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ABSTRACT This paper proposes a novel approach for the solution of optimal power flow with consideration
of uncertainties caused by wind generation and various factors in the power grid. Regarding the uncertainties
studied here, multiple types of uncertainty modeling techniques are applied during research. Evidence
theory and extended affine arithmetic are employed and mixed as the framework of uncertainty propagation
to fuse probability distributions, possibility distributions, and intervals so as to obtain the best possible
probability bounds, and the dependence among variables is handled by copula theory and affine arithmetic.
Moreover, the uncertainty of wind farm active power and the characteristic of wind farm reactive power
are modeled and integrated into the power flow calculation. An enhanced particle swarm optimization
algorithm with introduction of fitness comparison and constraint handling techniques under the evidence
theory framework is applied to the solution of this problem. The proposed model and method are tested on
the IEEE 30-bus standard test system and a real-sized 183-bus power system to demonstrate the validity and

effectiveness.

INDEX TERMS Affine arithmetic, evidence theory, optimal power flow, particle swarm optimization.

I. INTRODUCTION

The development of renewable energy has received a great
boost in recent years due to depletion of fossil fuels and envi-
ronmental concerns. Wind power, being abundant, widely
distributed, clean and increasingly cost-effective, rises among
the fastest growing renewable energy resources. But it is
intermittent and fluctuant in nature and brings uncertainties
to power systems. Besides, other elements in power systems
like loads are also variable and would not be accurately rep-
resented by deterministic values. As wind power penetration
reaches to a high level, the corresponding uncertain factors
should be elaborately considered for power system planning
and operation.

Optimal power flow (OPF) is considered as one of the
most important tools to study and improve power system
security and reliability. The most common branch of OPF
incorporating uncertainties is the probabilistic OPF. Numeri-
cal approaches like Monte Carlo simulation (MCS) [1] have
been adopted to solve OPF problem and further improved
by some techniques like quasi-random sequence and ninth-
order polynomial normal transformation [2]. The sampling-
based algorithm can provide highly accurate results, but at

the cost of heavy computational burden due to the repeated
deterministic OPF calculations, making it unattractive for
large-scale power systems. In comparison, analytical
approaches to the probabilistic OPF are computationally
more efficient via linearization of power flow equations.
In this aspect, some notable examples including the first-
order second-moment method [3], the cumulant method [4],
and the Gaussian mixture model method [5] etc., have been
tried with varying degrees of success. However, the accuracy
of solution obtained by an analytical approach depends on
whether the uncertainty propagation can be well represented
by linear functions. Given that a probability distribution
is easier to be approximated than a nonlinear transforma-
tion, some approximate approaches like the point estimation
method [6] and the unscented transformation method [7]
have been developed to obtain the properties of probability
distributions of output variables.

The possibility theory can be used to describe the uncer-
tain quantities when the available information is insufficient
to construct appropriate probability distributions, and it has
been successfully applied to study OPF problem. In this
paradigm, input variables, objective function values, and
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constraint violations are all represented by fuzzy converted
to crisp linear programming [8], [9] or applying metaheuristic
optimization algorithms with fuzzy techniques [10].

If only the ranges of uncertain variables are known, the
interval-based methods can be utilized for OPF to calcu-
late the lower and upper bounds of variables. The bound-
ary OPF solution can be obtained by primal-dual interior
point method [11]. Another approach is to employ the
self-validated affine arithmetic (AA) and treat the uncertain
variables in OPF problem as affine forms [12]. A generic
mathematical programming problem and a knowledge-based
noise symbol reduction technique under this framework have
been proposed in [13].

The aforementioned research methods have been applied
to study the uncertain OPF problem with different intentions.
However, the available statistics associated with a power
system might not be consistent enough for all uncertain
factors to be accurately represented by only one type of
mathematical model. In this case, applying probabilistic, pos-
sibilistic, or interval methods to the solution of OPF could
lead to an inaccurate or even incorrect result. This paper
aims to propose a hybrid approach, allowing each uncertain
variable to be described by the most suitable model and fusing
their probability distributions, possibility distributions, and
intervals to obtain the best possible probability bounds for
the OPF problem integrated with wind generation and power
grid uncertainties. In this work, the evidence theory (ET),
being compatible with probability theory, possibility theory,
and interval analysis, and AA, extended to quadratic terms
for second-order correlations, are combined for the uncer-
tainty propagation. An enhanced particle swarm optimiza-
tion (EPSO) incorporating uncertainty handling techniques
under ET is applied to the solution of the uncertain OPF. The
validity of the proposed model and method is verified on the
IEEE 30-bus standard test system and a real-sized 183-bus
power system.

