CHAPTER 10

Passivity Based Control

Passivity-based control or PBC is a popular method for synthesizing stabilizing controllers. The popularity

of this method is based on the following facts about passive systems

e Many different types of systems (in particular mechanical systems) satisfy an energy conservation
principle in which the energy function which ensures the passivity of these systems. The energy
functions for these systems provide a natural choice for the storage function which is an important
first step in the design of stable passivating controls.

e Passive systems can be easily stabilized through output feedback, the origin can be asymptotically
stabilized if we can also ensure the passivated system satisfies a detectability condition.

e The passivity theorem ensures that any feedback interconnection of passive systems is again pas-
sive. This provides a modular method for the construction of large-scale passive networked systems

while also providing some degree of robustness to unmodeled passive dynamics.

In spite of these benefits, however, passivity-based control initially faced a number of hurdles. Initial feedback
passivation methods were limited to systems that had relative degree one with minimum phase zero dynamics.
These obstacles can be overcome through recursive design procedures like backstepping for strict feedback
systems and forwarding for strict feedforward systems. These design methods, however, all require some
knowledge about a reasonable storage function for the passive plant to be controlled. While the total kinetic
and potential energy provide reasonable storage functions for mechanical systems, this choice is less obvious
for more systems in electronics and biology. The hurdle was addressed by focusing on systems that have a
Hamiltonian structure. A number of interesting and important applications can be modeled in this manner,

thereby providing additional motivation for the interest in passivity based control.

This chapter consists of three parts. In the first part, we review fundamental passivity concepts for feedback
interconnections. We then examine feedback passivation methods for the global stabilization of cascaded
systems. As noted above, these methods are limited to passive systems that have relative degree one and
minimum phase dynamics. We will examine the use of backstepping to bypass the issue regarding relative
degree one systems. The minimum phase issue may be addressed using another recursive design method
known as forwarding. These recursive design methods all require passive systems in which we already
know the storage function. For systems where the storage function needs to be determined, we examine the
use of energy-balancing or shaping methods. These methods are well suited for a special class of system;

port-controlled Hamiltonian (PCH) systems. PCH realizations can be constructed for numerous networked
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316 10. PASSIVITY BASED CONTROL

dynamical systems consisting of interconnected energy-storing elements. Examples of such systems are
found in mechanics, electrical circuits, chemical and biological systems. We will investigate a particular
energy-shaping approach for PCH systems known as interconnection and damping assignment (IDA). This

method has been successfully used to construct a stabilizing controllers for a wide range of applications.

1. Excess and Shortage of Passivity

This section reviews many of the concept originally presented in chapter 6, and introduces methods for
shifting an excess of passivity in one subsystem to another non-passive system (i.e. it has a shortage) to
passivate a feedback loop [SJK12]. This is similar to loopshifting strategies used to ensure satisfaction of
the small gain condition in £,, stable systems. Indices measuring the shortage or excess of passivity have

sometimes been referred to as passivity indices [MA10].

Basic Definitions: We consider a dynamical system of the form,

where f(0,0) = 0 and 2(0,0) = 0. For convenience, we assume v and y have the same dimension, m.

We assume there is associated with the system a function r : R™ x R™ — R™ called the supply rate. This
system is dissipative with supply rate r(u, y) if there exists a function V' : R™ — R with V(z) > 0 and
t
(226) V() - Vi) < [ r(u(s).(s)ds
0
for all £ > 0. The function V is called a storage function. We say the system is passive if the supply rate
r(u,y) = uly. If the storage function is C'!, then we may rewrite the dissipative inequality in differential

form as
V(z(t)) < r(u(t), y(t))
for all ¢.

If the system is dissipative, we may associate with it a function V,, : R"R called the available storage. This

function takes values

Vate) = sy oo { = [t o@)it  0) =2}

The available storage may be interpreted as the maximum amount of “energy” that can be extracted from a

system given its initial condition.

Passivity Indices: One of the main results (theorem 81) regarding passive systems is that the feedback
interconnection of two passive systems is again passive. Such a feedback interconnection is shown on the left

side of Fig. 1. When one of the systems in the interconnection is not passive, however, it is possible to still
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ensure the passivity of the interconnection by using an “excess” of capacity in one system to compensate for

the ”shortage” of capacity in the other systems.
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FIGURE 1. (left) feedback interconnection of plant G5 with controller G (right) Loop

transformation on the feedback interconnection

The following definitions formalize the notion of “excess” and ”shortage” of capacity. We say the system is

e Output Feedback Passive (OFP) if it is dissipative with respect to r(u, y) = u”y — py”'y for some
peER.
o Input Feedforward Passive (IFP) if it is dissipative with respect to 7(u,y) = uTy — vulu for

asome v € R.

We quantify the “excess” and “’shortage” properties with the notation IFP(v) and OFP(p), respectively. In
particular a positive sign of p or v means that the system has an excess of passivity and if these constants are
negative then the system has a shortage of passivity. These constants are sometimes referred to as passivity
indices [MA10].

Passivity indices can be used to establish the passivity of a feedback interconnection between plant G and
controller G; even if the plant is unstable. In particular, if the plant, Go, is known to be OF P(—p) where
p > 0, then this system is not passive and has a shortage of passivity that can be compensated for by a negative
p-feedback around the plant. To preserve the overall feedback interconnection unchanged, a feedforward —pl
is connected in parallel with the controller. If the controller G; is IF P(p), in other words it has an excess
of passivity p, then its parallel connection when —p/ is passive. This loop transformation of the feedback
interconnection is shown in the right hand pane of Fig. 1. Thus a shortage of passivity (and a lack of stability)
of the plant G5 can be compensated for by the excess of passivity in the controller G;. The net effect is the
same as in a feedback interconnection of two passive systems. We will formally establish this result below

after reviewing some results regarding the relationship between stability and passivity.

Stability and Passivity: The definitions of dissipativity and passivity do not require the storage function, V,

to be positive definite. They only require that V' is positive semidefinite. As a consequence, it is possible
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for the presence of an unobservable unstable part of the system to destabilize the equilibrium z = 0. For

dissipativity to exclude such situations, we need to impose a condition known as zero-state detectability.

Consider a system with zero input, (i.e. « = 0) and let Z be the largest positively invariant set contained in
{z € R"™ : y = h(x,0) = 0}. We say the system is zero-state detectable (ZSD) if x = 0 is asymptotically
stable whenever o € Z. Ad was shown in chapter 6, if the system is passive with a C! storage function V/,

then if the system is also ZSD we can prove that the equilibrium z = 0 is stable with u = 0.

Note that ensuring a passive system is ZSD only establishes “stability”, it does not establish asymprotic
stability. Asymptotic stability can be assured if we introduce a feedback loop u = —y as is stated and proven

in the following theorem

THEOREM 109. (Passivity and Stabilizing Feedback) Consider a system, G, with state equations © =
f(z,u) and y = h(z,u). Assume G is passive with storage function V. If y = h(zx) (only a function of x)
then the feeback uw = —y achieves asymptotic stability of x = 0 if and only if the system is ZSD.

Proof: Because h is independent of u, the feedback loop with u = —y is well-posed. For u = —y, the time

derivative of V satisfies
V(z) < —y"y <0
Stability is then established using the Invariance principle and the assumption that the system is ZSD.

Conversely, if the equilibrium = 0 of © = f(z, —y) is asymptotically stable, then it is asymptotically
stable conditional to any subset Z. In particular, this is the case when Z is the largest positively invariant set
contained in F = {z : y = h(x) = 0} which proves that the system is ZSD. {

We may now extend the preceding theorem to feedback interconnections.

THEOREM 110. (Stability of Feedback Interconnections) Consider the feedback interconnection shown on

the left side of Fig. 1 with systems G; (i = 1,2) that are dissipative with supply rates
(227) riui, yi) = ui yi — pi i)y — v (wi)u;

where p; : R™ — R™ have component functions such that p;;(0) = 0 and p;;(y;)y; > 0forj=1,2...,m
and similarly for v;. Furthermore if the two systems are ZSD and their respective storage functions V1 (x1)
and Vy(z2) are C, then the equilibrium (x1,72) = (0,0) of the feedback interconnection with command

inputr =0 is

o stable if vl (v)v + pI (v)v > 0 and v1 (v)v + pT (v)v > 0 for allv € R™
e asymptotically stable if v (v)v + p% (v)v > 0 and vE (v)v + p¥' (v)v > 0 for all v € R™/{0}.

