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ARTICLE INFO ABSTRACT

Article history: A general framework is given for applying the Newton-Raphson method to solve
Received 5 April 2017 power flow problems, using power and current-mismatch functions in polar, Cartesian
Received in revised form 14 December 2018 coordinates and complex form. These two mismatch functions and three coordinates,
Keywords: result in six possible ways to apply the Newton-Raphson method for the solution of
Power flow analysis power flow problems. We present a theoretical framework to analyze these variants for
Newton-Raphson method load (PQ) buses and generator (PV) buses. Furthermore, we compare newly developed
Power mismatch versions in this paper with existing variants of the Newton power flow method. The
Current mismatch convergence behavior of all methods is investigated by numerical experiments on
Eglr&tl;sian transmission and distribution networks. We conclude that variants using the polar

current-mismatch and Cartesian current-mismatch functions that are developed in this
paper, performed the best result for both distribution and transmission networks.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction

A power flow computation that determines the steady state behavior of the network is one of the most important
tools for grid operators. The solution of a power flow computation can be used to assess whether the power system can
function properly for the given generation and consumption. Therefore, power flow computations are performed in power
system operation, control and planning.

The power flow or load flow problem is the problem of computing the voltage magnitude |V;| and angle §; in each bus of
a power system where the power generation and consumption are specified. Over the years, various power flow solution
techniques [ 1-15] have been developed on transmission networks. Gauss—Seidel (G-S), Newton power flow (N-R) and Fast
Decoupled Load Flow (FDLF) based algorithms are the most widely used methods for the solution of transmission power
flow problems. In practice, the Newton power flow method is preferred in terms of quadratic convergence and improved
robustness [ 16]. Furthermore, many new methods [ 17-28] have been developed for distribution power flow problems and
generally they are divided into two main categories such as modification of conventional power flow solution methods (G-
S, N-R, FDLF) and Backward-Forward Sweep (BFS)-based algorithms. Several reviews on distribution power flow solution
methods can be found in [29-32].

In this paper, we focus on the Newton based power flow methods for balanced transmission and distribution networks.
Depending on problem formulations (power or current mismatch) and coordinates (polar, Cartesian and complex form),
the Newton-Raphson method can be applied in six different ways as a solution method for power flow problems. These
six versions of the Newton power flow method are considered as the fundamental Newton power flow methods from
which the further modified versions [8-15] are derived. Table 1 shows the previously published papers considering each
variation of the Newton power flow method.
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Table 1
Known versions of the Newton power flow method.

Mismatch formulation Coordinates

Polar Cartesian Complex form
Power (2] [33] [34]
Current [35] [35,36]

The most widely used version is the Newton power flow method using the power-mismatch and polar coordinates
which is introduced in [2]. In this method, the reactive power mismatch AQ and the voltage magnitude correction AV
for each generator (PV) bus are eliminated from the Jacobian matrix equations and therefore the order of the equation is
(2N — Ng —2).

In the version using the power-mismatch and Cartesian (rectangular) coordinates introduced in [33], the reac-
tive power mismatch AQ is not eliminated from the Jacobian matrix equations for each PV bus but replaced by a
voltage-magnitude-squared mismatch equation:

AWV = (VIPY = (V7 + (V™) (1)

where |V|*? is specified voltage magnitudes and V" and V™ are the real and imaginary parts of the complex voltages
respectively. Therefore, the order of the Jacobian matrix equation is (2N — 2) and it is concluded in [33] that the method
is slightly less reliable and less rapid in convergence than the polar version developed in [2].

Although it is mentioned in [2,16] that the complex power flow formulation does not mathematically lead to an analytic
function of the complex voltage because of conjugate terms, the paper [34] investigated the version of the Newton power
flow method using the power-mismatch in complex form. In paper [34], the Jacobian matrix equations are developed in
complex form for each load (PQ) bus whereas two separate equations are created for each PV bus. The correction values of
complex voltage for the PQ and PV buses are computed separately using different tolerances at each iteration. However,
it is preferred to calculate correction values for both PQ and PV buses using common Jacobian matrix equations and the
same tolerance.

The version using the current-mismatch and a mix of Cartesian and polar coordinates is discussed in [35]. In this
method, each PQ bus is represented by two equations that are constructed from the real and imaginary parts of the
complex current-mismatch function. A PV bus is represented by a single active power-mismatch AP and the voltage-
magnitude-squared mismatch equation (1). The order of the Jacobian matrix equation is (2N — 2) and it is concluded
in [16] that these versions perform less satisfactorily than the power-mismatch versions.

