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Abstract This paper presents a new approach for solving a class of complicated
nonlinear programming problems arises from optimal power flow with transient sta-
bility constraints (denoted by OTS) in power systems. By using a functional trans-
formation technology proposed in Chen et al. (IEEE Trans. Circuits Syst. I Fundam.
Theory Appl. 48:327-339, 2001), the OTS problem is transformed to a semi-infinite
programming (SIP). Then based on the KKT (Karush-Kuhn-Tucker) system of the re-
formulated SIP problem and the finite approximation technology, an iterative method
is presented, which develops Wu-Li-Qi-Zhou’ (Optim. Methods Softw. 20:629-643,
2005) method. In order to save the computing cost, some typical computing tech-
nologies, such as active set strategy, quasi-Newton method for the subproblems com-
ing from the finite approximation model, are addressed. The global convergence of
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the proposed algorithm is established. Numerical examples from power systems are
tested. The computing results show the efficiency of the new approach.

Keywords Optimal power flow (OPF) - Transient stability constraint (TSC) -
Semi-infinite programming (SIP) - Quasi-Newton algorithm

1 Introduction

A practical electric power system can be described by a system of differential and
algebraic equations (DAE) as follows:

x=Fx@®),y®),2)
Gx@®),y(),z2)=0 (1.1
H(x(),y(),2) <0,

where ¢ means time, vectors x(¢) € R™ and y(¢) € R are state variables such as
power outputs of generators, voltage values and angles, while z € R" is control vari-
able such as transformer tap positions, phase shifter angle positions and shunt capac-
itor/reactors. Generally, 7 is independent of 7. The inequality in (1.1) includes some
line current limits, all variables limits and stability requirements of power systems;
F=(Fi,..., Fy )T : RxFH: 5 R G = (Gy,...,Gp,)T : Rz 5 Ry
and H = (Hy,...,Gy)T : R+ 5 R™ are assumed continuously differen-
tiable.

The steady-state operation of power systems is independent to the time ¢ and sat-
isfies

F(x,y,2)=0,
G(x,y,2) =0, (1.2)
H(x,y,z) <0.

One of typical research problems in power systems is Optimal Power Flow (OPF).
An OPF problem finds the optimal operation with particular objective, such as the
minimizing the cost of generation, the maximal social profit, etc. We assume that
the control variable z is unchanged during the operation process, then based on the
system description of (1.1) and the initial steady-state operation (1.2), general OPF
problems in power systems can be described as

min (%,,7)
(xX,y.2,x(),y()) f Y
s.t. FO(x,5,2)=0
G%x,5,2)=0
HO(%,7,7) <0, (1.3)

X(t)=F(x(t),y®),z), withx(0)=x
Gx(n), y(1),2) =0,
H(x(1), y(1),2) =0, 1€[0,T],

where (x, ¥,7) € R™ x R™ x R" indicates the variable in the steady-state (or ini-
tial operation state), i.e., the corresponding state variable at ¢ = 0; GO and HO are
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the descriptions of the system and the operating constraint at the steady-state case,
respectively. The requirements of the system operation and stability are involved in
the inequalities of (1.3).

In power systems, when the system suffers some big disturbances, the structure of
the system will happen change. This means that the functions defined in DAE of (1.3)
(i.e., F, G, H) have different versions. For that case, we need to consider the recovery
operation in the system, which indicates by the DAE with the inequality limit H in
the model. This is the transient stability analysis in power systems. Combining with
the OPF consideration, problem (1.3) is called OPF with transient stability constraints
(for abbreviation OTS) in power systems. Since the variable (x o7, y(t)T)T is con-
trolled (or coupled) by the initial operation point (x”, 37, z7)T, this implies that the
aim of (1.3) is to find (xT, 37, z7)T under the optimal and the stable operation re-
quirement during ¢ € [0, T]. It can be seen that when the system is just considered
the steady-state operation condition (1.2), OTS is reduced to normal OPF problems,
which belongs to nonlinear optimization problems and is studied extensively from
theory to computing methods (see [12] and references therein).

The OTS research has been attracted many researchers and obtained plentiful re-
search results in literature, including power system engineers and nonlinear optimiza-
tion researchers, see [1, 3, 9, 12, 14] and references therein. On the one hand, an
OTS describes the practical operation and operating requirements; on the other hand,
OTS can analyze some disturbances happened in the system (see [1, 24]). From the
viewpoint of applications, the most concerned question for OTS problems is how to
design effective numerical methods for solving the problem. The ordinary used nu-
merical method for OTS is discretization approach (see [24] and references therein),
which discretizes the differential equations to algebraic equations and reduces (1.3)
to a nonlinear programming problem, then uses some numerical methods of non-
linear optimization problems to get the solution. The main difficult in discretization
approach is the high dimension problem due to the discretization variables, which
limits the practical application in power systems, especially for large numbers of dis-
turbances. Recently, a new method was presented in [1] where the OTS problem was
converted into semi-infinite programming (SIP) problems by using functional analy-
sis. The advantage of new method is that the variable dimension of the transformed
problem is equal to one of the steady-state, i.e., the dimension of ()?T, )_JT, ZT)T.

We note that by using the functional transformed method for solving the OTS
problems, the key work is the approach for solving the reformulated SIP problems.
Hence, our attention in this research is to design efficient numerical methods for OTS,
combing with the special structure of the reformulated SIP and the new approach in
SIP problems. Motivated by the recently works for SIP problems (see [6, 7, 17, 20,
21] and reference therein), especially for the recent Newton-type methods [11, 13, 16,
23], we develop the method proposed in [23] for solving the OTS problems. We first
reformulate the OTS problem to a SIP problem by using a similar way in [1]. Then the
KKT system of the reformulated SIP problem is addressed. By using a complemen-
tarity function, the KKT system of the reformulated SIP problem is further converted
to semismooth equations (see [15]). Based on the system of semismooth equations,
we extend the method of [23] to the KKT system of the reformulated problem. Some
special strategies for saving the computing cost are discussed, and the global conver-
gence of the algorithm is analyzed. A global quasi-Newton method is presented to
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solve the subproblem occurred in the iterative approach. Numerical examples from
power systems are tested the new method.

