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Abstract—\Volatile voltage profiles in distribution systems
caused by the fluctuating nature of renewable distributed ge-
eration (DG) are attracting growing concern. In this paper
we develop a new formulation of network reconfiguration to
mitigate voltage volatility. It provides new insights into the voltage
regulation problem in distribution systems with high renewable
penetration, which is commonly addressed by power electraa
controllers. From the linear DistFlow equations, we first propose
a novel index that measures the voltage volatility of each kmi
in the system. This index is a function of distribution netwak
parameters that characterizes the role of network structue in
voltage volatility. Then, we formulate a new reconfiguratio
model that minimizes the network loss and restricts the vokge
volatility indices with the coordination of switched capadgtor
banks. A Benders decomposition-based approach is designéa
solve the problem using mixed-integer quadratic programmig.
The simulations on the IEEE 69-bus system show that the
reconfiguration scheme is able to: 1) minimize network loss tien
DG outputs are as predicted; and 2) significantly reduce the
risk of voltage violations when DG outputs deviate from the
prediction. The proposed formulation unleashes the distintive
power of network reconfiguration in reducing voltage volatility,
by which the cost of power electronic controllers can be sadk

Index Terms—distribution network reconfiguration, voltage
volatility, distributed generation, linear DistFlow, mix ed-integer
quadratic programming

|. INTRODUCTION

Distribution network reconfiguration refers to changing th
operating structure of a distribution system while maimtzj
radial topology by resetting the status of line switches R§-
configuration is a common way for improving the performan
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of traditional distribution systems, where the load congtiom
is fed by substations only and operating scenarios can be
described by several representative ones. The typicatimgs
of network reconfiguration include network loss minimipati
[2, 3], voltage regulation [4, 5], load balancing [1] andiael
bility enhancement [6], which have been extensively stldie
Nevertheless, the increasing penetration of renewable dis
tributed generation (DG), such as wind and solar resources,
has significantly changed the characteristics of distidiout
systems. The operating scenarios are becoming much more
fluctuating due to the uncertain nature of DG outputs, which
may induce volatile bus voltages. For example, it has been
reported that the policies in Europe and United States that
encourage the integration of photovoltaic units could eaus
significant voltage fluctuations along feeders [7, 8]. lidades
that a reconfiguration scheme, which well regulates theagelt
profile under a predicted scenario, may still have unsatisfs
performance regarding bus voltages when the DG outputs
deviate from the prediction. In addition, the response dpee
of network reconfiguration may be too slow to keep up with
the fluctuation of DG outputs. Hence, network reconfiguratio
is commonly regarded as obsolete in the voltage regulation o
distribution systems with high renewable penetrationteag,
in the existing reconfiguration models, the DG outputs ate us
ally assumed controllable by, e.g., power curtailment [@, 1
which leads to the under-utilization of renewable energy.
Due to the fast response speed, power electronic conspller
such as distribution FACTS devices [11], DG inverters [12]

ce

and electric springs [13], have gained popularity in harglli
voltage volatility. Despite their satisfactory perfornean the
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that careful planning is required. On the other hand, some
existing results show that the voltage volatility problem i
closely linked to distribution network structure. For exae)

it is empirically shown in [14] that a bus will have less saver
voltage fluctuation if it locates closer to the substatiostwares
shorter conductors with photovoltaic units from the sutista

In addition, an upper bound for voltage-power sensitivity
is established in [15, 16], indicating that the impedance of
such shared conductors plays an important role. Thesesesul
hint that network reconfiguration, which is an existing tool
in distribution systems, may effectively address the \guta
volatility problem if carried out in a proper way. Following
this idea, the role of network topology in voltage volayilit
needs further study to tap the potential of distributionvoek
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reconfiguration. node and ending node are possibly the same. A tree refers to
In this paper, we analytically reveal the relationship legw an undirected graph where any two nodes are connected by
the DG-induced voltage volatility and distribution netkor exactly one path. For a connected grapha spanning tree
structure, and establish a new reconfiguration formulatian refers to a subgraph @f that is a tree containing every node
reduces voltage volatility level. The main contribution® a of G, denoted asT (V,&7) with &7 C € and |E7| = n — 1.
twofold. First, we propose a new index to measure the voltager a graphg with ¢ connected components, a spanning forest
volatility of a bus based on the linear DistFlow equationise T refers to a subgraph @ that consists of a spanning tree in
index is a function of distribution network parameters thaach connected component @f denoted asF(V, Ex) with
concisely describes the degree of voltage fluctuation wigh DEx C € and|Ex| =n — c.
outputs. Second, we develop a new reconfiguration strategy
with the coordination of the switched capacitor banks (GBs)
another common device with slow response, which minimizgs Linear DistFlow equations
the network loss for the predicted scenario and restrigs th
voltage volatility indices. The proposed model is solvedty  Consider a distribution system with the set of buseand
Benders decomposition-based method, where the problem$8f Of lines €. The system is assumed to be three-phase
each iteration is a mixed-integer quadratic program (MIQM@lanced and a per-phase analysis is carried out. The bus
Also we adopt some simple linear constraints for imposirfgft V consists of two subset¥; and Vy with [V| = s
network radiality, which reduces the problem dimensione THNd [Va| = d, whereV; denotes the set of substations and
obtained reconfiguration scheme achieves high economy whén= V\Vs denotes the set of the non-substation buses that
DG outputs are as predicted, and low risk of voltage viotatio May connect loads and DGs. Without loss of generality, we
when DG outputs deviate from the prediction. From thegssumeVy = {1,2,...d} andV; = {d +1,....,d + s}. The
results, we discover the distinctive capability of networlne set& consists of two subsets,,, and &, where &,
reconfiguration in addressing the voltage volatility peshl ~ denotes the set of switchable lines afigl = £\E,., denotes
The rest of the paper is organized as follows. Section fie set of the remaining lines being always on. As a conventio
provides some preliminaries and the linear DistFlow equaSsume the distribution system operates with a radial mktwo
tions as a basis. The voltage volatility index is proposed fgPology, i.e., the line status should guarantee that eash b
Section Ill based on the linear DistFlow. In Section 1V, thé € Va is connected to a unique substation by exactly one
network reconfiguration problem considering voltage \titgt Path of lines. In other words, an operating distributionvuek
constraints is formulated and a Benders decompositioaeba§an be regarded as a spanning fot€sv, £x) with £x C €,
algorithm is designed. Section V gives numerical tests tdwe x| = d, which consists of trees with each tree containing

