energies MBPY

Article

A Unified and Efficient Approach to Power
Flow Analysis

HyungSeon Oh

Department of Electrical and Computer Engineering, United States Naval Academy; Annapolis, MD 21402, USA;
hoh@usna.edu

check for
Received: 17 May 2019; Accepted: 17 June 2019; Published: 24 June 2019 updates

Abstract: Highly nonlinear and nonconvex power flow analysis plays a key role in the monitoring,
control, and operation of power systems. There is no analytic solution to power flow problems, and
therefore, finding a numerical solution is oftentimes an aim of modern computation in power system
analysis. An iterative Newton-Raphson method is widely in use. While most times this method
finds a solution in a reasonable time, it often involves numerical robustness issues, such as a limited
convergence region and an ill-conditioned system. Sometimes, the truncation error may not be small
enough to ignore, which can make the iterative process significantly expansive. We propose a new
unified framework, based on the Kronecker product, that does not involve any truncation, and which
is bilinear to make it possible to incorporate statistical analysis. The proposed method is tested for
power flow, state estimation, probabilistic power flow, and optimal power flow studies on various
IEEE model systems.

Keywords: Kronecker product; power flow analysis; alternating least square problem

1. Introduction

Power flow analysis focuses on power systems in normal steady-state operation, as well as
transient stability, static voltage stability, and contingency studies. It is important for determining
dispatch, and in monitoring systems in terms of state estimation. It aims to find the complex voltage at
each bus, and the complex power flows at the ends of each line at the steady-state operating conditions,

in order to satisfy the Kirchhoff’s laws [1] that specify apparent power as v jl}f =0 j(e]TYbusv) . The use

of the power flow algorithm is extended to the state estimator, to provide the information necessary
to execute security analysis. In modern power system operation, various sources of uncertainty are
integrated, such as renewables and demand control [2,3]. For a reliable operation, the range of state
variables needs to be determined by mapping the uncertain injection through power flow methods.
Probabilistic power flow problems [4-8] estimate the system performance over wide range of the
dispatches. An interested reader may find [7] to be a useful review. Optimal power flow (OPF), a power
system operation tool introduced by Carpentier [9], is a highly nonconvex, and nonlinear problem.
Many approaches have been pursued to solve the nonlinear and nonconvex nature of a full OPF
problem [10-13]. However, the curse of dimensionality and the nonconvex nature of the problem make
it impossible for an algorithm to guarantee a convergence, and therefore, only heuristic approaches
have focused on finding a numerical solution [14,15]. Recently, various attempts have been made to
identify a solution, including the use of stochastic and probabilistic methods [16], such as simulated
annealing [17], direct Monte-Carlo sampling [18], mean field theory [19], and deterministic methods,
including a cutting plane [20], branch and bound (B&B) [21], and branch and cut [22]. To address the
nonconvex nature of OPF, Bai [23] introduced the conversion of the OPF problem into semi-definite
programming (SDP). Thereafter, Lavaei and Low [24] showed that the solution of SDP-OPF could
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be the global optimizer of the original OPF problem in the form of nonlinear programming, if—and
only if—the solution satisfies a rank requirement. Lesieutre and Molzahn [25] later presented a case
showing that the solution in [25] did not satisfy the rank requirement. Josz et al. [26] modified rank
relaxation and found the rank-satisfied solutions. However, this method cannot handle cases larger
than the five-bus system because of high runtime costs. For power system monitoring, the state
estimator aims to estimate the voltages that match with the sensor measurements, typically SCADA
(supervisory control and data acquisition) and PMU (phasor measurement units). The measurement
errors come from the synchronous measurement errors in voltages, current, and flows, as well as
from the data transfer and from asynchronous measurements. Therefore, the performance of the
state estimator may suffer from the linear approximation of Taylor series expansion to apply the
Newton-Raphson approach.

For a mesh power system with more than two buses, no analytic solution is found, and the
research activities have been focused on finding a numerical solution. While a non-iterative approach
such as holomorphic embedding [27] is possible, iterative approaches are usually pursued for their
computational efficiency, including the Newton—-Raphson method, Gauss-Seidel method, and the
decoupled power flow method [1]. Recently, other heuristic approaches, like the genetic algorithm [28]
and particle swam optimization approach [29], are taken into consideration, but they also execute
Newton-Raphson updates in their inner loop. A typical disadvantage of the Newton-Raphson method
is the computational cost for factorizing and updating the Jacobian matrix during the iterative solution
process. The approach that the Newton-Raphson method takes is summarized as follows: at a given
point, one takes the Taylor series expansion of a nonlinear function; ignore second or higher-order
terms so as to construct a linear iteration equation AAx + b = 0; the next step is computed by
solving the linear equation for Ax. The advancement in modern computation, especially the efficient
methods of utilizing the structure of the Jacobian A, such as symmetry and sparsity, reduces this
computation cost significantly; as a result, the Newton-Raphson method is widely used in power
flow analysis. Even though the heuristic approaches based on the Newton-Raphson method finds
a numerical solution with a reasonable computation cost, there are several computational issues,
including numerical robustness and strong initial point dependence [1], either when A is ill-conditioned
at the iteration or when the second or higher order terms can be too large to ignore.

This paper is organized as follows. Section 2 introduces a unified framework for power flow
analysis. Section 3 presents a solution algorithm and the proof for the convergence. Section 4 shows the
results and discussions, and Section 5 presents conclusions. In this paper, for improving the readability,
variables are italicized, vectors are in the lower case and in boldface, and matrices are in the upper case
and in boldface. All the complex vectors are partitioned in a way that all the real components are listed
first, and then all the imaginary components follow.

