2015 American Control Conference
Palmer House Hilton
July 1-3, 2015. Chicago, IL, USA

Synchronization Stability of Lossy and Uncertain Power Grids

Thanh Long Vu* and Konstantin Turitsyn, Member, IEEE

Abstract— Direct energy methods have been extensively de-
veloped for the transient stability analysis and contingency
screening of power grids. However, there is no analytical energy
functions proposed for power grids with losses, which are
normal in practice. This paper applies the recently introduced
Lyapunov Functions Family approach to the certification of
synchronization stability for lossy power grids. This technique
does not rely on the global decreasing of the Lyapunov function
as in the direct energy methods, and thus is possible to deal
with the lossy power grids. We show that this approach is
also applicable to uncertain power grids where the stable
equilibrium is unknown due to possible uncertainties in sys-
tem parameters. We formulate this new control problem and
introduce techniques to certify the robust stability of a given
initial state with respect to a set of equilibria.

I. INTRODUCTION

A large number of agents in natural world can reach a
common group objective through simply local interactions.
Examples include flocking of birds, schooling of fish, and
herding of animals. Such striking collective behaviors have
blown a great research interest in many disciplines such as
biology [1], social sciences [2], physics [3], computer science
[4], and engineering [5].

This paper analyzes a collective property of power grids
where a large number of generators reach a common angular
velocity through their local interactions. This problem is
known as frequency stability or synchronization stability.
Formally, the multimachine power grids are characterized by
the weighted graph G(V, &, A) with nodes V = {1,...,n}
representing generators, edges £ C V x V, and positive
weight matrix A including ay; = a;j; > 0 which denotes the
strength of interaction between generators in each undirected
edge {k,j} € €. The post-fault dynamics of each generator
is characterized by the rotor angle ¢y, and its angular velocity
b5, and described by the so-called lossy swing model:

Moy + ddx = P — Z ak; sin(d — d; + az) (1)
{k,j}e&

The synchronization stability problem in this network of
generators formally concerns the convergence of generators’
angular velocities b, to a synchronous velocity, while the
generators’ rotor angles J; converge to a stable equilibrium
{47, ...,0"} representing the desired operating condition. In
the dynamics (1), the synchrony is enforced by the diffusive
couplings sin(dx —d; + ay;) between each generator with its
neighbors, yet it is weakened by the heterogeneous toques Py
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that drive the generators away from the synchronous velocity.
Also, the nonlinear sinusoid couplings result in a system
with multiple equilibria. As such, the synchrony can only
obtained locally, instead of globally as in systems with linear
couplings [6]-[9]. These rich dynamic properties make the
synchronization problem of power grids challenging.

For multimachine power grids without losses, i.e. a; = 0
for all pair {k,j} € &, direct energy methods have been
investigated to certify the synchronization stability of the
system [10]-[14]. Exploiting the antisymmetric property of
the couplings, i.e., ay;sin(dy — ;) = —a;,sin(d; — ox),
the energy function is proven to be always decreasing in
the whole state space. As such, the system is guaranteed to
converge to the stable equilibrium point from any initial state
lying in the energy function level sets that do not contain
any other equilibrium point. Much effort is then spent in
determining the stability region as the largest energy level set
by specifying the closest unstable equilibrium point (UEP)
[15]-[17].

In the presence of losses there is, however, no analytical
energy function proposed to guarantee the synchronization
stability of the systems. The asymmetric property of the
couplings, i.e., ay; sin(dy — 0; + auj) # Fajp sin(d; — o +
o), causes the natural energy function to not decrease, and
thus, the energy methods inapplicable [18], [14] (Chapter
VD).

In this work we extend the recently introduced Lyapunov
Functions Family method [19] to certifying the synchroniza-
tion stability of lossy power grids. The principle of this
method is to provide stability certificates by constructing
a family of Lyapunov functions, which are generalizations
of the classical energy function, and then find the best
suited function in the family for each initial state. Since the
nonlinear couplings among generators can be bounded by
linear functions in a region around the equilibrium point,
we can apply the well-known Popov stability methods to
construct Lyapunov functions for the system [20], [21].
This nonlinearity separation method can be traced back to
the pioneering work of Lur’e and Postnikov in 1944 [22].
Though the constructed Lyapunov functions are decreasing
only in a finite neighborhood of the equilibrium point,
instead of decreasing in the whole state space as the energy
function, they can generally certify stability for a broader
set of initial states compared to the energy function in the
closest-UEP method [19]. Also, the LFF stability certificate
is constructed via optimization-based techniques, rather than
by identifying the UEPs as in the energy method which is
known as an NP hard problem. In addition, the large family
of possible Lyapunov functions allows efficient adaptation
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of the Lyapunov function to a given set of initial conditions.
This adaptation can be seen as a counterpart of the problem
of searching for the suitable controlling UEP in the energy
method [23].