The version using the current-mismatch and Cartesian coordinates is considered again in [36]. This method introduces
a new dependent variable AQ for each PV bus and additional equations relating the corrections in polar and Cartesian
coordinates:

vr ym
AlV| = — AV 4+ —AV™ (2)
VI 14
vr ym
VI VI

Using Eqgs. (2) and (3), this method makes the Jacobian matrix equation square in order to have a unique solution. In this
method, the real A" and imaginary AI™ current-mismatch functions are expressed in terms of the real AP and reactive
AQ power-mismatch functions. Then the reactive power-mismatch AQ is considered as a dependent variable for each PV
bus and computed at each Newton iteration. Minor attempts were made to speed up the solution method using a partly
constant approximation of the Jacobian during the iterations, but the results were not encouraging [36].

We did not find any discussion covering the Newton power flow method using the current-mismatch in complex form.

All variations of the Newton power flow method are developed by different researchers in different ways. This paper
aims to discuss all six versions of the Newton power flow method using a common framework and to introduce new
developments to improve the performance of other versions besides the most used version using the power-mismatch and
polar coordinates [2]. Major improvements were done by us in Cartesian power-mismatch, polar current-mismatch and
Cartesian current-mismatch versions. In versions using Cartesian coordinates, Eqs. (2) and (3) are used for PV buses instead
of the voltage-magnitude-squared mismatch equation (1). In case of versions using the current-mismatch regardless of
the choice of the coordinates, the reactive power Q is considered as a dependent variable for each PV bus. Thus, we
compute the correction AQ at each iteration and update Q using the computed corrections. In case of the Cartesian
power-mismatch, the order of the system is decreased to (2N — N; — 2) whereas [33] uses a system with the order
(2N — 2). The complex current-mismatch and complex power-mismatch versions are developed only for PQ buses.

This paper is structured as follows. In Section 2, a mathematical model of a power system is introduced briefly. Section 3
mathematically describes the power flow problem. The Newton-Raphson method and its all six versions for the solution of
power flow problems are explained in Section 4. The numerical results of all solution techniques on balanced distribution
and transmission networks, are presented in Section 5. Finally, the conclusion is given in Section 6.
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Table 2

Network bus type.
Bus type Number of buses Known Unknown
Slack node or swing bus 1 [Vil, 8i Pi, Qi
Generator node or PV bus Ng P, Vi Qi 3
Load node or PQ bus N—N;—1 Pi, Qi |Vil, 8

2. Power system model

Power systems are modeled as a network of buses and transmission lines whereas a network bus represents a system
component such as a generator, load and transmission substation etc. There are three types of network buses such as a
slack bus, a generator (PV) bus and a load (PQ) bus. Each bus in the power network is fully described by the following
four electrical quantities:

|Vi|]: the voltage magnitude
8;: the voltage phase angle

P;: the active power

i: the reactive power

Q;:

Depending on the type of the bus, two of the four electrical quantities are specified as shown in Table 2:
Here, i is the index of the bus, N; is the number of generator buses and N is the total number of buses in the network.
For more details on the power system model we refer to [37].

3. Power flow problem
The power flow, or load flow, problem is the problem of computing the voltage magnitude |V;| and angle §; in each

bus of a power system where the power generation and consumption are given. According to the Kirchhoff's Current Law
(KCL), the relation between the injected currents and bus voltages, is described by the admittance matrix Y:

I Yiu Yo - - Yy Vi
L Yor Yo - - Y V)

I=YY <« | = . . .. . . (4)
In Yve Yn2 - - Yaw ] [Wn

where [; is the injected complex current, V; is the complex voltage at bus i and Yj; is the element of the admittance matrix.
From Eq. (4), the injected current at bus i can be written as:

N
I = Z YiVi. (5)
k=1
The mathematical equations for the power flow problem are given by:

Si = Vil (6)

N
=Vi) YiVi (7)

k=1

where §; is the injected complex power at bus i and I is the complex conjugate of the injected current. Mathematically,
the power flow problem comes down to solving a nonlinear system of equations where all variables are given in complex
numbers.