The rest of this paper is organized as follows. Section 2 reformulates the OTS
problem to a SIP problem and considers its correlative computations. In Sect. 3, an
iterative method is presented for solving the reformulated SIP problem, and the con-
vergence is addressed. In Sect. 4, a quasi-Newton approach is discussed for subprob-
lems occurred in the iterations. Two types of OTS problems in power systems are
tested in Sect. 5. Some comments are drawn in the last section.

Some notation are used in this paper. For a smooth (continuously differentiable)
function @ : R" — R™, we denote the Jacobian of ® at x € R" by ®'(x), which is an
m X n matrix. We denote the transposed Jacobian of ® by V& (x). Moreover, for a
smooth function F(x, y) : R™™ — R" F, and Fy mean the partial derivative of F
with respect to x and y, respectively. For a nonsmooth function G (x), dG(x) means
the generalized Jacobian of G at x in the sense of Clarke [2]. The Euclidean norm is
denoted by || - ||.

2 Reformulation of OTS problems

In this section, we transform OTS to a SIP problem via a similar technology pro-
posed in [1], some related problems such as the derivative of functions, the stability
constraints, are also discussed.

2.1 Reformulated SIP problem
We first make the following assumption.

Assumption 2.1 For any points (x(t)7, y(t)")7 satisfying G (x(¢), y(¢),Z) = 0,
H(x(t),y(t),z) <0, it holds that det(G(x(), y(t),z)) # 0 for ¢ € [0, T], where
Gy, =09G/dy.

Assumption 2.1 is a typical one in DAE problems, which can realize the trans-
formation of the DAE problem to a differential equation. In the stability analysis of
power systems, except for the singularity bifurcation study, this assumption is a com-
mon one and the system satisfies it for the most cases [1, 8]. Under above assumption,
from G (x(r), y(t),z) = 0 and the implicit function theorem, it exists an unique C'
mapping g foreach ¢t € [0, T']

y(@) =qx@),2), te[0,T] 2.1

in the neighborhoods of (x(¢)7, z7)7 satisfying G (x (1), g(x(t), z), Z) = 0. Then the
constraints dependent on the time ¢ in (1.3) are changed equivalently to the follows:

x=F(x(1),q(x(),2),2), 2.2)
H(x(t),q(x(),2),2) <0 (2.3)
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with x(0) = x at r = 0. Furthermore, the differential equations can be handled by an
integral approach. Let ¢, (x, z) denote the trajectory of x(¢). Then, (2.2) implies

t
x(t)=¢i(X,2) =% +/0 F(¢:(x,2),q(¢1(x,2),2), 2)dt. 2.4

Finally, the OTS problem (1.3) is transformed to the following type of nonlinear
programming problem:

mln) fE 5,0 =fE )

(X,y,2

s.t. FO(x,5,2) =
G'(%,5,2) =0 2.5)
HO(%,7,7) <0,

H(¢:(%,2),q(¢:(x,2),2),2) <0, t€[0,17].

The remarkable advantage of this equivalent model (2.5) is that it has the same
variables (x7,37,z7)T as ordinary OPF problems with steady-state stable con-
straints. Since the second inequality constraint in (2.5) includes time ¢ € [0, T'], this
is a typical semi-infinite programming (SIP) problem. Furthermore, this methodology
can handle multi-disturbances where H in (2.5) is denoted by H k(-) k=1,...,D

with / time disturbances in power systems.
2.2 Jacobian computation

In this subsection, we consider the Jacobian computation of function H in (2.5),
which will be used in the proposed algorithm. We have the following conclusion.

Proposition 2.1 Suppose that Assumption 2.1 holds. The Jacobian of function H has
the following computing formulas:

dH 3

- =[H: - Hy(Gy)"'G ]aii’, (2.6)

88{1 [H: — Hy(G,)"'G ]ai; — Hy(G,)"'G; + Hz, 2.7)
oH

where H, indicates i.e., the derivative of H with respect to x. Other notations

x>

have the same meaning; = dd)’ and 0¢’ satisfy

() =Fc = Fy(Gy) "' G

8_@ _ (2.8)
F)lizo=1

4 (50) = [Fy — Fy(Gy)"'Gx1%% — F\(Gy) "Gz + F: 29
()0 =0 |

with I € R"™ "= to be the identical matrix.
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Proof Since y(t) = q(x(t), 7) satisfies G(x(¢), y(t),z) =0, it holds

Gx—i-G}gi—O

(2.10)
Gz + Gy 5z =0.

Then from the related variables of H and the derivative computation, we derive that

oH Rlon dq 0¢r G 0y
—=H,—+H, H, — Hy,(G e 2.11
dx Yok Yox 0x =1 Gy ]af @11
where the second equality is due to the result in (2.10).
Similar to the derivation above, we also have
oH ¢ dq B¢
—=H,—+H H:
0z "oz <8x a-+az *
=[H: — Hy(G,) "' G| == Az — Hy(G,)"'G: + H:, (2.12)

Y
where the second equality comes from (2.10). This proves the result (2.6)—(2.7).
Equations (2.6)—(2.7) shows that the Jacobian of H with respect to (x,z) can
be obtained via the computation of % and %. To this end, we make the further
derivations.
We compute the derivative of (2.4) with respective to x and obtain that

N /t 09, dq 3¢t
— =1 Fr—+F,— dt
0x + 0 0x + Y ox 8

t k
—1+/[ — F,(Gy)"'G,] ‘b_’dt, (2.13)
0 dax
where the second equality comes from (2.10). Then (2.8) follows by computing the
derivative of (2.13) with respective to .