More interestingly, in this paper we show that the LFF
approach is applicable to uncertain power grids, in which the
equilibrium is unknown due to the uncertainty in mechanical
torques. Such uncertainty makes classical analysis and con-
trol approaches inapplicable, since these methods implicitly
assume that the equilibrium is perfectly known. We explicitly
formulate this new control problem of robust stability of
systems with unknown equilibrium and present optimization-
based techniques to construct the robust stability certificate
of a given initial state with respect to a family of equilibria.

Among other works on lossy power systems, we note a
recent study [24] that proposes to utilize network decomposi-
tion for transient stability analysis of lossy power grids based
on Sum of Square programming. Also addressing the related
problems in our work is the recent study on the stabilization
of lossy power systems, in which excitation controllers are
designed such that the closed system including the lossy
power system and the control system is stable [25]. Our work
is different from this work on that we certify the stability of
lossy power systems without reliance on the controllers.

II. LOSSY MULTIMACHINE POWER SYSTEMS

In normal conditions, power grids operate at a stable equi-
librium point. Under some fault or contingency scenarios,
the system moves away from the pre-fault equilibrium point
to some post-fault conditions. After the fault is cleared, the
system experiences the transient dynamics. This work fo-
cuses on the transient post-fault dynamics of the power grids,
and aims to develop computationally tractable certificates of
transient stability of the system, i.e. guaranteeing that the
system will converge to the post-fault equilibrium. In order
to address this question we use a traditional swing equation
dynamic model of a power system, where the loads are
represented by the static impedances and the n generators
have perfect voltage control and are characterized each by
the rotor angle J; and its angular velocity 5. The dynamics
of generators are described by a set of the so-called swing
equations:

Mok + dgdg + Pog — P = 0,k =1,.,mn,  (2)

where, m;, is the dimensionless moment of inertia of the
generator, dj, is the term representing primary frequency
controller action on the governor. P,,; is the effective
dimensionless mechanical torque acting on the rotor and P,
is the effective dimensionless electrical power output of the
kt" generator. In the power grids with losses, the electrical
power output is given by

P = V}?G}C + Z Vk‘/ijj sin(ék — 5]‘ + Oékj). 3)
JEN

Here, Vi, = G%j +B,§j, where Gj; and By, are the
(normalized) conductance and susceptance of the generator

obtained by Kron-reduction with the loads removed from
consideration. ay; = arctan(Gy;/Byj) = « ) represents
the lines with losses. Normally, |ag;| is small but not
negligible. The value V) represents the voltage magnitude
at the terminal of the k' generator which is assumed to be
constant. Ny, is the set of neighboring generators of the k'"
generator.

Substituting (3) into (2), we obtain the lossy model of the
multimachine power systems in the form (1):

mpdi + dpdy = P, — Z ak;j Sin((sk —0; + Oékj) 4)
JEN
where Py, = P, — V2Gy and ay; = Vi V;Y};. The desired
operating point of this is unambiguously characterized by
the angle differences 6y ; = d; — &7 that solve the following
system of power-flow like equations:

> ViViYagsin(Sy; + ay) = P (5)
JEN

Then, the set of swing equations (4) is equivalent with

Mg + didy = — Z ak.j(sin(dkj + Ozkj) — Sin(tszj + Oék-j))
JEN
(6)
Formally, we consider the following problem.
Synchronization stability: Estimate the region of
attraction of the stable equilibrium point 0* =
[6%,...,0%,0,...,0]T, ie. the set of initial conditions
{61(0),0(0)}_, starting from which the system (6)
converges to the equilibrium §*.