4. Newton power flow solution methods

The Newton based power flow methods use the Newton-Raphson (NR) method that is applied to solve a nonlinear
system of equations F(X) = 0. In NR method, the linearized problem is constructed as the Jacobian matrix equation

—J(X)AX = F(x) (8)
where J(X) is the square Jacobian matrix and AX is the correction vector. The Jacobian matrix is obtained by Ji = %f)

and is highly sparse in power flow applications [2,16]. The iteration process of the Newton based power flow method is
shown in Algorithm 1.
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Algorithm 1 Newton’s power flow method
1: h:=0
2: given initial iterate x°
3: while not converged do
4:  solve the correction —/(x")AX" = F(x")
5
6
7

update iterate X"*1 := X" + AX"
h:=h+1
: end while

Table 3
Variable X in different coordinates.
Coordinates Variable X
; T
Polar (V; = |Vi[e®) [815 s dn Vil W]
. T
Cartesian (V; = VI +1vV™) [ve, .. vive,o Vil
Complex form (V;) [Vi,..., VN]T

Traditionally, direct solvers are used to solve the Jacobian matrix equation (8). Convergence of the method is mostly

measured in the residual norm ||[F(x")| or relative residual norm || igﬁi | of the mismatch function F(X") at each iteration.
The Newton power flow method has a quadratic convergence when iterates are close enough to the solution. The Newton
power flow methods formulate F(X) as power or current mismatch functions and designate the unknown bus voltages
and angles as the problem variables x using three different coordinates such as polar, Cartesian and complex form. Table 3

displays the problem variables defined in different coordinates.

4.1. Power-mismatch formulation:

The power flow problem (7) is formulated as the power-mismatch function F(x) as follows:

-

Fi(X) = ASi(X) = 5" — Si(%)
N

=SP—Vi) YiVi  Viel.N (©)
k=1

where S;” = P +1Q,” is the specified complex power injection at bus i. In general, specified active power P;” and reactive
power Q,.S” injections at bus i are given by following equations:

sp G L
¥ = pg — p! (10)
QT =0 - ¢ (1
where Pf and Qf are specified active and reactive power generation whereas PiL and Qf are specified active and reactive
power loads respectively. In this paper, PiL and Q} are modeled as constant power loads.
The complex power-mismatch function (9) is separated into real equations and variables using polar and Cartesian
coordinates. Table 4 shows power-mismatch functions in different coordinates. An application of the first order Taylor
approximation to the power-mismatch functions results in a linear system of Egs. (8) that is solved at each Newton

iteration. Table 5 presents all equations computing the elements of the Jacobian matrix in different coordinates which are
the partial derivatives of the power-mismatch function.

4.1.1. Polar power-mismatch version (NR-p-pol [2])
The Jacobian matrix equation (8) derived from the power-mismatch function in polar coordinates is given in the
partitioned form for convenience of presentation:

J" P AS AP
LA L Aav [T A (12)
where all sub-matrices are computed as J'' = 24P 12 = %,]21 = 282 and J2 = %. The Jacobian matrix equation
(12) has to be modified for all PV buses since the voltage magnitude |V}| is specified instead of the reactive power Q; at
each PV bus j. Therefore, pr cannot be computed and AQ; cannot be formulated for each PV bus j. All partial derivatives

of it with respect to voltage magnitude |V;| and angle §; cannot be taken. Similarly, A|V;| does need to be computed for
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Table 4
Power-mismatch function in different coordinates.
Coordinates Power-mismatch function: Fi(X) = AS;(X)
Polar AP(R) = PP — 1L Vil Viel Gy cos 8k + By sin 8
Q%) = Qf” — e Vil Vi (Gie sim 8k — By cos 8i)
Cartesian ARG = PP = I (VI(GVy = BaVi™) + V(B + GV
%)= Q7 = XU, (VG = BaVi?) = V(B + GuVjh)
Complex form AS(R) =SP —Vi YN Yivy
Table 5
The partial derivatives of the power-mismatch function in different coordinates.
Coordinates Jik = ag;k
364{/,:‘;) = —|Vil(Gi cos 8ix + Bik sin 8)
i#k B(?‘%,EP = —|Vil(Gic sin 8ix — By cos i)
Polar BABI;;(;) = —|Vil|Vi|(Gik sin 8% — Bik cOs &)
aé%(@ = —|VilIVk|(—Gik cos 8k — Bik sin 8i)
8?&(5) = *(2|Vi|Gii + 2 iz Vil (Gik cos Sik + By sin 5ik))
=k B0 — — (—21VilBy + Xy Vil (G S i — Biccos )
2400 = — 3"y Vil IVil(—Git sin 8y + By cos i)
Ma;?;‘[m = =2 iz IVillViel (Gik cos 8 + By sin i)
aﬁl\;’zi) = —(Wcik + VimBik)
ik 2e® _ —<v;"c;,-k — V,.’B,-k)
Cartesian Bﬁgy) = *(Vimcik - VirBik)
3?%("5;) = V[ G + V" Bix
"’ABC‘};) = *(V,-rGii + VPBi + Y opq GV — BV ))
=k BAQ%I()_‘J = *(V,-mGii — VIBii+ Yo BV} + GiW;T))
1A = — (VG — V7B LBy + GaVh)
Bﬁ“}m = VIGii + V"B — S p_,(GiV} — BaV™)
Complex form i#k aé‘s/,k( = —Vi¥i,
=k uH (V,Y* + I*)

