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1 Introduction

Power converters are a key technology in the new generation of electrical power grids, characterized
by fluctuating energy sources (e.g. wind or solar power), for which a power conversion is needed
to transform the supply into a normalized, high voltage 50 Hz signal. Especially, the large scale
replacement of traditional energy sources with renewables induces a loss in the mechanical inertia
provided by fuelled powered turbines, that used to maintain stability at the grid level. A challenge
for future power grids is to compensate for this loss in inertia by coming up with innovative power
converter control laws, such as droop control.

The study of non-linear control laws such as the droop control is very challenging, as the problem
of finding a solution to a non-linear differential system in a reasonable time is complex. This project
proposes to use the sum-of-squares programming approach to explore the transient stability of a
droop control law. Using polynomials is a convenient way to assess the stability of a system. They
can be exactly represented on a computer and they are also dense in most functional spaces, so they
can be make good approximations of many generic functions. However, the use of polynomials in
spaces with more than 3 dimension comes at a high computational cost.

As the framework for solving a differential dynamic through SOS programming is always the
same, the matlab code used to solve the droop control system was generalized into a toolbox in
order to simplify the use of polynomial programming for future researches. It allowed to re-obtain
results from the recent scientific literature with a minimum of coding.

1.1 Droop-controlled power converter

The characteristic of power converters is that they are able to produce sinusoidal electric signals with
phase 0, frequency w and amplitude p, through fast, high frequency switching. As a consequence, 6,
w and p can be fixed quite arbitrarily, provided that the converter receives an appropriate amount
of power to generate the desired signal. However, to provide inertia similarly to standard power
generation, these state variables can be assigned ad hoc, slow dynamics that would enforce a desired
behaviour of the converter.

Droop control is an example of such dynamics, with inputs w*, p* and ¢*, the desired set points
for frequency and active and reactive power. It mimics the speed control used in synchronous
generators.

dé

— 1
9 _y (1)
dw 1 * * 1

a T, [—w + wp(W* — wgq +mp(p* — Ve -ig))] (2)
dp * * 1

E:ki (v = p+ng(q" — ve - Jig)) )

where the states variables are:
e 0 the angle of the voltage of the power converter
e w the rotational speed of the voltage

e p is the amplitude of the voltage
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Figure 1: Power converter PC connected to an infinite bus PG.

e i, is the current in the line

cosd
in6
It must be noted that these three equations do not describe any physical reality, they are a way
to control the state of the power converter in order to simulate the inertia needed for the electric
grid stability.
The Kirchhoff and Ohms law applied on the power converter give a fourth equation — which is
electrical this time —, that complete the differential system:

and v, =p is the voltage of the converter.

di 1 wWagd)i
G = 1, (Ve ™ Vo (R4 LiwagT)ig) W
08 ((Woo — Wiq)wpt)

sin((weo — wdq)wbt)) is the voltage applied by the grid

where vy = v (

1.2 Region of attraction and its approximations with SOS optimization

In order to assess the security of this control, the stability of the system is measured thanks to the
calculation of the region of attraction of the equilibrium point. As we consider fast systems, the
study focuses on “constrained finite horizon Region of attraction” (ROA): we look for all the initial
states that will go back to a set K — around the equilibrium point — in a finite time 7.

Mathematically, it can be defined as follows: for a dynamical system x = f(x), the ROA of K
at time T' > 0 is

AP(K) == {xg € M : ¥t € [0,T],x (t|x0) € M Ax(T|x0) € K}

where M is the admissible state and x(t|xp) describes the state of the system at time ¢, given that
the initial state was xq, ie ¢t — x(t|x¢) is the trajectory of the system starting at xg.

In the formula as well as in the report, x € R™ describes the state variables of the system, n
being the dimension of the dynamical system, X designates an indeterminate variable of the same
size as the state variable and T designates an indeterminate variable (of size 1) related to the time
t. This notation will be used whenever mentioning a generic optimization problem.

In order to describe this region of attraction, the optimization problem is strengthened using
the Lasserre hierarchy, which enables the use of Sum of squares (SOS) programming.

An SOS optimization program is a type of optimization problem, with a linear objective and con-
straints on polynomial variables that are forced to be in the form of sum of squares of polynomials.
When bounding the degree of the polynomials, the problem becomes equivalent to a semi-definite
program, which implies that existing solvers for SOS programming are quite efficient. The Lasserre
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hierarchy transforms the initial optimization problem with variables in an infinite dimension space
(trajectories of the system are functions) into a tractable problem, equivalent to SDP.

As the Lasserre hierarchy gives a strengthening of the original problem, the obtained region of
attraction will be bigger than the real one: it is an outer approximation. It is possible to calculate
an inner approximation by solving the reciprocal problem: an outer approximation of the ROA
of the complementary to the target set will give an inner approximation of the initial ROA. The
implementation of the calculation of both outer and inner approximation was done for the droop
controlled power converter.

