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Sensitivity-Based Discrete Coordinate-Descent for
Volt/VAr Control in Distribution Networks
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Abstract—The discrete coordinate-descent algorithm is a prac-
tical approach that is currently used in centralized Volt/VAr Con-
trol (VVC) implementations, mainly due to its good performance
and speed for real-time applications. Its viability is however chal-
lenged by the increasing number of distributed generation that
contribute to the VVC solution, in addition to the conventional
transformer taps and switched capacitors. This paper presents the
exact computation of sensitivity factors that speed up the discrete
coordinate-descent implementation, by significantly reducing the
number of forward/backward substitutions in the current injec-
tion power flow method; the speed up is achieved without affecting
the control setting quality of the original implementation. The op-
timality of the discrete coordinate-descent solutions is investigated
by computing the gaps relative to mixed-integer linear program-
ming set-points, derived from a polyhedral reformulation of the
VVC problem. The sensitivity-based discrete coordinate-descent
algorithm is tested starting from two initial points, the default one
given by the current control set-points, and a continuous solution
obtained from a linear approximation of the VVC problem. Nu-
merical results on networks with up to 3145 nodes show that the
sensitivity-based approach significantly improves the runtime of
the discrete coordinate-descent algorithm, and that the linear pro-
gramming initialization leads to VVC solutions with gaps relative
to the mixed-integer set-points that are less than 0.5%.

Index Terms—Centralized control, distributed power genera-
tion, load flow control, power system simulation, reactive power
control, voltage control.

NOMENCLATURE

a A complex-valued quantity, indicated by an

underline.
re g, Real and imaginary parts of a.

Magnitude of a.

0, Angle of V.

BR Set of all branches.

CAP Set of nodes having switched capacitors
connected to them.

Cr Penalty coefficient for branch current magnitude
violations.

Cv Penalty coefficient for voltage magnitude
violations.

Manuscript received June 18, 2015; revised October 03, 2015; accepted De-
cember 22, 2015. Date of publication January 08, 2016; date of current version
October 18, 2016. Paper no. TPWRS-00871-2015.

R. A. Jabr is with the Department of Electrical & Computer Engineering,
American University of Beirut, Riad El- Solh/Beirut 1107 2020, Lebanon
(e-mail: rabih.jabr@aub.edu.1b).

1. Dzafi¢ is with the International University of Sarajevo, Hrasnicka cesta 15,
71210 Sarajevo, Bosnia (e-mail: idzafic@ieee.org).

Digital Object Identifier 10.1109/TPWRS.2015.2512103

DG Set of nodes having distributed generation
connected to them.

L. Complex compensation current at node <.

I Current magnitude in branch ij.

n Number of nodes.

ng,nt Number of capacitor bank settings and
transformer tap positions.

Pp;,Qp; Real and reactive power demand at node i.

Pgi,Qc;  Real and reactive power generation at node i.

P Q; Real and reactive power injection at node <.

Qo; Nominal Reactive power generation (at 1 pu
voltage) by the switched capacitor at node i,
chosen from the set {Qép, el Qg}q)}.

Qci Reactive power generation by the switched
capacitor at node :.

1 Tap of the transformer in branch ij, chosen from

(1) {nt)

the set {¢;;", ..., t;; '}

TR Set of tap-changing transformer branches.

v,I Nodal voltage and injection current complex
vectors.

V.. 1 Nodal voltage and injection current complex
values at node .

Vilack Voltage magnitude at the slack node.

Y, Series admittance of branch ij.

Y Nodal equations coefficient matrix.

L-'Z- Element 43 of the bus admittance matrix.

zmin pmax Minimum and maximum values of a real-valued

quantity z.
I. INTRODUCTION

OLT/VAR control (VVC) is one of the main functions

in the distribution management systems of smart grids;
it is integrated into supervisory control and data acquisition
(SCADA), which provides real-time input in terms of network
configuration and measurements, and real-time output in terms
of control actions [1]. Traditional VVC operates on the trans-
former tap positions and the switchable shunt capacitors with
the main goal of removing voltage violations; other secondary
objectives include power loss reduction and energy conserva-
tion. The increasing levels of distributed generation (DG) in
modern distribution networks is known to create voltage viola-
tions and thus presents additional challenge to traditional VVC
implementations [2], [3]. This paper studies the integration of
DG VAr control in centralized VVC, based on the practically
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accepted discrete coordinate-descent algorithm [1], [4]; it in-
vestigates the optimality of the discrete coordinate-descent so-
lutions and proposes exact sensitivity coefficients that serve to
speed up the VVC algorithm with DG VAr control.