2. United Framework

Even though power flow analysis is a backbone of power flow, optimal power flow, probabilistic
power flow, and state estimation, each problem has its own problem formulation. For example, f(v) =0
for power flow problems; for the minimization for optimal power flow problems; for minimizing
the mismatch while satisfying power balance equations over uncertain power generation, as well as
demand for probabilistic power flow problems; and for the weighted least square in the discrepancy
between measurements and the estimates for the state estimation, etc. In Section 2, we propose a
unified framework to incorporate the problems and new solution method outlined in Section 3, to solve
the problem using the Kronecker product. The proposed algorithm is robust in terms of numerical
computation, and a local convergence is proven.

2.1. Power Flow Problems

To unequivocally define the state of a system, one should have the values for the voltages and
the injections at each bus (4N variables). Since one voltage angle is set to a fixed number at a voltage
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reference bus (zero in general), there are 4N-1 variables. For solving a set of nonlinear equations with
4N-1variables, the necessary condition (not-sufficient condition) is to have 4N-1 independent equations.
At each bus, while two voltages and two power injections are unknowns, two power balance equations
(Kirchhoff’s laws) are provided, not including the slack bus, i.e., the 2N-1 equations. Therefore,
we need to assign 2N variables for the system. Even though it is not necessary to assign two variables
at each bus, we conventionally do. For example, we assign power injections at PQ buses, voltage
magnitude and real power injection at PV buses, and voltages at the slack bus. This conventional
approach is based upon the characteristics of the components that are directly connected to a bus.
However, as renewables are integrated into the grid systems, the definition of a bus with a renewable
generator is questionable. It can be a PV bus, since it is directly connected to a generator, but it
may experience difficulty in controlling voltage magnitudes. For some buses, it would be important
to control the reactive power injection for reliable system operation. Then the bus can be QV bus.
Therefore, in this study, we suggest that 2N variables over the system be assigned regardless of the
location. For an extreme case, we may assign two voltages and two injections at some buses, while
none is assigned for other buses. Power injections or voltage magnitude squares are as follows (see the
detailed derivation in Appendix A):

[UEC(M]')]T(XPF ®XP1:) - 5] =0, ] =1,---,2N-1 (1)

where M and § are the matrix and the right-hand side, respectively regarding either the power injection
or the square of voltage magnitudes; and xpr = v. To prevent (1) from being an overdetermined system,
only 2N-1 equalities are imposed (one slack bus to compensate for the system-wide power balance).
For a case with distributed slack buses, 2N equalities are imposed, which results in a distributed
mismatch over the network. If there exists a solution to (1), the solution v is also a solution to the
following optimization problem, where

T
vec(My) &1
X9 = argmin|| : (xpr ®xpr) — : | = argmin|| Apr(xpr ® xpr) —bpell, (2)
XpF T XPF
vec(Man-1) Eon-1
———— —
Apr bpp >

A solution to (2) is also a solution to (1) if || ApF(XSOZ ®xS°l ) bpr ||2 is 0. Therefore, (1) and (2)
are equivalent.

2.2. Optimal Power Flow Problems
OPF is a nonlinear and nonconvex problem, as follows:

g€ (|U|/ 6,8') = O
min forr (g )S't‘{ ([0, 6, 8) <0 )

min fopr(Xopr) 4)
XOPF

[U@C(M2q>]T(xopp ®xopp) = &by =0 i=1,--+ ,2N+4L
[ec(M],)|" (xope ® xopE) ~ €, =0 j =1, ,2N+2L+2G
and T
XopF = (vT 8" f1 2 Zg Zinax Znin P 15 g Hmax Hoin ) ®)

where, Equations (3) and (4) are the same problem, constructed on the polar coordinate system
(Equation (3)) and on the Cartesian coordinate system (Equation (4)). This problem is an NP
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(nondeterministic polynomial time) complete problem. Many heuristic approaches aim to find
a local solution to satisfy the Karush-Kuhn-Tucker (KKT) conditions [30] for Equation (3). Therefore,
the working problem for solving Equation (4) becomes:

x5 ppMixopr — Ex = 0 > [vec(My)]" (xopr ® Xopr) — &x = 0 (6)

The KKT condition described in (4) is integrated into a bilinear least square problem [31]:

T
[vec(My)] &
g{rg)rplll : (xopr ® xopF) — : I = lAopr(xopr ® XopF) — borprll, )
T
[vec(MNKKT )] éNKKT
[ —
Aopr borr 2

where Nggr is the number of the KKT conditions. A detailed derivation of (3)—(6) is listed in Appendix B.

2.3. Probabilistic Power Flow Problems

The probability of power generation and power demand is generally continuous, and therefore
the purpose of probabilistic power flow problems is to determine the voltages that minimize the
mismatches between uncertain power injections and planned injections. In probabilistic power flow
studies, three approaches are most widely referenced—the analytical method, point estimation, and the
numerical approach. Analytical methods aim to get cumulants of output from cumulants of input,
based upon a linear approximation of AC power flow [8]. Although the approach is efficient for a
large-scale system, due to its reduced computation costs, the precision critically depends upon an
operation point chosen for the linearization. The other two approaches preserve the nonlinearity
to some extent. They start with modeling the stochastic nature of the problem as a deterministic
optimization problem with finitely many scenarios. Therefore, the computation efficiency may be
low on large-scale power systems. Monte Carlo simulation makes it possible to reduce the number
of scenarios to a manageable size. The sample average approximation gives a reasonably accurate
approximation of the true problem. For a fixed y € Y and an independent identical distribution sample,
the sample average converges to the corresponding expectation, at a rate of S(N _0'5). Therefore,
in order to achieve a reliable result, Monte Carlo simulation methods can be very slow. Su suggested a
point-estimate method based on a 2m + 1 approach [32]. The shortcoming of this approach is that it
does not reflect the probability distribution, and therefore, the solution to the problem is not a good
approximation of the original problem. We propose a following optimization problem to minimize the
weighted mismatch, where the weight w reflects the probability distribution. Similar to the power flow
studies, the mismatches are either power injection or voltage magnitudes at bus j:

T
oee;) o
: . (Xppr ® XppF) — ; =0— Aj(xppr®xppr) =bj =0  (8)
|:wa . UEC(M]')] ngcenario éNSjCEHuViG
Aj bj

]

where xppr is voltage for this problem (xppr = v), and Nécemm.o
Note that there can exist multiple power balance equations or nodal voltage magnitudes at the same
bus with multiple probabilities. For example, at bus 1—the only one wind turbine is connected
to—wind output is 70 MW with a probability of 25%, and 20 MW with a probability of 75%.