the proposed method, and Section VI makes a conclusion @h#hique substation.
a prospect for future works. For each bug € V, denoteV;, 0, as the voltage magnitude

and phase angle, and, Q; as the active and reactive power
injection (i.e., DG output minus load). For each lifigj) € &,

Il. POWER FLOW MODEL IN DISTRIBUTION SYSTEMS i
denoter;;,z;; as the resistance and reactané®;, ();; as

A. Notations and graph theory preliminaries the sending-end active power and reactive power from bus
For simplicity, a vectorz = [z1,2,...,2,]7 € RP is 4 to busj, andl;; as squared magnitude of line current.
denoted ast = [z;] € RP, and a diagonal matrixA = Given an operating distribution netwotk(V,£x), we have

diag{ai, as, ...,a,} € RP*? is denoted asA = diag{a;} € the following equations with respect to each lifiej) € £
RP*P, We slightly abuse the notatidn|, using it to denote the

cardinality when applying to a set and the entry-wise alisolu  S;; — (r;; + jaij)lij +S; + Z o Sik=0 (1a)
value when applying to a matrix. The notatidp € R? , . kaf\{Z}

denotes the vector with all entries being one. For two vector Vid0i — (rij +jwij) 555/ (Vid0:)" = V;20; (1b)
x,y € RP, the notationz < y represents the entry-wise  1;; = |S;;/Vi|? (1c)

inequalityx; <w;, i =1,2,....p.

We also introduce some graph theory preliminaries aswdereS; = P; + j(); denotes the complex power injection;
basis (referring to [17] for the details). Denote an undidc S;; = P;; +]jQ;; denotes the complex line flow at the sending-
graph agj(V, £) whereV is the set of nodes aniC V x V' end;V;Z6; denotes the complex bus voltag€y- denotes the
is the set of edges withV| = n and || = . The notation set of neighboring buses of bysin the networkF(V, £x),
ex = (i,7) € £, k = 1,2, ..,1, denotes the edgethat connects i € N7 means line(i,j) is switched on in the network
nodei and nodej, where(i, j) denotes an unordered node paifF; and the superscript * means the conjugate of a complex
To define the incidence matrix, each edgegofs fictitiously number. Equation (1a) describes the power balance at bus
assigned a fixed orientation, e.g,, = (i,7) is assumed to j, (1b) describes the voltage drop along life;), and (1c)
originate at node and terminate at nodge Then, the incidence describes the relationship between line current and ling. flo
matrix E € R"*! is defined such thate, = (i,7) € £ Reformulating (1) in terms of real variables gives the DistF
Ey =1, Ej, = -1 and By, = 0,m # i,7. A path in a
graph refers to a set of edges that connect a sequence of nOdQﬁJe to the terminology convention, we will interchangeabi$e “bus, line”
which are all distinct from one another, except that thetisigir for distribution systems and “node, edge” for graphs hesrtief
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equations [1] where V) = —(E;ld)TEJTT,SVS € R? is a constant vector as
the substations keep constant voltages and
Py ==Pitrigliy+ Y o Fie (22)
F R: (E—l )T'f‘ E—l eRdXd
0. "l"+z Q; (2b) Foal TErFd (6)
Q'LJ - QJ + I'LJ ) kEN}\{Z} Jk _X = (E_}d)ng}'E;—}d S RdXd.