By using the same way to the system (2.4) with respective to x, it is not difficult
to get

Glon ! _1 Glon _1

e =/0 (Fe= F,G7'Go) 51 = F,G7'Ga + F .
From above expression, we can derive the expression (2.9) by calculating the deriva-
tive of 22 a‘ * with respect to . We prove the conclusion. g

Proposition 2.1 presents the Jacobian computing formula of the constraint func-
tion H by solving the first ordinary differential equations.
3 Iterative algorithm
This section will develop the iteration method of [23] to the reformulated SIP prob-

lem (2.5). The optimal condition is studied, and a new algorithm is constructed. The
convergence of the algorithm is also investigated.
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3.1 Optimal conditions of the reformulated SIP problem
Denote n =ny +ny +ny, w= &, 57,20 and h = (hy, ..., hw)T with

hi(w,t) = Hi(¢/(x,2),q(¢(x,2),2),2), (G=1,...,m), t€[0,T]. 3.1

Let w* = (X7, 37T, @)7)T be a solution of the reformulated SIP prob-
lem (2.5). Under some constrained qualification conditions, for each i = 1,...,m,
there exists a nonnegative integer p; < n, multipliers A* € R, pu* € R"™, y* € R™,
(ui])* and attainers (tl.j)* fori=1,...,m; j=1,..., p; satisfying the following so-
called KKT system of (2.5) (see [6, 23])

V@) + 30 A VE ) + 350wV G ) + 7 vV HD (w)
+ > ( fizl(u,{)*Vhi(W*, (lij)*)) =0,
FO(w*) =0,
GO(w*) =0, (3.2)
v =0,  HXw) <0, yrH)wH)=0, i=1,...,m,
@)*>0,  hi@*@)M=0, i=1....m j=1...p,
hi(w*, 1) <0, i=1,...,m, t€][0,T].

It is well-known that under some second order sufficient conditions at w*, the point
w* satisfying (3.2) is a solution of the reformulated SIP problem (2.5) (see Theo-
rem 3.3 in [19] and Theorem 4.1 in [18]).

3.2 Iterative approach

Our objective is to find the solution of (3.2). Based on the KKT system of SIP, some
Newton-type methods are presented (see [11, 13, 16, 23]). In our recent work [22],
we presented a smoothing quasi-Newton algorithm for the reformulated SIP problem.
However, the feasibility of infinite constraints did not take into account in [22]. More-
over, it exists the difficulty to decide p; in (3.2). Whereas [23] handled the infinite
constraints better for a simple SIP problem, and p; did not give for the algorithm. Mo-
tivated by the work of [23], this subsection will present a new algorithm for solving
the reformulated SIP problem. We main state the algorithm, the detailed description
for the algorithm is referred to [23].

Let Q2 be a finite subset of 2 = [0, 7]. We make an approximate nonlinear pro-
gramming problem of (2.5) as follows:

min  f(%,7,2),2) = f(&, )

(X,¥,2)

s.t. FO»%,5,2)=0
G%x,7,2)=0 (3.3)
H(%,7,2) <0,

h(x,y,2,) <0, t €y,
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where & is defined in (3.1). Then we have an approximate system of (3.2) according
to problem (3.3) as

VW) + 305 A VE (W) + 302 wi VG (w) + 3%, i VH (w)
+ I () g, 4] Vhi(w. 1)) =0,
7w =0 (3.4)
Go%w) =0,
i >0, H?(w) <0, yiH(w)=0, i=1,...,mo,
W >0, hiw,t))<0,  whiw,i)y=0, i=1,....m, t/ e

We call (3.4) the subproblem for solving (2.5). Denote the solution of (3.4) as
o= (@hH”, 05T WHT DT W@HT) e Rrmctmtmotmm

with my = |Qg/|. It is easy to see that: (i) since the system (3.4) is the KKT system of
nonlinear programming problems with finite constraints, there exist many effective
methods for solving it; (ii) if wk is feasible, ie., h(wk, 1) <0, Vt € Q=[0,T], then
v¥ is a KKT point of (2.5).

Based on the observation, our aim is to design some iterative methods for the
finite KKT system (3.4) and obtain the solution of the KKT system (3.2) with infinite
constraints. Combining with our observation and objective, two computation related
problems will be considered:

e The number of €2y is large for a better approximation of €2, especially for the large
k, which will result the computing difficult for solving the subproblem (3.4) due to
the large inequality constraints;

e To check the feasibility of w* is equivalent to test whether the following holds for
eachi e{l,...,m}

max h; (w*, 1) < 0. 3.5)
teQ
This will be done by finding a global solution of max;eq ; (w¥, r) and is not an
easy work.

In order to overcome the computing difficulties, two computation technologies
are adopted in our iterative method. One is the active set method; other is the ap-
proximate solved method for test the feasibility of w*. The algorithm is stated as
follows.

Algorithm 3.1 (The iterative Algorithm)

Step 0. Given a prescribed number §y > 0 and € € (0, 1). Given the finite subset
Qp = {t?, ...,tl(,)o} C Qsuchthatforalli € {l,...,m},{we R":h;(w,t) <0,Vt €
Qo} #P.Letk:=0.
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Step 1. Solve the KKT system (3.4) to get v5-0 = (wk)T, W60 (uk0T | (k0T
@Y Stop if hi (w0, 1) <Oforallt e Q=1[0,T]andi=1,...,m.Letl =1,
go to Step 3.

Step 2. Solve the KKT system (3.4) to get v©! = (wF)T, QSHT | (ubHT, (yoHT,
@*HTYT Stop if h;(w*!, 1) <0 forall t € Q=1[0,T] and i = 1,...,m. Set

k k,l

v =0
Step 3. Findatlliﬁl € Q such that forsome i € {1, ..., m},ithas hi(wk’l, t§k+l) > k.
Then let € := QU {t’[ij} and set [ :=1+ 1, go to Step 2. If there does not exist

such tﬁﬁl € Q satisfying h,-(wk*l, tf:ﬁl) > g foralli =1,...,m, then let vk = k!

and go to Step 4.