Then (8) in per unit basis of 100 MW base MVA includes; ZU250/0=[U€C(M1)]T<XPPF ® XppE) — 0.7} =0and

is the number of scenarios at bus j.
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w75%{[vec(M1)]T(xppp ® Xppr) — 0.2} = 0. Therefore, Equation (8) can be an overdetermined system,
and the solution xppr may not result in a zero mismatch when all possible scenarios are taken into
consideration. The advantage of Equation (8) is that the variable xppr = v is clearly separated from
inputs (data matrix and weight factor associated with probability).

2.4. State Estimation Problems

State estimation plays a central role in monitoring for reliable control power systems. Power flows
and voltage magnitudes are measured through asynchronous SCADA (supervisory control and data
acquisition) systems every 2-3 seconds. PMUs (phasor measurement units) are integrated to enhance
the real-time situational awareness under the smart grid umbrella. PMUs provide synchronized direct
measure of the voltages at 60 Hz. Significant studies have focused on the integration of PMU data
in the power system state estimator. To combine two sets of data, two approaches are most widely
used: (1) direct use of a PMU to get the voltages at observable buses, and then estimate them at the
other buses; and (2) incorporating the SCADA and PMU simultaneously [33,34]. For the first method,
inadequate estimate of voltages from PMUs using SCADA affects the performance.

All the methods descried above perform the traditional state estimation with SCADA and PMU
when both signals are available:

2~ fun(o)I3 = 2~ fun(oo)) ~ Ao~ o0) — S(0lR)IE = 0 — v = 09 + (ATA) AT (u~ fun(w))  (9)

where u is the measurement, either from SCADA or from PMU sensors. Equation (9) yields the
updated voltages from 7. The process in Equation (9) is repeated until the mismatch is small enough.
Equation (9) is an efficient approach for conventional state estimation with SCADA, but only when
the measurements are all in quadratic to voltages. When PMU measurements are combined so that
they linear to voltages, the truncation error lies in SCADA only. Therefore, Equation (9) may not be
able to estimate a proper state, and it is desirable not to truncate higher order terms. Suppose upy;
and ugcapa are measurements from PMU and SCADA, respectively. Equation (10) is formulated to
minimize the measurement errors:

. . 2
min [lesell; = min [|Ase (xsg ® xse) = bselly (10)

where egp, Asg, and bgg are the weighted mismatch vector, weighted matrices associated with
measurements, and measurements, respectively; and xsg = [vT 1]T. A detailed derivation is listed in
Appendix C.

2.5. Summary

A unified model for power flow analysis—power flow, optimal power flow, probabilistic
power flow, and state estimation—is proposed. In the model, power flow analysis to identify a
solution x*°! is shown in Equation (11):

I

x* = argmin [|JA(x®x) — bl|, (11)
X

Note that A is sparse, since the matrices associated with A are originally sparse, and vectorization
of the matrices does not alter the sparsity.
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3. Solution Algorithm

3.1. Alternating Least Square Approach

Equation (11) can be further simplified with a property of the Kronecker product, (A® B)(C®D) =
(AC) ® (BD):
b— [A(x®I)]x

b—[A(l®)]x (12)

b-A(x®x) & {
Equation (12) is the recipe to apply an alternating least square (ALS) algorithm to solve (11).

Step1: min [lb~[A(x;®D)] x|l - #(=[A(x®D)] D)
Step 11 : min lb— [A(I®2)] x| - #11(= [AT®2)) ') (13)
StepII: xpy1 = (1—a) & +akq, 0<a<05

As noted before, A is sparse. Even though x is a dense vector, the Kronecker products with an
identity matrix—x; ® I and I ® %;—are sparse. The inner products A(x;®I) and A(I®%;) are also
sparse, which makes the numerical computations in Equation (13) efficient. Step III is imposed to
ensure consistency between the right and the left variable x. This simple step makes the computation
highly efficient. However, it is not possible to prove the convergence of this modified ALS. The left
and the right variable x should be consistent; however, the conventional ALS algorithm does not
guarantee the consistency. Therefore, the conventional ALS algorithm converges a suboptimal solution.
The modified ALS algorithm finds the solution regardless of choice of a (o« = 0.5 for the results shown
in Figure 1).

log error

' Alternating Least Square
O  Modified ALS
©  Proposed Algorithm

_.I 5 4 i i i i i i i i i
0 100 200 300 400 500 600 700 800 900 1000

number of iteration
Figure 1. The comparison of the performance: ALS (triangle), modified ALS (square), and proposed
algorithm (circle).