2 2 2 4 g2
; Ve=2riiPy+x;;Qi) — (r:: )i 2 — - inci i a matri
Vi J (ri;Pij + @i Qi) (TU I”) J (20) Note thatR~! and X ~! coincide with the conductance matrix

Vi = P127 + szj (2d) and susceptance matrix of the distribution network, respec
where (2a) and (2b) follow from (l1a), (2¢) is given by takinéively- Furthe_rmore, thg radiality of dis_tribution netvksrleads
magnitude squared of (1b), and (2d) is given by (1c). to an explicit expression for the entries & and X. In the

The nonlinear DistFlow equations can be simplified intgetWork 7(V,£x), denote?l’ as the set of lines contained
a linear version by utilizing some operational propertiés & the path from bus to the substation that busconnects to.
distribution systems. First, the termgl;;, z;1;;, which refer According to [12], the(i, j) entry of R and X, say it;; and
to line loss, are much smaller than line flow terig, Q,;. ~Xi» €an be expressed by

For instance, the maximum ratio of line loss to line flow isles > — i=
than 8% for all three network configurations of IEEE 69-bus Rij = { (kDEH v g 7
system used in case study (see Section V). So we can drop Z(k-,l)e?-térﬂ?'l?r TR 87
rijlij in (2a), zi;1;; in (2b) and(r7; + 273;)l;; in (2¢), and no o
longer care about (2d) as it becomes trivial in power flow. In X, = 2o (ke Tkl t=J ®)
addition, we have the approximatidry — V7 = 2(V; — V) ’ D kpyensnm Ty 1 F .

sinceV; ~ 1, which introduces a small relative error of around
0.25% (1%) if there is 5% (10%) deviation in voltage magh-u
nitude [12]. These manipulations lead to the linear DistFlo
equations below, which has been established in [1, 12]

We now consider the situation where the DG outputs are
ctuating. LetV;, C V,; be the set of buses that install DGs.
Then, we have the incremental form of (5) that describes how
bus voltages fluctuate with DG outputs

P, = P 3a
ZkeN} g ( ) A‘/vd - RdgAPdg + ngAng (9)
Qi =2 yeny @it (D) \where AP, = [AP), AQu, = [AQi] € RVul, vi ¢
Vi — Vi =14 Pij + 24;Qij. (3c) Vag represent the deviations from the predicted values, and

_ - _ Ry, X4, € R™Vasl denote the sub-matrices dR and
using (3) as it concisely describes the voltage-powericglat yeyyrite each row of (9) that helps to understand the mechanis
ship in distribution systems. of voltage fluctuation

I1l. DEFINITION OF VOLTAGE VOLATILITY INDEX AV, = Z . RijAP; + X;jAQj, i € Vy. (10)
JI€Vdg
We first reformulate the linear DistFlow eugations by grapE— . _ N
. L tion (10) implies that the distribution network worlssaan
related matrices. Denot&x € R(@+9)xd as the incidence ~dUaK .

: : T “amplifier” that couples power fluctuations to bus voltages:.
matrix of the operating distribution network(V, £), where the E)/olta e deviatign atpbusc‘ aused by the power fluctuation
each switch-on ling(i, j) is fictitiously assigned the orien-alt bus j gthe amplificationsR; ;. X, a)r/e de?ermined by the
tation from busi to bus j. The matrix Ex can be parti- i S .
tioned into E i BT J gr 17 WherefE R'Zxd total resistances and reactances of the lines shared bythe p

e H]{;X_d (_E f»‘é tr?S] Bematri f%e N from busi to the substation and the path from bjso the
and B ?d q t?n]? es devsu -ma r|<t:_esl ZIW ose substation. A largeR;; (or X;;) implies that the voltage of bus
rows are Indexed byla and Vs, respec |vedy. ) S0, W€ is more volatile to the active (or reactive) power fluctuatio
introduce the voltage vectoryy; = [Vi] € R% Vi € Vy

o bus;.
and V, = [V;] € R®, Vi € Vg, power injection vectors . g
Py = [P],Qu = [Qi] € B9, Vi € Vg, line flow vectors Based on (10), we establish the voltage volatility index of

busi foll
Ps, = [Pyl Qe = [Qi] € R, V(i,j) € & and the -3 € Va s Tolows

diagonal matricese . = diag{r;;}, s, = diag{x;;} € R4*4, T, = Z Rij+ X;;=el(R+ X)eqy  (11)
V(i,j) € Ex. Then, equation (3) can be re-expressed as J€Vag - '
Py = Er ,P:, (4a) wheree; € R¢ den(_)tes th_e vectorlwith theth ent[iy_being one
and the other entries being zewj, = [eq,:] € R® is defined
Qi = Er Qe (4b) such thategg; = 1, Vi € Vyy andegg; = 0, Vi € Vg \ Vag.
E;dw + E?SVS =re, P, +xe,Qc. (4c) Note that the load-induced voltage volatility is not corsid

in the analysis as the uncertainties of loads are usuallylema
athan those of DGs [18]. Nevertheless, it will not impact the
generality of the voltage volatility index. If some loadslumve
large fluctuations, we can include the corresponding bues i
Vi=RP;+ XQ4+ V:io (5) the setVy, and similar results can be obtained.