Step4. Set k:=k + 1. Let Ex_1 = {t € Qlhi(w* 1,1 =0,i e {1,...,m}} =
{t{‘, e tllgk} and 8y = €6,—1,/:=1, and go to Step 5.

Step 5. Find a tﬁﬁl €  such that h,-(wk’l, tilgk‘f‘l) > 8y for some i € {1,...,m} and
let Qy = Er_1 U {’l;k+l}' Setl:=1+41, goto Step 2.

Step 6. If there do not exist i and tf)k+l € Q such that i; (w*!
O 1= €6k, go to Step 5.

Jty 41) > Sk, then let

We give some explanations for Algorithm 3.1.

(1) The finite set € is an approximate set of the infinite set €2; The constant € is
the descend scale of §;

(i1) Ey defined in Algorithm 3.1 indicates active set at k-th iteration, which begins to
work on the case hi(u)k, t) <drforallt € Qandi €{l,...,m}. This technology
is to decrease the number of approximate set $2;

(iii) The number Jy is a key scale in the algorithm. On the one hand, it is used to set
new approximate set i if there exists #; and i such that hi(wk, tx) > 8 (see
Step 2); on the other hand, it is an index to decide whether the active set Ej
works or not;

(iv) The test of feasibility, i.e., test max;cq hi(wk, ty<Oforali=1,...,m,is
replaced by finding t such that h; (u)k , Iy) > & for some i.

In order to prove the global convergence of Algorithm 3.1, we need to introduce
some measures for discrete sets. Let Qj = {t_(])‘, t_{‘, e, t_’;;:} and Q* = {rf, 1}, ..., t;}.
Here Q* is the index satisfying the KKT system (3.2). Define the discrete measure
o™ and o} with finite support as

uf, ift=¢tfi=12,...,p
CHOERIN ’
0, ifr¢Q*,

k : k-

uy, ift=t,i=0,1,...,p

o (t) = i . i k
0, if t ¢ Q.
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Then the KKT systems (3.2) and (3.4) can be written as

V@) + 0 A VE ) + 30wV G ) + 70 vV HD (w)

+ Y [ Vhi(w*, 1)do* =0,
FO(w*) =0,
Go'(w*) =0, (3.6)
y>0,  H'w*) <0, y*H(w")=0, i=1,....,mo,
[hi(w*,)do*=0, i=1,2,....,m,
h(w*, 1) <0, teQ=][0,T].

V) + 3 MVE (W) + 02 wi VG (w) + 1, v VH (w)

+ > [ Vhi(w, t)doy =0,
FO(w) =0,
G'(w) =0, (3.7)
¥i =0, HY(w) <0, viH?(w)=0, i=1,...,mo,
[hi(w,t)dox =0, i=1,...,m,
h(w,t) <0, teQ.

The global convergence of Algorithm 3.1 is stated as follows.

Theorem 3.1 Let {v*} = {(w5)T, 05T, (bT, T, @*)T)). Suppose that the
infinite sequence {vX} generated by Algorithm 3.1 is bounded. Then there exists a
subsequence of {v*} converging to the KKT point of (2.5).

Proof (i) First we prove that at each iteration k£ with given &; > 0, the cycling between

Step 2 and Step 3 is finite under the condition of the theorem. Let the interior cycling

index be /. Suppose that the interior iteration between Step 2 and Step 3 is infinite.
Let w*" — w** as | — 0o. We claim that for all i = 1, ..., m and [, it holds

hy (w15 <0. (3.8)

Otherwise, there exist at least one i and a positive integer N such that 4; (wk’*, t,’fN) >

0. Therefore, there is a positive N > N large enough such that for such i it holds
hi(wk’"ﬁ, t,’l‘N) > 0. On the other hand, since N > N and the solution condition of

the KKT system (3.4), we have hi(wk’”ﬁ, t,lfN) <Oforalli =1,...,m, which yields
a contradiction. Thus (3.8) holds. Let t,’fl — t* as | — oo. Taking limit for such in-
equality with [ — oo yields

hi (wh*, ) < 0. (3.9)

On the other hand, the assumption, i.e, the iteration is infinite between Step 2 and
Step 3, implies that at least one index i it holds hi (whn t,’jl) > §;r when [ — oo.
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Without loss of the generality, taking limit for such inequality yields
hi (", %) > 8 > 0.

This is a contradiction. We prove the finite iteration between Step 2 and Step 3.
Note that foreach k,t € Q andi € {1, ..., m}

hi(w*, 1) <8, and & — O. (3.10)

(ii) We prove that any limit point of the infinite sequence {vX} generated by Al-
gorithm 3.1 is a KKT point of the reformulated SIP problem, i.e., satisfying (3.2)
or (3.6).

From the bounded assumption, there exists a subsequence of {v¥}, denoted by

{v"}, such that v™* — v* = (w7, WHT, ()T, T, @*)T)T. We assume that
kI
the measure of discrete set holds oy, Y o, O

At the iterative point v"*, from (3.7) we have the following derivation:

Ny ny mgo
VEW*) + Y MV W) + Y wiVGhw*) + >y VH (w¥)
i=1

i=1 i=1

m
+ Z / Vh; (w*, t)do*
i=1

nx ny mgo
(V@™ + Y AVEI ™) + Y w VG w™) + Yy VH? (™)
i=1 i=1 i=1

+ Z/Vh,-(w, Ndoy,) — (Vf(w*) + > NVE (w")
i=1

i=1

ny mo m
+ Y HVGI W) + Yy VH ) + ) / Vhi(w, z)dcr*) H
i=1 i=1

i=1
Nnx
<|Vr@™) = V@] + Y |AEVE ) — AFVE (w") |

i=1

1

My
+ 3 |u VG W) — piV G w |
i=1

mo
+ 3 Iy v H ) =y VHD ") |

i=1

m
+2
i=1

. (3.11)

/Vhi(w”k,t)dcrnk —/Vhi(w*,t)dcr*
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Then from the weak convergence conditions and the triangle inequality, it is not dif-
ficult to derive that the right of (3.11) tends to zero. The first relationship of (3.2)
is proved. Except the last relationship, i.e., the feasibility of infinite constraints, the
other expressions in (3.2) can be proved by using the same way.