Practical VVC algorithms are either rule-based or net-
work-based [1]. As their name suggests, rule-based algorithms
operate using a predefined set of rules, which are derived based
on experience, in addition to limited real-time measurements
[5] or dynamically changing system conditions [6]. Although
rule-based algorithms are simple to implement, they cannot
guarantee good solutions under various operating conditions.
Network-based methods make use of a mathematical repre-
sentation of the distribution network; such a representation
requires an estimation of loads [7], which is carried out using
real-time measurements together with load curves and auto-
mated meter readings. The network-based methods employ
mathematical optimization techniques to compute the optimal
control set-points of transformer taps, switched capacitors, and
DG VAr output in a centralized manner. From a mathematical
optimization perspective, network-based VVC is an NP-hard
problem involving discrete and continuous variables together
with nonlinear constraints [8]. Recently applied methods
consider mixed-integer linear programming (MILP) [9] and
mixed-integer conic programming [10], [11] formulations;
although such techniques are capable of yielding globally
optimal solutions for radial network configurations, their nu-
merical performance does not scale well on large networks.
Other optimization techniques consider meta-heuristics such as
genetic algorithms [12], or hybridizations combining gradient
search and meta-heuristics [13]. In practice, the computational
performance of mixed-integer optimization and meta-heuristics
is not commensurate with the real-time computing require-
ments on large-scale networks; such techniques have been
primarily proposed to solve the off-line setting control problem
[2], [10]-{13].

For real-time centralized VVC, the Siemens Energy and Au-
tomation research team was the first to propose the discrete co-
ordinate-descent (DCD) algorithm as a viable network-based
method [4]; practical experience with this method has shown
that it yields good enough solutions with adequate speed for
real-time applications. Although the algorithm description in
[4] does not explicitly account for DG VAr output, this can be
straightforwardly accounted for in the DCD algorithm by dis-
cretizing its VAr output range; such a discretization however
has an adverse impact on the performance of the algorithm as it
necessitates a large increase in the number of power flow solu-
tions. This paper proposes a sensitivity-based technique that sig-
nificantly improves the runtime of the DCD algorithm, without
compromising the quality of the original solution described in
[4]. In addition, it presents the first study that characterizes the
quality of the DCD-VVC solution through a gap that is com-
puted relative to MILP set-points; the MILP solution is based
on mixed-integer conic programming and polyhedral reformu-
lations [10]. In fact, the results show that when DCD is initi-
ated from a rounded linear programming solution, it yields con-
trol settings with a gap less than 0.5%. Related research on ex-
pert systems for reactive power optimization/voltage control in
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transmission networks was reported in [14]-[16]; in particular,
[15] describes a practically applied scheme that distinguishes
between corrective rescheduling and loss minimization. Unlike
[14]-[16], the current approach builds on the DCD method that
operates on an objective function combining both corrective
rescheduling and loss minimization. The proposed sensitivity-
based technique requires computing the sensitivity of the real/
imaginary voltage components to each of the control variables;
these are calculated using a new exact model in Section V,
which is different than the linearized decoupled reactive power
model used in [14]-[16]. The linearized reactive model is funda-
mentally based on the fast-decoupled load flow formulation, and
it is typically not applicable in distribution networks due to high
R/X ratio. The proposed voltage sensitivity coefficients are also
more accurate than the ones proposed in [17] specifically for co-
ordinating local voltage controllers in the load flow problem. In
particular, the equations in [17] involve approximations on the
effect of local controllers on bus voltages that are not directly
targeted by the controllers through set-point specifications.

The rest of this paper is organized as follows. Section II gives
a mathematical optimization statement of the VVC problem;
the network component models are the same as those recently
used to solve the distribution power flow problem with local
controllers [17]. The original DCD algorithm and the proposed
sensitivity-based variant are described in Sections III and 1V,
respectively. Section V presents the derivations for the voltage
sensitivity, that are central to implementing the proposed ap-
proach. Numerical simulations are given in Section VI and the
paper is concluded in Section VII. The Appendix presents the
mixed-integer polyhedral reformulation of the network-based
VVC problem. To simplify the presentation, the application of
the approach is detailed using the positive sequence representa-
tion of the network; this makes it more suited to European distri-
bution networks. However, the methodology is also applicable
to the three-phase unsymmetrical representation of a network
with unbalanced loading; such a representation is typical of US
distribution networks.