PV bus j since |Vj| is now known. Therefore, we eliminate all the ‘;ﬁf K %lAVQ", % and T\/Qf from the Jacobian matrix J(X),
AlV;| from the correction vector AX and AQ; from the power mlsmatch vector F(X) for each PV bus j. The order of the

resulting Jacobian matrix equation is (2N — N, — 2).

4.1.2. Cartesian power-mismatch version (NR-p-car)
The Jacobian matrix equation (8) is defined using the power-mismatch function in Cartesian coordinates as:

B Jll JlZ AYM B AP (13)
IR Av | T aq
where all sub-matrices are given as J'' = 228 J12 = 348 21 = 248 apd J22 = 2Q The Jacobian matrix equation (13)

has to be modified for all PV buses for the same reason as we saw m 4.1.1. In this version, the reactive power-mismatch

AQj cannot be formulated for each PV bus j and therefore all partial derivatives % and T cannot be taken.

In paper [33], the reactive power mismatch AQ is replaced by a voltage- magmtude squared mlsmatch equation (1)
A V AAV;
S and 250"

for all PV buses and therefore all partial derivatives ,W% and W?’ are also replaced by
k

respectively.
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Moreover, the order of the Jacobian matrix equation remains (2N — 2) and it is concluded in [33] that the method is
slightly less reliable and less rapid in convergence than the polar power-mismatch version 4.1.1.

In this paper, we develop a new approach that improves the performance of this version. In our approach, the
reactive power-mismatch AQ; is removed from the power-mismatch vector F(x) for all PV buses and therefore all partial

I 3AQ; 9AQ; . . o= o .
derivatives av—% and w?] are also eliminated from the Jacobian matrix J(x). As a result of the elimination, the Jacobian
. oYk . . . . .

matrix becomes a rectangular matrix. In order to make the Jacobian matrix square, we use Eq. (2) with A|V;| = 0 since

|V;| is now specified for each PV bus j. This gives us the relation between the corrections AVJT and AVj'” as:

vm
_ J
AV = —WAVJ-'". (14)
j
Using Eq. (14), the column of the Jacobian matrix with respect to the derivatives % and aa?/?,- is added to the column
P P J J
with respect to the derivatives ‘;35.‘ and % as follows:
J J
dAP; aapr V" yAp
'Av.mz( A ’)Av?“ (15)
avjm J 3ij er 8Vf J
AQ; 0AQ V" A
& ?“=( G _ 4 Q‘)Avf“. (16)
8VJm J J

m r r
v Y,

Now the correction AV can be eliminated from the correction vector AX for each PV bus j and therefore the order of the
Jacobian matrix equation (13) is (2N — Ny — 2).

4.1.3. Complex power-mismatch version (NR-p-com)
The Jacobian matrix equation (8) is computed using the power-mismatch function in complex form as:

—[J ][ av]=[4s ] (17)
where the Jacobian matrix ] = % is obtained by taking the first order partial derivatives of the complex power-mismatch
functions with respect to the complex voltage V. The Jacobian matrix equation (17) holds for all PQ buses but not for all
PV buses because the complex power mismatch AS cannot be formulated for all PV buses. Therefore, this version can be
applied to solve the power flow problem on networks with only a slack bus and PQ buses.