Even if the modified ALS finds the solution, it takes approximately 200 iterations. Multiple
initial points were tested to see if they result in a different solution; however, they all returned the
same numerical solution. As shown in Figure 1, it is clear that the proposed algorithm presented in
Section 3.2 outperforms the conventional ALS algorithm in terms of finding a proper solution and
computational efficiency, both in the quality of the solution and the lower number of iterations to
get to the solution. Therefore, the proposed Kronecker least-square approach is most suitable for
precise computation. The computation times of ALS, modified ALS, and the proposed method are
approximately 1000, 200, and 1 second, respectively. All computations were performed with a Dell
Precision M6700 (CPU: Intel Core i7-3840QM CPU @ 2.80 GHz).
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3.2. Newton-Raphson Method

The Newton-Raphson method is most widely used for solving nonlinear equations. It numerically
finds the next step by taking a Taylor Series expansion at the current step, and truncating quadratic
and higher-order terms. For example, with Ny, equations,

Axppy = Q7T [b - A(x ®x))] where O = [(241)) - - (24N, %1)] (14)

where ) is a concatenated matrix, of which the kth column vector is 2A;x;. Equation (14) may not be
numerically robust when the Jacobian matrix in the square bracket is ill-conditioned. To meet the linear
equality and inequality constraints in Equation (3), a partial update is proposed in the MATPOWER
Interior Point Solver (MIPS) [15]. The primal and dual variables in xgpr are updated separately in the
study [15]. While it heuristically seldom fails to find a solution, the convergence is not proven for the
method with the differentiation of the updating factors.

3.3. Proposed Method

At the [th iteration, let £, 1 be an optimizer to the following least square problem:
. : 1
Rip1 = argrrkab— E[A(I®x1+xl®l)}x|| (15)
2

It is advantageous to compute the matrix inside the square bracket in Equation (15), since it is
a linear update of a fixed matrix A with x;, compared to the computation of the Jacobian matrix of
the Newton-Raphson method in the polar coordinate system. In our interior-point method, at the /th
iteration, we update x to move in the direction toward £, 1, but only up to the ratio of a;, 0 < a; < 0.5.

X1 < (1 =ap)x + a®iy OR xp + oy (R141 — x7) (16)

Furthermore, we constrain that a; approaches 0.5 as the number of iterations increases. In the
vicinity of the solution, similar to a linear approximation in the Newton-Raphson method, we can
assume that the change in x, x;,1 — xy, is sufficiently small. For example, where 6 is a sufficiently small

number, [|x;41 — xlllz(: ajll®r1 — xlllz)s \/5/“1?{”2- Therefore, the two-norm error in Equation (15) is:
||$1+1||2 = ||b —A[(xl —+ Axl+1) ® (xl + Axl+1)]||2 < 2[11||b - %A(I@Xl +x; ®I)f]+1”2 + (1 — 20(1)”81”2 (17)

where ¢; = b — A(x; ® x;). Note that the second term in the bracket equals the half of the Jacobian in the
Newton-Raphson method in the Cartesian coordinate system. The two-norm error at (/+1)th iteration
in updating x depends on the choice of a;, as shown in Equation (17). Then, the error at the ([+1)th
solution generated by the algorithm is no greater than that at the previous iteration:

||é‘[+1||2 < Zalllb - %A(I@Xl + X1 ®I)ﬁl+1”2 + (1 - 20(1)”61”2

18
<20l - SA(T® x5+ x @Dl + (1-2a)lletll, = el (18)

The second inequality holds because %, 1 is the optimizer of convex problems in Equation (15),
where the feasible region includes x;. The proposed algorithm is outlined as

Algorithm

Set I = 0 (I: iteration index) and &y, (tolerance in error)

(1) If llggllp < &4y, terminate the process;

(2) Otherwise compute £, 1 using Equation (15);

(3) Update xj,1 « x; + a;(£41 — x7), | « 1+1, go to Equation (1).
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3.4. Convergence of the Proposed Method

Suppose X« is a root of a Lipschitz continuous function F(x) = b—A(x®x) = 0, and x; is
sufficiently close to x. For a vector € where ¢; = xo — x;, we obtain

0=F(xeo) =F(x;4+¢) =b-Alx;+ €)@ (xj+¢) =b-A(x;®x)-A(I®x; + x;®])e; — A, ® €)) (19)

F(x) J(xr)

Note that Equation (19) does not involve the truncation of higher order terms. From Equation (16),
one finds x;, 1 = (1 —)x; — 2q [J(x;)] b, which leads to:

F(x) = %mf(xl)(xz - X141) (20)

Using Equation (20) in Equation (19) yields

X] = X141
J(x1) Tﬁ"’xm_xl — Al(xeo —x7) ® (X0 —x7)] = 0

Then. by using the triangular inequality,

llerrall, = (1 = 2a7)e; + Zaz[f(xz)]_lA(81®€l)||2 <I(1=2ap)ell, + 2lall[J ()] Aes e)ll, (21)

For a sufficiently large [, a; becomes 0.5 and the second term is in quadratic. Therefore, the proposed
algorithm is super-linear.

We also propose a direct method that ensures ¢ is always 0.5, regardless of I. The only difference
between our interior-point and direct methods is how to choose ¢;. It is observed that because f(x)
is a Lipschitz continuous function, the norm of its inverse Jacobian matrix [J()]7! is well-bound.
Consequently, using the Cauchy-Schwarz inequality [31], the proposed algorithm’s convergence
is quadratic:

lerally < (1= 2ap)lleglly + 24017 ()] lpllAllolley ® €12 = TGl lAlllled? = S(le?) — 22)

While the Newton-Raphson method relies on the Taylor series expansion and truncation of higher
order terms, this proposed algorithm does not involve any approximation, and the error reduces at
every iteration, regardless of the choice of an initial guess. Furthermore, it utilizes the numerically
stable optimization approach. As a result, the algorithm does not suffer the numerical stability issues
of the Newton-Raphson method when the data matrix is ill-conditioned.