1.3 A toolbox for SOS programming of region of attraction

As the framework used to solve computations of regions of attractions through SOS programming is
always the same and a bit tedious, the second goal of the project — after solving the problem for the
power converter — was to generalize the used code into a toolbox. Its goal is to provide a relatively
simple and user-friendly way to calculate region of attraction from the minimal information required:

e the dynamic of the system

the equilibrium point

the distance to the equilibrium point that defines the feasible set

the size of the ball around the equilibrium that defines the target set
o the horizon time at which the target set has to be attained.

The toolbox can calculate both inner and outer approximations of the region of attraction, but
the calculation of the inner approximation is very sensitive to the parameters given as input.

1.4 Report organization

The report includes:
e A presentation of the Lasserre hierarchy in section 2.

e The explanation of the application of the Lasserre hierarchy to the calculation of a volume —
in the first place — and then the region of attraction of a dynamical system in section 3. It is
then applied to the calculation of the ROA of the droop controlled power converter.

¢ Finally, section 4 presents the toolbox derived from the codes used in the previous section.
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2 Lasserre hierarchy on a simple optimization problem

In order to explain the implementation of SOS programming for transient stability analysis, it is
needed to explain the Lasserre hierarchy. The Lasserre hierarchy is a sequence of relaxation of
an functional optimization problem, ie on infinite dimension sets, which allows to get a tractable
polynomial optimization problem to approach the optimum solution. The following introduction to
the hierarchy is mostly based on [Henrion and Korda, 2013].

2.1 Preliminary: sums of squares polynomials

2.1.1 Sum of squares

Definition: A multivariate polynomial p € R[X] is SOS if it can be written as a sum of squares

of polynomials:
N
p=2_4
i=1

where Vi, g; € R[X]. We then define the cone of polynomial sums of squares:
S[X]={pl+--+Pi:deN,pi,...,ps € RX]}
as well as the bounded degree cone:

S5[X] = {p?+---+p2:deN,py,...,pq € R[x|s}

Lemma: The interest of using SOS polynomials as constraints of optimization problems comes
from the fact that a SOS polynomial can be interpreted as positive semi-definite matrix, hence SOS
programming in equivalent to SDP Programming;:

If p is SOS, then it can be written

N N d 2
oSy (Zqﬁ“xak>

=1 =1 k=1
N d d

-3 (3 e
1=1 k=1 =1
N d d

-3 (e St
=1 k=1 =1
N

= (X ¢X?)
=1

where X® = (X% ),_1. 4 is a vector of monomials of X and ¢; = (¢¥)=1...4 is the vector of coefficient
of the polynomial ¢;. Defining Vi, Q; = ¢ ¢; € M(R)?, by definition, the Q; are semi definite positive
matrices.

If now @ is an SDP matrix, it can be interpreted as the square of a polynomial. We diagonalize
the matrix Q = PTDP, with P being orthogonal and D is the diagonal (dy,...,d;) — all the d;
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being positive, as @ is SDP. Then

(XN TQXY =(X*)TPTDPX"
(PX*)TD(PX®)

which can be interpreted as the sum of the squares of the polynomials p; = Zizl \/d; Py, Xk

2.1.2 Putinar’s Positivestellensatz

Definition: Semi-algebraic set A vector g € R[X]™ of polynomials defines a semi-algebraic set
K(g)={xeR": Vie][l,m],g(x) >0}

where [1,m] defines the set of all the integers between 1 and m: {1,...,m}

Definition: Quadratic module The quadratic module of a set of polynomials g is the set
defined by

Ylgl={w+a-g: q€XX], qeX[X]"}

where the ¢; are all sum of squares.

Theorem (Putinar): The following theorem, due to [Putinar, 1993, Lemma 3.2] is essential to
the Lasserre hierarchy.

Let K(g) a semi-algebraic set as defined above be included in a ball B. If a polynomial p is
strictly positive on K(g), then it is in the quadratic module ¥[g]. In other terms, we have the
implication

Vp € R[x],p > 0 on K(g) = Jq0,--.,qm € 2[X —qo+qugZ

2.2 Definition of the initial problem on measures

Let us define the type of problem that will be solved. This is a very common optimization problem:
maximizing a function f : M C R™ — R on a set K, that is imposed to be semi-algebraic. This
problem can be formulated as a problem on measures maximizing the function is the same as finding
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a measure that maximize the integration of f. For a set S, M(S) designates the set of measures on
S, while M(S)4 is the set of positive measures.

py = sup /f dp (5)
s.t. pe M(K)4
n(K) =

The Lagrangian of the problem is

E(/M)—/fdu+(1—u(K))c—/(f—C)du+c

with ¢ € R being the only multiplier, which can be negative or positive because of the constraint
being an equality.