Next we prove that w* is feasible for all i = 1,2, ..., m. The feasibility needs to
prove max;cq h; (w*, ¢) <0. Since

hi(w", 1) <8,,, fori=1,...,m, Vt€Q,

and

Sn, > 0 ask — oo, hi(w*, 1) <0 fori=1,...,m, Vt € Q.

Thus we have proved that w* is feasible.

4 Quasi-Newton method for the subproblem

Since just the first derivate is available in the approximate KKT system (3.4) arising
from OTS problem, we consider a quasi-Newton method for the subproblem (3.4) at
each iteration k in this section.

Let ¢ : R% —> R be the Fischer-Burmeister function [5] defined by

¥(a,b) =va*>+b>—(a+b).
This function has the following typical property
Y(a,b)=0 <<= a>0,b>0andab=0

and is called a complementarity function in literature [4]. Moreover, ¢ is semismooth
and its generalized Jacobian in the sense of Clarke [2] has the following result:

. 2 2
0y (a.b) _ Jajﬂ—l, ifa> +b° #0
da oa—1, ifa?+b2=0

b e 272
81//(a,b)= W—l, ifa+b-#0
db B—1, ifa® +b>=0

with [[(a, B)[| < 1.
Denote mj = || and

h’(g.,j)(w) =hi(w,tj), i=1,...,m, tj€ Q. 4.1)
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Based on the function Y rp, the system (3.4) is reformulated equivalently to a
system of semismooth equations for each iteration k as follows:

V) + X5V ED ) + S VG w) + X v VL ) + Y0y (Sl Vil )
FO(w)
GO(w) =0.
V(=H)(w),y), (=1,...,m)
V(=h )ul), (=1, om; j=1,....mp)

4.2)
Denote (4.2) as
Lk(w, AU, Y, 1)
FO(w)
k _ —
T (w, A, w, y,u) = GO(w) =0 4.3)
O (w, y, u)

with
ny

LA, a sy w) = V) + Y LV (W) + Y VG (w)

i=1 i=1
mo m mp .
+ Y v VH )+ Y (Z u! Vil j)(w>), 4.4)
i=l1 i=1 \j=1

T
o (w, y,u) = (Cbi-‘(w, Vs u))i=1

s tmmy
Y(—HY(w), ), (i=1,...,mp)
=~ k N . . (45)
V(=hg yw)up), G=1,....m, j=1,....mg)

Consider that just the first derivative of  is available in the reformulated SIP prob-
lem arising from power systems, we will provide a global quasi-Newton algorithm
for (4.3) proposed in [10]. To this end, we denote the following notations.

For a given constant € > 0, define

@ B) Va2 +b2—(a+b), ifva2+br>e€
a, =
(1/26)[(a®> + b?) —2e(a +b) +€%], ifVa?2+b2 <e,

which is a smoothing function of v (a, b). Then the smoothing function of ®* defined
in (4.5) has the following version

T
&<,y = (@G, y0),

see,mot+mmy

_ VEH) W), v, (i =1,....mo) @5
N\ ) ud), =1 ms =1 m) )

The function T* (w, A, i, ¥, u) in (4.3) can be rewritten by a splitting form as

TE(w, &, i, y,u) = Y (w, A, @, v, u) + TR (w, y, u), 4.7
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where

LK,y pu, v, u)
FO(w)
GO(w) ’
DR (w, v, u)

YR (w, A, w, y, u) =

4.8)
0
0
0
(@ (w, y, u) — D€ (w, y, u))

ke, y,u) =

By using this splitting version, it is clearly that for € > 0, the function
Tk(w,k,u, y,u) is composed of the differentiable function Y*€ and the non-
differentiable function %€, Moreover, it is not difficult to derive that the non-
differentiable function I'®€ is uniformly restricted by the small parameter ¢ and
satisfies

IT% € (w, v, w)|| < (/n + mo + mmy /2)e.

Denote
190w, y) = {il | (HO@)? + 2 = €,
4.9)
JE0 = [i| JHO W)+ y2 < e};
194, ) = {6, IO @02 + @2z e,
(4.10)
k= ok 2+ w2 <ef.
Put
— %1, ifiel“Ow,y),
P Y
%—1, ifi e J¥Ow, y);
@.11)
—H.O(w) i 0
—t 1, ifiel®(w,y),
[ g
)
A _y, ifi e J<O(w, y);
W

1, if @, j) el (w,u),

afi’,lj‘) = Il 02 rw)? (4.12)

J
i

“o, if (i, j) € J¢ (w, u);
—hk
™ g, ) e 19K, w),
,3(61"];') = | VBl P Hah? (415
, Zpk
<z+>(w) Y if (i, j) € J<*(w, u).
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Define a matrix as

0 VFw) VGO (w) VH  (w)diag({ (w, y)) VA (w) (B * (w, u))

' VFOw)T 0 0 0 0
O (w,y,u) = vc®w)? 0 0 0 0
VH'w)T 0 0 diag(a€%(w, y)) 0

VEkw)T 0 0 0 diag(a®* (w, u))

4.14)

Let the iterative index for the k-th subproblem (3.4) be /. Throughout this section,
the index (/, k) means the /-th subproblem iteration with the outer iteration k. Denote
V =(w, A, u,y,u). Select a positive n; satisfies

oo
Y m=n<oo (4.15)
=0

with a positive constant n > 0.

Algorithm 4.1 (Quasi-Newton algorithm)

Step 0. Choose constant p € (0,1),x € (0,1),0 < v < 2//mg +mmy, o, > 0,
07 > 0, the initial multiplier of inequality (y_1, u—1) > 0. n; satisfies (4.15). Choose
an initial point Vo= ((wO)T7 ()»O)T, (MO)T, (VO)Tv (MO)T)T c Rn+nx+ny+mo+mmk, a
symmetric positive definite matrix By € Rty +motmm)x(nnytnytmotmme)
and €9 < (v/2)|| ¥ (Vo) ||, the initial step-length of line search t_1 = 1. Let [ :=0.