3.5. Determination of ay for the Interior Point Method
The control variable x in OPF problems is comprised of state variables, shadow prices, and slack

T
variables, such as xppr = (z} T 4T zT zT zL o 2! 2l ol ”J{ /u§ [T “mm ) . Among those, the shadow

prices of inequality constraints and the slack variables must be non-negative and part of term group G
for the elements. The proposed method strictly explores the feasible region, and we propose an interior
point approach by choosing a proper value for aj; x;.1 = x; + a;A; where A; = %1 — x;, and group F is
defined where A;s are negative among group G. The value of a; is determined as follows:

adl )] —xllb - A(x ® )l (23)

1
a) = mln mln
[ ( laY]
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where « is a small scalar. As x; approaches the solution x«, A; becomes zero. Since Ifl;— g(xl Qx1)ll,=
IF(x1) = F(xco)lly < IIJ(x)Ioll€gllo, one finds the first term in (21) as:

1
(5 = el = 10— A @ 3)lerly < W x. )l 24)

As a result, near the solution, both the interior point method and the direct method have quadratic
convergence. As the algorithm converges (i.e., for a sufficiently large ), |Aj| becomes very small. As a
result, (23) guarantees that o approaches 0.5.

3.6. llustrative Examples

It is recognized that the convergence of the Newton-Raphson method can strongly depend upon
the choice of an initial point. Suppose we aim to find the roots of f(x) = x> — 5x, and the initial
guess is 1. The NR process will oscillate between +1 and -1 with no progress, i.e., fail to find a
solution. The proposed approach can be extended to incorporate any polynomial function. Here is an
extension setup:

P-5x=00yi-y2=0, y1y2-5y1 =0

vec(Ar)T 0
— | vec(4r)" |(y®y) =] 0
vec(Az)T 1
1 0 0 0 1/2 -5/2 0 0 O v
where Ay =| 0 0 -1/2 |, Aa=| 1/2 0 0 | As=|0 0 0| andy=|
0 -1/2 0 5/2 0 0 00 1 Yend

For this example, NR will repeatedly visit +1 and —1 if at that iteration it finds a solution at either
+1 or —1. In the worst case, the NR process will not proceed at + V5 (weak robustness). If the process
visits a point near + V5, the number of iterations becomes very large (high computational costs). With a
starting point of xp = 1, the performances of the Newton—Raphson method and of the proposed method
are illustrated in Figure 2, which clearly indicates that the proposed method converges in 3 steps when
the conventional Newton-Raphson process fails to do so.

|
|
|
|
|
|
|
PN
|
|
|
|
|
|

x3 - 5x
Newton Raphson Update
O Proposed Update

-2.5 -2 -1.5 -1 -0.5 0 05 1 15 2 25

Figure 2. Comparison in the convergences of the Newton-Raphson method and proposed methods.

The convergence is achieved when the initial guess of x is greater than or equal to 3.5. When a
smaller value was chosen, the proposed algorithm does converge even though it finds 0 instead of V5.
Due to the curvilinear update, the number of iterations is lower than that of the linear update, such as
with the Newton-Raphson method.
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4. Numerical Examples

4.1. Power Flow Studies

Power flow studies were performed on the IEEE 30-bus system, with various initial points
vy = (1T OT)T + ﬁ(OT 1T)T with the range for § in [-0.3, 0.3]. A MATPOWER package [15] was used for
the Newton-Raphson, fast decoupled power flow, and Gauss—Seidel methods; and a PSAT package [35]
was used for the Iwamoto and Runge-Kutta methods. The same initial points were used for all methods.
Figure 3 shows the results of the power flow studies: when = 0, all of the methods converged
reasonably well (Figure 3a); when = 0.2, the Runge-Kutta method did not converge; when = 0.3,
the Runge-Kutta and Newton-Raphson methods did not converge. As mentioned in Section 2.1,
Newton-Raphson method is not numerically robust. The proposed algorithm always converges rapidly
in all the cases.
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Figure 3. Performances of the Newton-Raphson, fast decoupled power flow, Gauss-Seidel, Runge-Kutta,
Iwamoto, and proposed methods to solve power flow problems on an IEEE 30-bus system. Variable ¢
in the y-axis is the mismatch in power balance or voltage magnitude. (a) § = 0.0; (b) § =0.2; (c) $ = 0.3

invg = (1T 0NH)T + pOT 11T,
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4.2. Optimal Power Flow Studies

Optimal power flow studies were performed on the IEEE 3-bus, 9-bus, 24-bus, and 30-bus systems.
The MIP solver in MATPOWER is based on the Newton-Raphson method formulated in the polar
coordinate system (PCS), which is used for solving OPF in this study. OPF studies were performed using
the proposed method and the Newton-Raphson method on the Cartesian coordinate system (CCS).
Figure 4 illustrates the results. It is worthwhile to mention that structural properties of the matrices in
Equation (15), such as sparsity and symmetry, are not explored yet in this study. When the structure
properties are explored, it is possible to apply the proposed method for larger systems the same way as

is done using the Newton-Raphson method implemented in MATPOWER.
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Figure 4. Performances of the Newton-Raphson method formulated in the polar coordinate system

24-bus (c); and 30-bus systems (d); as well as the computation times of the algorithms (e).
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In all the cases where the methods successfully converge, the identified solutions are identical,
except for Newton-Raphson method in CCS for the IEEE-24 case (Figure 4c). For this case,
the Newton-Raphson method in CCS stays at a local solution. Different from the Newton-Raphson
method, the proposed method is numerically robust, and the convergence does not depend on the
choice of the initial point. As shown in the computation time illustrated in the bottom plot in Figure 4,
the computation time of the proposed method increases more slowly with respect to the size of the
system than that of the Newton-Raphson method in CCS (p = 1.96 for the proposed method vs. 2.22
for the Newton-Raphson CCS and 1.94 for the Newton-Raphson PCS, where computation time (ec NP).

4.3. Probabilistic Power Flow Studies

Probabilistic power flow studies were performed on the IEEE 30-bus system. Five buses (4, 7, 16,
20, and 24) were selected for wind sites, and their wind outputs were assumed to be independent. For
each wind site, the buses’ outputs were normally distributed. For the computation, the distributions
were discretized into five blocks, and a probability distribution was assigned (3125 wind scenarios).
The sample size for the Monte Carlo simulation (MC) was 100, and m = 2 for the 2m + 1 method [32]
(Figure 5).