If there is a,n « € K such that f(x)—c > 0, then the measure u = A¢, with § the Dirac measure
at point x and A a positive value, will give an arbitrarily large value to the Lagrangian, hence the
maximization over the measure p € M(K)4 will go to infinity (note that u is a positive measure).
Then, the maximization of £ over u gives two cases:

+oo fdz e K, f(x)—c>0

ﬁ p—
max (u,c) {c if f-c<Oonall K

HEM(K)+

The dual of this problem is then the minimization of the previous maximization, which corre-
sponds to the minimization of an upper bound of f:

dy= inf ¢ (6)
s.t. ceR
f—c<0on K

2.3 Lasserre hierarchy for the dual problem

The study here will focus on the Lasserre hierarchy for the dual problem — there is one for the
primal aswell. It consits in following the sequence of strengthenings of the problem of minimizing

fon K(g)):

1. Choose f to be a polynomial: f € R[x]

dy = inf ¢ (6)
s.t. ceR
c—f>0on K(g)

2. Use Putinar’s Positevestellensatz 2.1.2 to get an SOS condition from the inequality constraint

dpix) = inf ¢ (6 - R[x])
s.t. ceRygpedX,qed™
c—f=q+a-g
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3. Restrict the degree of the polynomials to save calculation time

dsy = inf ¢ (6 -9)
s.t. ceR,q €Xs5,q€ X’
c—f=q+a-g

If f is a polynomial, the reformulation 6 - R[x] does not change the value of the optimal solution.
Indeed, thanks to the Putinar’s positivestellensatz we have that the constraint c— f =qop+q- g is
equivalent to ¢ — f > 0 — the implication in the opposite direction to the theorem is trivial. Then,
changing the constraint from ¢ — f > 0 to ¢ — f > 0 does not change the value of the lower bound
— but can change it from an attainable minimum to a unattained lower bound — so, we have:

Ay = df

Then, the restriction of the polynomial degree of the variables, decreases the size of the admissible
set, so the lower bound increases. We have dj > d? for all degree 0 and when the degree goes to
infinity, the solution converges towards d’}:

lim df = d%
5o 0 T 4F

The goal is now to apply the principle of this hierarchy to the calculation of a region of attraction
of a dynamic system.
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3 Calculation of a region of attraction

3.1 The volume of a set as an optimization problem

The volume of the Region of attraction of a dynamical system (1.2) can be expressed as an opti-
mization problem which can then be solved to compute the ROA.

In terms of measures, the volume of a set B C M is by definition the integral of the Lebesgue
measure Ap of the set. Then, this Lebesgue measure can be expressed as the measure that maximize
the integral over the set, while being inferior to the Lebesgue measure on the set B, which gives
the following expression of the volume:

Vol(B) = A(B) = sup /duo

s. t. po € M(B)+, 19 € M(M)4
po + o = An

The sum of two measures equal to Ay; — the Lebesgue measure on M — is simply another way to
express the fact that ug is less or equal to the Lebesgue measure on the set B: ug < Ag. However
it allows not to use the Lebesgue measure on the set B.

This reformulation is then useful when the Lebesgue measure of the set M is known, but not the
one of the set B, which is the case for the region of attraction. In terms of physical intuition, this
definition of the volume is analogous to defining the volume of a physical object as the maximum
possible mass of a liquid which occupy only the volume of the object and whose density is less or
equal to 1 kg.L=!. The optimum liquid would be water filling the object which then give the volume
of the object the density of water is known.

For the ROA, it gives the expression of its volume as:

Vol(A} (5)) = sup [ duo (7)
st po € M (AF(K)) g € M(M)4
po + Hoy = Am

And the expression of the set will be obtained simply by taking the argument of the maximization
problem — as it is obtained simultaneously to the solution when using a solver for the problem:

AM(K) = spt argmax /d,ug
s. t. po € M (A (K)), g € M(M)+
po + o = Am
The Lagrangian of 7 is harder to resolve than the previous one. The multiplier for the constraint
on measures fg + g = Ay will be a continuous real function w (an equality gives a single real

multiplier, a continuous equality gives a continuous multiplier).
The Lagrangian is then

L:M(AY(K)), x M(M)y x C(M) +— R
(10, Tig» ) — [ anor [w @ - dpo - d)
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The separation between integrals on M and only A¥ (K) gives:

Llopw) = [ (1-w)dpo— [ wdm+ [ wdry
AM(K) M M

The maximization of the Lagrangian gives:

on pp: if there is an x € AY(K) such that 1 — w(x) > 0, then the Lagrangian is unbounded: a
weighted Dirac measure on = can result in an arbitrarily large value. If 1 — w is negative on
AM(K) then the maximization of the first integral would be 0, with the null measure.

on fig: if there is an x € M such that w(xz) < 0, then the Lagrangian is unbounded. If w is
non-negative on M, then the maximum of this integral is 0.

Finally, the dual of 7 is an optimization problem on functions, with two constraints: w non-
negative on M and w < 1 on A¥ (K).

Vol(A¥ (K)) = inf / wd s (8)
M
s. t. wel(M)
w>=0on M

w > 1 on A¥(K)

3.2 Reformulation of the problem with time

In order to make the dynamics of the system appear in the optimization problem, it is needed to
reformulate it to introduce the notion of trajectories of the system.