whereEr ;4 is nonsingular since the distribution network is r
dial [17]. Then we haveP:, = E;}de andQg¢, = E;}de
from (4a) and (4b), and substituting them into (4c) gives
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We further explain the physical meaning 8f. It follows For the network reconfiguration that focuses on loss reduocti

from (9) and (11) that only, the voltage volatility level may be increased so that

AV, voltage violation is more likely to occur in case of DG output

max Z; = ||[Ray  Xag]||. = sup et (12) fluctuations, an example of which will be seen in the case
i€V  AS4,#0 [ASag]|oo

study. On the other hand, a robust voltage profile can be

where|| - |- denotes theo-norm of a matrixsup{-} denotes achieved by the reconfiguration with voltage volatility ices

the supremum of a set, aniS,, — [APf AQZ“}T By being well-bounded, which could also alleviate the burden
1 g - . . . .

(12), the maximuntZ; in the system chargcterizesq the maxPf corrective control given by power-electronic voltagen€o

mum ratio of bus voltage deviation to DG output fluctuatiof©!lers. From this motivation, we propose a new framework
under so-norm. Hence, the inde¥; gives a proper measureWhere network reconfiguration coordinates with the switiche
. ) 1

of voltage volatility. A lowerZ; implies the voltage of bus CBS, whose response speed is similar to reconfiguration,

is more robust against power fluctuations. to aQ(_jre_ss the network loss, voltage regulation and voltage
The proposed indeg; also provides a quantified explana¥elatility issues.

tion for some empirical observations. It is shown in [14]ttha Ve introduce the following notations before presenting the

busi has less severe voltage fluctuation if it is closer to tHBathematical model

substation or has shorter shared conductors with DGs from P — [PVl € RY, Vi€ V

the substation. By (7) and (8), locating closer to the suiosta d T ’ d

implies a smaller?;; and X;;, and shorter shared conductors QY =107 € RY, Vi€ Vy
With D_Gs implies a smallel?;; and X;;, j € Vg, both_of U = diag{U*} € RY?, Vi eV,
\év:éczh induce a smallef; and hence less voltage volatility of c=la] € Re, Vi€V,
) . Ix1 .o
Moreover, it needs to be emphasized that the above analysis re =diag{ri;} € R, V(i,j) € £ (13)
implies voltage-power sensitivities are strongly but natle- xe = diag{x;;} € R, V(i,j) € €
sively_rgl_ated to network topology. The actual voltage-pow P: = diag{P,;} € Rl Y(i,j) € €
sensitivities depend on both network topology and system _ ; o
states (bus voltage magnitudes and phase angles), e.g., see Qe = diagQ;} € R, V(i,j) € €
an analysis in [15, 16] that gives an upper bound for voltage- a = |o;] € RY, (i, j) € €

power sensitivity. The proposed ind&x has a more focused

consideration; it aims at getting a specifically simplifiedni where P/, Q7" denote the predicted power injections given
as a function ofR;;, X,; that explicitly reveals the role of by the DG and load forecast” denotes the unit size of the
network topology in voltage volatility. This leads to a aleaCB at busi; ¢; is an integer variable representing the position
indication that network reconfiguration is an effective wWay level of the CB at bus; anda;; is a binary variable indicating
reducing voltage volatility if the switch actions are regield line status,a;; = 1 represents linéi, j) is switched on, and
by the indexz;. a;; = 0 represents lingi, j) is switched off.

Take Fig. 1 as an illustrative example that shows how Moreover, we derive another expression Bf for the
network reconfiguration mitigates voltage volatility. Aisse convenience of reconfiguration model formulation. Denote
bus j has fluctuating DG output an®;; is large. Then the G(V, &) as the entire graph structure of the distribution sys-
left configuration in Fig. 1 leads to a volatile voltage pmfiltem including both the switch-on and switch-off lines. Let
at busi. By comparison, the right configuration significantlye; — [EgT,d Eé,f c RE+)x! pe the incidence matrix
reduces the voltage volatility of busas it shares no lines with of G(V,E), where Eg 4 € R and Eg, € R**! denotes
bus j from the substation. In the next section, a systematige sub-matrices whose rows are indexed Wy and V.,
formulation will be developed based on this idea. respectively. Then, the matricd® and X defined in (6) can

be re-expressed in terms of network configuration

Substation Substation

R(c) = [Eg,age () Ef 4]
X () = [Eg,qbs(a)E 47"

R; Xy=0 '\§“~itch-off (14)

—>
; J Reconfiguration A '§witjc h-off
1 ' -
where ge(a) = diag{r;;'a;;}, be(a) = diag{z;;' a5} €
R with ai; = 1if (4,7) € Ex anda,; = 0 otherwise. Thus,
the voltage volatility index defined in (11) can be re-expegs
as a function ofxx

Figure 1. An example of voltage volatility mitigation viacenfiguration.

