is
also non-passive. According to Theorem 1, if M = I (i.e if
mi1 = Mo2 = 1, mia = meo; = 0), then the closed-loop
system Y may be unstable. To see this, we build a Simulink
model in Matlab. Let the input r; be a step with magnitude
one as the reference input to the controller G and let 5 be
white noise with power 0.02 as the disturbance to the plant
H. If mi1 = maos = 1, mia = mg; = 0, then the output
of the plant is plotted in Fig. 7. It can be seen from Fig.
7 that the closed-loop system goes unstable (of course, it is
non-passive) if we set M to be the identity matrix.

To guarantee the stability of the closed-loop system, we
can select M so that the system after passivation (i.e. system




Tracking with M = |

m— plant output y2
5r m—— reference input ri

Fig. 7. The output of plant H if M is set to be the identity matrix.
Tracking after passivation
14 T T T T
m—plant output y2
1.2 : = reference input r1| -
1t
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Fig. 8. The output of plant H if we select M according to Theorem 3.

Y) is input strictly passive. According to Theorem 3, we let
my1 = 0.5, my2 = 0.4, mg; = 50 and moy = 20 so that (5)
is satisfied and the IFP level for system X is greater than
1. The output of plant [ is plotted in Fig. 8. It can be seen
that the closed-loop system is stable and the trajectory of the
plant output ys is very close to the reference input 7.

VI. CONCLUSION AND FUTURE WORKS

In this paper, we introduce a passivation method to passi-
vate a given system by using an input-output transformation
matrix. This matrix generalizes the commonly used methods
of series, feedback and feedforward interconnections to pas-
sivate a system. Through an appropriate design of this matrix,
positive passivity levels can be guaranteed for the system.
Further, this transformation matrix allows the use of a non-
passive system as a controller to guarantee the passivity
and stability of a feedback configuration. In the future,
we will investigate the following extensions: (i) when the
transformation matrix has to optimize certain performance
metrics in addition to satisfying the passivity requirements;
(i) when the time delay is time-varying instead of being
a constant; (iii) when the transformation matrix contains
transfer functions instead of constant gains.

REFERENCES

[1]1 A. van der Schaft, L2-Gain and Passivity Techniques in Nonlinear
Control, 2nd ed. Springer, 2000.

[2]

[3

=

[4]

[7]

[8]

[9]
[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

D. Hill and P. Moylan, “The stability of nonlinear dissipative systems,”
Automatic Control, IEEE Transactions on, vol. 21, no. 5, pp. 708 —
711, Oct. 1976.

R. Benhabib, R. Iwens, and R. Jackson, “Stability of large space struc-
ture control systems using positivity concepts,” Journal of Guidance,
Control, and Dynamics, vol. 4, no. 5, pp. 487-494, 1981.

J. R. Forbes and C. J. Damaren, “Design of optimal strictly positive
real controllers using numerical optimization for the control of flexible
robotic systems,” Journal of the Franklin Institute, vol. 348, no. 8, pp.
2191 - 2215, 2011.

A. Kelkar and S. Joshi, “Robust passification and control of non-
passive systems,” in American Control Conference, Jun. 1998, pp.
3133-3137.

J. Bao and P. L. Lee, Process Control: The passive systems approach,
Ist ed.  Springer-Verlag, Advances in Industrial Control, London,
2007.

C. Byrnes, A. Isidori, and J. Willems, “Passivity, feedback equivalence,
and the global stabilization of minimum phase nonlinear systems,”
Automatic Control, IEEE Transactions on, vol. 36, no. 11, pp. 1228-
1240, Nov. 1991.

K. Gu and S.-I. Niculescu, “Survey on Recent Results in the Stability
and Control of Time-Delay Systems,” Journal of Dynamic Systems,
Measurement, and Control, vol. 125, no. 2, pp. 158-165, 2003.

W. S. Levine, Ed., The Control Handbook, 1st ed. CRC Press, 1996.
D. T. McRuer and H. R. Jex, “A review of quasi-linear pilot models,”
Human Factors in Electronics, IEEE Transactions on, vol. HFE-8,
no. 3, pp. 231-249, 1967.

R. Hess and A. Modjtahedzadeh, “A control theoretic model of driver
steering behavior,” Control Systems Magazine, IEEE, vol. 10, no. 5,
pp. 3-8, Aug. 1990.

F. Drop, D. Pool, H. Damveld, M. van Paassen, and M. Mulder,
“Identification of the feedforward component in manual control with
predictable target signals,” Cybernetics, IEEE Transactions on, vol. 43,
no. 6, pp. 1936-1949, Dec. 2013.

S.-I. Niculescu and R. Lozano, “On the passivity of linear delay
systems,” Automatic Control, IEEE Transactions on, vol. 46, no. 3,
pp. 460-464, 2001.

E. Fridman and U. Shaked, “On delay-dependent passivity,” Automatic
Control, IEEE Transactions on, vol. 47, no. 4, pp. 664-669, Apr. 2002.
M. S. Mahmoud and A. Ismail, “Passivity and passification of time-
delay systems,” Journal of Mathematical Analysis and Applications,
vol. 292, no. 1, pp. 247 — 258, 2004.

J. T. Wen, “Robustness analysis based on passivity,” in American
Control Conference, 1988, 1988, pp. 1207-1213.

V. Rasvan, S.-I. Niculescu, and R. Lozano, “Input-output passive
framework for delay systems,” in Decision and Control, Proceedings
of the 39th IEEE Conference on, 2000, pp. 2823-2828.

L. Lefevre and G. Dauphin-Tanguy, “Passivity of linear delay sys-
tems,” in 6th IEEE Mediterranean Conference on Control and Systems,
1998, pp. 204-209.

J. C. Willems, “Dissipative dynamical systems part ii: Linear systems
with quadratic supply rates,” Archive for Rational Mechanics and
Analysis, vol. 45, pp. 352-393, 1972.

G. Fernndez-Anaya, J. lvarez Ramrez, and J.-J. Flores-Godoy, “Preser-
vation of stability and passivity in irrational transfer functions,” pp.
84-88, 2006.

H. K. Khalil, Nonlinear Systems, 3rd ed. Prentice Hall, Upper Saddle
River, New Jersey, 2002.

M. Xia, P. Antsaklis, and V. Gupta, “Passivity analysis of human as
a controller,” ISIS technical report 1SIS-2014-002, pp. 1-24, Aug.
2014. [Online]. Available: http://www.nd.edu/ isis/tech.html

S. Hirche and M. Buss, “Human-oriented control for haptic teleoper-
ation,” Proceedings of the IEEE, vol. 100, no. 3, pp. 623-647, 2012.
L. Xie, M. Fu, and H. Li, “Passivity analysis and passification
for uncertain signal processing systems,” Signal Processing, IEEE
Transactions on, vol. 46, no. 9, pp. 2394-2403, Sep. 1998.

F. Zhu, H. Yu, M. McCount, and P. Antsaklis, “Passivity and stability
of switched systems under quantization,” in Proceedings of the 15th
ACM international conference on Hybrid Systems: Computation and
Control, 2012, pp. 237-244.

M. Xia, P. J. Antsaklis, and V. Gupta, “Passivity analysis of a system
and its approximation,” in American Control Conference (ACC), 2013,
June 2013.