Proof: The first assertion is established as follows. We consider the V (x1,z9) = Vi(z1) + Va(z2) as a

candidate storage function for the interconnected system. Using the interconnection identities, uq; = —yo,



1. EXCESS AND SHORTAGE OF PASSIVITY 319

ug = Y1, the time derivative of V is

V< (w24 p1) " (y1)ys — (1 + p2)  (y2)ya <0

If V is positive definite, then this establishes stability. If V' is only semidefinite, we know that because V' = 0
implies Vi = Vo = 0 that hy (z1,0) = ha(z2,0) = 0. This assures the loop is well-posed and that h; and ho
are both independent of the input. So we can without loss of generality presume hq (21, u1) = hi(21). Since
V(z) = 0 implies y; = hi(xz1) = 0 and yo = ha(z2,u2) = ha(z2,y1) = ha(x2,0) = 0, we can then use

the interconnection identities to obtain
V=0 = ypi=yp=ur=y=0

The largest positively invariant set of 1 = f(x1,0), and &2 = fa(x2,0) is also included in {(x1,z2) : y1 =

y2 = 0}. Because G1 and G are ZSD, the origin is asymptotically stable conditional to Z and so is stable.

To establish the theorem’s second assertion, note that if v/{ (v)v + pd (v)v > 0 and vZ (v)v + p¥ (v)v > 0 for
all v # 0, then all bounded solutions converge to the set {(x1,z2) : y1 = y2 = 0}. By the Invariance princi-
ple every bounded solution converges to the largest invariant set in the set £ = {(x1,22) : V(z1,22) = 0}

which is (0, 0) since the two systems are ZSD. {

The following theorem formalizes our earlier assertion that one can compensate for a shortage of passivity in
one subsystem of a feedback interconnection by having an excess of passivity in the other subsystem. It may

be seen as a corollary of the preceding theorem with p(y) = py and v(u) = vu.

THEOREM 111. (Passivity Indices Theorem) Consider the feedback interconnection on the left side of Fig. 1.
Assume that the system Gy is globally asymptotically stable and IFP(v) and that system G5 is zero-state
detectable (ZSD) and OFP(p). Then the origin is asymptotically stable if v + p > 0.

Proof: So under the assumptions that G5 is OFP(p) and G is IFP(v), we know that

A

Vo(za) < usy2 —pys ya
Vi(z1) < ulyr —wvulu
So we can apply theorem 110 with p(y) = py and v(u) = vu. Letus take V' = V; + V5 as a candidate storage

function for the interconnected system. Using the interconnection relations (with » = 0) that u; = —y3 and

ug = Y1, We can see that

V(z1,22) = Vi(z1)+ Va(za)
< ulyr —vuiug +ugys — pys e
= —yyityiye— (p+v)ysye

= —(p+v)ysy2

If we then apply the preceding theorem we obtain the desired result.
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2. Feedback Passivation

We now consider the problem of stabilizing the origin of the system

(228) & = [flz)+g(@)u

with u as the input and y as the output. The feedback control u will be computed assuming we only have
access to the output y. This problem can be solved if we are free to select the output function y = h(x) to
ensure the system is passive. If we can use this selection of the output to ensure the system is passive then
theorem 109 asserts we can use the feedback control © = —y to stabilize the system. If we can further assure

that the system is ZSD, then this interconnection will be globally asymptotically stable.

So our task is to search for an output function y = h(z) so the system is passive with a positive definite
storage function. This requires, of course, that the system is stable when v = 0. This can be overly restrictive
and so we seek a more flexible way of passivating the plant that does not require the original plant to be stable.
Instead we simply assume the uncontrolled system is stabilizable and use a feedback law in conjunction with
a selected output function, h, to passivate the system. We therefore need to find an output function y = h(x)

and a feedback transformation
u = alz) + Bla)v
with 8(z) invertible such that

i = f(x)+g(x)a(z)+g(x)s(x)v
y = h(z)

is passive. If such a transformation can be used to passiate the plant then we say the original system is
feedback passive. The selection of the output y = h(x) and the construction of the feedback transformation
u = a(z) + B(x)v is usually called feedback passivation. If we can further establish that the passivated
system is ZSD, then asymptotic stability of the passivated system can be achieved with a simple additional

feedback v = —ky where k > 0 is any positive feedback gain.

The crucial limitation in feedback passivation is that the output y that we define must 1) have a relative
degree no greater than one and 2) the zero-dynamics of the system must be stable (i.e. minimum phase). This
is particularly restrictive because neither property can be modified by feedback. So it essentially confines
the utility of feedback passivation methods (as described above) to minimum-phase nonlinear plants with a
relative degree of one. The following theorem states that any passive input-affine system has a relative degree

of one at x = 0.

THEOREM 112. (Relative degree of passive system) Consider the system (228) and assume g(0) and % (0)
have full rank. If this system is passive with a C? storage function V (x), then it has relative degree one at

x=0.
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Proof: It can be shown that the passive affine system’s storage function and output must satisfy the relations
(229) LiV(z) <0, [LyV]" (x) = h(z)

Multiplying both sides of (229) by g(x) yields

9 v’ _Oh

230 52 o @5 ate) = S @iate)

Atz =0, 2¥(0) = 0 and (230) becomes

> Oz
9" (0) 57 (0)g(0) = Lgh(0)
The Hessian %2}; at x = 0 is symmetric positive semidefinite and can therefore be factored as RT R. This
yields
(231) Lyh(0) = g* (0)RT Rg(0)

The matrix RT R need not be positive definite and so we need one additional condition that we obtain by
differentiating (229) to get

oh, . T
(232) %(0) =g (OR'R

With this, one can use (231) to conclude that Lgh(O) is nonsingular, which means the system has relative

degree one. {

If the system has relative degree one at z = 0, one can define a local coordinate change (z,&) = (T'(x), h(z))

and rewrite the system equations in normal form

z = Q(27£)+7(Z7£)u
(233) € = a(z,8) +b(zH)u
y = §

where b(z,&) = Lgh(z) is locally invertible near = 0. For the normal form system in (233) , the require-

ment y = 0 is satisfied with the feedback law

u=—b"'(z,0)a(z,0)
and so the zero-dynamics subsystem exists locally with the differential equation
(234) £ =q(2,0) = (2,007 (2,0)a(z,0) == ¢(2)

We will now use this representation of the system in normal form to examine the zero-dynamics of a passive

system.

Recall that the system is minimum phase if the equilibrium of its zero dynamics (234) is asymptotically stable.
It is weakly minimum phase if it is Lyapunov stable and there exists a C? positive definite function W (z) such
that LW < 0in a neighborhood of z = 0. The following theorem asserts that if a system is passive it is also

weakly minimum phase.
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THEOREM 113. (Weak minimum phase of passive systems) If the affine system © = f(x) + g(z)u with

y = h(x) is passive with a C? positive definite storage function V (), then it is weakly minimum phase.

Proof: By definition, the zero dynamics of the system evolve in the manifold ¢ = h(z) = 0. In this manifold

the second passivity condition , [LgV]T (z) = h(z) implies that L,V = 0. Because V < u”'y = 0, we have
V=L{V+LVu=L;V <0

So V(x) is non-increasing along solutions in the manifold h(z) = 0 and the equilibrium z = 0 of (234) is
stable. $

The relative degree and zero dynamics of the affine system are invariant under feedback transformations
u = a(z) + B(z)v. This is because Lyh(0) is simply multiplied by b(0) and so the relations in (234)
are unchanged by the transformation. This also means that relative degree one and weak minimum phase
conditions are necessary for feedback passivity. These observations can be summarized in the following

theorem.

THEOREM 114. (Feedback Passivity) Assume that rank % (0) = m. Then the affine input system is feedback
passive with a C? positive definite storage function V () if and only if it has relative degree one at x = 0

and is weakly minimum phase.