Step 1. Let

LAy + 7 LAV, AL iyl ul)y — LR (V)
0
@ =1} 0 + o®Dykeyy,
0
0

where Q*-D is defined in (4.14) at point (w!, %, u'). Solve the linear equation
Bip+q =0 (4.16)

to get py.
Step 2. If

1T Ve + poll < el YOV, (4.17)

then let 7; = 1 and go to Step 4. Otherwise, go to Step 3.
Step 3. Let j; be the smallest nonnegative integer j such that T = p/ satisfies the
follows

ITEe (Vi) 2 = 108V < o e YR V) I —aallep P +m YR (V) |12,

(4.18)
and let 7 = pJ!.

@ Springer



510 X. Tong et al.

Step4. Let Viy1 =V +1pr.
Step 5. Update B; by the BFGS formula

Bisis] B qgf

Biy1 =B — , 4.19)
+ s; Bys; {lTsl
where
si=Vi1 -V, (4.20)
and ¢; is determined by the follows:
a=ri+ x5V lls: (4.21)
with
LK+ LE(Vig) — LX), ALl yt uly — LR (V)
0
r = 0
0
0
+ oM (TR Vi) = TR )
| 1 . rlTsl 0
x1=1-— mln{ , }
(NI lls211?
Step 6. If ¢; < vllTk(VlH) ||, take €741 = €;. Otherwise, determine €;41 by
vk 1
€141 =Miny 5 1T (Vi+ DIl € 4.22)

Step 7. Letl: =14 1. Goto Step 1.

Under some mild conditions, the global and locally superlinear convergence of
Algorithm 4.1 can be proved, see the reference [10] for details.

5 Numerical examples

In this section, two OTS problems arising from power systems are tested by Algo-
rithm 3.1. One is an Available Transfer Capability (ATC) calculation for a single-
machine infinite-bus model system, and other is the Economic Dispatch (ED) prob-
lem for a system of two generators with six buses. Both of examples are chosen
from [1] with some modifications. Algorithm 3.1 described in Sect. 3 has been im-
plemented in MATLAB 7.0. The tests were conducted on a Pentium IV 2.50 GHz
computer with 256 MB of RAM, running on Microsoft Windows XP Professional
operating system.
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Fig. 1 Single-machine ArcaA o o 10 00 ArcaB
infinite-bus model system 0.8
0.1)
P+iQ 0.5)
Generator A disturbance Infinite bus system

(M=5s, w;=314 rad/s, D=3)

5.1 Available transfer capability calculation with transient stability constraints

A simple model of one-machine infinite-bus system with a single disturbance is con-
sidered (see Fig. 1). For this example, all variables are fixed except rotor angel §(¢) of
the generator-A. The dynamics of generator-A is described by the second-order swing
equation. The relationships of real and reactive power (P, Q) during the disturbance
process are expressed as follows:

e Pre-disturbance system at r = 0 with the initial variable §:

¢ During-disturbance system for 7 € (0, t']:

X =00,
P() =0,
0(8) =0.

o Post-disturbance system for 7 € TARVAE

X=0.09,
_ sind(®)
P(8(1) = g5

Q1) = =55,

where ! is the fault-clearing time, and 7 is the study period of the distur-
bance.

The ATC computation can be carried out by OPF models (see [1]). For the single-
machine infinite-bus system, the ATC with transient stability constraints has the fol-
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lowing version:

max P (%)
)
st. 0<P(@)<2
-2<0@) <2
_ 5.1
L — o (1) with §(0) = & e
dolt) — %0 (p§) — P(3(1) — Bw(r) withw(0)=0

S(t)f‘sma)(a te[oa T]7

where the system parameters are: D = 3, M = 5s, wy = 314 rad/s, §max = 2.5(~
0.87), and with various choices of #! and T = 25s. The last three expressions in (5.1)
are called transient stability constraints (for abbreviation TSCs). In order to test the
effect of TSCs for the system under the disturbance, we solve ATC problem for two
cases, i.e., involving TSCs and without TSCs respectively. The later one is the ordi-
nary OPF problem.

Case-I: ATC Calculation Involving TSCs. We choose the parameters in Algo-
rithm 3.1 as

Error = 1.0e°, 8o =1.0e7>, €=0.01, 80 =0.314,

where Error is the stopping-test; 8° is the initial iteration. The differential equations
and the subproblem of finite nonlinear programming (3.4) in Algorithm 3.1 are solved
by ode45 code and “fmincon” code in MATLAB, respectively. The computing results
with the different fault clearing times are reported in Table 1. where §* is the opti-
mal solution of OTS at the initial point t = 0; Out-Iter indicates the outer iteration
number in Algorithm 3.1; Total-Iter means the total iteration number involving the
subproblem calculation; CPU is the computing time.

According to the solution of (5.1) with t! = 0.3 and the given disturbance, the
dynamic track of the differential equations with the initial point §* = 0.2401 is shown
in Fig. 2 for the real-line curve. From the trajectory we can see that, the system tends
to stability. Make a small variation to the initial point, say § = 0.25/rad, then the
system tends instability under the disturbance, see Fig. 2 for the dot-line curve with
the same clearing time 7.

Table 1 Results of OTS by Algorithm 3.1

tl/s 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
5* /rad 0.4589 0.3410 0.2401 0.1716  0.1271  0.0975 0.0770  0.0624  0.051
Out-Iter 1 1 3 2 2 2 2 3 2
Total-Iter 8 11 13 22 14 10 11 19 7

CPU/s 20.81 26.14 31.92 41.13 29.92 22.57 23.45 35.67 16.16
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Fig. 2 The trajectory of the 3——= r
disturbance starting from 8=0.25 rad
8 =0.2401/rad 25¢F § 1
2} 5=0.2401 rad -
15¢
°
g 1
s
05
ot
-05
-1 L L L L
0 2 4 6 8 10
t/s
Fig. 3 The trajectory of the 3r
Qisturbance without TSC,
8 =1.5789

25 | 5=1.5703 rad

3 Irad
N

1.5¢

t/s

Case-II: ATC Calculation without TSCs.
Without the TSCs, the ATC problem is a normal OPF problem as

max P (8)
§
st. 0<P(@)<2 (5.2)
-2<0(0)=<2.