1
8 0.99 -
o))
S
S 098
S
© 0.97 -
Q
3
o 0.96 - B
095 | | | | |
0 5 10 15 20 25 30
Bus ID
Complete search
Monte-Carlo simulation
0.15 2m+1 method
3 Proposed method
o
& 01f B
©
>
‘S 0.05 B
g
> Or
@
£
2 -0.05 3
E
-0.1 1 1 1 1 1
0 5 10 15 20 25 30
Bus ID

Figure 5. Probabilistic power flow results: (top) real parts of voltages and (bottom) imaginary parts of
voltages. Black line: complete search; blue line: Monte Carlo simulation; green line: 2m + 1 method;

and red line: proposed method.

The computation times were 36.0, 3.26, 0.28, and 0.25 seconds for a complete search, MC, 2m + 1
method, and the proposed method, respectively. As shown in Figure 5, even for a small sample size
of MC, the range of voltages and average voltages were similar to those from a complete search, but the
computation cost is still large. While the 2m + 1 method reduces the cost significantly, the range and
average voltages are far from those of the complete search. The proposed method yields similar
voltages as from the complete search, while the computation cost is significantly reduced.
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4.4. State Estimation

PMU and SCADA data were artificially generated with various levels of errors using an IEEE
30-bus system. For estimating the state, three methods were applied: (1) direct use of a PMU signal,
in which voltages at the buses observed by PMU are directly computed, and those at other buses are
estimated with SCADA; (2) a hybrid method based on the Newton—-Raphson method; and (3) the
proposed method (Figure 6). The methods to utilize both signals simultaneously outperformed the
direct use of PMU signal.

° o "o o ®
|- =] -
0.5 o o a
S b o J
©
g 150 o Direct use of PMU signal i
= O Hybrid method
D 5| O  Proposed method o B
S 2 8 o 88
& 8
25 o 4
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0
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T o @ i
= o
@2 o
=
= 15 o oo © b
S o
2+ o © O Direct use of PMU signal
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25 o . . . . O  Proposed method
-1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2

Log error in SCADA

Figure 6. Performances of the state estimators with various measurement errors; (top) errors from PMU
(phasor measurement unit) measurements, and (bottom) errors from SCADA (supervisory control and
data acquisition) measurements.

5. Conclusions

A unified formulation based on a Kronecker product for full AC power flow studies is proposed.
The solution algorithm and the proof of convergence are presented, and its performance on the studies
are compared against those of conventional methods. Future work will explore the structural properties
of the matrix associated with the bilinear least-square problem. Since the matrix is sparse, like that
used in the Newton-Raphson method, and has a similar symmetric structure, the computation time
would decrease accordingly.

Funding: This research was supported in part by US DoE under CERTS initiatives (Contract number: 7063673).
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Nomenclature

Aj set of buses that are directly connected to Bus j

E; voltage magnitude squares at j

Enins Emax min. and max. of voltage magnitude squares

Fy matrix associated with power flow at k in the cardinality of 2N-by-2N
G number of generators

I complex current at Bus j

L number of branches

Liem matrices indicating the locations of loads in the cardinality of N-by-G
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Lgen

N
Npmu
Nscapa

Ybus
diag()
ap

a

d

€

f
flowy
8

Emins §max
i km
ref

u
vec(-)
1%

w

[v], ©
%

g
Zmax

Zmi

Hf
Hg
HUmax

Hmin

matrices indicating the locations of generators in the cardinality of N-by-N
number of buses

number of PMU measurements

number of SCADA measurements

perfect permutation matrix

matrix associated with power injections at j in the cardinality of 2N-by-2N
Transpose

real and imaginary part of X

nodal admittance matrix

diagonal matrix of the vector inside () transformed into a column vector
quadratic cost coefficient

linear cost coefficient

vector of real and reactive power demand in R*N
jth column vector of an identity matrix

real and reactive plow vector in R4
maximum power flow on Branch k
real and reactive power generation in
min. and max. limits of power generation

bus index, branch index, and generation index

angle reference bus where the imaginary part of the voltages is set to zero
measurements

vectorization of the matrix inside ()
real and imaginary voltage vector in
weight factors associated with the measurements u

voltage magnitude and angle

slack variable corresponding to maximum flow inequality constraints
slack variable corresponding to max/min generation limit constraints
slack variable corresponding to max voltage magnitude constraints
slack variable corresponding to min voltage magnitude constraints
Lagrange function

shadow price corresponding to an equality constraint

shadow price corresponding to maximum flow inequality constraints
shadow price corresponding to max/min generation limit constraints
shadow price corresponding to max voltage magnitude constraints
shadow price corresponding to min voltage magnitude constraints
complex conjugate

equivalent

RZG

RZN

Appendix A. Power Flow Problem

In power flow problems, real power injection and voltage magnitude are given for the PV bus; real and
reactive power injections are given for the PQ bus; and voltages are given in the slack bus. The real power balance
equation at all the buses, except for the slack bus, is expressed using the property of the Kronecker product [31],

xTMx = [vec(M)]T (x®x):

_ — T
050 = (LT ~ Laend) © [vec(MfP)] (vev) - R =0 (A1)

where M?P =S;jand 5?1) = e]T(LgenE - Ldemﬁ_i)
The reactive power balances are:

— T
vTSjv = e].T(Lgmg— Ldgmg) o [vec(M?P)] (v®v) - £§P =0 (A2)

where M§P =S§;and Egp = E}W(Lgen’gv_ Ldemj)-
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The square of the voltage magnitude is:

T
vT(e]-e]T + €j+Ne].T+N)v =Ejo [vec(M}/M)] (v®@v) - 5}’M =0 (A3)

VM _ T 4o 0T VM _ .
where MV = eje; T ej+Nej N and 5], =E;.