To address this problem we use a sequence of tech-
niques originating from nonlinear control theory that are
most naturally applied in the state space representation
of the system. Hence, we view the multimachine power
systems (6) as a system with the state space vector x =
[T, 2117 in which x; is the vector of angle deviations
from equilibrium, 1 = [0; — &7,...,8, — 0%]7, and o
is the vector of angular velocities, zo = [51,...,5n]T. Let
My xn = diag(ma,...,my), Dpxn = diag(dy, ..., d,). We
define the block diagonal matrix Z of size n x 2|€| as
Z = diag(Zi,...,Z,), where Zy = [(ar;)jen,]. Let the
matrix E be the 2|€| x n matrix such that E[6y, ...,,]T =
[(01 — 0;)jens s (O — ;) jen,]t. Define the vector of
nonlinearity F' of size 2|€| as F(Exz;) = [(sin(d; +
Oélj) — bln(dik] + alj))jeNl ) s (sin((?w + Oénj) — sin((S;j +
ny))jens, )

With these notations, the set of equations (6) can be
rewritten in a compact form as follows:

& = Az — BF(Cx), (7
where
_ Onxn In><n
4= Onsn —-M~1D |’

B =[Opnx2ey M™'Z]",C = [E Oyjg|xn)-

Here, O represents the zero matrix and I,,x., the identity
matrix of size n x n. The key advantage of this state
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Fig. 1. Bounding of nonlinear sinusoidal interaction by two linear functions
as described in (8)

space representation of the system is the clear separation of
nonlinear terms that are represented as a “diagonal” vector
function composed of simple univariate functions applied to
individual vector components. This simplified representation
of nonlinear interactions allows us to naturally bound the
nonlinearity of the system by linear functions, as will be
shown in the next section.

III. LYAPUNOV FUNCTIONS FAMILY APPROACH

This paper proposes a family of Lyapunov functions to
certify the synchronization stability for the system (7). The
construction of this Lyapunov functions family is based on
the linear bounds of the nonlinear couplings which are clearly
separated in the state space representation (7). From Fig. 1,
we observe that

0 < (0 — 5Zj)(sin(6;€j + ogj) — sin(é,”:j + ;)
< (8kj — 655)% (8)

for any —m — 20y, < 0y + 0y ; < ™ — 2ay,;. Hence, for any
|0kj + 0%;1 < ™ — 2ay;, we have the nonlinear bounds (8)
for both nonlinear couplings corresponding to &y, and J;.

Exploiting this nonlinearity bounding, we propose to use
the convex cone of Lyapunov functions defined by the
following system of Linear Matrix Inequalities for positive,
diagonal matrices K, H of size 2|€| x 2|£| and symmetric,
positive matrix @ of size 2n x 2n :

T
rerer <o ©)

where R = QB — CTH — (KCA)T. For every pair Q, K
satisfying (9) the corresponding Lyapunov function is:

1
V(x) = éxTQx — Z K{k,j} COS((Skj + O(kj)

— Z K{k,j}ékj sin(5zj + Ckkj).

Here, the summation goes over all the pair {k,j} € &,
with differentiating between {k,j} and {j,k}. Note, the
Lyapunov functions defined by (10) have the same structure
as the energy function, and the energy function is a member
of this Lyapunov functions family. However, in this paper
to establish the synchronization stability certificate for the
system (6) we only exploit the property that these Lyapunov

(10)
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Fig. 2. Estimations of stability region of lossy power system by the LFF
method. Stability region estimates are intersection of the Lyapunov function
sublevel sets (green solid lines) and the flow-in boundary of the polytope
P defined by inequalities —m + 2a — 6* < § < 7w — 2a — 6*.

functions are decreasing in a neighborhood of the equilibrium
point, instead of decreasing in the whole state space as in
the energy method. This makes our method different from
the energy method.

By similar proof as in [19], we have the following theorem
stating the decay of Lyapunov function in the polytope P
defined by the inequalities [0y; + 03 ;| < 7 — 20

Theorem 3.1: In the polytope P, the Lyapunov function
defined by (10) is decaying along the trajectory of (7), i.e.,
V(z(t)) is decaying whenever x(t) evolves inside P.

A. Constructions of Invariant Sets

In this section, we propose two techniques to construct the
invariant sets of the system (7) inside P. The first approach to
construct an invariant set of the system (7) in the polytope
‘P is based on the minimization of the Lyapunov function
V(z). We divide the boundary 0Py, corresponding with the
equality [0x; + ;| = ™ — 20y into two segments 673,2? and
873,‘;;“ where the system trajectory goes in and goes out P.
The flow-in boundary segment 873,?; is defined, as in Fig. 2,
by |6k +05;| = T—20a; and O1;0k; < 0, while the flow-out
boundary segment OP7" is defined by |dx; 405 ;| = m—20u;
and 6kj5kj > 0.