II. VOLT/VAR CONTROL

Consider a distribution network having n nodes, with the first
one being the slack power injection node. The network nodal ad-
mittance matrix Y accounts for transformers with off-nominal
tap positions (1) (see Fig. 1) and switched capacitor banks (2).
The injection currents are related to the node voltages by the
nodal equations in (3), in which the first row of the ¥ matrix
fixes the voltage at node 1 to the slack voltage magnitude. The
nodal current injections (6) account for the real/reactive load de-
mand together with any contribution from DG (7).

tle —ti5Y. .
L TR(i—j) — _ti;gij y” J (1)
Yoy = Qo 2)
YV -1 @)
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Fig. 1. Tap-changing transformer.
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The main aim of VVC is to remove voltage violations, with
a secondary objective such as loss minimization. Mathemati-
cally, it can be written as an optimization problem whose objec-
tive is to minimize the network losses (8) while keeping voltage
magnitudes (9) and branch current magnitudes (10) within their
prescribed limits. The control variables in the VVC problem are
the transformer taps, the capacitor bank settings, and the reac-
tive power contribution from DG. The transformer taps vary in
discrete steps (11), with t(k) < t(k+1) The reactive power injec-
tion by capacitor banks is proportlonal to the square of the nodal
voltage, and its nominal value at 1 per-unit voltage also varies in
discrete quantities (12), with Q((]]; Q (k+1) The DG reactive
power (13) varies as a continuous varlable between its upper
and lower limits. The formal statement of the VVC problem is
given by (8)—(13), with the nodal voltages and current injections
implicitly related by (3)—(7):

min Y S Vreyreve + 3 S vimyrevit o (8)

i=1 j=1 i=1 j=1
subject to:

VRSV VR i=1,..0,n 9

I; <IM™, ije€BR (10)

ti; € {t(;),tgj), L e TR (11)
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Qei = Qoi VY

QOi:{ 81)7 5)3)7-“7 (()?Q)}7 1€ CAP (12)

QE" < Qg < QE™, ieDG (13)
where:
= (V) + (Vi) (14)
(yz (‘/7‘8 ‘/j're) +y” (‘//m ‘/sz))z
+ (i (Vi = Vi) =i (V= V) as)

IITI. DISCRETE COORDINATE-DESCENT ALGORITHM

The DCD algorithm is an industry standard for practical VVC
implementations [1]. The approach operates on an objective
function (16) that penalizes any operational constraint viola-
tions, such as voltage and branch current magnitude limits. The
algorithm is referred to as a coordinate-descent algorithm be-
cause only one variable is updated at each iteration, and it is
called discrete because any control variable update is taken in
a discrete step. In essence, each iteration requires computing
the objective function for all search directions of the control
variables; for instance the search directions for a transformer
tap which is strictly within limits are: one step up and one step
down. Search directions are similarly defined for capacitor bank
settings and reactive power from DG, whose operating range is
discretized. Rules for choosing the set of search directions in
radial distribution networks and for specific objective functions
and load representations have been discussed in [4]. The search
direction that gives the greatest decrease in objective function
is chosen, and the corresponding control variable is then moved
in this direction. The iterations of the DCD algorithm continue
until there is no search direction that gives an improvement in
the objective function value.

f= Z Z ‘/ire)/ige‘/rjre + Z Z ‘/EimY;;e‘/jinl

i=1 j=1 i=1 j=1

+Cy Z max (0, V; — V%)

i=1

+Cy Y max (0, V™2 — V)
i=1

+C; Y max (0,1; — I5™) (16)
ij€EBR

Reference [4] argues that in order not to add terms of different
nature (power loss, voltage violations, current violations) in the
same objective function (16), the different terms can be nor-
malized to the same units using the concept of violated power.
This is achieved by multiplying the voltage violation by the
rated current flowing through the bus in addition to a penalty
factor, and the current violation by the rated bus voltage in addi-
tion to a penalty factor. The result is that the objective function
would minimize the violated power. In practice, the operator
can choose different penalty coefficients to reflect different pri-
orities in violations.