IV. VOLTAGE VOLATILITY CONSTRAINED NETWORK Ii(a) = e;?F[R(a) + X(a)]edg

RECONFIGURATION T o1l o
o : = €; {[Eg.age (@) E 4|7 + [Eg.abe () Eg 4] }eay.
A. Optimization problem formulation (15)

As shown in the previous section, distribution network stru
ture plays an important role in determining voltage voigtii  With these notations, the network reconfiguration problem
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considering voltage volatility constraints is formulatesl Theorem 1:Assume} ., PP"© # 0 for any arbitrary
. T T subsety, C V4. Then, network radiality is met by a network
ao s | PerePe+QereQe (162)  onfigurationa if and only if it satisfies (16b), (16), (16k)
sit. P'™ = Bg 4P (16b) and (16l).

QU+ Uche — Fo.4Qe (16¢) A P:cfo_o_f: The necessity part is straightforward and we prove
o - q the sufficiency below.

EG Va+ EG Vs >rePe +xeQe — M(1; — ) (16d) Note that there are three types of network configurations

Eg,dVd + Eas‘/s <reP:+x:Qs+ M(1;,— ) (16e) satisfying (16k) and (16l). The first type refers to a dedeab

— PPq < Pe < PP (16f) configu_ration. In the second _type, there are _isolated non-

substation buses due to the existence of loops in the network

—Qfa < Qs < QM (169) which is infeasible. In the third type, there are isolatech-no
aij €{0,1}, V(i,j) € Esw (16h)  substation buses due to multiple substations being catdain
i =1, Y(i,7) € Eon (16i) in one connected component, which is also infeasible (see th
i € Sei, Vi € Vy (16)) examples in Fig. 2).

1Te — d (16K) For the latter t\_/vo types of configu_rations, B, C vV,

! denote the set of isolated non-substation buses With= «,
|Eg,sloe > 1, (161) andEg , € R**! denote the sub-matrix dfg whose rows are
%mi“ 7B 2 (16m) indexed byV,. Let Eéya collect the columns oFE;g , indexed
Ti(a) < T, Vi€V, (16n) by the lines within),, EZ , collect the columns indexed by

the lines betweew, andV\Va, andE? | collect the columns
where the quadratic objective function (16a) represents tihdexed by the lines within\ V. Accdrdingly, let P} be the
network loss (it is a commonly used expression with thgt of line flows withinV,, P2 be the set of line flows between
employment ofV; ~ 1 [1]); M is a large positive constant;), and)\V,, and P be the set of line flows withia\ V. It
Pge = diag{P™} € R, V(i,j) € & with PR™ s rivial to check thatt” B , = 0 and E2 , = 0. Also (16f)
being the active power flow limit of ling(i, j); Q™ = gives P2 = 0 since the line switch status mak®s isolated.
diag{Q7;™} € R™!, ¥(i, j) € € with Q7 being the reactive Then, it follows from (16b) thad",.,, P’"* = 17 Eg ,Ps =
power flow limit of line (4, j); S.; denotes the feasible positionlaTEé P“}JrlaTEé P§+1§E§ p? ° 0, which violétes the
levels of the CB at bus; andZ*** denotes the upper boundprecoﬁditionz.€V7GPP"6 £ 0. fﬁerefore, these two types of
for the voltage volatility index of bug. The power injection configurations larea e>l<cluded by constraints (16b), (16Bk)1
equations (3a) and (3b) with respect to the substationsatre g, (161) and the sufficiency holds. -
included since the power fed by each substation is known only
after the reconfiguration scheme is determined.

In the following we further explain some constraints in (16 Switch-on lines  ====== Switch-off lines
1) Power flow equations and disjunctive constraints (16l substation 1 Substation1 _, Substation1
(16i). For o;; = 1, i.e., line (4,5) is switched on, the o

associated constraints in (16d) and (16e) are equivalent
(3c). Meanwhile, (16f) and (16g) enforcE;;, @Q;; to take

values within line flow limits. Fora;; = 0, i.e., line(i,j) is > ? Substation 2 Substation 2
switched off, the associated constraints in (16d) and (a6e)
?oezztz:tr?)dbt;/y(tlhg‘)ler?s (nllgg)bM ANl Qi are enforeed (a) A proper configuration (b) Loop exists © Ni,“,ffiii‘l?fﬁi““"s

2) Voltage magnitude constraint (16m) and voltage votstili
constraint (16n). These constraints work together to &ehée Figure 2. Three types of configurations satisfying (16k) &Hl).
robust voltage profile. When the actual operating scenario i
as predicted, the bus voltages are enforced to be close to th&he precondition)_,,, PP™ 4 0 in Theorem 1 usually
flat profile (1.0 p.u.) by (16m). When the actual operatingolds true since the active power loads and active power
scenario fluctuates from the prediction, the voltage dmnat outputs of DGs in a subregion of the distribution system
from the flat profile is well limited by (16n), and thus the riskare not perfectly balanced. A possible exception is that all
of voltage violation is reduced. For those buses with high#dre buses in a subregion have zero power injections. In this
volatility, tighter voltage bounds (e.gl,+ 0.03 p.u.) can be case, we can add very small fictitious loads to those buses for
adopted in (16m) for a better control effect. the satisfaction of the precondition, which imposes nélgjky