Now we define the minimization of the function V' (z) over

the union 9P°% of the flow-out boundary segments 877,2;”:
Vinin = in V(z), 11
B V) (v

The corresponding invariant set is defined as:
R={xeP:V(z)< Van} (12)

The decay property of Lyapunov function in the polytope P
ensures that the system trajectory cannot meet the boundary
segments {x : V(x) = Viuin} and 673,2;-“5 of the set R. By
definition, once the system trajectory meets the boundary
segment 373}5, it can only go in the polytope P. Hence,
the system (7) cannot escape R. We have the following
theorem for the convergence property of the system to the
stable equilibrium point (similar proof as in [19]).

Theorem 3.2: From any initial state xo in the invariant
set R defined by (12), the system trajectory will converge to
the stable equilibrium point 6*.
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The second approach to certification of stability does not
involve finding the value of Vi, at all. We consider a
scenario when the initial state z( is inside the polytope
P, but too far away from the equilibrium §* such that the
approaches described above fail to find a Lyapunov function
certifying V' (zg) < Vinin. In this case, it is still possible to
certify that the trajectory z(t) only evolves inside P. Indeed,
let A > 0 be a small constant, for example A = 0.01.
Consider the polytope Q@ C P, which is defined by the
inequalities |dy; + 0p;| < ™ — 2ay; — A. Let @fj be the
boundary of Q corresponding to the equality d; + J;; =
+(m — 205 — A). In order to enforce the system to evolve
inside Q, we consider the following optimizations:

i = max Cyy, jy Ax (13)
subject to: V(z) < a,z € <I>zj,

g =minCyy jy Az
subject to: V(z) < a,z € Oy,

where a > 0 is a constant and V' (z) is a member of LFF. In
Appendix VII-A, we prove the following theorem.

Theorem 3.3: Assume that ¢} < 0 and dkmjirl > 0 for all
pairs {k,j} € E. Then, from any xq in the set

R*={x e Q:V(z) <a}, (14)

the system trajectory x(t) will only evolve in R* and
converge to the equilibrium point §*.

We note that the conditions in Theorem 3.3 hold when a
equals the minimum value of V() taken over the boundary
of the polytope P. To enlarge the stability region R* we
may utilize some heuristic algorithms in which we increase
the value of a from V,;, with a small amount € in each step
until the conditions in Theorem 3.3 are not satisfied.

Remark 3.1: So far, we have presented two stability cer-
tificates to verify if the multimachine power system (2)
converges from the initial state z( to the stable equilibrium
point [0%,...,0%,0,...,0]7. According to the first certificate
given by Theorem 3.2, we need to check if the initial
state x( is in the stability region R, i.e., if zg € P and
V(x9) < Vmin- By the second certificate given by Theorem
3.3, we need to check if g € Q and c‘,;‘}a" <0 gnd d’,;}i“ >0
for all pairs {k, j} € £, in which ¢;}** and d}}" are defined
by (13) with a replaced by V(xg).

Remark 3.2: Solutions (Q, K) of the LMIs (9) provide
us with a family of Lyapunov functions V(z) and the
corresponding estimations of stability region Rs(Q, K). The
best estimation can be obtained as the union of Rg(Q, K)
over all the solutions (@, K) of the LMIs (9) and all the
formulations described.

Remark 3.3: The inscription of the union of stability
region R(Q, K) over all the solutions (@, K) of the LMIs
(9) is computationally difficult since there are usually infinite
solutions of the LMIs (9). However, the large cone of
possible Lyapunov functions allow us to find a Lyapunov
function that is best suited for a given initial state zg € P or
family of initial states. We can apply the stability certificate
in Theorem 3.2 and use the same algorithm in [19] for the

66 Flow=in boundary
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Fig. 3. Adaptation of the Lyapunov functions to the contingency scenario

adaptation of Lyapunov functions to a given initial state x.
For the simple case of 2-bus system, we can see in Fig.
3 that this algorithm allows us to quickly find the suitable
Lyapunov function in the family for each initial state.

IV. ROBUST STABILITY OF UNCERTAIN POWER GRIDS

For practical applications it is desirable to construct Lya-
punov functions that certify the stability of the system even if
the vector of mechanical torques Py is not known in advance.
As such, the equilibrium calculated by (5) is also unknown.
This makes the stability certification in the previous section
difficult to verify since the Lyapunov function (10) is de-
pendent on the equilibrium. In this section, we extend the
stability certificates in Theorems 3.2 and 3.3 and present
techniques to certify the synchronization stability for a set
of unknown equilibria. The main motivation to consider this
problem is that, in practice P}, is changing in time, and thus
the robust stability certificate for a set of equilibria may
be utilized to “off-line” certify the stability of the system
without repeating the stability assessment in each time step.