The computation of the objective function for each setting
of the control variables requires the solution of a power flow
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problem. The current injection method [17] is used to solve the
power flow; in this method, the injection currents (6) are itera-
tively updated to correspond to the most recent estimate of nodal
voltages, and the nodal voltages are then recomputed using (3).
The solution for voltages is obtained using sparse triangular fac-
torization and forward/backward substitution. The power flow
problem is solved when the voltages and currents in (3) also sat-
isfy (17):

VI — (P +jQ;) <e, i=2,...,n

amn

To have an efficient DCD implementation, the ¥ matrix is
factorized only once, and any changes in the tap positions or
control settings of the switched capacitor banks are handled
using the compensation technique [18]. Specifically, if the ¥
matrix has been formed with the transformer between nodes i
and j having the tap t%ld, and the tap position is moved to a new
value t;;, then the injection currents at nodes ¢ and j become:

L=+ (89 - )],V
= 15— ti] v,V (18)
=1, — [t~ t;] y, .V, (19)

Similarly, if the ¥ matrix has been initially formed with the

capacitor at node i fixed at the set-point Q3i¢, and this set-point
is moved to the new value Qg;, then the injection current at node

¢ includes a compensation term and becomes:

QO@] L)

For DG connected at node ¢, the compensation current at this
node is simply:

I =1+ Q- (20)

Pgi — jQqi

v; b

Lei =
The discrete coordinate-descent algorithm is summarized in
the following steps:

Step 1: Initialize the setting of transformer taps, switched ca-
pacitor banks, and reactive power from distributed
generation. Set the coordinate-descent iteration
counter to 1.

Step 2: Form the nodal equations matrix Y that accounts for
the initial settings of transformer taps and switched
capacitor banks. Factorize Y using LU decomposi-
tion: Y = Y ;Y;;. The columns of Y are ordered
for factorization sparsity.

Step 3: Compute the base-case power flow using the current
injection method [17], and calculate the Initial Ob-
jective Function (IOF).

Step 4: Determine the Initial Search Directions, with indices:
SD =1,...,NS8D. For each control variable which
is neither at the lower limit nor at the upper limit of
its control range, its search directions are one step
up and one step down. For each control variable
at the lower limit of its control range, the search
direction is one step up; for each control variable
at its upper limit, the search direction is one step
down. Initialize SD = 1, and set the index of the
Best Search Direction to zero: BSD = 0.
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Step 5: Move the control variable in the direction given by
SD. Use the compensation technique [18] to com-
pute the power flow solution and calculate the Cur-
rent Objective Function (COF). Restore the control
variable to its initial value.

Step 6: If COF < IQF, then set IOF = COF and BSD =
SD, else keep them at their current values.

Step 7: If SD < NSD, increment SD by 1 and go to Step 5,
else continue to Step-8.

Step 8: If BSD = 0, end the search (the optimization is com-
plete), else move the control variable in the direction
given by BSD, increase the coordinate-descent iter-
ation counter by 1, and go to Step-4.

IV. SENSITIVITY-BASED DISCRETE
COORDINATE-DESCENT ALGORITHM

The discrete coordinate-descent algorithm can be made more
efficient by computing the sensitivity of the objective function
(16) to each of the control variables (3f)/(8x), and then de-
ciding on the search direction for the variable. For example, if a
transformer tap is strictly within limits and its (8.f)/(dz) > 0,
then the search direction for this variable is one step down; this
translates into solving one power flow solution instead of two
that correspond to one step up and one step down. The sensi-
tivity based discrete coordinate-descent algorithm has the po-
tential to reduce the number of power flow solutions and con-
sequently speed up the solution process; it requires simply re-
placing Step-4 in the above algorithm by the following:

Step-4: Determine the Initial Search Directions, with in-
dices: SD = 1,...,NSD. Compute the sensitivity of the
objective function (3f)/{dz) to each of the control vari-
ables. For each control variable with a positive sensitivity
factor, its search direction is one step down provided the
variable itself is not at the lower control limit. Similarly,
for each control variable with a negative sensitivity factor,
it search direction is one step up provided the variable itself
is not at the upper control limit. Initialize SD = 1, and set
the index of the Best Search Direction to zero: BSD = 0.
The sensitivity of the objective function with respect to a control
variable (22) is computed by applying the chain-rule for deriva-
tives to (16); hy (V; ) and h;(I;;) are indicator functions given
by (23) and (24), ¢! ; is the transformer tap only for branches
that do contain a transformer (25), and C(x) is non-zero only
when the control variable is a transformer tap (26). The compu-
tation of the sensitivity coefficient (22) requires the values for
(0Vr¢)/(0z) and (V™) /(dx) at all nodes; these values are
computed in the next section.

n n

avre
Be =22 g, WV
i=1 j=1

non 9 im )
e SpaLLARTE

i=1 j=1

n Lrire av;re

+0v;hv(vi) T
+ Cy Z hv(V; V‘;m a?;m
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t (. Ve —Vre) gt pyre
+Cr Z hi (L) ”(LJ : : )y” a.V’