3) Constraints for network radiality (16k) and (16l). Conimpact on the actual power flow and voltage profile. The
straint (16k) implies that the total number of switch-orekinis proposed radiality constraint can be regarded as an imgrove
equal tod, which is a necessary condition for network radialityersion of [19]. In [19], a fictitious flow network with the
Constraint (16l) implies that each substation is conneted same topology as the distribution system is introduced, and
least one line. We show below that these constraints togettiee network radiality is indirectly imposed by balancing th
with power flow constraints provide a necessary and sufficiesources and sinks in this flow network. By comparison, we
condition for network radiality. describe the radiality condition in a similar and more direc
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way by utilizing the existing power flows, which lowers For problem (16), we set the master problem to consist

problem dimension. of (16a)-(16m). As aforementioned, the master problem is an
In general, the solution to (16) provides a good set poiMIQP. Denote the optimal solution to the master problem as

that balances economy and voltage regulation. We have Igss, c*, V', P#, Q%). The subproblem checks if the voltage

network loss and near-flat voltage profile if the DG outputsgolatility constraints (16n) are satisfied by the solutitthere

go as predicted. Otherwise, the voltage volatility constsa exists a subset of busé§ C V, such thatZ;(a*) > 7",

guarantee that voltage deviations are kept within an aabépt Vi ¢ 1/, we find busm with the most severe violation by

range even though the power injections are fluctuating. As . rmax «

a consequence, the cost of corrective voltage control, twhic me ey L™~ Li(e) 17)

is mainly by power electronic devices, can be S|gn|f|cantgnd the corresponding Benders cut is formulated by
saved. This suggests that network reconfiguration has aniqu

value in handling the voltage volatility problem. Also, weipt To(a®) + (AIm ) (@ — @) < Tmax (18)
out that the proposed formulation is substantially differe Aa -
from the robust optimization that prevents voltage vioati where 2Zm AI = [%] € R, Y(i,j) € £. By using (15), the

given an uncertainty interval of power injections (e. gesesensmvn
[20]). Robust optimization is oriented to the worst scemari
in the uncertainty interval, which requires that the intdrv A7

y AI"L can be calculated by (assumey;; = 1)

R(a*)™' + Aayjr i lE; ET]

is not too wide to render an infeasible problem. In contrast, N =Cnm Ao €dg

the mechanism behind (16) is to reduce the risk of voltage (X (a*)~L + Aa; 1E ET]

violation by “strengthening” the distribution networkstture. +el Gt edq

It is scenario-independent and works properly regardléss o Aavi

the uncertainty information that may be hard to obtain if rea o R(a”) + X(a*) .

situations. mn Aaj 9 (19)
The proposed formulation refers to the static reconfiganati ri‘jleﬁR(a*)EijETR(a*)edg

with respect to a single system snapshot. Given a typical = - \+ Bl R(a")E,
load and DG output scenario, it can be used to determine ij g t

the network structure and CB compensation for a weekly or x{jleﬁX(a*)EijEf;X(a*)edg

monthly time frame. Nevertheless, this formulation hashhig 1+ xﬁlEi?X(a*)Eij

potential for future development. For instance, given ydail

load and DG curves, problem (16) can be extended towhere E;; € R? is a column of Egy € R that is
dynamic reconfiguration that determines hourly schemes #ith respect to ling(i, j). The Sherman-Morrison formula is
network structure and CBs, possibly with additional cougli €Mmployed in the derivation of (19) and we refer to [26] for
constraints for the concerned time slots. Also, it will addren the details. Then, the master problem is solved iterativetly
practicality if problem (16) can be extended to unbalancégnders cut (18) being included as an additional constraint
three-phase distribution systems. To this end, we may tres@pich is still an MIQP. The inclusion of (18) helps to modify
to a linear version of the three-phase power flow equatiof¥ current configuratioa™ in such a way that the voltage
(e.g., see [21]) to generalize the definition of voltage titiya  Volatility constraint of busn will be satisfied.

index. These directions will be considered in future work. ~ We summarize the solution procedure as follows. The
corresponding flow chart is shown in Fig. 3.