We also note that in practice, when the system parameters
change, then the bus angles at the stable operating point are
usually still close to each other, i.e, the angular differences
at the stable operating point are small regardless of the
parameter changes. As such, we consider robust stability for
the set of equilibria whose angular differences are small.
Formally, we consider the following problem:

Robust stability: Certify the stability of the system

(4), in which the mechanical torques Py are un-
known such that the stable equilibrium point 0* =
[6%,...,8%.0,...,0]T is in the polytope © defined by the
inequalities |0} ;| < Ayj, where Ay; > 0 is a constant.
First, we construct a polytope in which the Lyapunov
function is decreasing for any equilibrium point in the set
O. This polytope is actually the common set of the polytope
P(6*) corresponding to each equilibrium 6*. Note, that the
matrices A, B,C in (7) are independent on the mechanical
torques Pj;. Hence, the matrices (), K obtained by solving
(9) are also independent on Pj. The Lyapunov function (10)
is now a function of two variables Z = [d1, ..., Op, 51y, 5n]
and 6*. By Theorem 3.1 we have V(z,6*) < 0 for all &
in the polytope P(6*) defined by the inequalities [0y; +
5,jj| < 7 — 20y;. Hence, V(&é*) < 0 for all * in the
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set © and Z in the polytope P defined by the inequalities
|0k;| < 7™ — 2ap; — Ag;. We note that in practice ay; is
small and [0}, < 7/2, ie. Ay; < 7/2,¥{k,j}. Hence,
T — 20y,; — Ay; is around 7/2, and thus the polytope P
cover most contingency scenarios in practice, where dy; is
kept to be less than 7/2 by actions of protective relays.

We now present the robust stability certificates based on
the stability certificate given in Theorem 3.2. The proof of
this lemma is provided in Appendix VII-B.

Lemma 4.1: Consider the system (4) whose the stable
equilibrium point §* is unknown, but is in the polytope ©.
Consider an initial state X in the polytope P. Suppose that
there exist matrices @, K satisfying (9) and

min [% (27 Qz — 2§ Qo)

z€dP
=7 K gh gy (c05(0s + aky) — cos(Bgo + )]
«T = =
% - NUCTED

+ 3" Ky 0k — Orjo) sin(0f; + ak]—)] . (15)

Then, the system will converge from the initial state X to
the equilibrium point 6* for any 0* € A.

Also, we have the robust stability certificate based on
Theorem 3.3. Let A > 0 be a small constant. Consider
the polytope @ C P, which is defined by the inequalities
10k;] < ™ — 20 — Agj — A. Let \Iffj be the boundary
of the polytope Q corresponding to the equality &y; =
+(m—20y; —Ag;— ). For the initial state Z¢ in the polytope
Q, we consider the following optimizations:

e = max Cyy, jy AT (16)
subject to: V(z,0%) < V(Zo,0%),7 € \Dzj,é* €A,

kj = min C{kd}AE
subject to: V(Z,6%) < V(Z0,0"), 2 € ¥} ;, 6" € A.

Here, V (z, 6*) is a member of LFF with the corresponding
matrices @), K obtained by solving the LMIs (9). We have
the following theorem for the robust stability of the system
(4), the proof of which is similar to Theorem 3.3 and omitted.

Lemma 4.2: Consider the system (4) whose the stable
equilibrium point §* is unknown, but is in the polytope ©.
Consider an initial state ¢ in the polytope Q. Assume that
the. optimum values defined in (16) satisfy that cglfx < 0 and
dg‘jm > 0 for all pairs {k, j} € E. Then, the system trajectory
x(t) will only evolve in the polytope Q and converge to the
equilibrium point §* for any §* € A.

V. SIMULATION RESULTS

The effectiveness of the LFF approach can be most natu-
rally illustrated on a classical 2-bus with easily visualizable
state-space regions. This system is described by a single 2-
nd order differential equation: md +do + asin(d +a) — P =
0. For this system, ¢* = arcsin(P/a) — « is the only
stable equilibrium point (SEP). For numerical simulations,
we choose m =1 pu,d=1pu,a=08pu, P=04
p.u., « = 0.05 and thus §* = 7/6 — 0.05. Figure 2 shows

.