By using the “fmincon” code in MATLAB, we find the solution of (5.2) is §(0) =
8* = 1.5789. Then under the disturbance with the clearing time ¢! = 0.3 and the
initial point §* = 1.5789, the trajectory of the solution of the differential equations is
shown in Fig. 3, which indicates that the system is instable under the disturbance.
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5.2 Economic dispatch (ED) problem with transient stability constraints

Consider a system of two generators with six-buses and the economic dispatch (ED)
problem, which is the modification of example in [1]. Suppose that the disturbance
happens between 3-bus and 4-bus, see Fig. 4 for the system and the disturbance. We
use the second generator as a reference bus, and set AD/I—ll = D2 = dy, then the OTS
problem is described as

min Y7 [0 PLG, V) + Bi Pei (5. V) + 1]

(6.V.pr) o
s.t. GG, V,pr)=0
H°@,V,pr) <0
ds
gdltz(t) wg12(1)

5.3)
with 8¢12(0) = 841(0) — 8,2(0)

dos2O _ @01 p (5, V) — Pei(1)] — [ Poa(3, V) — Pea(t)] — dowgia (1)

with wg12(0) =0
8gi (1) = 8c(D] <dmax (1 =1,2), V1 €[0,T],

where the details of the model (5.3) are given as follows:

1)
V=V, Vs, V35, V)T, §=(51,82,83,84)7, pr=(Pr1, P2, Or1, Q12)".
3g12(2) = 8g1(2) — 852(1), wg12 = wg1 (1) — wga ().

Py = Po1(V,8) = V2 Gy + Vg1 Vea(G' 08 8412 + B, sindg12)
Pgo = Poa(V,8) = Vi Gy + Vi1 Vo (G €08 8g12 — B, sindg12)

Fig. 4 Two-generators system = Val/ dy =y Vol 6 5
with 4-buses ;@“ X 1=i0.50 ‘r@‘] T d‘=]0 50
L | M=Ss | M=Ss
\ g/ D=3l \ 3/ D=3l
(] n/é Vol 6 b
o s
s g
: g
- -

: 0.005-j0.05
disburdance

PLytjQus PretjQuy
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with
Gl + By G+ B Gla+ B,
Gy +JBy Gyt jBy Gy+jBy
/ s/ / s/ / ./
G5 +JB3 G+ jBy, Gi+jBy
0.3780 — j1.0985 0.3333 4+ j0.6054 —0.7113 + j0.4931

=| 0.333 + ;0.6054 0.3278 — j1.0651 —0.6611 + j0.4597
—0.7113 4+ j0.4931 —0.6611+ j0.4597 1.3725 — j0.9528

o T Pri —jOLi ,
Veic088gi 4+ jV,isindy; = (Vi cosd; + jVisiné;) + = = = — X7:s
gi gi T JVgi gi ( i i T JVi 1) Vi cos; — jV, sind; Xdi

(i=12);
(i) G°3, v, pL) = 0 is the power flow equations with six-buses as

GG, V., pr)
Pri — Vi[ViG11 + V3(G13cos 813 + B3 sindy3) + Va(Giacosdis + Biasinda)]
P12 — Va[V2 G2 + Va(Gas cos 824 + Boa sindos)]
P13+ V3[Vi(G3) cos 831 + B3y sinds;) + V3Gaz + Va(G3a €08 534 + Bag sindss)]
Pra4 + V4[V1(Ga1 cos 841 + Ba1 sinda1) + Va(Gaa cos 842 + Baa sindan) + V3(Gaz cos 843 + Baz sindaz) + V4Gasl
Q1 — Vi[—B11 Vi + V3(Gi3sind;3 — Bi3c0s813) + Va(Gasinds — Bigcosda)]
Q12 — Val—Baa Vs + Via(Gaa sindog — Bog cos §24)]
Q13+ V3[V1(G3i sind3) — B3y cosd31) — B33 V3 + V4(Gassindzs + Bag cos§34)]
QL4 + ValVi(Gay sinday — By cos8a1) + Va(Gua sindaz — Baz cos842) + V3(Ga3 sinda3 — By3 cos 843) — Baa Vi)

where

Sij=8-38; (i,j=12,3,4); Vo =1.0, 8, =0 (reference bus).
P3+jQr3=10+j0.1, Pra+jQra=10+ ;0.1

Giu+jBn G+ jBi Giz+jBiz Gia+ jBu
G+ jBy Gun+jBx G+ jByz G+ jBou
G31+jB3s1 G+ jBx G333+ jBss Gia+ jBsg
Gy +jByy Gar+jBay Gaz+ jBaz Gag+ jBys

1.4819 — j14.8401 0 —1.183 4+ j9.858  —0.2989 4 j4.9821
0 0.4988 — j9.9751 0 —0.4988 + j9.9751 | .
—1.183 + j9.858 0 3.1632 — j29.660  —1.9802 + j19.802 |’

—0.2989 + j4.9821 —0.4988 + j9.9751 —1.9802+ j19.802 2.7779 — j34.7591

(i) H°(5, V) < 0 is the system limits in the static operation station (or initial
operation) with respect to the voltage upper and lower bounds, and two pairs of in-
equalities for generator outputs

LO<Vy <1.5;  025<Py(5,V) <20 (i=1,2);

(iv) For the differential equations involved in the model (5.3), it has the following
relationship:

Pg1(t) = V1 Gy + V1 Va(Gly cos 8g1a (1) + Bl sindg1a (1)),
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Ppa(t) = V5 Ghy + V1 Vea (G cos 8g12(t) — By sindgia (1)),

where the difference of differential equations between the during-disturbance and the
post-disturbance is the parameters in Pg(¢t) and Pg,(¢), which can be deduced and
have the following results:

During-disturbance.