This theorem is clearly of major interest for feedback passivation designs because it provides a significant

limit on when this method can be used.

Example: By selecting the output y = x» for

T 1 T1T2
l"g = u
we obtain a relative degree one system which is already in its normal form. Its zero dynamics subsystem

41 = 0 is only stable so that the system is weakly minimum phase. A feedback transformation is

U=+ gczl)’
renders the system
.’i‘l = l‘%.’L‘g
L 3
To = —x]{+0v
y = 22

which is passive with storage function V (z) = L3+ 3 3. Since y(t) = v(t) = 0implies z1(¢) = z2(t) = 0,

the additional output feedback v = —y achieves global asymptotic stability of (x1,x2) = (0, 0).

Example: The nonlinear equations for an m-link robot take the form

M(q)i+C(g,4)q + D+ g(q) = u
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where ¢ is an m-dimensional vector of generalized coordinates representing joint positions, w is an m-
dimensional control input, and M (q) is a symmetric inertia matrix that is positive definite for all ¢ € R™.
The term C/(q, ¢)¢ accounts for centrifugal and Coriolis forces. The matrix C' has the property that M—2Cis
a skew-symmetric matrix for all ¢, ¢ € R™, where M is the total derivative of M (¢) with respect to time. The

term D(q), where D is a positive semidefinite symmetric matrix, accounts for viscous damping. The term

T
9(q), which accounts for gravitational forces is given by g(q) = [a};—éq)} where P(q) is the total potential
energy of the links due to gravity. We consider the regulation problem of designing a state feedback control
law so that g asymptotically tracks a constant reference ¢,.. Let e = ¢ — q,- denote the position tracking error.

Then e satisfies the differential equation
M(q)é + C(g,4)é + Dé+g(q) = u
The objective is to stabilize this error system about e = 0 and é = 0.
Since (e, é) = (0, 0) may not be an equilibrium of the system, we consider a control of the form
u=g(q) — Kpe+v

where K, is a positive definite symmetric matrix and v is the new control variable. This control compensates
for the gravitational force g(q) that disturbs the system away from the origin. Substituting this control into

the error differential equation yields,

M(q)é+ C(q,¢)é + Dé+ Kpe=v
thereby ensuring that (e, ¢) = (0, 0) is an equilibrium point for the system.
We take as a candidate storage function

1 1
Ve, é;q) = 5éTM(q)é + 5eTer

This function is positive definite and when we compute its directional derivative we see that

. 1 .
Vv = ¢'Mé+ §e'TMé +eTKpe
1 .
= 5eT(M —2C)e —é¢T'Dé — T Kpe + Mo + T Kpé
< eTo

So we take the output function to be y = é to render the system from input v to output y passive with storage

function V.

Based on our earlier theorems, this choice passivates the system, but to see whether passivity implies the
asymptotic stability of the origin, we need to check to see if the system is zero-state observable. For v = 0,
we see that y(t) = 0 for all ¢ if and only if é(¢) = O for all ¢. This implies that é(¢) = 0 for all ¢, which
implies that K,e(t) = 0 and so e(t) = 0. We may therefore conclude that the system is zero-state observable

and so it can be globally stabilized by the control v = —¢(¢é) with any function ¢ such that ¢(0) = 0 and
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yT¢(y) > 0 for all y # 0. The choice of v = — K 4¢é with a positive definite symmetric matrix K results in

the control

U= g(LI) - Kp(q - QT) — Kqq

which is a classical PD contoller with a gravity compensation term.

3. Passivation of Cascades

This section examines feedback stabilization designs for the cascade of two nonlinear systems with subsystem
states, z and £ as shown in Fig. 2. In this cascade, we see that the control enters only the & subystem. The

interconnected subsystems are assumed to satsify the following differential equations

2= fx)+9(z8)
£ = alu)

The important thing to note is that the driving £ subsystem only depends on the control, u, and the state
&. The way in which the output, &, of the driving subsystem impacts the driven z system is through the

interconnection function 9 (z, ¥).

u & z

—> Eza(fau) —> Z:f(Z,f) —>

FIGURE 2. Cascade System

As we demonstrated in earlier chapters, the stability of the driving and driven system need not imply the
stability of the cascade. This means, of course, that if the two subsystems are only passive, we cannot ensure
the passivity of the cascade as well. Our problem, therefore, is to use feedback passivation to stabilize the
cascade in Fig.2. The approach we use depends on identifying two passive subsystems of the cascade and
then use the control to form their feedback interconnection, thereby ensuring through the passivity theorem

81 the passivity (and the stabilizability) of the entire cascade.

The main assumption we use to achieve this objective is that the equilibrium of the unforced driven systemm
z = f(z), is globally stable with a C? radially unbounded positive definite function W () such that L ;W <

0. So we are only assuming that the driven system Z = f(z) is globally Lyapunov stable.

To examine how the passivation design is done, we first consider a cascade in which the driving system is

linear.

f(z) +9(2,€)
¢ = A¢+ Bu

z
(235)

To identify two passive subsystems, (G1 and G2, we factor the interconnection function as

(236) P(2,6) = ¥(2,6)C¢
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We have thus created the linear block (7 with the transfer function
Gi(s)=C(sI - A)~'B

For this block to be passive, the choice of the output matrix C' must render G1(s) a positive real transfer

function. The block G is the nonlinear system

2= f(2) + ¥(z,§ug

with the input us = y; and the output y, has yet to be defined. We are free to select the output ys = ha(z, )
to guarantee passivity. Using W (z) as a positive definite storage function for G, we require
ow

(237) W= == (f(2) + (2. 0m) < ysus

Knowing from our assumption that LW < 0, we satisfy the dissipative relation in (237) by selecting
o [ow 77"

@38 = a6 = (L) (6) = 7 | T

The block G4 that we just constructed is, therefore, passive. Next with the feedback transformation v =
—ha(z, &) +v we create the feedback interconnection if Fig. 3 which by the passivity theorem is passive from

v to y1. By Theorem 109, we can therefore achieve global stability with the control v = —y;.

FIGURE 3. Rendering the cascade in (235) passive from v to y;

We can apply the previous construction in an analogous manner to the cascade with a nonlinear &-subsystem

to obtain the following theorem

THEOREM 115. (Feedback Passivation of Cascade) Suppose that for the cascade

f(2) +9(z,€)
£ = al®)+bQu

in which the equilibrium z = 0 of 2 = f(2) is globally stable with a C? radially unbounded positive definite

z
(239)

function W (z) such that LW < 0. Suppose there exists an output y = h(§) such that

o the interconnection \(z,€) can be factored as ) (z, &) = (2, )y,
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o the subsystem

£ = al®)+bE)u
y = h(&)

is passive with a C' positive definite, radially unbounded storage function U (£).

(240)

Then the entire cascade in (239) is rendered passive with the feedback transformation
(241) u=—(L;W)"(z,6) +v

and V (z,€) = W(z) + U(§) is its storage function. If, with the new input v and the output y, the cascade is
ZSD, then v = —ky with k > 0 achieves global asymptotic stability of the equilibrium (z,£) = (0,0).

Example: Let us consider the system

2 = —z+2%
£ = u

We will consider two strategies for stabilizing this system. In the first strategy, we use partial feedback of &

(242)

to force the driving £-subsystem to go to zero. The idea is that by driving £ to zero that the stability of the
unforced driving system z = —z will be sufficient to ensure the stability of the cascade. The second strategy

will use full state feedback to implement a feedback passivating control.

While both strategies achieve local stabilization of the origin, there is a subtle difference in global nature of
the stability achieved. In particular, we will show that the first partial feedback strategy only achieves what
is called semiglobal asymptotic stability, by which we mean that there is a control for any initial condition
that assures asymptotic stability, but the gain required to achieve that convergence grows with the distance
of the initial state from the equilibrium. On the other hand, the passivating control is able to achieve global
asymptotic stability in the sense that there is a fixed control law that assures convergence to the origin for any

initial condition.