As the set AM(K) is unknown, the constraint pg € M(AY (K)) is expressed thanks to the
notion of occupation measure. An occupation measure p € M([0,7], M) is a measure on both
space of the system (M) and time ([0,77]). It is subject to Liouville’s transport Partial Differential
Equation, ze

0
Jpo, prs 87/: + V- (fu) — dopo + drpr =0

where dg,7 are the (time) Dirac measures for t = 0 and t = T respectively.

Mathematically speaking, the first part of the Liouville’s PDE (%‘; + V- (fp)) is the hermitian
adjoint of the derivative along the trajectories: for a dynamical system %X = f(x), the derivative
along the trajectories of a function v : [0,7] x M — R is

Dv  0Ov
Dt ot

Physically speaking, the occupation measure can be understood as a measure that follows the
trajectories of the dynamical system with some probabilities on each trajectory. Instead of consid-
ering one initial state xg that we follow along its trajectory, we consider a continuous set of initial
states, a distribution of those states', defined by a measure jg. The trajectory of the measure —
expressed by the occupation measure — is the weighted trajectory of all those initial states and the
final distribution — at time 7" — of the initial states is the measure 7.

Then, if we go backwards: when ur is a measure on the target space K, then pg is a measure
on the ROA, because by definition the occupation measure follows the trajectories of the system.

Then, the constraint py € M(A¥(K)) is reformulated as:

+f-Vou 9)

Lie each initial state has a “probability” of happening
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po € M(M)i: note that the measure is not defined on A} (K) only, but the following
constraints ensure that it is null outside of the region of attraction

pr € M(K)+
IS M([O’T]aM)Jr

91V - (fu) — Sopo + dppr =0

The optimization problem is now

Py = sup / dpo (10)
s. t. /L GM([&T]?M)JMMO S M(M)+aﬁ0 GM(M)JHNT GM(K)Jr
%—f'v'(fu)_éO/lO‘f‘éTﬂT:O
Bo+ Ho = A

The Lagrangian multiplier to the Liouville PDE is again a function, on both time and state:
v € CY([0,T] x M). This time, it must be continuously derivable. The Lagrangian has two more
variables:

L:M([0,T], M)+ x M (M), x M(M)4 xC'([0,T], M) x C(M) — R

and one supplementary term:

0
00 o) = [+ [0 (@ o = am) = (0 5% 4+ (1) = doa + 1 )

where the operator ( , ) is in simple terms the integration of v with the measures on the right side.
The integration of a time Dirac gives the value of v at 0/7, so the last terms are simply:

(v, dopo — drpr) = //U d (dopo — drpr) = /0(07 +) dpo — /U(Ta ) dpr

As the derivative of a measure is ill-defined, the first two terms will be expressed using the
hermitian adjoint of the operator:

(35w = (s )= ()= [ B

Then the Lagrangian is rewritten:

£l Fovo,w) = [ dpo+ [ w0 (@has = dpo = diig) + [ 0(0,) dpo — [ o2, duT+/ 2y

:/wd)\M+/(1—w+v( ))duo—/UJd#o—/ dMT+/ fdu

The maximization of the Lagrangian gives:

on y: if there is an € M such that 1 — w(z) + v(0,z) > 0, then the Lagrangian is unbounded:
a weighted Dirac measure on x can result in an arbitrarily large value. If 1 —w + v(0,-) is
negative on M then the maximization of the first integral would be 0, with the null measure.

10
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on fiy: if there is an x € M such that w(z) < 0, then the Lagrangian is unbounded. If w is
non-negative on M, then the maximum of this integral is 0.

on pur: if there is an x € M such that (T, z) < 0, then the Lagrangian is unbounded. If v(7T,-) is
non-negative on M, then the maximum of this integral is 0.

on u: if thereisa couplet € [0,T],x € M such that %(t, x) > 0, then the Lagrangian is unbounded.

f D—;’ is non-positive on M, then the maximum of this integral is 0.

The dual problem has then two additional constraints, as well as an additional variable. Its new
formulation is:

dy = inf /w(x)dx (11)
s. t. vﬂéC([OT]xM)wEC( M)
———f Vuo>=0on[0,T] x M
v(T,") 2 0o0n K
w—v(0,)—1>00on M
w=>=0on M

3.3 Applying the Lasserre hierarchy

Similarly to the example given in subsection 2.3, the Lasserre hierarchy is applied on the dual
problem.

First, the sets M = K(h) and K = K(g) need to be semi-algebraic in order to be able to use
the Putinar’s theorem:

Jg e RIX]M, h e RIX)™M, K = {g(x) >0:x € R"}, M = {h(x) > 0:x € R"}

Then, the dynamic of the system f needs to be also expressed as a polynomial function of the

state x:
f e R[X]

The variables of the optimization problem — v and w — need also to be polynomials. The
application of the hierarchy will impose a bounded degree to those two polynomials.

Finally, all the inequality constraints are transformed into equality constraints through the use
of Putinar’s theorem 2.1.2.