4.2. Current-mismatch formulation:

The current equation (5) and the power flow problem (6) are used to formulate the current-mismatch function F(X)
as follows:

Fi(x) = AL(X) = I’ — Ii(X)

ST\ o
- ((/—) S Vi Viel.N (18)
! k=1
P\ *
where pr = S"/— is the specified complex current injection at bus i.
1

The current-mismatch function (18) can be also expressed in terms of the power-mismatch function (9) as follows:

ASj\*
Al = ( v ) (complex) (19)
i
cos 8; AP; + sin §; AQ; sin §; AP; — cos 6; AQ;
— 1 1 + 1 QJ —"—l 1 1 1 QJ (polar) (20)
Vil Vil
VIAP +VMAQ  VMAP, — VI AQ;
= - l+2' & = > & (Cartesian). (21)
Vil Vil

The complex current-mismatch function (18) is separated into real equations and variables using polar and Cartesian
coordinates. Table 6 shows the current-mismatch functions in different coordinates. An application of a first order Taylor
approximation to the current-mismatch function results in a linear system of Eqs. (8) that is solved in every Newton
iteration. Table 7 gives all equations defining the elements of the Jacobian matrix in different coordinates.

4.2.1. Polar current-mismatch version (NR-c-pol)
The Jacobian matrix equation (8) is derived from the current-mismatch function in polar coordinates as:

]11 J]Z AS Al
baral R &
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Table 6
Current-mismatch function in different coordinates.
Coordinates Current-mismatch function: F(x) = Al;(X)
- PP cos 8;4+Q7 sin 5, N 3
Polar AlL(R) = A — 5 |Vl (Gik cos 8 — B sin &)
- P:* sin §;— cos §; .
Alim(x) = + - Zk 1 |Vk ik S1N 8}( + Bi cos Sk)
. PPV +QPvm
Cartesian Alj(x) = \/17‘/'" Z“ 1(GieVye — BieVy)
o pPym_qPyr N
AIPR) = Tt — Y (GaVy! + Bu)
Complex form AL(X) = (\'7) — Y YaVk
Table 7
The partial derivatives of the current-mismatch function in different coordinates.
; IR
Coordinates Jik = %:)
DAIT(R) .
3‘\’/‘(' = —(Gjx cos & — By sin 8y)
i#£k IAIM(R) .
# W = _(Gik sin &y + Bj cos 8k)
Polar JAIT(R) .
o = [Viel(Gik in & + Bix c0s &)
IAIM(X) .
g5~ = —IVil(Gik cos & — By sin i)
JAIT(X) . PP cos 5;+Q7 sins;
s = —(Gii cos 8 — By siné;) — +
i=k dAIM(R) . PP sin 8;—QP cos 5;
W = —(Gii sind; + Bi,‘ cos 5,’) - +
DAIT(% . PP sin5;—Q;F cos§;
LS |V;|(Gy sin & + By cos ;) — LG o0
35; Vil
DAIM(X PP coss+0% sing;
=% ® _ —|Vi|(Gji cos 8; — B;i sin &;) + %‘Q'Sm'
00j 1
DAIT(R)
(‘)‘1/’: = _Gi/<
i#k dAIM(R)
F7 Bi
Cartesian 241 )
W T Bi
DAIM ()
a\l/k"' = —Gik
dANR) G PPV 2—(vimP)2vivingP
v T T T Ty E
i=k 2AIMGE) B pr((V,")Z—(V,"'JZ)—ZV,’V["P,SP
T
AT () QP (VI 2 —(vm)2)—2vrympP
avllm = B” + 1 i |1V1|4 i1 i
JAIM(R) PPV (VM )+2v vimQP
W = —Gip + A
£k 2® _ _y,
Complex form # Wi ik
. aar® (ST :
i=k G0 = (v

. T T o Apm
where all sub-matrices are computed as J'' = 2L, J'? = &, > = 9417 and J? = 247~ Same as the polar power-

mismatch version 4.1.1, A|V;| needs to be computed for each PV bus j smce |V;| is now known. Therefore, we eliminate

all the dal and pal” from the Jacobian matrix J(x) and A|V;| from the correction vector Ax for each PV bus j. As a result

av; av;
of the elllr}r‘nnatlon‘ t‘he Jacobian matrix becomes a rectangular matrix.

In paper [35], each PQ bus is represented by the real AI" and imaginary AI™ current-mismatch functions. A PV bus
is represented by the active power-mismatch AP and the voltage-magnitude-squared mismatch equation (1). Thus, the
order of the Jacobian matrix equation is (2N — 2) and it is concluded in [16] that these versions perform less satisfactorily

than the power-mismatch versions.
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Table 8
The partial derivatives of the current-mismatch function in polar
coordinates with respect to the reactive power Q.