- L Ox
17€BR
(V:re —_# .V.re) y2 ovre
J 2]t 9 J
+Cr Z hi(1i;) T.. e
ij€BR
o ho(l th; (L, V™ = Vi™) uf; ovim
+ I Z I( z]) Iz 31
ij€BR
(ijvn _ V@m) ,yZ avzm
) h Iz J 30 23 2
+CI.Z 1(Zij) T e
17€BR
+ C(x) (22)
]_7 sz > ‘/inlfl}(
hy(Vi) =4 -1, Vi<yme (23)
07 V'imm < V'l < V;max
1, I;; > IM?*
h IL == ’ * 'erlax 24
1{ ]) {0, Iijflij (24)
I tij, ’L] € TR
w1 Ui =
Clz)=0, 2#1;
C(tij) _ Qy'lrjgz (tu‘/f _ ‘/ire‘/j're _ V;mn‘/jzm)
2 rreysre imysim 2
B h’I(Iij)yij ( & V; +V V] —tV; ) (26)

I;;

V. VOLTAGE SENSITIVITY COMPUTATION

To compute (9V;¢)/(dx) and (dVi™)/(dz) for i =
1,...,n, write the nodal equations in terms of the real and
imaginary components of nodal voltages, injection currents,
and bus admittance values:

yre 7Y‘L‘m yre Jre
|:Y1m yre :| |:‘/7im :| - |:Iim :| (27)
1 e 0 0 7
YiE e VP Vi
T v v v @9
LY, r - YOS Yo
Yy Y55 Yo
LY v bl
V'l're V'linl T
Vre — V}re : Vim — V'jim (30)

re Vzm
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‘/;lack 0
Ige I%m
I = Iire ; I = Izzm (3 1)
| e e
e Piv'ire + in'iim
m PZV;Nn 7 Qi‘/z‘re . ¢
I‘i :T, ‘L:2,...,TL (32)

2

Taking the derivative of each of the nodal equations in (27)
with respect to an arbitrary control variable  gives the system
of sensitivity equations in (33). The Zg’*) sub-matrices in (33)
are diagonal matrices; their elements (34)—(37) are computed
from the expressions for the real/imaginary injection currents
(32) and the chain-rule for derivatives (i = 2, ..., n). The coef-
ficient matrix in (33) is constant at a given iteration; it is ordered
for sparsity and factored so that forward/backward substitution
can be utilized to efficiently compute the voltage sensitivity with
respect to any control variable. The right-hand-side vector in
(33) contains the sensitivity of the real/imaginary compensation
currents to this control variable. The real/imaginary voltage sen-
sitivity and the corresponding compensation current sensitivity
vectors are presented in Subsection V.A for transformer taps,
in Subsection V.B for switched capacitor bank settings, and in
Subsection V.C for DG reactive power output.

[ yre _ Y[()re,'rE) _yim _ Ygre,im)] |: ag;e ]
yim _ Y[()zm.re) yre _ ng,zm) a‘g;'rn
aIre
= | ot ] (33)
de
re,re PZ‘ 2‘/;”5 (Pi‘/z‘re + QJ/ZMn)
Y[()i'i ) = V2 B V4 (34)
(rejim) ar QV/m (Pivfire + lezzm)
Yo' =y 0z (35)
(im,re) _ *Qi 2‘/78 (Pz‘/llm _ Qi‘/rire)
im,im PZ 2‘/7‘”" (Pi‘/iinl _ Q'i‘/ire)
ol = g VA (37)

A. Transformer Tap

For a control variable = t;;, which is the tap of a trans-
former between nodes ¢ and j, the real/imaginary voltage sen-
sitivity is given by (38) and the right-hand-side in (33) is given
by the vectors in (39); note that all the elements in (39) are zero
except for four values. To obtain these nonzero values, express
the compensation currents in (18) and (19) in terms of their real
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and imaginary components and then take the derivative with re-
spect to ¢;;; the resulting expressions are given by (40)—(43).