Let us first look at the partial feedback approach. In this case we use a linear feedback law u = —k& with
k > 0 to achieve asymptotic stability of (z,£) = (0,0). We use the Lyapunov function V' (z,£) = 22 + &2 to

estimate the region of attraction. The derivative of V' is

2
(243) V=22 ke g = [ g}[_; 22 Hz

negative for z2 < 2v/k. An estimate of the region of attraction is the largest set VV = ¢ in which V < 0.

. . . 2 .
This shows that with a feedback gain k > - that we can guarantee any prescribed c. In other words, we can
guarantee convergence from an initial condition, o, with V(z¢) > c only if the gain k& > c? /4. So this what

we mean when we say the system is semi-globally asymptotically stable.

Let us now consider a passivating design that employs full-state feedback to achieve global stabilization. We

use y; = & to first create a linear passive system G1. Then by selecting W (z) = %22 as a storage function,
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we establish that the first equation in (242) defines a passive system G’y with uy = ¢ as the input and 5 = 2°

as the output. Hence with the feedback transformation
uz—y2—|—v: —22 v

the cascade (242) becomes a feedback connection of two passive systems. The ZSD property is also satisfied
because in the set y; = £ = 0, the system reduces to Z = —z. Therefore a linear feedback control v = —kyy

with k£ > 0 will render the whole cascade globally asymptotically stable (GAS).

When the subsystem (240) is feedback passive rather than passive, theorem 115 applies after a passivating
feedback transformation. In particular, when the £-subsystem is linear as in (235), we know the system
(A, B, C) is feedback passive if and only if it is weakly minimum phase and has relative degree one. After a

linear change of coordinates, the system (A, B, C') can be written as

€ = Quéo+Quay

(244) i
g = Q2 + Q2y+ CBu
and the feedback transformation
(245) u=(CB) 1 (—2Q1,P11& — Qu1& — Qa2y +v) := FE + G

renders the system passive with the storage function U = &I Py& + %yTy. The results of the preceding

discussion are formalized in the following theorem

THEOREM 116. (Passivation of partially linear cascades) Suppose that for the cascade

os6) = I 490
¢ = Af+ Bu

that the origin of 2 = f(z) is globally stable with Lyapunov function W (z) and assume there exists an output
y = C& such that

e the interconnection \)(z, §) can be factored as ¥ (z,&) = ¥(z,&)y,

o the system (A, B, C) has relative degree one and is weakly minimum phase.

Then the entire cascade (246) with y = C& as the output is feedback passive. Its passivity from v to vy is
achieved with the feedback transformation

(247) u=F¢=G(L;W)" (2,6 + Gv

where F and G are defined as in (245). The feedback control v = —ky for k > 0 guarantees GAS of
(2,€) = (0,0) if 1) 2 = f(2) is GAS and (A, B) is stabilizable or 2) the cascade with output y and input v
is ZSD.

Example: Consider the cascade,
o= =g+ (e +&)7
(248) &G = &

&b o= w
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the z-subsystem 7 = —qz3 is GAS when ¢ > 0 and only GS when ¢ = 0. With y; = c£; + &, the

interconnection term 1) (z, £) is factored as (2, £) = y; 2. The resulting £-subsystem is

et
(249) ?1 ;Cl Y1

1 = —c&t+cey+u
This subsystem has relative degree one and its zero dynamics subsystem is fl = —c&. Hence the &-

subsystem is minimum phase if ¢ > 0 and nonminimum phase if ¢ < 0. For ¢ > 0, this linear block

G is rendered passive by a feedback transformation
(250) u=—(1-c& —(1+e)y +v

which achieves U < vy, with storage function U (£) = (&2 +y3). To render the nonlinear block G passive,

we select W (z) = 122 and let the output be y, = L;W(z) = z*. Then closing the loop with
(251) v:—y2+w:—z4+w

we render the entire system passive from w to y;. The remaining step is to verify whether the feedback
law for w = —y; achieves GAS. When ¢ > 0, GAS is by condition 1) in theorem 116. When ¢ = 0, the
ZSD property requires ¢ > 0, that is the linear subsystem must be strictly minimum phase: in the set where
y1 = w = 0, which implies ¢; = ¢?£; — 2% = 0. It is then clear that (z,&;) = (0, 0) is the only invariant set

of 2=0,& = —c& onlyif ¢ > 0.

Example: Let us now consider a nonlinear cascade

= &)+

(252)
a(z,€) +b(z,&)u

and assume that 2 = f(z) is globally stable with Lyapunov function W. We also assume that b=1(z, &)
exists for all (z,£). We can make (252) passive by selecting y = ¢ and letting ) = 1)(z, £)¢. The feedback

transformation
(253) w=b"(zp) (v—alz,y) - LW (=)
renders the entire cascade (252) passive with the storage function

(254) Vi(z,y) =W(z)+ %yTy

Example: The rotational motion of a rigid body subject to three independent scalar control torques can be

modeled by

1
po= 5Is+S0p)+p")w

Mo = —-S(w)Mwu
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where w € R? is the velocity vector and p € R? is a particular choice of parameteric parameters that lead to

a three-dimensional representation of the rotation group. The matrix S(z) is a skew-symmetric matrix

0 —I3 Z9
S()=| w3 0 —=
—x2 I 0

M is a positive definite symmetric inertia matrix and I3 is a 3 x 3 identity matrix.
We take the output y = w and note that the system may be viewed as a cascade of a driving system,
Mo = —-SwMw+u
y = w
with the driven system
p= % [I3+ S(p) + pp" | w
Let us take V (w) = 2w” Mw and note that
V=w'Mi=-wI'SwMuw+wTu=y"u
where we used the property that w”'S(w)w = 0. The driving system therefore is passive.

The unforced driven system p = 0 has a stable equilibrium point at p = 0 and any radially unbounded
positive definite C'* function W (p) will serve as a Lyapunov function. So all of the assumptions for feedback

passivation are satisfied and the entire cascade can be rendered passive by the control

oW 1 g
u:—{8p2[13+5(p)+ppq} +v
Taking W (p) = k1In(1 + p* p) with k > 0 yields,
_ kp” T !
u o = —{H_pr[Is-i-S(P)‘f'PP]} to
= —kp+v

where we used the property that p”'S(p) = 0.

To establish asymptotic stability of the origin, we still need to check zero-state observability (detectability)

of the passive system

. 1

po= 5 Us+5S0p)+p]w
Mw = —-SwMw—kp+v

y = w

With v = 0, we see that y(¢) = 0 if and only if w(¢) = 0. This implies that w(¢) = 0, which in turn allows

one to deduce that p(¢t) = 0 or all t. So the system is zero-state observable and we can globally stabilize it by
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the control

u=—kp—pw)
with any locally Lipschitz function ¢ such that ¢(0) = 0 and y” ¢(y) > 0 for all y # 0.

4. Backstepping Feedback Passivation

The feedback passivation designs discussed in the preceding section for cascade structure will now be ex-
tended to a larger class of nonlinear systems. This section shows how the recursive design procedure known
as backstepping from chapter 8 can be used to bypass the relative degree-one obstacle that limited the passi-

vation designs discussed in the preceding section.

Backstepping is applicable to nonlinear systems in lower-triangular form and while it does bypass the rel-
ative degree obstacle, it still requires the system to be minimum phase. A complementary recursive design
procedure known as forwarding can be applied to system in upper-triangular form and this provides a method
for avoiding the minimum phase requirement. A brief description of forwarding will be found in the next

section.