AAI{ (X)
i#£j 9
_ O #J .
Ji= b 2AIM(R)
99
?)Al}(;‘) _ sing;
i=j QTP
3Alf(>-<) _ cosy
g T vl

=0

=0

Table 9
The partial derivatives of the current-mismatch function in Cartesian
coordinates with respect to the reactive power Q.

DAl (%)

o i#j Y
Ji= pr 2206 _ o
aQ; -
DA ) v
i=j G T (VIRHVT?
DA ) -v/
QT (VRHV?

In our approach, the reactive power Q; is chosen as a dependent variable as |V| and § for each PV bus j because we
3Al1.r

Y

use the current-mismatch formulation directly. Since Q; is an unknown variable, all first order partial derivatives and

dAIm . .
aQ} have to be computed as given in Table 8:
R dAIr dAIm
Now we add the derivatives BAQ; and BAQ;
vector AX for each PV bus j. As a result, the Jacobian matrix becomes a square again. The initial reactive power Qj0 at each
PV bus j is computed as follows:

into the Jacobian matrix J(x) and the correction AQj into the correction

N
Q" =Y IVjlIVel(Gy sin 8 — By cos 8. (23)
k=1
In each Newton iteration, the correction AQ; is computed and the reactive power Q; is updated using the computed
correction.

4.2.2. Cartesian current-mismatch version (NR-c-car)
The Jacobian matrix equation (8) is computed using the current-mismatch function in Cartesian coordinates as:

11 12 m r
AV Al
L]l S - )
; ; 11 _ A" 12 _ 3AI" 21 _ 2AI™ 22 _ aAIm
where all sub-matrices are given as J'' = 7w, J'° = 5y, J¢ = Sym and J©° = S5

In paper [36], the real AI" and imaginary AI™ current-mismatch functions are expressed in terms of the real AP and
reactive AQ power-mismatch functions. Then the reactive power-mismatch AQ is considered as a dependent variable
for each PV bus and computed at each Newton iteration. Minor attempts were made to speed up the solution method
using a partly constant approximation of the Jacobian during the iterations, but the results were not encouraging [36].

In our approach, the reactive power Q; is chosen as a dependent variable for each PV bus j as polar current-mismatch

dAIr aAIm
225 and 2L have to be computed

version 4.2.1. Since Q; is an unknown variable, all the first order partial derivatives 70 7

as shown in Table 9: . aAm
Now we add the derivatives -5 and —- into the Jacobian matrix J(X) and the correction AQ; into the correction

vector AX for each PV bus j. After the addition, the Jacobian matrix becomes a rectangular matrix. In order to make the

dAL
a

P o
Jacobian matrix square, we add the column of the Jacobian matrix with respect to the derivatives % and % to the
; r m J J
column with respect to the derivatives Zéf}. and aa?/% using (14) as follows:
) J
m
8A1{Avm _(9Al] B iam{ Aym (25)
avjm i = 8V]m er avjr j
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Table 10
Bus voltage corrections in different coordinates.
Coordinates Type of Bus XM =X 4 Axh
(1)
v = |V|(h+1 5+
Polar PQ and PV
< W = v 4 A
8D = 5 4 As
Vi(h+1) — (Vi )h+1) + l(vim)(h-ﬂ)
PQ and PV (er)(hﬂ) — (V_r)(h) (AV.’)(")
Cartesian (VmED = (ymym +(AVm)
V(h+1> V[ De 8
P Vo o
AVl = w74V + TAV)
Adj = i AVt — AV'
STy \v \2
Avm
PV A8 = =L
1
_D- (h+1) _ (h) (h) y%
Complex PQ (NR-p-com) 14 Vit +(Av;T)
PQ (NR-c-com) v =y 4 av®

m
aAI?Aij _ (aAI;" 1% aAI{")Aij

(26)
Then the correction AV]T can be eliminated from the correction vector Ax for each PV bus j. The initial reactive power Qjo
at a PV bus j is computed as follows:

Q° = Z( (GRVy, — BRVi™) = VI (BuV; + GuV™)). (27)

In each Newton iteration, the correction AQ; is computed and the reactive power Q; is updated using the computed
correction.