- a‘/lre r Bvlim T
0t1-j -‘ Bti]-
re :T;e im :im
oV _ |2 oV _ | ov; (38)
atij Otij ! 8t,;j Oty
avre av:rfm
L Bti; L Jdti;
r 0 7 [0
0 0
oI7? org
O, Oty
arre ! 8Iim 0
atc.. = : ; 8;“ - : (39)
¥} . k%] .
0 0,
4§ ti;
0
01;‘8 _ (Vzm im V're _) V_vzm zm Vre re
at” - yzg yzj y bl yzj
(40)
aIé;n re im, re rim, re rre, im
3tu = (V yl] V yz]) =+ Vi yz; + ‘/] yz]
(41)
alg]e re, re im, im
Er Vi"yi; — Vi (42)
ij
arm
T G “3)
L]

B. Switched Capacitor Bank Setting

For a control variable = y;, which designates the reactive
power injection at 1 per-unit voltage, the real/imaginary voltage
sensitivity vectors are given by (44) and the right-hand-side vec-
tors (45) contain only two nonzero elements, with their expres-
sions given by (46). These expressions are obtained by writing
the compensation current in (20) in terms of its real and imagi-
nary components and then taking the derivative with respect to

QOi-

- Ve T - avlim .
Qo 0Qoq
re EM im Eim
v — | 2% : o — | 9V, (44)
aQOi Qo 3QQZ 0Qo:
avye av:;'m
= aQOi = = OQOi =
T 0 T 0 ]
aIre 8Iim
< = a?:_‘; ; = 81%;” (45)
IQo; @ Qs @

4675

orre . orim
fad ) — VZTTL7 Cce — _VL‘TE 46
200 7 900 (46)

C. Generator Reactive Power Injection

For a control variable equal to the DG VAr generation at node
i,1.e., x = Qg;, the voltage sensitivity and right-hand-side vec-
tors are similar to the above case, except for the compensation
current in (21) that gives rise to the current injection sensitivity
elements given by (49).

- avye A - OVi™
0Qa: Qa;
vre e yim i
= | 555 | = | 9% (47)
Qi Qo Qe IQai
L 0Qg: L 8Qq; -
© 0 7 C0
aJre 0 aIim 0
— = | arz¢ |; — = | arir (48)
8QGi Qs aQG% Qg
0 0
aIre {/jm ) alim 7‘/(?6_ )
Ccl — [ 5 C — Zz (49)
8QG;’ ‘/L aQGz ‘/z

VI. NUMERICAL RESULTS

The VVC algorithms were programmed in Matlab running
on an iIMAC having a 2.7 GHz quad-core Intel Core i5 pro-
cessor with 4 MB L3 cache and 8 GB of RAM. The test in-
stances consist of a modified version of a realistic Brazilian
distribution system [19] in addition to two test networks with
1463 and 3145 nodes; the complete data sets of the test net-
works, including their single-line diagrams, can be downloaded
from [20]. The main characteristics of the test networks are
summarized in Table I, which shows the network configura-
tion (radial/meshed), the loading level expressed in terms of
the load multiplying factor (LMF), together with the number of
nodes, distributed generation (DG), tap-changing transformers
(TR), and switched capacitors (CAP). The networks include
tap-changing transformers at the substation and in the middle of
some feeders. The number of taps per transformer is normally
33 (nt = 33), the number of settings per switched capacitor is
chosen to be 5 (ng = 5), and the resolution for DG VAr output
is 1073 pu. A scaling penalty factor of 100 is used for all con-
straint violations. Three methods are compared:

* The mixed-integer conic model described in the
Appendix and based on [10]; this model is solved via the
CPLEX mixed-integer linear programming (MILP) solver
after all conic constraints are replaced by tight polyhedral
approximations. The default MILP relative optimality gap
tolerance is 0.01%.

» The discrete coordinate-descent (DCD) method described
in Section III; this method is basically an implementation
of Roytelman's algorithm [4] for the formulation (8)—(13)
and is indicated in the results by the letters RO.
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TABLE I TABLE 11
SUMMARY OF TEST NETWORKS PERCENTAGE LOSS REDUCTION AND GAP RELATIVE TO MILP (VALUES
MARKED WITH * DENOTE SLIGHT VOLTAGE VIOLATIONS)
Name Config. | LMF | Nodes | DG | TR | CAP
B_R Radial 1.00 160 7 6 2 Name MILP DCD LP+DCD
B_M | Meshed | 1.00 159 7 6 2 LR [%] | LR[%] | GAP [%] | LR [%] | GAP [%]
5 L Meshed 033 1463 5 ] g B_R 11.92 11.88 0.0478 11.89 0.0315
k5 M Moshed 030 1463 3 3 3 B_M 13.84. 13.37 0.5453 13.78 0.0689
1kS5_L 14.42%* 12.14 2.5930 14.40 0.0229
Ik5 H | Meshed | 100 | 1463 | 5 | 8 8 ks M | 1447 | 1183 | 29948 | 1428 | 02117
3k L | Meshed | 0.50 | 3145 | 10 | 15 | 13 TS H | 18.06° | 1367 | 51947 | 1807 | 0.1109
3k M | Meshed | 0.80 | 3145 10 | 15 13 3k L 11.76 881 3.2317 11.53 0.2569
3k_H Meshed 1.00 3145 10 15 13 3k M 15.65* 11.85 43097 15.54 0.1393
3k_H 18.76* 14.56 49216 18.42 0.4245
* The sensitivity-based discrete coordinate-descent method TABLE III