The imaginary part of voltage at the slack bus (reference angle constraint) is:

T
vTemf+NerTef+Nv =0 & [vec(M}/A)] (v®v) - E}/A =0 (A4)

where M}/A = er€f+NerTef+N and E}/A =0.
Equations (A1)—(A4) have the same form that appears in Equation (1), when xpf = v.

Appendix B. Optimal Power Flow Problem
An optimal power flow problem is formulated in the polar coordinate system:

{ geq(lv| 0, g)

min fOPF( ) 1n(|v| 0, g) :

[01,0,8
where fopr is the system cost; g is the equality constraints; and h;; is the inequality constraint. In most OPF

studies, a quadratic cost function is considered, i.e., fopr(g) = g'diag(a)g + ag. This objective function is
expressed in terms of x, defined in Equation (5) as

0

v 0 0 0 v
| g 0 diag(a) 0 Im T
fopr(x) = vobj || 0 0 0 o vy | = ForeMabror
1 0 2 0 0 1
Mubj
T
where yop; = | fT 2f 2 Zhe 20,5, P B LG o #mm] :

Appendix B.1. Equality Constraints

In addition to Equation (A4), equality constraints are power balance equations (see Equations (Al) and (A2)),
the definition of power flows, and the reference angle constraint (see Equation (A4)). Using the definition of x in
Equation (5), there are N real power balance equations.

o \T[ S 0 0 0 v
cr o )TLT ej g
TS T 51,07, G| 8 0 0 0 -3
v S]v—ej ngng—&—edeemd_ i 0 0 0 2 0 genCj "
1,T
1 0 —3e[Lean( 1 0) 0 0 (A5)

MRS

_ T
+e].TLdemd =0 xOPFMRPonpp - ERPB =0 [vec(MRPB)] (xopr ® XopE) — 5?1’3 =0

_ T 5
where ¢ = [gT §T] » Y1 = Yobj» and E?PB = _edeenld-



Energies 2019, 12, 2425 16 of 20

Similarly, N reactive power balance equations are:

N 0 0 0 ,
Yoo 1)L || g
TC .., _ T [~ g_ 8 0 0 0 -3 gent
[ S]U 6]- Lgeng+€j Ldemd = " 0 0 0 0 v
1
1 0 —ze].TLgen( 0 1) 0 0 (A6)
MIPB

+ejTLd€mE: 0o xOPFM IPBy opr — EIPB =0 [vec(MIPB)] (xopF ® XOPF) — 5§PB =0

where E?.P B — —e].TLdemd.

The power flows are also computed in terms of voltages. For example, the real injection flows are computed
as follows [15]:

o V[Fe 0 0 0 0 v
- 8 00 0 0 0 g
—fit Re(vimmq) =—e f+o'Fo=| f 00 0 0 -ell f [=0

Y2 0 0 0 0 0 v

1 0 0 -2l 0 o0 1 (A7)
k
MfPF
T
o x gPFMfPFxOPF - EII({PF =0 [Uec(prF)] (xopF ® xopF) — EEPF -0

T
and ys = [ 12 e 2T, o7 T T il i, | and €9 <0

There are 4L of the flows (real power injection/ejection flows and reactive power injection/ejection flows).

T
The equality constraints are in the form of [vec(ng)] (xopr ® Xopr) — &eg = 0.

Appendix B.2. Inequality Constraints

The inequality constraints are maximum/minimum voltage magnitudes constraints, maximum/minimum
flow limits, and maximum/minimum generation limits. Therefore, the corresponding shadow prices and slack
variables have the same cardinality as the number of inequality constraints.

The 2N maximum/minimum voltage constraints are

T(o.oT 4 . ol j T Lo ol Vinax _ pJ
4 (e]e]. +e]+Ne/.+N2/’ Ehax <00 (eje]. +€]+N€]-+N)U+z]. mx _El

o \[M™M 0 0 0 0 v
I I
Y3 0 0 0 0 10 Y3 ; v T v
=] Zmax 00 0 0 3¢ || Zmax [~Emax =0« [UL’C(Mj "“X)] (xopr ® xopr) —&;™ =0 (A8)
vl 0 0 0 0 O vl
1 0 0 %I 0 o0 1
j
MVimax

j Vimax j
—vT(eje]T + e]'+Ne]T+N2(v +E . <0o —ZJT( +e]+Ne]+N)v +z{™ + El . =0
o T —M;’ 0 0 0 0 v
v 0 0 0 0 0 yi! , T
=| Zmin 0 0 0 0 %e]- Zmin |+ Ehax © [UL’C(M;/‘“'“)] (xOPF®xOPF)_§;/m' (A9)
v 0 0 0 0 0 v
1 0 0 I 0 o0 1
j
pVmin
]
v, j Vi j TTTT i T ,T,T,T T
where E " = Epax 5‘"% = _Emin’ ]/ [ f 3] Y3 = [mmp #f Hg Hinax ‘umm Y3 =
T

T
[g fT ZT ZT Zznux] , ]/ [PT ‘u; y(g }l%ux ymm] , respectively.
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The 2L maximum flow limit constraints are

ﬁ + sz —flowi = fT(eke[ + €k+L€’;Z+L)f —flowi <0e fT(ekeZ + €k+LL’Z+L)f +z£"‘ax —flowi =0

I \Tr o 0 0 0 0 I
Yy . , Yy
0 e + Ck+LC, 0 0 O f
— Z{I 0 0 0 0 %Ek Z{I _ g.;max
Yl 0 0 lOT 0 0 | o (A10)
0 0 3l 00 1
M{IUZ“
T
= [UBC(M?W)} (xopr ® xopE) = 5{"““ =0
fi T, T T ,T,T,T T
Where 5 - flowk’ y4 [U g ] and y [Z Zmax min p [‘lf Aug Hmax Hmln:I °