The remaining of the paper is organized as follows.
Section II introduces the deterministic model and solution of
power flow with wind generation integration. In Section III,
the modeling of uncertain OPF with wind generation and
power grid uncertainties under the mixed ET and AA frame-
work is addressed. An EPSO method is applied for the
solution of the uncertain OPF problem, and the details can
be found in Section IV. Case studies are carried out to
demonstrate the validity of the proposed model and method
in Section V, and finally, Section VI draws the concluding
remarks.

Il. DETERMINISTIC POWER FLOW WITH

WIND GNERATION

A. WIND FARM ACTIVE POWER WITH CONSIDERATION
OF THE WAKE EFFECT

A wind farm consists of tens or even hundreds of wind turbine
units. Due to the wake effect, a turbine located downwind of
another turbine captures a reduced wind speed and produces
less active power. This paper adopts a single active power Py
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versus wind speed v curve [14], instead of summing up all
wind turbine power outputs, to calculate the wind farm active
power with consideration of the wake effect:

0 V< Vei/Ewt, V = Veo
3 3
Gwtv)” =3
Pyt = 3—3C1owr Vei/bwt <V < w/éwr (1)
Vr — Vci
Pyt Vi/Ewf <V < Veo

where Py is the installed capacity of wind farm; v, vr,
and v, are the cut-in, rated, and cut-out wind speeds respec-
tively; £wr is the wake effect attenuation coefficient of wind
farm and can be obtained by aggregating the attenuation
coefficients of all wind turbines:

@)

where &; is the wake effect attenuation coefficient of wind
turbine i, calculated from the specific wake effect model of
wind farm; ny, is the number of wind turbines.

B. CHARATERISTIC OF WIND FARM REACTIVE POWER
Each type of wind turbine has its unique reactive power
characteristic, which should be reflected in power flow
calculation. In this paper, the doubly-fed induction genera-
tor (DFIG) and the permanent magnet synchronous genera-
tor (PMSG) are examined to take into account the reactive
power exchange between the wind farm and the power sys-
tem. Here, a wind farm is represented by an equivalent wind
turbine model for simplicity.

For a DFIG-based wind farm, the simplified equivalent
circuit model proposed in [15] is applied, of which the stator
side power factor is maintained constant by controlling the
magnitude and phase angle of the voltage supplied to the rotor
winding. Neglecting the rotor side reactive power, the wind
farm reactive power Qwt can be calculated via the following
quadratic equation:

N2
ap <%> +bQ%+CQ =0 3)
wt

Nwt

where the corresponding coefficients of the equation are
expressed as below:

e (X + xm)2 1
ag = +1
0 x2,V? tan? g

1—s5 2 (xg + xm)

bo = + 4
2 tan g, x2, @
V% Pyt
co = - =
0 x2 Rt

where V is the bus voltage; ry, x5, and xpy, are the rotor resis-
tance, stator reactance, and magnetizing reactance of wind
turbine respectively; ¢ is the stator side power factor angle;
s is the slip and can be obtained according to the relationship
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between slip and rotor speed, which is given as below:

Nsyn — 1
Ngyn
Nmi P
1— min 0 < wf <P
Ngsyn Nwt
1 1 3ow/nwt P <ow<P
- 1 — =12
— Nsyn kopt Nwt 3)
Pyt
0 Py < — <P3
Nyt
| e\ Puma—ps  po Pt _p
" Prax—P3 3 n = 'max
syn wt

where 7 is the rotor speed; 7min, 7syn, and nmax are the min-
imum, synchronous, and maximum speeds of rotor respec-
tively; kop is the active power versus wind speed conversion
parameter; Py, P>, and P3 are the active power thresholds;
Prax 1s the maximum active power.

For a PMSG-based wind farm, it is assumed to be oper-
ated in constant power factor control mode [16]. Therefore,
the reactive power is the product of the active power and the
tangent of power factor angle ¢:

Owt = Pyrtang (6)

C. SOLUTION TO POWER FLOW WITH

MULTIPLE WIND FARMS

In the aforementioned DFIG-based wind farm model,
the reactive power is the function of the active power and
the bus voltage magnitude. Therefore, these buses connected
to DFIG-based wind farms are considered as PQ buses with
variable reactive power. To solve power flow integrating mul-
tiple wind farms, the joint iteration method [17] is employed
in this paper, and the power injections of wind farms are
moved to the right side of power flow equations to keep the
left side constant:

P, — Py =eo(Ge—Bf)+f o (Gf —Be) — Pyt
0, — 0y =f o (Ge — Bf) — e o (Gf —Be) — Qyy

where Py, Py, and Py are the column vectors of active
power of conventional generation units, loads, and wind
farms respectively; Qg, Qd, and Qywr are the column vectors
of reactive power of conventional generation units, loads,
and wind farms respectively; e and f are the column vectors
of bus voltage rectangular components; G and B are the
conductance and susceptance matrices respectively; © denotes
the Hadamard product of matrices. For each DFIG-based
wind farm, the following terms are subtracted from their
corresponding elements in the Jacobian matrix during the
Newton-Raphson iteration process:

(N

00wt  2e; Pyt
= 2 QWf,i -
de; V; VA @)
8wa,i Zﬁ ow,i
wa,i

ofi V2 Ao,
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where Ag; is the discriminant of the quadratic equation
for DFIG-based wind farm at bus i, and Agp; = b2 Q,
i—4agico,i.

IIl. OPF WITH WIND GENERATION AND POWER

GRID UNCERTAINTIES

A. THE MIXED ET AND AA UNCERTAINTY

PROPAGATION FRAMEWORK

In ET, a Dempster-Shafer structure (DS) simultaneously rep-
resents aleatory and epistemic uncertainties of a variable,
identified with its basic probability assignment m:

m:2% > [0,1, m@)=0, Y m@=1 (9

ae2®

where € is the universe; 2% is the power set of all subsets
of Q;: the sets in 2% with non-zero masses are called focal
elements. Each DS corresponds to a plausibility measure PI
and a belief measure Bel:

Bel (a) =) _m(b)
bla

Pl(@= Y m(b) (19)
bNa#D

These measures bound the probability P of any set a in 2
Bel (a) < P(a) <Pl(a) (11)

Hence the cumulative plausibility and belief of a DS on the
real line form a probability box (p-box), and conversely,
a p-box corresponds to an equivalence class of DSs [18].
Namely, DSs and p-boxes are interconvertible. With possi-
bility theory being a special branch of ET with nested focal
elements, a possibility distribution can be interpreted as a
family of probability distributions with the possibility and
necessity measures as its bounds [19]. In this work, a DS
of a real-valued variable X has a finite number ny of closed
intervals as focal elements and can be defined as a set of
pairs of intervals x; and masses my(x;), i.e., {(x;, mx(x;))
i = 1,...,nx}. Thus, probability distributions, possibil-
ity distributions, and intervals can be encoded into finite
DSs [18], [20].

When a binary arithmetic operation [J performs on two
variables X and Y, convolution takes place between their
DSs, {(x;, mx(x;)) i = 1,...,nx} and {(y;, my(y;)) | =
1,...,ny}, to produce the DS of the arithmetic result Z.
For independent variables, the result is a Cartesian product
of the operands, denoted by {(z;, mz(zj)li = 1,...,nx,
j =1,...,ny}, and the associated masses are the products
of corresponding masses [21]:

Z =X0Y : z;; = x;0y;, mz (Zij) = my (x;) my (yj) (12)

For variables with dependence modeled by a copula C fit-
ted to historical statistics, the result is also a Cartesian
product, with the associated masses calculated using the
copula [21]:

Z = X0y : Zjj = xi[lyj,
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mz (z5) = C (X1, Y}) = C (Xi-1, Y))
—C (X, Y1) + € (Xim1, Y1) (13)

where x; and y; are sorted or transformed without altering
the cumulative plausibility and belief to satisfy inf(x;_1)
< inf(x;), sup(xi—1) < sup(x;), inf(yj—1) < inf(y;), and
sup(yj—1) < sup(y;); X; and Y; are the cumulative masses:

X = me (xx)

kj‘ (14)
Yi="my (%)

k=1

For variables with extreme dependence, the conversions
between DSs and p-boxes are utilized to calculate the con-
volution in the form of p-boxes. Regarding the p-boxes of
X, Y, and Z denoted by [FX,EX], [Fy,liy], and [FZ,EZ]
respectively, the convolutions under perfect and opposite
dependence can be expressed in (15) and (16) respectively
O=p=DI21]
F;'(p)=  inf
FXE[IvaE x|
FyE[Fy,Ey]
F;'(p)=sup
N FXE[I?XvE x]
FyE[Fy,F_'y]

0O F )]

r 15
F o OFy ()] )

Flo)= ot [Fc'0)OF (= p)]
er[Fx,l‘:)(]-
FyE[Fy,[‘:y]

F' o) = sw  [Fc'0)OF (1 -p)]
FXG[FX»I':X]-
FyE[Fy,[‘:y]

(16)

For variables with unknown dependence, the pointwise
tightest probability bounds guaranteed to enclose the actual
probability distribution are calculated according to the
Fréchet-Hoeffding limits [21], [22]:

Fz7 () = inf
=x0y
Fxé[i:x,lix]
FyE[I:_'y,F_'y]
Fz(z)=  sup
z=x0y
FXG[FXJ‘:X]
FyE[Fy,[‘:y]

min [Fx (x) + Fy (), 1]

max [Fy (x) + Fy (y) — 1, 0] an

The number of focal elements is limited via approximations
of DSs to avoid its exponential growth and keep the compu-
tation tractable [22].