We will discuss the use of backstepping in feedback passivation by first presenting an example and then

formalizing what we see in this example. In particular, we consider the following strict-feedback system

T1 = To+ 9.13%
(255) i‘g = ,:Eg
i’g u

where 6 is an uncertain parameter known to belong to the interval § € [—1,1]. This system is shown in
the block diagram of Fig. 4 where there is a feedback loop and the absence of forward paths other than the
integrator chain. When u = 0, the system has two types of instability: a linear instability due to the double
integrator (72, z3) and a nonlinear instability occurring in the subsytm #; = 6x2. The objective is to achieve

global asymptotic stability (GAS) through a systematic passivation design.

u

—»/—:Ci/ﬁbO—»/ >

0%(-) (a—

FIGURE 4. The block diagram of a strict feedback system

To use the feedback passivation methods of the preceding sections we need to identify a passivating output
and a storage function to be used as a Lyapunov function. The two requirements of the passivating output are

: relative degree one and weak minimum phase. For an output of (255) to be relative degree one, it must be
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a function of z3; so we let y3 = 3 — as(x1, x2). We then need to select ag (1, x2) to satisfy the minimum
phase requirement; namely that the zero dynamics are GAS. Setting y3 = 0, we see that the zero-dynamics

subsystem is

. — 9 2
(256) T To + Ox]

Ty = az(z1,72)
For this subsystem, we need to find a stabilizing control law (21, 22). This feedback stabilization problem,
however, is for a lower order subsystem than the original third order system in (255). So we’ve reduced the
original problem’s complexity to the stabilization of a second order system

T = xo+ 0x?
(257) . !

o = X3
in which x3 serves the role of the “control”. To solve this lower order problem we again need to construct
a new relative degree one passivating output yo = w2 — (1) and design o4 (z1) to achieve GAS of the

zero-dynamics subsystem

(258) i1 = aq(zy) + 023

Once more the problem has been reduced, but now to the stabilization of the first order subsystem
(259) B = a9+ 028

in which x5 is the “control” and y; = z; is the output.

Note that our construction of the passivating outputs y;, y2, and y3 proceed in a bottom-up direction: from
Y3 to yo to y1. These outputs were obtained by constructing functions o (z1) and ay (1, z2) each playing
the role of a “control law”: a1 (z1) for z2 as a “virtual control” of equation (259) and aw(x1,x2) for 3 as
a “virtual control” of (257). This shows that the recursive design procedure must proceed in the top-down
direction, by first designing o (1), then ap (1, z2) and finally as(z1, x2,x3) which is the actual control
u to be used. In this top-down direction, we start from the scalar subsystem (259), then augment it by one
equation to (257) and again by one more equation to the original system (255). On a block diagram, we move

“backward” starting from the integrator furthest from the control input, hence the term backstepping.

This is, of course, the same backstepping procedure we introduced earlier in chapter 8. The only major
difference now is that the construction of the controls is based on a feedback passivating technique, rather

than the universal formulae discussed in chapter 8.

Let us now reinterpret the construction of the passivating outputs as a backstepping construction of the ”con-
trol laws” ay (x1), ae(x1,x2), and as(z1, 2, x3). In the first step, the subsystem (259) with output y; and
input x5 is rendered passive by the “control law” «a;(x1). At the second step the subsystem (257) with the
output yo = xo — (1) and input z3 is erndered passive by the control law aw(x1, x2). At the third and
final step, the original system (255) with output y3 = x5 — as(x1,x2) and input u is rendered passive and
GAS by the control law u = as(x1, 2, x3). At each step a Lyapunov function is constructed that also serves

as a storage function.
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One may also assert that backstepping circumvents the relative degree obstacle to passivation. For the output
y = z1, the original system has relative degree three. However, at each design step, the considered subsystem

only has relative degree one with the zero dynamics rendered GAS at the preceding step.

The basic step described above is now formalized in the following theorem

THEOREM 117. (Backstepping as recursive feedback passivation) Assume that for the system
(260) = f(2) +g(2)u

a C! feedback transformation u = a(2) +vg and a C? positive definite radially unbounded storage function
W (z) are known such that this system is passive from the input vg to the output yo = [LgW]T (2). In other

words, W < yd'vo. Then the augmented system

2= [f(2)+9(2)¢

(261) :
§ = a(z8)+b(zu

where b=1(z, &) exists for all (z,1), is feedback passive with respect to the output y = £ — ag(z) and the
storage function V(z,y) = W(z) + %yTy. A particular control law (”exact backstepping”) that renders
(261) passive is

oo

(262) U = b_l(z7§) <_a(z7§) — % + aZ

(f(2) + 9(2)6) + )

The system (261) with (262) is ZSD for the input v if and only if the system (260) is ZSD for the input v.

Proof: Substituting £ = y + a(z), we rewrite (261) as

i o= f(2)+9(2)(ao(2) +v)

(263)
y = alzy+ao(z)) +b(zy + ao(z))u - do(z,y)

After the feedback transformation in (262), this system becomes

5 o= f(2)+9(2)(a0(z) +y)

(264) )
Yy = —Yo+v

The passivity property from y to v is established with the storage function V- = W(z) + %yTy. Its time

derivative satisfies
V=W+y"(—yo+v) <y'v
where we used the passivity assumption W< yd v and the fact that vy = y.

To verify the ZSD property of (264), we set y = v = 0 which implies yo = 0. Hence the system (264) is
ZSD if and only if z = 0 is attractive conditionally to the the largest invariant set of 2 = f(z) + g(2)ag(z)
in the set where yo = (L,W)? = 0. This is equivalent to the ZSD property of the original system (260) for
the input vy and the output yg.
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5. Forwarding

Forwarding is a recursive procedure that removes the weak minimum phase obstacle to feedback passivation
and can be used on systems to which backstepping cannot be used. Backstepping, for example, cannot be

used on the cascade

io= f)+¥(z&)& i€{l,...,n}

£ = &
(265) € = &
£n = u

We cannot use backstepping here because the zero-dynamic subsystem is an unstable chain of integrators.

Forwarding circumvents this obstacle in a recursive manner. The method was introduced in [JSK96] and the

monograph [SJK12] contains a more thorough treatment of the method than I provide in this section.

Forwarding starts with the cascade,

2= f(2)+ (26
(266) & = uy
Yn = &n
which ignores the unstable part of the zero dynamics. This subsystem satisfies the passivation requirements
so that a Lyapunov function V,,(z,,,) and a stabilizing feedback u,, = a,,(z, &, ) are easy to construct. The
true control input is denoted by wu,, to indicate that the first step of forwarding starts with the £, -equation.

The second step moves “forward” from the input, that is it includes the &,,_1-equation:

énfl = gn
(267) o= f(2)+9(z )
én = Un(zagn)

This new subsystem is the cascade of a stable system én_l = ( with the globally asymptotically stable
system (z,&,,), the interconnection term being just the state &,,. We can then construct a Lyapunov function

Vi—1(2,&n,&n—1) that is is non-increasing along trajectories of (267). This means that the system

énfl = gn
En = un(2,&n) +un_1
Yn—-1 = LgVn—l
with input-output pair (w,—1,yn—1) is passive and the damping control u,,—1 = —y,_1 can be used to

achieve global asymptotic stability

By recursively adding a new state equation to an already stabilized subsystem we are able to recursively
build a Lyapunov function V;(z,&,,...,&1) such that the entire cascade is rendered feedback passive with

respect to the output y = L, V. This output is the last one in a sequence of outputs constructed at each step.
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With respect to each of these outputs, the entire system has relative degree one, but the weak minimum phase
requirement is satisfied only at the last step. At each intermediate step, the zero dynamics of the entire system

are unstable.

The preceding description shows that with forwarding the weak minimum phase requirement of feedback
passivation is relaxed by allowing instability of the zero dynamics, characterized by repeated eigenvalues on
the imaginary axis. Because of the peaking obstacle, however, this weak nonminimum phase requirement

cannot be relaxed further without imposing additional restrictions.

6. Energy-Balancing Passivity-Based Control

The passivity based control methods discussed above all presume the existence of a storage function that is
known ahead of time. Determination of this storage function directly from the & = f(z) + g(«)u description
of the system is often difficult, as there are many choices. When we go back to the underlying physics
behind the model, however, the storage function can often be identified from energy considerations. This
is, in fact, one of the great benefits of passivity-based control methods. PBC methods can use first principle
modeling knowledge to obtain and ultimately re-shape the total energy of the system in a meaningful and
useful manner. The rest of this chapter discusses methods that have been developed for directly using energy

concepts in passivity based control.