described in Section IV; this method is indicated in the
results by the letters SB.
The two variants of DCD, Roytelman's (RO) and the sensitivity-
based (SB) method, were tested starting from two initial points:

* The default initial point given by the original control set-
tings in the test files [20].

* The initial point given by first solving the linear program-
ming (LP) relaxation in the Appendix and then rounding
the control set-points to their nearest discrete values; with
this initial point, the method is referred to as LP4-DCD.

Table II shows the percentage loss reduction (LR) due to the
VVC solutions from MILP, the DCD with the default initial
point, and the LP+DCD. Because the MILP solution ignores
cycle constraints, the obtained control set-points were used to
run a power flow and obtain the losses; this led to solutions
where some of the voltage constraints in meshed networks are
slightly violated (total violation <0.008 pu)—they are marked
by an asterisk sign in Table II. All the solutions from DCD and
LP+DCD do not have any constraint violations. Columns 3 and
5 in Table II show the loss reduction for DCD and LP+DCD,
respectively, and columns 4 and 6 show the corresponding
gap relative to the objective function computed from the
MILP control settings (GAP); it is clear that LP4-DCD gives
a better solution with a maximum GAP< 0.5%. The results in
Table II do not distinguish between Roytelman's DCD and the
sensitivity-based one because both methods give exactly the
same solution. The advantage of the sensitivity-based approach
appears in Table III, which shows the number of forward/back-
ward (FB) substitutions in the current injection method; the
sensitivity-based FB substitutions translate into a reduction rel-
ative to Roytelman's method (100x (FB-RO-FB-SB)/FB-RO)
ranging between 46% and 60%; the main coordinate-descent
(CD) iterations are however the same for both RO and SB,
further ascertaining that the use of sensitivity information to
speed up the classical RO-DCD does not alter the adjustments
to the control variables. Table IV shows that the reduction in FB
substitutions leads to significantly less computation time for the
SB approach, and to a speed up factor (SUF=(RO-[s]/SB-[s]))
ranging between 1.45 and 2.08. The MILP execution time
reaches the set limit of 48 h for the largest test instances, with a
maximum relative optimality gap of 0.16%.

It is well known that the behavior of local optimization
methods, such as [14]-[16] and the DCD, is dependent on the
starting point; the proposal to initiate the DCD search from a
near-feasible point, which is obtained from a linear program

NUMBER OF COORDINATE-DESCENT ITERATIONS AND FORWARD/BACKWARD
SUBSTITUTIONS WITH ROYTELMAN'S AND THE SENSITIVITY-BASED APPROACH

Name DCD LP+DCD
CD FB-RO FB-SB CD FB-RO FB-SB
B_R 54 10338 5536 5 870 462
B_M 58 10458 5592 2 295 150
1k5_L 85 20451 8427 16 3530 1595
1k5_M 60 17134 7064 12 3496 1632
1k5_H 72 33141 13397 18 7443 3206
3k_L 73 44290 18311 14 8399 3808
3k M 80 69605 28734 6 4586 2125
3k_H 79 79136 32576 19 18872 8257
TABLE IV
EXECUTION TIME OF MILP AND THE DISCRETE
COORDINATE-DESCENT ALGORITHMS
Name MILP DCD LP+DCD
Time | RO-[s] | SB-[s] | SUF | RO-[s] | SB-[s] | SUF
B_R 104 s 1.98 1.24 1.60 0.77 0.53 1.45
B_M 122's 2.02 1.28 1.58 0.70 0.48 1.46
1k5_L 0.9 h 6.79 3.77 1.80 1.75 1.06 1.65
1kS_M 1.0 h 5.73 3.08 1.86 1.68 1.02 1.65
1kS_H 1.7h 9.87 4.94 2.00 2.73 1.51 1.81
3k_L 48 h 23.54 11.98 1.96 5.03 2.83 1.78
3k M 48 h 35.46 17.01 2.08 3.09 1.67 1.85
3k_H 48 h 39.81 18.38 2.17 9.97 5.00 1.99

(DCD+LP), promises to solve any voltage problems that are
not alleviated by DCD that starts from the current operating
point. In the numerical tests, the DCD+LP solution gives
lower losses as compared to DCD starting from the current
operating point, while both approaches produce solutions that
strictly satisfy operational limits under low, medium, and heavy
loading.