The 2G maximum/minimum generation constraints are generally expressed as linear box constraints, i.e.,
Smin < 8 < Smaxs Where g,y and gyax are the minimum and maximum limits of power generation. The constraints

are equivalent to g (eme ) (gmm + gmax) n8 gmm(eme )gmax < 0. Therefore, the constraints are formulated
using the slack variable as follows:

— — T — —
gT(E”’eL)g B (gmin + gmax) e’”ez’;g + Zg’n + gminTeme,],;gmaX =0
7 0 0 0 0 0 0

v v
T
gI 0 emel, 0 0 0 —%(gmm + gmax) emel, gI
o Ys 0 0 0 0 0 10 Ys | _ E’g;
Z 0 0 0 0 0 56k Z All
yil 0 0 0 0 0 0 ]/;f)l ( )
1 0 _16"16 (gmln + gmax) 0 %e]z 0 0 1
Mﬁl

= [vec(M‘fn)]T(xopp ®xopp) — &y =0

T T
where éfn = gﬁinem‘?%gmaw yé = [ T Z};] ,and 3/ = [ Zmax i PT }1}; #Z; Auzl;ux ymmjl .

Therefore, all the inequality constraints are in the form of [Uec(Mm)] (xopr ® xopp) — &in = 0.
The Lagrange function to Equation (4) is:

Y= [UeC(Mabj)]T(xOPF ®xopr) + L Péq{[vec(Méq)]T(xopp ® XopF) — ééq}

+§‘ #Zneq{[vec(Mljn)]T(xopp ®xOPF) - 5fn}

= {[UEC(MObj)]T + Z péq[vec(Méq)]T + Z ‘u{neq [UEC(M{H)]T}(XOPF ®xOPF) - (Z péqggq + Z‘ #mqufn
i j i
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The derivative of Lagrange function with respect to voltage is

2NH4L N . . N ; ;
Vot =2 KZ::] prMic + El Hmax(ejej + ej+Nej+N) + ],)::l ‘umin(_ejej - ef+Nej+N) v=0

T | AL N T T N T T
=g Vot =2, ):1 picMic + '21 “maX(eJ'ej + ef+Nej+N) + ‘21 ”min(_eiej - eHNeHN) v
K= = =

M ; eZTM’gq:l eITel e{ + elTeHNeLN
= Z(pT ernaX y;in)[ anax }U = 0 where M;,q = , ML =
_M: _
max . ! eITM}efq_ 2N *;{L elTeNe;\} + e?ezz\]egN
T : . )
vl 0 0 (Méq) 0 (M;nax) _(M;nax) 0 vI (A12)
Ye 0 0 0 0 0 0 0 Ye
P M’Eq 0 0 0 0 0 0 P
o 11 11
Ye 0 0 0 0 0 0 0 Ye
Hmax M;nax 0 0 0 0 0 0 Hmax
Hmin -Mi. O 0 0 0 0 0 Hmin
1 o 0 0 0 0 0 1
M;

= [vec(Mé)]T(xopP ®XopF) — 5; =0

. T T
wherei=1,2,...,2N, & =0, yé = [gT fT zjf ng z%ax zfm] ,and yg = [y} ‘ug] .

Complementary slackness yields:

yy [0 0 0 ) 0 . 07 v
z 0 0 0 zee; O z . T )
Uiz = yTeieiTz =| p 0 0o 0 o0 O p |= [vec(MZCS)] (xopr ®xopp) = &g =0
p 0 3eef] 0 0 O0f u
1 o o o o of1
Mg
wherei =1,---,2N +2L 4 2G, &, = 0 and
T
y7 = (" g" ) (A13)

The complementary slackness in (A13) is an equality constraint while the conventional KKT formulation for
an OPF formulation is expressed as an inequality constraint ;-z; < ¢; where ¢; is a very small positive number
(See [15] for details).

Equations (A4)—(A13) are the KKT condition for an optimizer for the AC OPF, and they are in the form of

[vec(M)]T(xopp ®xopr) — & = 0. The reason we do not include the shadow price of reference bus angle constraint
(A4) is that the corresponding shadow price is zero.

Appendix C. State Estimation Problem

The measurements (voltages and currents) from PMU are linear in terms of voltages: uppr = Mppu© + €pmu,
where Mpy i and eppyy are the matrix and measurement error associated with the PMU measurements, respectively.
On the other hand, SCADA measurements (power injections (Equations (A5) and (A6)), flows (Equation
(A7)), and voltage magnitudes (Equations (A8) and (A9)) are in a quadratic relationship with the voltages:

i — o Tagi 8] : . . . .
Useapa = U Mgcapa? + €scapa- Their errors are expressed in terms of voltages, which we aim to estimate
as follows:

T v\
1 i i 4 0 —5(M v : T
Eppu = “pmu ~ Mppu? = ( 1 ) [ _lpi 2( (’)’MU) ( 1 )— (—”}Mu) = [vec(Mpi)]" (xsg ® xsE) = Epi
277" PMU
Mp; (A14)
j j Tap v\ -M. 0o ; T
€scapa = Yscapa ~ Y Mscapa® = ( 1 ) S§APA - ( 1 )— (—“pMU) = [WC(MS])] (xsE ®xsE) — Esj
_
Ms;

Their weighted error vector ¢ is defined as
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WhruEpmu Wpnn[vec(Me)] ' Ep
I T A I | L v | | e
- wl el - 1 ’ XSE ®XSE) & (A15)
scADASscADA WerADA [UEC(MS /)] 51
Ssnesesn )| e foed Mo ) | e 2
bse
Asg
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