4.2.3. Complex current-mismatch version (NR-c-com)
The Jacobian matrix equation (8) is calculated using the current-mismatch function in complex form as:

-1 av ]=[ar] (28)

where the Jacobian matrix | = 3{# is obtained by taking the first order partial derivatives of the complex current-
mismatch functions with respect to the complex voltage V. Same as the complex power-mismatch version 4.1.3, this
version is applicable for the power flow problem on networks with only a slack bus and PQ buses.

Bus voltage corrections in different coordinates are given in Table 10:

5. Numerical experiment

The newly developed/improved versions of the Newton power flow method (Cartesian power-mismatch, polar
current-mismatch, Cartesian current-mismatch and complex current-mismatch) discussed in Section 4, are compared to
the existing versions of the Newton power flow method (polar power-mismatch [2], Cartesian power-mismatch [33]
and Cartesian current-mismatch [36]) for the numerical experiments. Two distribution networks (DCase33 [38] and
DCase69 [39]) and four transmission networks taken from Matpower [40] (case1354pegase, case2737sop, case9241pegase
and case13659pegase) are used to test the convergence ability and scalability of all variants of the Newton power flow
solution method. All methods are implemented in Matlab and the constant power load model is used for loads. The
relative convergence tolerance is set to 10~> and the maximum number of iterations is set to 10. All experiments are
performed on an Intel computer with four cores i5-4690 3.5 GHz CPU and 64Gb memory, running a Debian 64-bit Linux
8.7 distribution.

5.1. Distribution networks

The convergence result of all Newton power solution methods for two distribution network (DCase33 and DCase69)
is shown in Table 11.
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Table 11
Distribution networks: DCase33 and DCase69.
Test cases
Methods DCase33 DCase69
iter time NF®) oo iter time NF®)lso
NR-p-pol [2] 3 0.0072 7.4675e—06 4 0.0113 5.5875e—09
NR-p-car 3 0.0063 1.0433e—06 3 0.0068 8.1777e—06
NR-p-car [33] 3 0.0072 1.0897e—06 3 0.0081 8.0940e—06
NR-p-com 6 0.0055 6.4610e—06 7 0.0063 4.0138e—06
NR-c-pol 3 0.0081 1.4291e—09 3 0.0094 8.5226e—09
NR-c-car 3 0.0068 1.3954e—09 3 0.0081 1.9503e—08
NR-c-car [36] 3 0.0111 1.3964e—09 3 0.0124 1.9476e—08
NR-c-com 7 0.0055 5.3792e—06 10 0.0076 2.7697e—06
Table 12
Small transmission networks: TCase1354 and TCase2737.
Test cases
Methods TCase1354 TCase2737
iter time IF(X)ll oo iter time IFX)]l oo
NR-p-pol [2] 3 0.0284 6.2678e—06 4 0.0640 1.5353e—08
NR-p-car 3 0.0265 1.5795e—06 4 0.0634 2.3500e—06
NR-p-car [33] 3 0.0298 2.2486e—06 5 0.0777 2.8518e—06
NR-c-pol 3 0.0313 8.3005e—10 4 0.0700 6.1735e—07
NR-c-car 3 0.0306 6.1446e—10 4 0.0649 8.6780e—07
NR-c-car [36] 5 0.0507 9.9969e—06 5 0.0838 7.9842e—07
Table 13
Large transmission networks: TCase9241 and TCase13659.
Test cases
Methods TCase9241 TCase13659
iter time IFX)loo iter time IF®)llso
NR-p-pol [2] 6 0.3555 2.1292e—09 5 0.3899 2.2891e—09
NR-p-car 5 0.2908 2.1026e—08 6 0.4689 7.9833e—12
NR-p-car [33] 5 0.3180 2.0742e—06 10 0.8899 1.401e+148
NR-c-pol 3 0.1973 6.4746e—07 4 0.3634 3.4366e—09
NR-c-car 3 0.1993 1.9438e—06 4 0.3619 8.6170e—09
NR-c-car [36] 10 0.6595 0.0023 10 0.9036 1.1482

We observe that variants using complex form (NR-p-com and NR-c-com) need more iterations and have a linear
convergence compared to other variants. Thus, NR-p-com and NR-c-com are the least preferable variants of the Newton
power flow method. Furthermore, remaining versions employing Polar and Cartesian coordinates converge after the same
number of iterations. However, we discover that the residual norm of current-mismatch functions is much smaller than
the residual norm of power-mismatch functions regardless of the choice of the coordinates. Thus, we can conclude that
versions using current-mismatch functions are more suitable for solving distribution power flow problems than versions
using power-mismatch functions. Variants polar current-mismatch (NR-c-pol) and Cartesian current-mismatch (NR-c-car)
developed in this paper perform the best for two distribution networks in terms of both a number of iterations and the
residual norm.