The problem solved on matlab is then, for a given degree 9:

dy = inf / w(x)dx (12)
M
s. t. v e Ry[X, T],w € RsX]
—®_fVu=go+ai-h, g€ S[X,T],q € 55X, T]

[
v(T,") =g+ a2 8, g20 € 5[X], a2 € S[X]M
w—2v(0,-) —1=g30+qs-h, g€ Ts[X],q3 € Ss[X]"2
w = q40 +q4 - h, Qa0 € S5[X], qq € Bs[X]N2

11
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3.4 Inner approximation of the ROA

As said in section 1, the strengthening of the problem by restricting the degrees of the polynomials
reduces the size of the admissible set, so it increases the solution dj > d},, the calculated volume is
larger than the volume of the ROA, hence the obtained set is an outer approximation of the ROA.

However, in terms of security for the energy systems, it would be more relevant to have inner
approximation of the set, in order to make sure that there are no false positives in the obtained
ROA approximation. This can be done by calculating the complementary set of the ROA with
the same method, this way the outer approximation of the complementary set would be an inner
approximation of the ROA.

A state xg is not in the ROA if either

e the trajectory starting at xo, (x(¢)|xo) goes out of the feasible set of the system at some time
te€0,T]

e or the trajectory does not end up in the target set: (x(T")|xo) ¢ K

Problem 12 is then reformulated. The second alternative changes the condition of the problem
into v(T,-) > 0 on K¢. The complementary of K inside M is the set where g is negative (not in K)
but h is positive (as it is still in M), so K¢ = K(—g,h).

The first alternative has no counterpart in Equation 12, so a condition has to be added: v has to
be positive on the boundary of M (at all times t), this way a trajectory that ends up on the boundary
has necessarily started at a state where v(0,-) is positive. The boundary of M is the set of points
where one of the inequality defining it is an equality, so it is defined by {x : h(x) > 0A3i, h;(x) = 0}
This corresponds to a condition

Vvt € [0,7),Vx € M, [ ] hi(x) = 0= v(t,x) >0
i
which can be formulated as an equality:
3g50, as0 € T5[X, T], @5 € T5[X, TJN, ps € Ros[X, T, v = gso + T(T — T)gso +p5 [ [ hi + a5 - h
i

where the second term expresses that ¢ € [0, 7] and the third term uses a simple polynomial because
it is an equality. One can easily check with this definition of v that if the conditions of the implication
above are met, then v is positive.

The (dual) inner approximation problem is then:

dsy = inf / w(x)dx
M
s. t. v eRSX, T],w € Rs[X]

~% _ f-Vo=gqqo+q:-h, q10 € 35[X, T], q1 € X5[X, TN

v(T,") =g —q2-g+qx-h, a20 € T5[X], q2 € T5[X]N, qp € 55X, T]V2

w—v(0,-) =1 =4¢30+q3-h, q30 € Xs[X], q3 € X5[X] N2

w=q40 +9qs-h, q10 € Bs[X], qu € 5;5[X] N2

v =g50 + T(T — T)gso + p5 [1; i gs0, a50' € Es[X, T, q5 € Bs[X, T2,
4+qs5-h ps € Ros[X, T]

12
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The calculation of the inner approximation of the ROA was implemented in the toolbox. We
will see later, that the modification of one constraint and the adding of another one have a lot of
impact on the performances of the optimization.

3.5 Lasserre hierarchy for the droop controlled Power Converter

We recall the 5 dimension dynamical system of the power converter, composed of the three laws of
the droop control and the electrical law on the current i,:

do

W _ } (PC)
dw * * i

ar T[—W+wb(w — Wag +mp(p" = Ve - ig))]

dp * * i

B ot vee 1)

di 1 i

ditg B E(Vc — vy — (R + Liwggd)ig)

Where:

e State variables of the dynamical system are in blue: (6,p,w,ig)T — 5 dimension state, as ig
has two dimensions

e Starred quantities are the set objectives
e v, = p(cosf,sinf)T is a function of the variables
® Vg = Uso(€OS((Woo — Wig)wit), sin((woe — wdq)wpt))T depends on the external grid quantities

For the hierarchy to be usable, the function describing the dynamics of the system needs to be
a polynomial of the state variables, which is not the case here, due to the presence of the sine and
cosine function. A change of variable into

(cos,sinb, p,w,ig)

makes the dynamic polynomial (as a function of the new variables):

dCdOtSG _ o wsing (PC polynomial)
dsinf _ wcos
dt
dw 1 * * : T.3
i o [—w + wp(w* — wag +my(p* — p(cosd,sin )T -iy))]
d,o_l€ " * 0.sin0)7T - Ji
Fri i(U _p+nq(q _P(C05 , S ) : 19))
di 1
Yy _ —(p(cos,sin0)T — vy — (BRI + Liwged)ig)
dt L;

Then, for the order of magnitude of the solution to remain in a bounded range, all variables,
are centered around 0 and scaled to a maximum absolute value of 1. This way, the admissible set

13
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M will be a subset of the hyper cube [—1,1]", so the values of all polynomials in M can’t diverge
even when going to high degree polynomials.
Finally, the used “polynomial” and scaled variables are:

sin(f — 6eq)
1 —cos(f — beq)

3.6 Matlab implementation

The calculation of the region of attraction was done on Matlab, using the Yalmip toolbox on Sum-
of-Square programming [Lofberg, 2009], with the solver mosek [ApS, 2022].