Let us consider a system that is connected to the external world through port power variables u and y, which
when multiplied together has units of power. In electrical systems, u and y correspond to current and voltage.
In mechanical systems these port power variables correspond to force and velocity. We confine our attention

to systems that satisfy an energy balance relation

T
(269) H(x(t) - H@(0) = [ u"()y()ds - (e
0
where H is the total energy function and d(t) is a non-negative dissipation term.

We consider the problem of stabilizing this “energy” system about a desired equilibrium point z*. Note that
by the energy balance assumptions, it should be apparent that the energy of the uncontrolled system (i.e.
u = 0) is nonincreasing and so will actually decrease in the presence of dissipation. If the energy function is
bounded below, then the system must eventually stop at a point of minimum energy. That minimum energy
point, however, may not be the same as our desired operating point. So the fundamental problem we are
concerned with is finding a control « that stabilizes the system’s operation about a desired equilibrium point

T*.

The strategy we will use to solve this stabilization problem involves selecting a control action v = a(x) + v
and an output z such that the redefined system with the new input v and output z satisfy a desired energy

balancing equation of the form

Ha(a(t)) — Ha(x(0)) = / o (s)2(s)ds — dal(t)
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where H is a desired total energy function whose minimum lies at the desired operating point * and whose
dissipation rate equals a desired dissipation (i.e. convergence) rate, d,(¢). Note that this strategy selects the
new control and output to reshape the energy function in a way that ensures passivity and thereby allows us

to stabilize through a selection of feedback control v.

One particular class of systems for which this approach works very well are mechanical systems. Let us
assume our uncontrolled system has an energy function H that satisfies the dissipation relation in equation

(269). Let us assume we can find a function «(x) such that

t
- [ aT(a(e)us)ds = Ha(a(®) +
0
for a function H,(x) such that the desired energy function
Hy(x) = H(x) + Hy(z)

has its minimum at the desired equilibrium z*. Then the control © = «(x) + v will ensure the map v — y
is passive with storage function H; whose minimum is at the desired equilibrium x*. Since this transformed
nonlinear system is passive, we know we can stabilize the set point z* through a simple output feedback law.
This idea of selecting « to reshape the energy function in a manner that assures stabilizability about a desired

setpoint is sometimes called energy-shaping or energy-balancing [OVDSMMO01].

Let us apply this energy-balancing approach to a passive system of the form

& = f(z)+g(x)u
y = h(z)

From our earlier discussion we know that passivity from u to y is equivalent to the existence of a non-negative

(270)

function H : R™ — R (i.e. the storage function) that satisfies the relations (theorem ??)

[ag;(:)r flx) <0, h(z)= Pgi@g “)r

From the preceding relation, we can then establish the following

THEOREM 118. Consider the passive system in equation (270) with storage function V(x). Let H,(x) be
a function such that Hy(x) = H(x) + H,(x) has a minimum at a desired equilibrium x*. If there exists a
vector function o(x) that satisfies the partial differential equation
OH,(x)
oz

then the control input w = «(x) + v renders the original system in equation (270) passive.

T
@) ] (f(x) + g(x)a(z)) = T (2)alx)

Remark: The main point of this theorem is to highlight the fact that the ability to ”shape” the storage function

about a desired equilibrium depends on our ability to solve the partial differential equation in (271).

Proof: This conclusion follows immediately after noting that the left hand side of equation (271) equals H,

while the right hand side is —y”u. So we see that

H, = —y"u
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we then integrate from 0 to ¢ to establish the passivity of the resulting system. <

A necessary condition for the solvability of the PDE in equation (271) is that A7 (x)a(z) vanishes at all
zeros of f(x) + g(z)a(x). In other words for any & such that f(Z) + g(Z)a(Z) = 0 we can guarantee that
hT(2)a(#) = 0. Note that f(z) + g(x)a(z) is clearly zero at the equilibrium and so the right hand side
—yTu should also be zero at the equilibrium. This right hand side is the energy extracted from the controller
and so one can conclude that we can use this energy-balancing method only if the system can be stabilized
by extracting a finite amount of energy from the controller. This will always be the case for the regulation of
mechanical systems where the extracted power is the product of force and velocity and we want to drive the
velocity to zero. It may be hard to enforce for an electrical or electromechanical system where power is the

product of voltages and currents and the equilibria are usually non-zero.

The preceding discussion showed that energy-balancing PBC is only applicable to systems with finite dissipa-
tion. A natural question is how one might characterize these cases where energy-balancing PBC can be used?
This question may be addressed by adopting an “interconnection” viewpoint to control. Namely, including
the way the “’controller” is interconnected to the “plant” as a way of increasing design flexibility. In particular
we view the controller X, as a one port system that will be coupled with the plant to be controlled, 3., through
a two-port interconnection system, 3. This interconnection is shown in Fig. 5. The interconnection in Fig. 5

is said to be power preserving if the two-port subsystem, 3, is lossless. In other words, we require

/Ot [ y'(s) we(s) } l 50((85)) ] ds =0

The following theorem provides conditions under which the interconnection in Fig. 5 is passive.

Ye y
— —
Ec + Ue ZI + u ¥

FIGURE 5. Control as Interconnection

THEOREM 119. Consider the interconnection in Fig. 5 with some external inputs (v, v.) as

uC yC UC

Assume X and ¥, are passive with states © € R™, ( € R™ and storage functions H(x) and H.(C), respec-

+

v
tively. Then the system [ ] — l Y
Ve

1 is also passive with storage function H(x) + H.(().
Ye

Proof: This is proven by the following calculation:

/OT[ v (s) vI(s) } l yyc((i)) 1 ds = /Ot uT(s)y(s)dS—i—/OTuCT(s)yc(s)ds

(272)

Y

H{(x(t)) + He(C(t) — H(x(0)) — He(¢(0))
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where the first equation follows from the lossless property of 3J; and the last inequality is obtained from the

passivity of each subsystem. <.

The preceding theorem suggests that we can use the interconnection of passive controllers to the plant through
a power-preserving interconnection to shape the closed-loop total energy. While we have great freedom in
assigning the controller’s storage function, H.((), the system energy function H(x) is given and it is not
immediately apparent how we can reshape the desired energy function to have a minimum at x*, when it is
a function of both z and ¢. One way of addressing this issue is to assume that the motion of the closed-loop

system is restricted to the set
273) QL {(2,0) : ¢ = F(a) + k}

By doing this we force a functional relationship between = and ¢ and so the closed-loop total energy can be

expressed as a function of x only
Va(z) = H(x) + He(F(x) + k)

Unfortunately, finding this F' again involves solving a partial differential equation. There are, however, special
classes of systems for which this approach is more tractable. This is the class of so-called port-controlled
Hamiltonian Systems (PCHS). The following section introduces this important class of systems and then
proceeds to show one can apply energy-balancing PBC to such systems. The importance of the PCHS class is
that it is actually relatively large. It can be used to model a variety of networked control systems and therefore
provides a framework that allows the application of PBC methods to the important class of networked control

systems.

7. Port-Controlled Hamiltonian Systems

This section describes the class of port-controlled Hamiltonian (PCH) systems, derives some of the model

properties and provides some applications where PCH realizations arise in a natural manner.

PCH systems are Hamiltonian systems that have been extended to include input/output ports modeling their
interconnection to the external environment. These models have their origin in analytical mechanics. It is
well known that one may obtain a physical system’s equations of motion by invoking a principle of least
action which asserts all physical processes seek to minimize their expended energy. This leads to a calculus

of variations problem whose solutions must necessarily satisfy a set of Euler-Lagrange equations

d (0L oL
274 — | ==(q,9) | — =—(q,9) =
(274) pn (aq' (g, q)) g LA ="
where ¢ = (q1,...,q)T are generalized configuration coordinates for the system with k degrees of freedom,

the Lagrangian, L, equals the difference K — P between kinetic energy and potential energy, and 7 =
(11,...,m)7T is a vector of generalized forces. In standard mechanical systems the kinetic energy is of the

form K(q,q) = %QTM(q)q', where M (q) is a k x k symmetric positive definite matrix.
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We define the vector of generalized momenta p = (py,...,pr)7 asp = %5 and by taking the state vector
(q1s--->qr,p1,---,pk)’, one tranforms the k second order Euler-Lagrange equations (274) into 2k first

order differential equations

i = %(g,p)

275) !
po= —Gilap)+T

where

Hap) = 39" M~ (a)p+ Pla) = 5d" M(@)i + P(0)

is the total energy of the system. The equations (275) are called the Hamiltonian equations of motion and the

function H is called the Hamiltonian.