Gl B, Gyt Bl Gt B
G/zl + J.B%1 G/22 + 1.322 G/23 + J.B%3
G5+ B3 Gy + By, Gy +jBs

0.0233 — j1.7507  0.0058 + j0.0385  —0.0290 + j1.7123
=| 0.0058 4 j0.0385 0.0262 — j1.5574  —0.0322 + j1.5189
—0.0290+ j1.7123 —0.03204 j1.5189 0.0610 — j3.2312

Post-disturbance.

Gi“ +J:Bil G:n +]:Bi2 G;B +j:Bi3
G/21 + ].B%1 G/22 + ].B%2 G/23 + 1‘3%3
G+ B3 Gyp+ijBy G+ B

0.4084 — j1.0545  0.3166 + j0.5363  —0.7250 + j0.5183
=1 0.3166+ j0.5363  0.3156 — j0.9714 —0.63224 j0.4351 | ;
—0.7250 4 j0.5182 —0.6322 4 j0.4351 1.3572 — j0.9533

2 Migi(t)

() 8cl0) = 2
is the ordinary explr_ession of the transient stability in multi-machines systems. In
details, the stability of systems is shown by the difference of |84; () — 6.(¢)|. Then
the last constraint in (5.3) is set [8g; (t) — 8:(t)| = [841(¢) — 8g2(t)| < Opax (i =1,2)
since M = M| = M> in this example;

(vi) Some parameters involved in (5.3) are given by

is called the center of inertia (denoted by COI), which

M =5; D =3; wy=1; Smax =2.5(x 0.87).

The other system parameters in the OTS model (5.3) are listed in Table 2.

Let the disturbance clearing time be ! =5 s and the study period be 7 = 20 s.
The parameters of Algorithm 3.1 works same as the single-machine infinite-bus sys-
tem (see the last subsection). The solution methods for differential equations and the
subproblem in Algorithm 3.1 are used the same ways in the last numerical example.
The computing results for the ED problem with TSCs are reported in Table 3. where

Fuel cost indicates the optimal objective of ED problem; V* = (Vg1, Vg2, V1, V2,

Table 2 The system parameters

o Bi Vi
Generator-1 0.0 4250.0 12068.0
Generator-2 1.13 1304.5 18720.0
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Table 3 Solution of ED with TSCs by Algorithm 3.1

Fuel cost P,

gl Pea Vel

Vo2

v Vs V3 A

35512.2 0.7381 1.2156 1.0

1.4044

0.9538 1.011 0.9538 0.9512

Fig. 5 The trajectories of two 04
generators under TSCs
03¢
0.2f
= 0.1
o
o 0
=]
c
<

*, Gen-2(0TS) ]

Gen-1(0OTS)

10 15 20
t [s]

-0.3
-04
0
Fig. 6 The trajectory of the 0.7
difference [8g1 (1) — 8g2(?)]
under TSCs

Angle [rad]

10 15 20
t[s]

V3, V)T is the optimal solution of ED with TSCs (initial operation in the distur-
bance). Here we just give the optimal voltage value V*. The optimal angle value §*
with respect to generators is involved in the following trajectory figures. From the op-
timal value (V*)T, (6*)T)7 (i.e., the initial operation point), we draw the trajectory
of angles for two generators and the difference of |84; () — 8.(¢)| (i =1,2) in Figs. 5
and 6, respectively. Two figures show that for this case, the system is stable under the

disturbance.
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Table 4 Solution of ED without TSCs
Fuel cost Py Py Ve Ve \%1 %) V3 Va4
34112 0.2500 1.7310 1.0462 1.5000 0.9796 1.011 0.9680 0.9738
Fig. 7 The trajectories of two 4
generators without TSCs | ey
3t J
2t ) J
5 1r _,..,.-~-"""'_éen-Z(normaI OPF) .
©
o 0f 1
4
< -1} Gen-1(normal OPF)
2+
-3t
-4 L | 1
0 5 10 15 20
t[s]
Fig. 8 The trajectory of the 8
difference |81 (1) — 8g2(7)]
without TSCs 7
6
T 5
e
o4
<)
<3 ( normal OPF)
2 J
1 J
0 1 1 1
0 5 10 15 20
t[s]

In order to compare the effect of TSCs, we also compute ED without TSCs, i.e.,
a normal OPF solution problem. The optimal solution ((V*)T, (§*)7)7 is reported in

Table 4.

Similar to Figs. 5 and 6, we draw the trajectories of 8,1 (¢), 842(f) and |41 (t) —
842(t)| under the disturbance with the clearing time t! =5 s and the optimal point
((VHT, (6517, respectively, see Figs. 7 and 8.
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Two figures indicates that the system is instable for the optimal value without
TSCs as an initial operation point. Therefore thought the optimal ED value without
TSCs is better than one of ED with TSCs, the cost is the stability.

Two examples of power systems show that, on the one hand, the OPF with TSCs
models is important in the stability operation of power systems; On the other hand,
the approach proposed in this paper is valid.

6 Final comments

This paper develops some iterative methods in SIP problems to a class of compli-
cated SIP problems arising from OTS in power systems. The convergence of the new
algorithm is established. According to the specific construction of the reformulated
SIP problem, a quasi-Newton type method is also presented for the subproblems.
Suitable mathematical method and computing technology are used to save the com-
putation cost. Two actual power systems are used to test the approach proposed in
this paper. Numerical results show the validity of the reformulation and approach.
From the actual background of power systems for stability analysis, there exist some
general OTS problems to be studied, such as OTS problems with variable disturbance
clearing time, OTS problems with critical disturbance clearing time (CCT). Both of
these are interesting problems in power systems and are our further research topics.
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