B. Solution method Step 1: Solve the master problem consisting of (16a)-(16m)
Due to constraint (16n), problem (16) is a general mixed- and obtain the initial solution.

integer nonlinear programming (MINLP), which is hard téStep 2: Check if the voltage volatility constraints (16ng ar

solve. On the other hand, the optimization problem exclud- all satisfied at the current solution. If so, stop the

ing (16n) is a mixed-integer quadratic programming (MIQP), algorithm, the current solution is the optimal solution

where sophisticated solvers are available. This propetii-f to problem (16). Otherwise, go to Step 3.

itates the application of Benders decomposition approachtep 3: Find the bus with the most severe violation on voltage
problem (16). Benders decomposition has been widely used  Volatility constraint by (17), generate the correspond-

to solve MINLPs in power systems such as transmission ing Benders cut (18) and add it to the master problem.
switching [22], network reconfiguration [20, 23] and uniStep 4: Solve the current master problem, update the current
commitment [24, 25]. Generally, it decomposes a complex solution, and go back to Step 2.

original problem into a master problem and a few subproblemsGiven a distribution system withs substations,d non-

that are much easier to solve. After obtaining the optimalbstation buses (with., buses installing CBs) and total
solution to the master problem, the subproblems checkliies (with /,, lines being switchable), each MIQP master
the solution is feasible for the original problem. In case gfroblem to be solved during the iteration hias 2! continuous
constraint violations, the corresponding Benders cutadded decision variablesd., + ls, integer decision variables and

to the master problem, and the optimal solution to the mastet+ 41+ s+ dcp + lsw + newr + 1 CONStraints, where..,; is a
problem is updated. The iteration stops when all conssairgmall number representing the number of added Benders cuts.
are satisfied. Although the problem dimension grows linearly with system
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| Set master problem (15a)-(15m)] power load is 5.703 MW, so the system has a high level of
7 renewable penetration around 72%.
o Solvemaster problem | The parameter settings for solving problem (16) are listed a

follows. All lines are switchable so that they can partitga
in the reconfiguration (i.e.&s, = &), which is a common

No assumption [2]. A tighter voltage boun®™® = 0.97,
Add Bender cut - Vmax = 1.03 is adopted for those end-point buses 26, 27, 64,
65 for a better control effect, and a normal bodf™ = 0.95,

Yes
TFind the bus \with the most Vimex = 1.05 for the remaining non-substation buses. The
substation bus keeps constant voltdge= 1.0. In addition,

severe violation

| Reconfiguration & CB scheme I

v

7 v Output the current scheme | We setZ;"** = 30 for each non-substation bus that aims to
—{  Generate Benders cut as the optimal one reduce by half of the volatility as in the original network
configuration.

Figure 3. Flow chart of the solution method. The optimization computation is carried out on a computer

with Intel Core i5-4570 CPU 3.20GHz, RAM 8.00 GB and
. . . .64-bit operating system. CPLEX is taken as the solver for
size, the NP-complete nature of mixed-integer programmin . -
o . . ) each MIQP master problem during the Benders decomposition-
[27] inevitably makes it computationally intractable wher) . . . . :
. based iteration. The proposed reconfiguration scheme is ob-
applied to large systems. It should be noted that the Iqw ; .
o . : . ained after seven iterations. It takes around 15 seconds to
scalability is an inherent feature of reconfiguration peois.

We observe that the solution brocess for larae svstem (esolve each master problem, and the total computation time
b ge sy S5 (881252 seconds. The solution process is fast considering

with more than 100. Integer va_nab_les) could be hlg_h_ly t'm%ﬁat each master problem during the iteration consists df 21
consuming even without considering voltage volatility €on

straints. This case ends up with a sub-optimal solution as t%ontinuous decision variables, 78 integer decision véstab
: b P and 576-582 constraints (depending on number of iteration)

optlmallty. gap does not converge zero when the maximunm, | summary we obtain the following three network config-
computation time (e.g., 1800 seconds per master problembls

reached. The details are not shown here as they are similar Eguons f“?"? the solution prqcess:. N ]
the common failing reported in the literature [2, 3]. « Theoriginal networkconfiguration shown in Fig. 4;
Nevertheless, the proposed algorithm is shown to be ade® The traditional reconfiguration schemghat only aims to
quate for mediijm-size systems. It will be seen in the case reduce network loss, which is the initial solution during
study that the algorithm efficiently solves problem (16) for Epﬁ |terat|on;d f i h hich is obtained
the IEEE 69-bus system, and the obtained reconfiguration® N eplrolpose Eﬁcon |1ggra lon schemenich 1S obtaine
scheme performs well in reducing voltage volatility and-net y solving problem (16). ) _
work loss as expected. Therefore, the proposed formulatigfi€ details of the three schemes are listed in Table II, and
which exploits the capability of network reconfiguration irf1€ corresponding voltage volatility profiles are depicted
addressing the voltage volatility issue, has unique merftd: 5- We observe thaf; < 30 is satisfied by each bus
despite its inherent complexity. On the other hand, toitaed Under the proposed reconfiguration scheme, which shows the
the application to systems with a large number of switches gfféctiveness of voltage volatility constraints in pranlg16).
dynamic reconfiguration with coupled switch actions durinf} detailed analysis will be given in the next subsection.