The equilibrium point x., was calculated as the point where the derivative is null % = 0,
using symbolic variables in Matlab.

The admissible set used was defined by:

Ax = (Asin, A cos, Aw, Ap, Aigr, Aigo)T = (1,1,107 rad.s~1, 1 pu, 10 pu, 10 pu)T
Note that:
e the angle 0 is unconstrained, so the range for its sine and cosine has no particular meaning

e the range for the current is far above real permitted value, but as this modelling of the power
converter does not take into account fast controls on the current, it was not realistic to give
the real upper bound of the system (which would be around 1.5 A).

The values of the different parameters are:

e w, = 1007 rad.s~! e m, = 0.001 pu ® U =1 pu

e w*=1pu e ng =0.022 pu o k; = 207 pu
e W, =1 pu e p* =0.95 pu

e wy, =1s"!pu e ¢* =0.31 pu * [t =0.015 pu
OTw:%%s e v*=1pu e Lt =0.25 pu
The feasible set K (h) = [—1,1]" is the semi-algebraic set defined by n polynomials

Vi € [1,n], hi(x) =1 — x?

The target set K(g) is the ball of radius € = 0.1 around 0, a semi-algebraic set defined by

g(x) =e* —xTx

14
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3.7 Results: outer approximation of the region of attraction

The optimization problem (12) is then solved, for different degree of polynomials. It must be noted
that in dimension 6, the size of the polynomials increases polynomially with the degree, which makes
the calculation intractable above a certain degree. My computer — with 16 GB of RAM — has not
enough memory to run the problem in degree 10, where the polynomials can have up to 20’000
coefficients in dimension 7 (6 space dimensions and one temporal).

Here are presented the results for maximum polynomial degrees of 4, 6 and 8(ie § = 2, 3,4)%. The
plots are projected on two dimensions of the system, all other variables are taken at the equilibrium.

A L
W

H‘th‘
R
A .""1‘3‘!33-

(c) w(ig1,p) (d) w(igr,ig2)

Figure 2: Plots of w as a function of pairs of variables, at degree § = 4

2Computational time is respectively around 60s, 267s and 722s
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Figure 3: ROA calculation as a function of p, 6
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Figure 4: ROA calculation as a function of p,w
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Figure 5: ROA calculation as a function of p,

16



Sum-of-squares programming for stability analysis 4 Creating a toolbox for SOS programming

4 Creating a toolbox for SOS programming

The optimization problem in Equation 12 solved for describing the region of attraction of a dynam-
ical system depends only on the definitions of the sets and the dynamic of the system. On the other
hand, there are many constraints and the code implementation of the problem is not trivial.

Hence, the goal of this toolbox is to implement the problem in a generic form, that enable an
easy use of polynomial optimization for finite time ROA calculations, with the minimum input
required. This toolbox is available at https://github.com/droste89/S0Stab.

4.1 Preprocessing by the user

While the toolbox integrates a part of the standardization of the problem, it is asked to the user to
give as input a preprocessed version of his problem.

Let us say that we want to study the region of attraction of the following generic (ie non
polynomial) problem:

e the system follows a dynamic ¥ = h(®,t) where h is a Lipschitz continuous function®
e the equilibrium point is defined by 0 = h(¥,,)

e the feasible set is defined by ¥ € [¥;, ¥,,]

e the target set is Ky, that has to be attained in a time T

In the 5 dimension droop control problem, this corresponds to the dynamic PC.
The user has to transform this problem into a polynomial problem and describe the target set
as an ellipsoid around the equilibrium point. The problem becomes:

e a polynomial dynamic & = g(®,t) where g is a polynomial function g € R[®, ¢]"
e the equilibrium point is defined by 0 = g(®¢)
e the feasible set is defined by ® € [®.; — AP, B, + AP]

e the target set Ko is an ellipsoid Ko = {® : [|[A(P® — Peq)|| < €}, where A is a symmetric
definite positive matrix A € S;7,det(A) =1 and ¢ is a strictly positive value

In the 5 dimension droop control problem, this corresponds to the dynamic PC polynomial, with
A = Ig being the identity matrix and € = 0.1.

Note, that the dimension of the system can increase in this process. For example, usually an
angle (ie a variable whose sine or cosine is used) is put in polynomial form by replacing it by its sine
and cosine. In this toolbox, for a proper plotting of those angle variables, the change of a variable «
into its sine and cosine must be precisely into the pair of variable sin(co — aeq), 0.5(cos(a — aeq) — 1).