Variables in a nonlinear system of equations have
complex dependencies that cannot be determined easily.
Uncertainty propagation with unjustified assumption of inde-
pendence or total ignorance about dependence in the arith-
metic process can result in probability bounds much narrower
or wider than actual quantities [21]. Here, an extension of
AA [23], is introduced to record the first and the second order
correlations between variables and noise symbols, which
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are the normalized uncertain inputs of the system, and add
structure to DS arithmetic. In this mixed framework, a quan-
tity is represented by a quadratic form (QF) with DS noise
symbols:

F=x0+x18+ e x2e (18)

where xq is the central value; x; and x; are the matrices of
partial deviations representing the first and the second order
correlations with noise symbols respectively; e is the column
vector of DS noise symbols. The omission of error-related
terms from conventional AA costs QF the self-validation
feature but reduces computational burden significantly whilst
still being adequately accurate in the practice of power flow
calculation. Arithmetic operations on QFs are described as
below:

a+i=(xtx) txetelxe

o % =axg+ (ax)) e+ el (axy) e
TEI=@oEty)+(xiE£y)e+e (x2£y)e (19)
X -3 =xoy0 + (yox1 +xoy;) &

+ &7 (yox2 + xoy, + x]y,) &

where « is a real number. A QF with DS noise symbols
can be converted into a corresponding DS with the help of
summing up the QF terms via convolution, which is called
concretization [24] and denoted by DS (fc)

B. INCORPORATING WIND FARMS INTO

UNCERTAIN POWER FLOW

A general framework of uncertain power flow based on ET
and AA has been proposed in [25]. Based on the framework,
an ad-hoc probabilistic model of wind farm active power [14],
derived from the wind speed probability distribution
(two-parameter Weibull distribution is used here) and the
wind farm active power versus wind speed curve, is adopted
to represent the uncertainty of wind generation, in the form of
cumulative distribution function (CDF) as described below:

0 Py <0

1 Pyr ( 3 3) 3 ]k/3
—expy— . vy — Vg | Vg
P { (gwf)»)k |:Pwﬁ ' “ “

k
Fexp [— (Vkﬂ) :|+1 0 < Pyi < Pus
1 owZowr

F (Pwf) =

(20)

where k and A are the shape and scale parameters of Weibull
distribution respectively. Calculating the DFIG-based wind
farm reactive power involves the slip, of which the expression
is a piecewise function across the range of active power
output. Being non-affine, the slip function needs to be approx-
imated as an affine operation on QFs, and the Remez algo-
rithm is used to obtain the minimax approximation:

5= SaZﬁg\,f + Salﬁwf + $a0 + gerr (21)
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where 537, Sa1, and s, are the coefficients of the approximat-
ing polynomial; S is the approximation error, added to the
expression to bound the actual slip and taken as an additional
uncertain input:

Serr = Sg;?xeerr (22)
where s(12% is the maximum approximation error; e iS an
interval with a range of [—1, 1].

Let the column vector u denote the uncertain inputs,
namely wind farm active power and other variable parameters
of the power grid, then the noise symbols can be obtained via
normalization:

e=Au"! (u — uo) (23)

where u” is the column vector of the range midpoints of
the uncertain inputs, forming the central operating point;
Au is the diagonal matrix of the range radiuses of the uncer-
tain inputs. Utilizing Taylor series expansion at the central
operating point, the expressions of the QFs of bus voltage
rectangular components are given below:

e; =V + ﬁ Au)e+ el lAu& Au)e
e duT |, 277 du? |,

A 8 32.
fi:fio+<au—lTOAu>e+eT(%Ausz‘OAu)e

(24)

The central values can be obtained by solving the power
flow at the central operating point. Obviously, the partial
derivatives for the slack bus are zero. For other buses, the par-
tial derivatives are calculated by solving the following linear
systems derived from the power flow equations. Now suppose
that buses 1 to M, M + 1to N — 1, and N are PQ buses, PV
buses, and slack bus respectively, and u and w denote any of
the uncertain inputs. For the first-order partial derivatives:

oe’

| o
J af/

u

P P 0 0 v v 17
:[nl,...,nN_l,nl,...,nM,r;M+1,...,nN_1] (25)

where J is the Jacobian matrix; ¢ and f’ are the column
vectors of bus voltage rectangular components sans the slack
bus; the constant terms of the linear system are expressed as
below:

P 3Pg,,' _ 0Py 0Pyt
i ou ou ou
00g; 004 90wt
(@) g i g
i ou ou ou (26)
aV;
4 i
W= e
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and the partial derivative of wind farm reactive power
depends on the type of wind farm connecting to bus i:

1 <wa,i as; +1> 0Pyt

90 [Ag,; \tangs ; 8I;wf,,~ au
: Sor
R e ek S
tan @; OPut PMSG
27)

For the second-order partial derivatives:

9%e

P P 0 Q

J- 83142?/‘) - [“p---vl‘N—l’“l’“"“M’
ouow

T
Wi Nt ] @8)

where the constant terms of the linear system are expressed
as below:

P _ _% 8Ir«:,i _ % 8Irf:,i _ a_ﬁ 8Iim,i _ 8_ﬁ 8Iim,i
Hi = ou ow aw du ou ow ow Jdu
o _ _a_fi 8Ire,i . a_fz aIre,i % 8[im,i % 8Iim,i
Hi= du Iw ow Ju du ow ow Ju
+MiQ,Wf
v 1 foV; 0V, de;de; Of; of;
Hi _Vi<ﬁﬁ_ﬁﬁ_$%)

(29)

where I ; and Iip ; are the real and imaginary parts of nodal
current injection at bus i respectively, and their partial deriva-
tives are given below:

N-—1
0lre i de; ofj
ret Gi—L — B.=
ou Z Y ou You

-1
0lim dej ofj
_m! Gi— + B

(30)

The term uiQ’Wf has the following expression if a DFIG-based
wind farm is connected to bus i, which otherwise equals zero:

2 Pyt de; de;  df; of;
)\iQ,wf _ = wa,i _ wi,i (_1_1 + fl fl>
Vi ,/AQJ' Bu 3W

du dw
o Qui 3%s; OPwr; OPyr;
JVAgitan g ; 8P‘2Nf’l. ou ow

1 (aV2as;, dV?os;
e e
Vi2 ou ow ow ou

2aQ,,- <ow,i 3Vi2 _ 8PWf,l‘>

o 3/2 2
nwt,iAQ/J' Vi du du
(P 0V 0Py
V’.2 ow ow
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_ bo,i ow,iaV,-z_anf,i dsi
A tangg |\ V2 du  du | ow

0,
+ Wf,i 3‘/,' . aow,i %
Vl.2 ow ow | du
_ 2nwticQ,i Bs, Bs, 31)
AQ/ tan? g ; Ou 0w
where
V2 ; 9
a; N ae 2f’ :
a5 o5 Pt B (32)
ou 0Pywf; Ou ou

The uncertain power flow is then solved by calculating
the QFs of variables using AA according to the power flow
equations and converting them into DSs.

C. PROBLEM FORMULATION

Based on the aforementioned uncertain power flow method,
an OPF model incorporating multiple wind farms and other
uncertain factors (e.g. loads) in a power system is proposed
in this paper. Here, the objective function is minimizing the
active power loss Pjoss Of the power system:

min DS (Pioy;) = DS (Z Pyi+ Puri — in,i) (33)
i

The control variables include the active power outputs of con-
ventional generation units Py ; at PV buses, and the voltage
magnitudes V; of PV buses and slack bus. The power flow
equations, expressed in QFs, are the equality constraints:

IA’g—IA’d:Ao(Gé—BfA) +fo(Gf—Bé>—i’Wf
Qg—Qd:fo(Gé—Bf)—Ao(Gf—Bé>—QWf
(34)

The inequality constraints include: lower and upper limits
on the active and reactive power outputs of conventional
generation units, P’g“‘,“, Pgl;‘x, 21,11'“’ and QM e ; lower and upper
limits on the bus voltage magnitudes, Vlmln and V;"*; upper
limits on the apparent power of branches, S;'**. The control

variables in these constraints are expressed in real numbers:

. (35)
Vl_mm <V < Vimax

min . max
{Pg,i < Py < P™
The state variables in these constraints are expressed in DSs:
min > max
Pin < D (Py;) < P
min N . max
omin < DS (0g) = O

Vl_min < /DS (2,12 +]?i2> < Vimax

A \2 A \2
\/ Ds (Py) +Ds (04) = sp

(36)
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IV. SOLUTION METHODOLOGY

A. PSO

The existing OPF algorithms are incapable to handle uncer-
tain variables described by DSs. The PSO, with its advantages
being easy implementation, low number of parameters, and
relative computational efficiency, is therefore combined with
the following techniques of fitness comparison and constraint
handling for DSs to solve the proposed uncertain OPF model.
The local best model with the von Neumann neighborhood
topology is employed, and the PSO algorithm is further
enhanced by a stability-based adaptive inertia weight strat-
egy [26], where the social and cognitive scaling parameters
are also adjusted accordingly. The initial velocities are set to
be zero to reduce roaming particles [27], and infeasible parti-
cles are brought back into the feasible region by mirroring the
positions and setting the velocities to be zero in the violated
dimensions [28].