An immediate consequence of this system is that it satisfies energy balance in that

. 0H OH
H=""6+—-"p=¢g"
8qq+ app qaT

The quantity g7 7 (product of velocity and force) represents mechanical power and the time rate of change
in the total energy H, is therefore seen to be equal to the amount of supplied work. So these systems satisfy
a conservation of energy principle. Moreover, if the Hamiltonian H (g, p) is the sum of a positive kinetic
and potential energy which is bounded from below, then it follows that the Hamiltonian system with inputs
u = 7 and outputs y = ¢ is passive (in fact lossless) with a storage function V' (¢,p) = H(q,p) — C > 0 in
which C'is a constant such that P(q) > C. Note that the difference between the storage function V" and the
Hamiltonian H is only a constant, so in the following we can let the storage function be represented by the

Hamiltonian, H.

Port controlled Hamiltonian or PCH systems are a generalization of Hamiltonian systems that can be written

i = [J(z) - R@)] G5 (2) + g(@)u
= ") 5

where J(z) is an n x n matrix whose entries depend smoothly on z and which is assumed to be skew-

(276)

symmetric
J(zx) = —JT ()

and R(x) = RT(z) > 0 represents the dissipation within the system. The particular form of PCH system
given above is sometimes called a PCH with dissipation because of the R matrix. If R = 0 (i.e. no dissipation)
then the the skew-symmetric nature of .7, allows us to recover the energy-balance relation H = u” (t)y(t) by
showing that the system (276) is lossless if H > 0 and R = 0.

Port-controlled Hamiltonian realizations arise systematically from network models of physical systems that
view the system as an interconnection of energy storing elements. This particular type of system arises in

biological, chemical, electrical, and mechanical systems, thereby providing a physical basis for the selection
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of storage function upon which to develop passivity-based controls. A few examples can be used to illustrate

the breadth of potential applications.

FIGURE 6. (left) controlled LC-circuit - (rigth) Boost Converter

Consider a controlled LC-circuit in Fig. 6 consisting of two inductors with magnetic energies H;(¢1) and
H(¢2) having magnetic flux linkages ¢; and ¢o, respectively, and a capacitor with electrical energy H3(Q)
(Q being the charge). If the elements are linear then H1(¢1) = 57-67, Ha(¢2) = 57;¢3, and H3(Q) =

%QQ. We let u denote a voltage source. Using Kirchoff’s laws one can obtain the following state equations

Q 0 1 -1 % 0
b1 = -1 0 0 GL I+ 1 |u
b 1 0 0 o 0
y = a—H = current through first inductor
)
with H(Q, ¢1,¢2) = Hi1(¢1) + Ha(d2) + H3(Q) being the total energy stored in the circuit. The skew
0 1 -1
symmetric matrix J = [ —1 0 0 takes its structure from the interconnections between the circuit
1 0 0

element, thereby providing a way of writing any electrical circuit as a port-controlled Hamiltonian system.

Example: Consider a rigid body spinning about its center of mass in the absence of gravity. The energy
variables are the three components of the body angular momentum p along the three principal axes p =

(Px, Py, P ), and the energy is the kinetic energy

1 (p2 by p?
Hip) =~ [Pz Py Pz
() 2<Im+ly+lz

where I, I, and I, are the principal moments of inertia. Euler’s equations describing the dynamics are

. 9
Dz 0 —DPz Dy (’);li
D2 —Dy Pz 0 ngz
0 —Pz Py
Note that the skew-symmetric J = D 0 —p, | isafunction of the system momenta.

Py Dz 0
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Example: The next example shows how PCH models with dissipation can be used to model switching
circuits. The right pane of Fig. 6 shows the circuit diagram for an idealized boost converter. Boost converters
are important switching circuits that allow the near lossless stepping up or down of input voltages. In a real
boost converter, the “switch” is realized by a transistor that is being toggled back and forth between its cutoff

and saturation regions. The system equations for this circuit are

OH

i 0 —u 0 0 2R 1
= — L1 + E
iy u 0 0 1/R o 0
_om
vy = (9.%‘1

with x; being the magnetic flux linkage of the inductor, z2 being the charge of the capacitor, and the total
energy H(z1,22) = 5-2} + 5=23. The control input u lies in [0, 1] represents the PWM switching duty
0 -1

0 0
ratio. The internal interconnection matrix J is either [ 0 0 1 or [ Lo | depending on the ideal

switch position. Clearly both of these J’s are skew symmetric. Since port-controlled Hamiltonian systems

are passive, we can deduce that the boost circuit may be modeled as switching between two passive” systems.

8. Interconnection and Damping Assignment

Consider the PCH system in equation (276) with storage function H and a desired constant equilibrium point

*

x*. The objective is to find a control u = «a(x) + v so that the closed-loop dynamics is a PCH system

satisfying the energy-balancing relation

Ha(a(t)) — Ha(2(0)) = / o (s)2(s)ds — da(t)

where H,(x) is the desired total energy with a strict minimum at z*, z is a new passive output and the
dissipation term has been set equal to a desired dissipation level dg(t) > 0. When we let v = 0, then the

control that solves the passivation will stabilize z* with Lypaunov function Hy(z).

The procedure we will use for designing the control was presented in [OVDSMEO02] and is called intercon-
nection damping assignment (IDA) passivity based control (PBC). The IDA-PBC design proceeds as follows.
Recall that in PCH systems the internal energy exchanges are captured by the interconnection and damping
matrices. So we first fix the desired structure of these matrices and then we derive a PDE parameterized by
the chosen matrices whose solutions characterize all of the energy functions that can be assigned. Finally, we
select, from this family of solutions, one that satisfies the requirements and use that solution to compute the
control law. IDA-PBC therefore provides a systematic procedure for the design of passivity-based controls
when the system can be realized as a port-controlled Hamiltonian system. The following theorem describes
the IDA-PBC method.

THEOREM 120. (IDA-PBC Theorem) Given J(z,u), R(x), H(x), g(x,u), and the desired equilibrium to

be stabilized x* € R™. Assume there exist functions a(x), Jo(z), Ro(x) and a vector function K (x) that
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satisfy

QD[ (2, a(x)) + Ja(z) = (R(z) + Ra(2))] K (2) = = [Ja(x) — Ra(z)] %(x) +9(z, ()

such that the following conditions hold

o the structure of Jg and R is preserved, i.e.

Ja(x) = J(z,a(x)) + Jo(z) = —Jq ()
R4(x) := R(x) + Ro(x) = RY(z) >0

o The underlying PDE is integrable, which can be assured if
oK oK, 1"
27 ) = | ==
@79 @)= | 5 @]
o The equilibrium is properly assigned, i.e. K(x) at x* satisfies

oOH
(279) K(a") = —5(a")

o We can assure x* is Lyapunov stability, i.e. the Jacobian of K (x) at x* satisfies the bound

oK . O°H .
(280) %(90 ) > —W(ﬂf )

Under these conditions, the closed loop system with u = o(x) will be a PCH system with dissipation and a

total energy function Hy

(281) Hy(z) := H(x) + Hy(x)
with

0H,
(282 e (2) = K(a

Furthermore x* will be a locally stable equilibrium of the closed-loop. It will be asymptotically stable if x*

is the largest invariant set within the set of x € R™ such that [%(m)} g Ry(z) agid (x)=0.

Proof: For every given a(z), J,(z), R, (z), the solution of equation (277) is a gradient of the form (282) if
and only if the integrability condition in equation (278) is satisfied. We can then use equation (281) to see

that the closed-loop system is a PCH system with total energy (281).