5.2. Transmission networks

Since the complex power-mismatch and complex current-mismatch versions are developed only for PQ buses, these
variants are not applied to transmission power flow problems including PV buses. Tables 12 and 13 show the convergence
result of all solution methods for transmission networks (TCase1354, TCase2737, TCase9241 and TCase13659).

For smaller transmission networks TCase1354 and TCase2737, all versions result in the same behavior except the
Cartesian current-mismatch version developed in [36] which requires extra one iteration.

For the second large transmission network TCase9241, the variant NR-c-car [36] diverges whereas other versions
converge. Furthermore, NR-c-pol and NR-c-car versions developed in this paper converge after only three iterations
whereas other versions (NR-p-pol [2], NR-p-car and NR-p-car [33]) need five to six iterations. For the largest transmission
network TCase13659, both versions NR-p-car [33] and NR-c-car [36] diverge whereas all variants (NR-p-car, NR-c-pol
and NR-c-car) developed in this paper and NR-p-pol [2] find the solution. Additionally, these four converged versions
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Fig. 1. Convergence of all Newton power flow versions on transmission network TCase13659.

have a quadratic convergence as shown in Fig. 1. Moreover, NR-c-pol and NR-c-car variants converge faster than the
most famous variant NR-p-pol [2] in terms of iterations for both large transmission networks. Thus, we can conclude that
polar current-mismatch (NR-c-pol) and Cartesian current-mismatch (NR-c-car) variants developed in this paper are more
preferable for large transmission power flow problems.

6. Conclusion

In this paper, we formulate and analyze the Newton based power flow methods that are used for the power flow
computation on balanced distribution and transmission networks. For the various methods we consider two different
mismatch functions: the current and power balance equations and three different coordinate systems: Cartesian, polar and
complex form. This leads to six different versions of the Newton power flow method. Studying these versions in a common
framework enables us to analyze and compare all variants in a unified way. Furthermore, the existing variants of the
Newton power flow method developed in [2,33,36] are implemented and compared with the newly developed/improved
versions of the Newton power flow method (Cartesian power-mismatch, polar current-mismatch, Cartesian current-
mismatch and complex current-mismatch). In case of the polar and Cartesian current-mismatch versions, the reactive
power Q is chosen as a dependent variable for each PV bus. Thus, we compute the correction AQ at each iteration and
update Q using the computed corrections. Egs. (2) and (3) are used instead of the voltage-magnitude-squared mismatch
equation (1) in versions using Cartesian coordinates. The order of the Jacobian matrix equation is (2N — N, — 2) for the
versions using the power-mismatch function whereas versions using the current-mismatch function have (2N — 2) linear
equations.

The polar current-mismatch and Cartesian current-mismatch variants of the Newton power flow method that are
developed in this paper deliver the best result for both distribution and transmission networks. Therefore, we encour-
age power system operators to apply these two variants for power flow computations on balanced distribution and
transmission networks.

In addition, the Cartesian current-mismatch version has an advantage in the calculation of the Jacobian matrix because
its off-diagonal elements are constant and equal to the terms of the nodal admittance matrix. Moreover, depending on the
properties of the given network, one version can work better than others. Therefore, it is crucial to study which version
is more suitable for what kind of power networks. In the near future, these newly developed versions will be applied to
three-phase power flow problems on unbalanced distribution networks and will be implemented in Matpower.
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Appendix. Notation

N: number of buses in the network
Ng: number of generator buses
h: iteration counter
Vi = Vg +1V": complex voltage at bus k
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|V, 8k: voltage magnitude and angle at bus k
X: vector of unknown variables
AX: correction of unknown variables
F(x): complex power or current mismatch function at bus k
J(X): Jacobian matrix of the mismatch function

ASy = APy +1AQy: complex power mismatch at bus k

Al = Al +1AL7: complex current mismatch at bus k
Sy =P +1Q.": specified complex power at bus k
S¢ = Pf +1QF: generated complex power at bus k
St = Pf +1Q}: complex power load at bus k
Yi = Gix + 1Bi: (i, k) the element of nodal admittance matrix
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