B. FITNESS COMPARISON
A ranking method in ET based on the probability bounds
of the difference for fitness comparison has been proposed
in [29]. However, in practice a good number of solutions
will be classified as equivalent ones when there are large
overlaps among the fitness DSs. In this work, a quantile-based
method of comparing DS fitness for optimization problem is
proposed.

We first take a look at the probabilistic fitness. Suppose that
X and Y are the fitness to be compared, and their quantile
functions are Qx and Qy respectively. For a minimization
problem, X is deemed better than Y if the following statement
is true:

(Yp €10, 1], Ox (p) = Oy ()

A @po €10, 1], Ox (po) # Qv (po))  (37)

Please note that X and Y are deemed equal only if their
quantile functions are exactly the same. If Qx is less than
Qy at some probability levels and greater than Qy at others,
X and Y are considered as “‘no better no worse” rather than
equal.

A DS fitness is converted into a p-box and interpreted
as the bounds on the quantile at any probability level. As a
p-box represents a class of probability distributions,
the bounds are essentially quantile functions and can be
compared using the aforementioned method. The principle
of comparison is to get the fitness minimized in its entirety.
That is, the better fitness has either 1) a better left bound
and a better or equal right bound, or 2) an equal left bound
and a better right bound. Therefore, the comparison is purely
based on the relations between the bounds of p-boxes and not
hindered by overlapping.

C. CONSTRAINT HANDLING

In the constraints, a DS is also converted into a p-box but
interpreted differently as the bounds on the cumulative prob-
ability associated with any quantity value. Then the lower and
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upper probabilities of a variable X satisfying an inequality
constraint can be obtained:

Fx (x) <P(X <x) < Fx (%) 38)
1-Fx () sPX zx) < 1-Fx @)

where Fy and F x are the CDFs of the left and right bounds
of X respectively. Thus an inequality constraint is taken as
a chance constraint: it is considered satisfied as long as the
lower probability is no less than its predetermined threshold.
For violated constraints, the absolute differences between
lower probabilities and thresholds are summed up as the
constraint violation. In this way, the constraints and the objec-
tives are handled separately. When comparing two solutions,
the one with a smaller constraint violation is always preferred.
If the solutions have equal constraint violations, the one with
a better objective function value is preferred.

Initialize the velocity vel, the position pos, the personal
best pbest, and the local best /best of each particle

e —————— — —
| Evaluate particle j
| Solve the deterministic power flow at u, |<—|—
¥ |
oe' o’
Solve J - Bu’ =n,J- 61faw = u foreach u and w
a of
Ou Oudw

| Calculate f{ f’g, Qg, Phr, and Qhr (br: branch) |

oss ?

| Obatin DS(IE;M) and the constraint violation|

I

I

I

I

I

- I
Obtain ¢ and f |
I

I

I

I

I

I

[ Update pbest(j) and lbest(j) |
v

| Adjust the inertia weight for particle j |
v

| Update vel(j) and pos(j) |
v

[ Modify vel(j) and pos(j) if particle j is infeasible]

FIGURE 1. Flowchart of the enhanced PSO.

The flowchart of the enhanced PSO (EPSO) is shown
in Fig. 1.
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V. CASE STUDY

The proposed uncertain OPF model and the corresponding
solution method are tested on the IEEE 30-bus standard test
system and a real-sized 183-bus power system. All wind
farms consist of either 1.5 MW DFIGs or 2MW PMSGs.
The parameters of wind turbines can be referred to [16].
For the case studies, the parameters of Weibull distribution
for wind speed probability distribution are assumed to be
k =2.49 and A = 6.85 m/s. DSs in the uncertain power flow
consists of 100 equiprobable focal elements. The thresholds
for constraints on Pg;, Qg i, Vi, and S;; are set to be 1, 1,
0.9, and 0.9 respectively. All calculations are performed in
the MATLAB™ environment on a PC equipped with Intel
Core i7-3770 3.4 GHz CPU and 8 GB RAM.

A. IEEE 30-BUS STANDARD TEST SYSTEM

Two wind farms are connected to the IEEE 30-bus standard
test system at bus 6 and bus 28. The uncertain inputs of the
test system and their dependencies are given in Table 1:

TABLE 1. Uncertain inputs in IEEE 30-bus standard test system.