We now prove that under (279) and (280) that the desired equilibrium is stable. Notice that the equilibrium
assignment condition (279) ensures Hy(z) has an extremum at 2*, while the Lyapunov stability condition
(280) show that the extremum is actually an isolated minimum. On the other hand, from (270) (with v = 0
and a suitably defined d;(t)) we have that along trajectories of the closed loop, H4(x(t)) is non-increasing
and therefore qualifies as a Lyapunov function. So we can conclude x* is a stable equilibrium. Asymptotic

stability follows from the Invariance principle. <>
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Theorem 120 itemizes the relationships that must occur in designing a stabilizing control for a PCH system.

For systems

H
b= @) - R@) G+ gl
0H
_ T z
we can fix J,(z) and R, (x) and then look for a solution of the PDE
0H, 0H
g7 [J (@) + Ja(z) = (R(z) + Ra(2))] = g7 () [Ja(z) = Ra(2)] -~
ox Ox
in terms of H,(z) where g* is a left annihilator of g(x). This yields a linear PDE of the form A(z) 2 =

b(x) which one can solve using the method of characteristics. The control may then be directly computed
from the formula

or
ox

@) |+ du - (R R (7, Ry

a(z) = [¢7(z)g(2)] e

Notice that this construction does not require us to “guess” a candidate energy function. In many of the
Lyapunov based redesign methods, one must first have a candidate Lyapunov function to start the design. For

PCH systems, that choice of the Lyapunov function arises directly from the physical structure of the system.

We now illustrate the design of IDA-PBC controllers for the DC-to-DC boost power converter whose PCH
model we gave in the preceding section. Recall that this system is described by a PCH model where x =

0 — 0 0
[z1,22]" and g = [E, 0] with J(s) := l 0” ] and R = l R ] with H(z) = 7723 + 55735 as
u

the total energy. The input u € [0, 1] represents the duty ratio of the PWM switching.

Following the method proposed in theorem 120, we initially set J,(2) = R,(x) = 0 and define the vector
K(x) as

kl (Z) _ )
K(z) = = (J(a) - R)™!
ka(z) 0
__£E
(283) = [ Ra;(z)
T )
The integrability condition (278) then becomes
Ohy ) Oy
8x1 o 8x2
which yields the nonlinear PDE
akg 2 ak?
-2 k=2 (g) =
Ok )t RE 5, ) =0

A solution to this PDE may be obtained to see that

C1%2 +C3
(2/RE)c1z1 + 2

(284) ka(x) =
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where ¢; for ¢ = 1, 2, 3 are arbitrary constants. Replacing (284) into (283) defines the control law

(2/RE)61£E1 + CQ)
1Tz +c3

(285) alz) = - (

We will now check the remaining conditions in theorem 120 to determine intervals for the constants c;,

1 = 1,2, 3, so that the stabilization objective is achieved with the control u = ().

o To enforce (279), we evaluate the control (285) at the equilibrium point. This gives the following

linear function that relates the constants

(286) C2:_(RQE2+C>61—Vd
o After some algebria, one can verify that the Hessian condition (280) is satisfied provided if c3 < 0

and

R%*E? PN

c c:

aLvi - oy

or if cg > 0, then
R?E?
oV, S S Ty

Even though the controller above ensures a stability property, it requires full state feedback and is sensitive
to the load resistance R, which may be unknown or time-varying. We will now show that by changing the

damping structure, these two issues can be avoided.. Towards this end, select the injected damping matrix as
R, = diag{R,,—1/R}
with R, > 0. This yields the desired closed-loop damping R, = diag(R,,0), and so

1
~RCT2 ]

1 R,
—pRar1 — B+ 3% aa)

1

a(z2)

K(z) =

Since « is only a function of xo, the integrability condition (g% = %) reduces to the ODE
1 T2

do _ 1—-R,RC/L oy
E(ﬂf?) = Ta(wz) = ;2@(332)

This ODE can be solved by the separation of variables method to get «(z:2) = ¢y where ¢; is a constant

% to assign the equilibrium. To ensure that 2* is a minimum of H4(x), we examine
2

the Hessian and verify that it is positive definite if and only if —1 < v < 1. In summary, we’ve shown that

the output feedback IDA-PBC

that we choose a ¢y =

X9 v
a(zy) =u* | =) for0<y<1
Ty

asymptotically stabilizes x* for all load resistance R > 0.
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9. IDA-PBC Example: stabilization of food-chain

This section concludes the chapter with a system that is neither electrical or mechanical to demonstrate that
these approaches may also be applied to biological systems [OABRO0]. In particular, we consider a second

order predator-prey system

.%"1 = f(:z:) — X

2 = —f(z)—22+u

The state variables represent the biomass of a two guilds in an aquatic ecosystem. The function f(z) describes
the predation response function. If one considers the Lotka-Volterra model [Lot25], then f(z) = x1x5, if we
consider a more realistic consumer-resource model [YI92] then f(z) = T+, to show that predator consump-
tion is bounded. In this section we’ll use the Lotka-Volterra model. The control action u represents an inflow

or outflow rate for the predator that could be associated with stocking or culling the existing population.

Note that the evolution of the system is restricted to the non-negative orthant, i.e. x;(¢) > 0 for all ¢. The
control objective is to stabilize a specified positive equilibirum x* with positive control (i.e. u ¢, 0 (stocking)).

We define the total mass H(x) = x1 + 2 as the system’s Hamiltonian and write the PCH equations with

0 12

J(x)[

—X1T2 0
with g = [0,1]7.

Since the system is fully damped, we can set R, (x) = 0, (no additional damping is needed). In this case the

vector function K (z) reduces to

K(z) = —4) [ N ]

o 1+ 122
from which we can conclude that

(287) Toka(r) = ki(z)

The integrability condition in this two-dimensional case reduces to g—’;;(x) = Ok

= 52> (2), which combined with
(287) yields the linear PDE

Ok oy,
(288) 37:51(36) - $287x2(95) =0

A family of solutions to this PDE is
ki(z) = @(C(2)), ((z) =1 +logas

for any differentiable function ®(-). From equation (287), we also obtain

a(z) = —0(¢(x))

T2
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The equilibrium condition requires

Hence ®(-) must be such that ®({(z*)) = —1, where ((x*) = a7 + log i = z7. It is clear then that we

cannot take ®(¢) = . Instead we use the function ®(¢) = c;e2¢ with ¢; and ¢, constants to be defined.

We now verify the Hessian condition. Some algebra shows that

oK , 1 e
%(.’17) = 01C2602< 1 % ( B i)

z2

which when evaluated at the equilibrium point yields,

0K , .. 11
e o

Cz*l
1 ==

The determinant of this matrix is 1, and so it is positive definite if and only if c2 < 0.

We now investigate the asymptotic stability properties. Note that the set
S={zeR% : —z1(1+ ki1(z))® — 22(1 + ko())* = 0}

consists only of the ponts = 0 and x = x*. It can be easily shown that z = 0 is unstable. So we have just

shown that with the control
w(x) = (1 + zy2)x5ec®—o1)

that all trajectories starting in 2:(0) will converge to an exquilibrium (z7,1).

10. Concluding Remarks

Passivity-based control is an important and useful method for constructing stabilizing controllers. The method
redefines the output of the system and inputs of the system (though a feedback transformation) that renders
the redefined system passive. Once passivated, it then becomes possible to stabilize the equilibrium of the
system through a simple output feedback law. When that passivated system is zero-state detectable, then
the equilibrium is asymptotically stable. The use of such feedback transformations, however, also limits
the type of systems for which this feedback passivation method is applicable. In particular, it only works
if the passivated system is minimum phase with a relative degree of one. When this is not the case, then
more modern recursive methods such as backstepping, forwarding, or an interlacing of the two will need to
be employed to circumvent these obstacles. Another potential issue with these methods is that they require
knowledge of a storage function for the passivated system. Such storage functions may, in general, be difficult
to obtain unless we can take advantage of first principle modeling of the system. This is possible for systems
that can be realized as port-controlled Hamiltonian systems. In this case, the system’s Hamiltonian and
knowledge about its interconnection and dissipations structures can be used to provide a systematic method

for constructing stabilizing controllers.
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The discussion in this chapter was taken from two primary sources, the original book [SJK12] on constructive
design methods and the original paper [OVDSMEQ2].