Angular Velocity

-0.5 ‘0 0‘.5 1 15
Rotor Angle 0

Fig. 4. Robust stability of the contingency scenario {6y = —2, 8o = 2}
when the SEP is unknown and in the set —7/6—0.05 < 6* < w/6—0.05.

the stability regions estimated by the LFF approach. It can
be seen that the proposed method can certify stability of the
lossy power system for a broad set of contingency scenarios.
Figure 3 shows the adaptation of the Lyapunov function to
the contingency scenario defined by the initial state xg. It
can be seen that the algorithm results in Lyapunov functions
providing increasingly large stability regions until we obtain
one stability region containing x.

Consider the case when the mechanical input P is un-
known and in the set —0.4 < P < 0.4. The equilibrium
6* then belongs to the set —7/6 — o < 6* < 7/6 — «.
By the robust stability certificate in Lemma 4.1, it can be
checked that the contingency defined by the initial state
{60 = —2,8 = 2} is stable with respect to any equilibrium
point in the set —7/6—a < 0* < 7/6—«. Figure 4 confirms
this anticipation.

VI. CONCLUSIONS

This paper applied the LFF method to certify the syn-
chronization stability of lossy power grids, which is im-
possible by the standard energy methods. The proposed
method was based on constructing a family of generalized
classical energy functions and adapting these functions to the
initial states. Unlike energy function and its variations, these
Lyapunov functions are only decreasing in a finite polytope
around the stable equilibrium point, but can still certify a
broad set of fault and contingency scenarios. We presented
optimization-based techniques to explicitly construct the sta-
bility certificates. We also showed that the proposed method
is well applicable for uncertain power grids with unknown
equilibrium points. We solved this problem by providing
robust stability certificates for a set of equilibrium points.
Such certificates are however conservative, and improvement
of the method should be made in the future.

VII. APPENDIX
A. Proof of Theorem 3.3

Consider an initial state xy in the set R*. We note that
the set R* = QN {z : V(z) < a}. Hence, the boundary
of the set R* includes the segment {z € R* : V(z) = a}
and the segments {z € R* N ®*}. Since V(z) < 0 for all
x € Q C P, the system trajectory cannot escape the set R*
through the segment {z € R* : V(x) = a}.
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Consider the segments {z € R* N ®*}. On &+, we have
Okj + 0p; = £(m — 2045 — A). Note that

okj = Crjy(Ar — BF(Cx)) = Cyp, jp Aw a7

max

Since ¢l < O,dg}in > 0 for all pairs {k,j} € &, we
conclude that d;; < 0 for all z in the segment {z € R*N®*}
and y; > 0 for all z in the segment {z € R*N®~}. Hence,
the system trajectory x(t) cannot escape the set R* through
the boundary {x € R* N ®*}. This means that once the
system trajectory meets the boundary {z € R* N ®*}, it
will go back R*. Therefore, (t) only evolves within R*.
From Theorem 3.1 and that R* C Q C P, we have
V(x(t)) < 0 for all t. By LaSalle’s Invariance Principle, we
conclude that z(¢) will converge to the set {z : V(z) = 0},
which means that the system trajectory will converge to the
stable equilibrium point 6* or to some point 2* lying on
the boundary of P. But z(¢) only evolves in the polytope
Q, which is strictly inside the polytope P. Therefore, the
system will converge to the stable equilibrium point §*.

B. Proof of Lemma 4.1

Since V(#,6*) < 0 for all # € P and 6* € A, Theorem
3.2 ensures that the system will converge from the initial state
Zg to the equilibrium point §* if mg%) V(z,6*) > V(Zo, ")

TEIP
for all §* € A. Note, the Lyapunov function (10) is expressed
as a function of Z and §*:

V(z,6%) =05z — 6)7Q(z — 6%)

— > K45y (cos(8k; + anj) + Ok; sin(65; + auj)

=0.527Qz + 0.56*7Qs* — 5* 1 Qz

— ZK{k,j}<COS((5kj + o) + Ok sin(é,ij + ;) (18)
As such

: L = *) : T N4 =T N
irgé%V(x,(S ) — V(Z0,0") Jnin [0.5(x QT — Ty Qo)

= Kk jy (cos(Sk; + ag) — cos(Orjo + aukj))—

{0°7Q(z — 20) + > K3y (5k; — Skjo) sin(d; + akj)}]
. TN Ty

> inel(lj% [0.5(33 QT — Ty Qo)

— Z Ky jy (cos(0x; + arj) — cos(dxjo + akj))} —

max
TEOP

Hence, if (15) holds, then we have ng%) V(z,é*) >
z€dP
V(Zo,0*) for all 6* € A, and the system is robustly stable.
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