Uncertain input Mathematical model Dependency
Py Probability distribution Gumbel copula [30],
Pyiog Probability distribution Kendall t=0.8

P> Triangular fuzzy number

Pi1n Triangular fuzzifl number Perfect dependence
(O] Interval /

Qa4 Interval /

* Uncertain inputs with unspecified dependency are independent.

The uncertain loads are modeled by triangular fuzzy num-
bers and intervals, varying around the center value with
a certain load deviation. In this benchmark, the numbers
of particles and iterations for EPSO are set to be 25 and
50 respectively.

In the first scenario, the optimal active power losses under
different wind penetration levels are compared. The configu-
rations of wind farms are shown in Table 2:

TABLE 2. Wind farms in IEEE 30-bus standard test system under different
wind penetration levels.

Bus Type Wind penetration Ny Sur Pys
10% 16 0.9753 24 MW
6 DFIG 20% 32 0.9753 48 MW
30% 56 0.9753 84 MW
10% 12 0.9834 24 MW
28 PMSG 20% 24 0.9834 48 MW
30% 42 0.9834 84 MW

The active and reactive loads at each bus increase at
the same rate as the total generation capacity. With a 15%
load deviation, the expressions of uncertain loads are listed
in Table 3:

The optimal active power losses under 10%, 20%, and 30%
wind penetration are presented as p-boxes shown in Fig. 2.
As the wind penetration level increases, the p-box stretches
towards higher active power loss. Even in the best case sce-
nario where the actual probability distribution of active power
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TABLE 3. Uncertain loads in IEEE 30-bus standard test system under
different wind penetration levels.

Load Wind penetration Expression
10% (18.59,21.87, 25.15) MW
Py, 20% (20.58,24.21, 27.85) MW
30% (23.57,27.73, 31.89) MW
10% (9.60, 11.29, 12.98) MW
Py 20% (10.62, 12.50, 14.37) MW
30% (12.17,14.32, 16.46) MW
10% [9.34, 12.63] Mvar
Qa7 20% [10.34, 13.99] Mvar
30% [11.84, 16.02] Mvar
10% [5.74,7.77] Mvar
Qa4 20% [6.36, 8.60] Mvar
30% [7.28, 9.85] Mvar

—_

10% w.p.
———— 20% w.p.
———— 30% w.p.

e o e 2o @
h o u w o

Cumulative probability
e e e 2
— ro (98] =

<
[
383

4 6 8 10 12
Active power loss (MW)

FIGURE 2. P-boxes of optimal active power losses of IEEE 30-bus
standard test system under different wind penetration levels.

loss coincides with the left bound of p-box, the growth in
wind generation makes the potential active power loss higher,
more volatile, and thus more difficult to be managed.

In the second scenario, the optimal active power losses
under different load deviation levels are compared. With a
20% wind penetration level, the expressions of uncertain
loads are listed in Table 4:

TABLE 4. Uncertain loads in IEEE 30-bus standard test system under
different load deviation levels.

Load Load deviation Expression
10% (21.79,24.21, 26.64) MW
Py 15% (20.58,24.21,27.85) MW
20% (19.37,24.21, 29.06) MW
10% (11.25,12.50, 13.75) MW
Py 15% (10.62, 12.50, 14.37) MW
20% (10.00, 12.50, 15.00) MW
10% [10.95, 13.38] Mvar
Qa7 15% [10.34, 13.99] Mvar
20% [9.73, 14.60] Mvar
10% [6.73, 8.22] Mvar
Quns 15% [6.36, 8.60] Mvar
20% [5.98, 8.97] Mvar

The optimal active power losses under 10%, 15%, and
20% load deviation are presented as p-boxes shown in Fig. 3.
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FIGURE 3. P-boxes of optimal active power losses of IEEE 30-bus
standard test system under different load deviation levels.

TABLE 5. Uncertain inputs in real-sized 183-bus power system.

Uncertain input Mathematical model Dependency
Pute0 Probability distribution Gumbel copula,
Pysise Probability distribution Kendall t=0.6

Py7n Triangular fuzzy number

P:lél Triangular fuzzz number Perfect dependence
Q129 Interval /

Qa1 Interval /

* Uncertain inputs with unspecified dependency are independent.

TABLE 6. Wind farms in real-sized 183-bus power system under different
wind penetration levels.

Bus Type Wind penetration Nt [ Pyt
10% 360 0.9295 540 MW

69 DFIG 20% 810 0.8753 1215 MW
30% 1392 0.8117 2088 MW
10% 270 0.9295 540 MW

156 PMSG 20% 608 0.8690 1216 MW
30% 1044 0.8117 2088 MW

The increase of load deviation has a different effect on the
p-box: it gets wider, with the bounds seemingly moving
towards both directions and keeping the shape. Therefore,
a p-box of optimal active power loss is enclosed by another
one under higher load deviation. This is due to the application
of fuzzy numbers and intervals to modeling of uncertain
loads, both of which bring epistemic uncertainty. As the
potential active power loss is raised by a high load deviation,
it is always desirable to reduce such uncertainty, by means of
improving the accuracy of load forecast.