3The dynamic can be time-dependant
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4.2 Principle of the toolbox

The toolbox takes as inputs the polynomial problem formulated by the user. Its working principle
is then the following:

1. The input dynamic is scaled in order for the feasible set to be included in [—1, 1]™:

e The time variable t is scaled s = t/T

e The state variable is scaled

1/A®, 0 0
0 1/A®,
Xx=D(®—-P) = . . . : (@ — Py
0 0 1/A®,

e The equilibrium point is now 0 and the feasible set is the same as the one defined in
subsection 3.6 K(h) = [-1,1]"

2. The dynamic f is deduced from g

x=D <<I>) = Dg(®,t) = Dg (®eqg + D™ 'x,Ts) = f(x,5)

3. the target set is defined by a(x) = ? — (AD"'x)" AD'x, as

JA(® — ®eq)|| < e |[[AD x|| < e <= ¢*— (AD 'x)TAD'x >0
4. All the constraints of Equation 12 are implemented inside the toolbox.

4.3 Precise description of the toolbox

More specifically, the toolbox is a matlab class sostab, composed of a number of properties and
methods.

4.3.1 Properties of the class

Properties can be divided into properties defining the dynamic and properties related to a particular
solution of the optimization problem. The dynamic is defined by

e dimension, the dimension of the problem

e phi_eq, the equilibrium state ®.,

e phi_str, a list of stings giving the name of the variables (for plotting purpose)
e delta_phi, the distance to the equilibrium defining the feasible set AP

e angle_eq, the equilibrium angles if the problem involves angles — empty if no variables corre-
spond to an angle

e angle_str, a list of name of the angles
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phi, a Yalmip sdpvar of the size of the problem used to define the dynamic g in matlab
t, a Yalmip sdpvar of size 1, representing time and used to define the dynamic g
polynomial dynamic, a Yalmip polynomial defining the dynamic of the system g

D, the matrix of variable change from ® to x

invD, the inverse of the matrix D

solver, the solver to use in the optimization, defined as Mosek [ApS, 2022] by default

verbose, the value of the verbose parameters of the Yalmip optimization call, defined at 2 by
default

Parameters related to a specific optimization, calculated at each call of the optimization are:

d, the degree of the variable polynomials of the optimization (v and w)
A, the matrix defining the target set
epsilon, the positive value defining the target set

vcoef_outer, coefficients of the solution v for the last calculated outer approximation of the
ROA

wcoef_outer, coefficients of the solution w for the last calculated outer approximation of the
ROA

vcoef_inner, coefficients of the solution v for the last calculated inner approximation of the

ROA

wcoef_inner, coefficients of the solution w for the last calculated inner approximation of the
ROA

solution, the volume of the last calculated ROA, ie the solution of the optimization

4.3.2 Methods

The class is composed of four methods.

The class initialization sos_optimisation takes as input the equilibrium point ®.,, the dis-
tance AP and the names of the variables as three vector, that must have the same length —
the dimension of the problem. It initializes an object of the class sos_optimisation.

integration is a method called inside the other methods, which calculates the integration of
all the monomials on the feasible set [—1, 1]™.

solveoptim takes as input a matrix A and a positive real ¢ — that define the target set —, a
degree d for the polynomials and a time horizon T'. It solves the optimization problem and
returns the volume of the calculated outer approximation ROA and the coefficients of the
polynomials v and w.
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e solveoptim_inner takes the same inputs and solves the counterpart of the previous prob-
lem, which is the inner approximation optimization problem. The explanation of the inner
approximation is given in subsection 3.4. It returns the same values as the previous method.

e plot_roa takes as inputs the two indices of the variables on which to project the ROA, a string
which states which approximation to plot (outer or inner) and an optional vector giving the
size of the plotting mesh. It plots the expected projection of the ROA. If both inner and outer
approximations are called sequentially for the same variables, the two plots will appear on the
same figure. This corresponds to the plots in Figure 3.

e plot_w takes the same inputs. It plots the expected projection of w in 3D. This corresponds
to the plots in Figure 2.

e plot_v takes the same inputs, as well as a time ¢ € [0, T]. It plots the expected projection of
v(t,-) in 3D.

4.4 Application of the toolbox on finite time ROA calculated in the literature
To verify the performances of the toolbox and verify its pertinence, its results were compared to
published studies of ROA calculations using SOS programming.

4.4.1 Van der Pol oscillator

The first problem is the Van der Pol oscillator, studied in [Korda et al., 2013]. It is a problem in 2
dimensions corresponding to the following dynamic:

:L"l . —2372
23/~ \0.8x1 + 10(2? — 0.21)

For that problem, the toolbox gives the expected results under certain conditions for both outer
and inner approximations.

The computational time of those calculations is approximately 50% higher for the inner approx-
imation:

Degree 10 12 14 16 18 20
Outer ROA | 86.773 | 102.787 | 123.184 | 150.327 | 195.956 | 227.600
Inner ROA | 121.169 | 144.026 | 173.790 | 213.685 | 279.038 | 335.784
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Figure 6: Plots of the inner (blue) and outer (red) ROA for the Van Der Pol oscillator for polynomial

maximum degree in {12,14, 16,18} (§ € {6,7,8,9})

Figure 7: Van der Pol oscillator — polynomial inner approximations (light gray) to the ROA (dark
gray) for degrees d € {9,12,15,18} from [Korda et al., 2013]
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4.4.2 Three synchronous machines

The second studied problem is an energy grid problem, with three coupled synchronous machines.
One is taken as the reference, so the problem has four variables: 2 angles 61 2 and 2 rotational speed
w1,2. The problem is then lifted to dimension 6 as the angles are replaced by their sine and cosine.
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Figure 8: Triple synchronous machines — polynomial outer approximations (in black) for the ROA
for degrees 6 (0 = 3) from [Josz et al., 2019]. Projection on 61, 62
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Figure 9: Plots of the outer (red) ROA for the TSM for degrees in {6, 8} with the toolbox

Here, the inner approximation of the toolbox does not give any relevant results, which is certainly
due to the too low degree of the polynomials on that problem — which is more constrained than the
outer one.