VII. CONCLUSION

This paper presented a sensitivity-based discrete coordinate-
descent algorithm for solving the VVC problem in modern dis-
tribution networks; the sensitivity-based approach speeds up the
traditional DCD algorithm particularly with DG sources that
contribute to reactive power support. An MILP formulation is
proposed to validate the quality of the DCD solutions. The nu-
merical results show that the DCD results on distribution net-
works with up to 3145 nodes have a gap (relative to the MILP
set-point objective) within 0.5% when the starting solution is
computed from an LP, and a gap within 5% with the default
starting solution at the current controller set-points. The DCD
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solutions in all test instances are feasible with no voltage viola-
tions, thus conforming to the primary objective of VVC.

APPENDIX

The power flow problem in radial networks can be solved
using conic programming; it has been recently shown in [10]
that this conic formulation can be extended into a mixed-in-
teger formulation that coordinates the control of line switches,
switched capacitor banks, and DG reactive power over different
time scales. A relaxation of the VVC problem in radial net-
works can be directly cast as a mixed-integer conic program,
by first defining the following variables: u; = (V;?)/(v/2) for
all nodes, R;; = V;Vj cos(#; — 0;) for all branches, and Tj; =
ViV sin(8; — ;) for all branches. The VVC relaxation problem
can be therefore formulated as (N (i) denotes the set of nodes
connected to node i by a branch):

mmz Z [\/_y

i=1 jeN(i

~ Y Ry (50)

subject to:
+ Power injection constraints at all nodes

Z [\/iyffui -y Rij — yijme} = Pg; — Pp; (51)

JEN()
S |-Vt v R~y T
JEN()
= Qgi+ Qci — Upi (52)
* Conic constraints for all branches
2uuj > R2 + T U’ Ri; >0, T =Ty (53)
+ Voltage constraints for all nodes
in\2 2 2
Vl'l'llll Vmax ‘/75 ac
uguigu, ul:@ (54)
V2 V2 V2
+ Current magnitude constraints for all branches
max 2
V2yki(ui + uy) — 295 Ri; < (I5%) (55)

» Constraints for each transformer branch ij (p is an inter-
mediate node, introducing branch pj—see Fig. 1; nodes 4
and p form a super-node in the power injection constraints

[21])
(tg")) ’ U;

()~ () -
<} ((t§;t>>2 - (t§§~“))2> o

k=1,...,nt (56)

(k)
¥ € 0,1} (57)

nt
Z bgf) =nt -1,
k=1
 Constraints for each capacitor bank at node i
b V2 (QFF - Q) ur™ < Qi — v2Q wi
< UVE (o - )

k=1,...,nqg (58)
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nq
S =ng—1, b {01} (59)
k=1
+ Reactive power generation by DG at node i
QEP < Qi < QE™ (60)

The solution to the relaxation (50)—(60) is valid for the orig-
inal VVC problem in radial networks provided that the conic
constraints in (53) are binding at the optimal solution, a condi-
tion which is likely to hold under normal operation. However,
even if the conic constraints are binding at optimality, the so-
lution to (50)—(60) will not be generally valid for meshed dis-
tribution networks because cycle constraints are not accounted
for [21]; if the solution satisfies the cycle constraints then it is
indeed a global optimum for the meshed VVC problem, other-
wise it serves as a lower bound. In general, even if the conic
constraints are not binding or the cycle constraints (in meshed
networks) are not satisfied, the mixed-integer objective function
value gives a tight lower bound which can be used to gauge the
quality of the discrete coordinate-descent solution. The conic
constraints in (53) can be tightly approximated by a set of poly-
hedral constraints [10]; this allows obtaining the solution of the
VVC relaxation via MILP, whose solver technology is more
developed as compared to mixed-integer conic programming.
Additionally if the binary variables in (57) and (59) are treated
as continuous, the VVC relaxation can be solved efficiently via
linear programming to give a continuous solution of the discrete
control variables; these variables can be rounded to their nearest
discrete set-points to give a starting point for the discrete coor-
dinate-descent algorithm—c.f. Step-1 in Section III.
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