B. REAL-SIZED 183-BUS POWER SYSTEM

The real-sized power system consists of 183 buses,
308 branches, and 30 conventional generation units. The total
generation capacity of conventional units is 9735 MW, and
the active and reactive loads of the entire system are 6903.17
MW and 2637.17 Mvar respectively. Two wind farms are
added at bus 69 and bus 156. The uncertain inputs of the
system and their dependencies are given in Table 5:
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TABLE 7. Uncertain loads in real-sized 183-bus power system under
different wind penetration levels.

Load Wind penetration Expression
10% (216.84, 255.11, 293.37) MW
Py 20% (243.91, 286.95, 330.00) MW
30% (278.90, 328.12, 377.34) MW
10% (488.41, 574.60, 660.79) MW
Py61 20% (549.39, 646.34, 743.29) MW
30% (628.21, 739.07, 849.93) MW
10% [110.20, 149.10] Mvar
Ou140 20% [123.96, 167.71] Mvar
30% [141.75,191.78] Mvar
10% [160.74,217.47] Mvar
Q151 20% [180.80, 244.62] Mvar
30% [170.17,255.25] Mvar

TABLE 8. Uncertain loads in real-sized 183-bus power system under
different load deviation levels.

Load Load deviation Expression
10% (258.26, 286.95, 315.65) MW
Py 15% (243.91, 286.95, 330.00) MW
20% (229.56, 286.95, 344.34) MW
10% (518.70, 646.34, 710.97) MW
Py 161 15% (549.39, 646.34, 743.29) MW
20% (517.07, 646.34, 775.61) MW
10% [131.25, 160.42] Mvar
QO 140 15% [123.96, 167.71] Mvar
20% [116.67,175.01] Mvar
10% [191.44,233.98] Mvar
Q151 15% [180.80, 244.62] Mvar
20% [170.17,255.25] Mvar
1
0.9
0.8
£z
Z 07
2 0.6
s 0.
o 05
=
:;E 0.4
£ 0.3
5 ’ 10% w.p.
0.2 20% w.p.
0.1 30% w.p.
0
20 60 100 140 180 220 260 300

Active power loss (MW)

FIGURE 4. P-boxes of optimal active power losses of real-sized 183-bus
power system under different wind penetration levels.

In this benchmark, the numbers of particles and iteration
for PSO are set to be 64 and 100 respectively.

The same scenarios as in the previous case are studied. The
configurations of wind farms under different wind penetra-
tion levels are shown in Table 6:

For the first scenario, the expressions of uncertain loads
with a 15% load deviation are listed in Table 7:

For the second scenario, the expressions of uncertain loads
with a 20% wind penetration level are listed in Table §:

The optimal active power losses under different wind pen-
etration levels and load deviation levels are presented as
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FIGURE 5. P-boxes of optimal active power losses of real-sized 183-bus
power system under different load deviation levels.

p-boxes shown in Fig. 4 and Fig. 5 respectively. The results
match the findings from the previous case, but the p-boxes
obviously differ in shape. In the IEEE 30-bus standard test
system, the probability masses of both the left and right
bounds of optimal active power loss p-box lean to the right
tail. Meanwhile, in the real-sized 183-bus power system,
the probability masses are heavier on the right side with the
left bound and on the left with the right bound.

VI. CONLUSION

A novel optimal power flow model incorporating wind gen-
eration and power grid uncertainties based on ET and AA
is proposed in this paper. The properties of the active and
reactive powers of wind farm are modeled and integrated into
the power flow. With correlations and dependence handled in
the DS arithmetic, the fusion of probabilistic, possibilistic,
and interval uncertainties makes the most out of the available
statistics to produce an accurate approximation of aleatory
and epistemic uncertainties in the form of p-boxes at the opti-
mal operating point, for a better understanding of the effect
of uncertain factors on power systems. The validity of the
proposed OPF model and solution are verified on the IEEE
30-bus test system and a real-sized 183-bus power system.
It has to be pointed out that while the cases studied have only
two wind farms and a low amount of uncertain parameters,
the proposed approach can be generalized to more wind farms
and more uncertain loads with high-dimensional dependen-
cies and remain tractable by applying cost-saving techniques
described in [1]. This proposed framework has the potential
for broader applications in future power systems with high
renewable penetration.
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