However, the approximation of polynomial degree 8 from the toolbox is very close to the ROA
of [Josz et al., 2019]%, while the degree 6 approximation is a bit over-sizing the set.

4To be precise, this plot is not the one appearing in the article, but it was obtained using the same matlab code
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4.5 Limits of the toolbox
4.5.1 Degree limitation

The precision of the calculation depends on the degree of the problem but so does the computational
time. The problem being reformulated as Semi-Definite Programming, the computational time will
grow polynomially with the degree. However, the issues with solving big SDPs are not only about
time but deals also with the computational material. Above some threshold — met quite rapidly —
a standard amount of 16 Go of RAM will be saturated and will just make it impossible to solve the
optimization.
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Region of attraction at T = outer
at Target set
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X
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Figure 10: Plots of the inner (blue) and outer (red) ROA for the Van Der Pol oscillator for degrees
10

For example on the Van der Pol oscillator, for degree 10 and below (see Figure 10), while
the outer approximation is still valid, the inner one does not work anymore and shows irrelevant
artefacts.

4.5.2 Inner approximation quality

The inner approximation of the ROA has more constraints than the outer approximation, which
makes it longer to proceed for the same polynomial degree. Moreover, on complex problems, the
inner calculation is often non conclusive. That issue could be due to the fact that, when the target
set is too small — relatively — the constraints of positivity of v on the complementary of the target
forces v to be positive almost everywhere.

That issue could be resolved by making the negativity of v on the target set an additional
constraint. In practice, it indeed improves slightly the precision of the result, however it also
significantly increases the computational time, which makes the trade-off not worth it.
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4.5.3 Influence of the time horizon and the variable range

The relative size of the target and feasible sets have a considerable impact on the results, especially
on the inner approximation.

For example, on the Van der Pol oscillator, decreasing the size of the target set considerably
impacts the inner calculations.

1 08 06 04 02 0 02 04 06 08 1 4 08 06 04 02 0 02 04 08 08 1 1 08 06 04 02 0 02 04 06 08 1

1 08 06 04 02 0 02 04 08 08 1 1 08 06 04 02 0 02 04 06 08 1 1 08 06 04 02 0 02 04 08 08 1 1 08 06 04 02 0 02 04 06 08 1
x

1 08 06 04 02 0 02 04 06 08 1 1 08 06 04 02 0 02 04 06 08 1

1 08 06 04 02 0 02 04 06 08 1

Figure 11: Plots of the inner (blue) and outer (red) ROA for the Van Der Pol oscillator for degrees
in {12,14, 16,18} (from top to bottom) and ¢ € {0.2,0.3,0.4,0.5} (left to right): target set is in
dark

While the outer approximations looks good for all the plots, the inner approximation is correct
only for the higher polynomial degrees and the bigger target set. The radius € of the target set
must be at least 0.4 for the inner calculation to be relevant. Below, the problem is over-constrained
for the given degrees and the polynomial w is very close to a constant 1. In fact, we have that

vx, [w(x) — 1] < 1074

for all the couples (d,¢) where the plotting is unsatisfying, which gives us a practical criterion to
determine, whether the results of the inner approximation are relevant or not.
Finally, for this particular problem, the degree must be at least 14 and the size of the ROA at
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least 10% of the feasible set® in order to have a relevant inner approximation. Such high degree
of polynomials are not reachable with dimension 6 problems on a classical computer — degree 10 is
already too high for a RAM memory of 16 GB — while for example the studied target set for the
power converter was covering around 1078 % of the feasible set. This certainly explains why the
results for inner approximations on both the power converter and the triple synchronous machines
were irrelevant.

50.4%71/2.2* = 0.10
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5 Conclusion

Using the definition of the volume using measures enable to give the description the region of
attraction of a dynamical system with an optimization problem. This problem can be strengthened
and solved using the Lasserre hierarchy.

For the droop controlled power converter, the application of this theory provided satisfying
results on the outer approximation of the region of attraction. On the other hand, the inner
approximation gave no results at all.

The generalization of the code in order to create a toolbox for solving more easily the computa-
tion of the approximations of the region of attraction was successful. The SOStab toolbox is now in
a working state for the calculation of outer approximations. On the other hand, the inner approxi-
mation is possible only for specific target and feasible sets and requires higher degree polynomials,
so longer computations and bigger computer power.
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