a long time span, future works should consider enhancina

R P . 28 29 30 31 32 33 34 35 substati
the solution method by combining the strength of other kinc ¢-o—0-9o-0-90-00 = 1 substation
36 37 38 39 40 41 42 43 44 |45 46._ @® Dbus without DG

of optimization methods such as heuristic and evolutiona

— switch-on lines

m i 5152 1 6869
co putatlon. - I_. switch-off lines
[ ° Sl s o o o eee’leeeeoel

re -4 —0—0—0-0—9)—0-0-0-0900

8 [ 10 [ 127 1415 16 17 18 19 20 | 22 23 24 25 26

w
® 1@
) @

&
I\q
=
N
b=

66 67

V. CASE STUDY b )

A. Test system & solution process e :

Take the IEEE 69-bus system shown in Fig. 4 to test tié@ure 4. Diagram of the IEEE 69-bus system.
proposed method, where the line parameters are the same as
those in [28] and the loads are 1.5 times of those in [28]
to create a heavy load scenario. The impedances of the five
lines that are initially switched off are all set to bbé) +j1.0
p.u.. Twelve renewable DGs and five CBs are added to those
regions with heavy loads. Assume each DG operates at the
unity power factor, which is a common scenario for renewable § o018 21 o018 41 o018 59 018
resources considered in the literature [29, 30]. The ptedic 11036 27 018 49 036 61 108
DG outputs are given in Table |. Each CB consists of five units 12 03 35 018 50 036 64 054
with the unit size being 0.2 MVar. Note that the total active

Table |
PREDICTEDDG oUTPUTS(MW)

Bus Pg Bus Pg Bus Pg Bus Pg




Table I
DETAILS OF THE THREE NETWORK CONFIGURATIONS

Original Traditional Proposed

network reconfig. reconfig.
Network loss 0.318 MW 0.0195 MW 0.0196 MW
CB at bus 11 0 0.60 MVar 0.80 MVar
CB at bus 45 0 0.20 MVar 0.20 MVar
CB at bus 49 0 1.00 MVar 1.00 MVar
CB at bus 61 0 1.00 MVar 1.00 MVar
CB at bus 64 0 0.60 MVar 0.60 MVar

Switch-off lines

(11,43), (13,21)

(9,10),(13,14)

(14,15),(18,19)

(15,46), (50,59) (19,20),(58,59) (26,27),(58,59)

(27,65)

(11,43)

(11,43)

@
o

Voltage volatility index
N w B a (=2} ~
s & 5 8 8 o

=
o

I

==OQriginal network
—Traditional reconfig.
=—Proposed reconfig.

10

20 30

40 50

Bus number

60 70

Figure 5. \oltage volatility under the three network confagions.

B. Performance of proposed reconfiguration scheme

We show the merits of the proposed reconfiguration schel § ;
by comparing it with the original network and traditiona

reconfiguration scheme from the following aspects.

1) Network loss. The power flow profiles under the threc
schemes are depicted in Fig. 6, Fig. 7 and Fig. 8, respe-;ctivgg
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are switched on, and lines (58, 59) and (9,10) are switched
off in the traditional reconfiguration scheme (see Fig. 73. A
mentioned before, this operation improves the power flow
distribution. Meanwhile, it also creates a long lateralniota
from bus 47 to bus 10 that contains nine DGs, which leads
to high voltage volatility of buses 10-13, 20-27, 65-70. By
comparison, the proposed reconfiguration scheme prevents
such a long lateral branch by disconnecting line (26,27) and
reconnecting line (9, 10), which significantly reduces the
voltage volatility level. In addition, this change on lineitch
status has almost no impact on power flow profile as Fig. 7
and Fig. 8 show that only the line flow from bus 59 to bus 61
is slightly increased. So the proposed reconfigurationraehe
achieves both high economy and low voltage volatility.

3) Relationship between network loss and voltage volatilit
We summarize the feature of the three schemes in Table I,
which leads to some interesting observations that neaéssit
the proposed reconfiguration scheme:

(@) There is no clear monotonic relationship between
network loss and voltage volatility.

(b)  \oltage volatility level could be surprisingly high for

a reconfiguration scheme only focusing on minimiz-

ing network loss.

\oltage volatility level could be significantly reduced

by a small percentage of extra network loss, if

network reconfiguration is properly implemented by,

e.g., the proposed formulation.

(©

Apparent power flow (MVA)

0 1.0 2.0 3.0 40 50

°
°
°
®

Ne

ve

re
bl

Re

ure 6. Power flow profile of the original network.

We observe that quite a few lines have heavy power flows in
the original network (see the lateral branch from bus 53 ® bu

65 in Fig. 6), which is not economic. This is mainly caused k-
the original network not closely matching the load allogati
Buses 53-60 have light loads, but buses 61-65 have heavy lo
that cannot be fully fed by the nearby DGs. So a large amot 4
of power has to flow from the substation to buses 61-65, whir 1 2 3 | 3
causes large network loss (see Table Il). In the tradition
reconfiguration scheme and proposed reconfiguration sche

28 29 30 31 32 33 34 35 Apparent power flow (MVA
0000000 P e S
36 37 38 39 40 41 42 43 44 45 46 0 5
0000006060080 1.0 2.0 3.0 40 50

51 52 68 69
[ 2] [ ¥ 1
9 11 13 21 27
0 00000 0OOO0000 0006 0eeee o0
56 7 8 10 12 14 15 16 17 18 19 20 22 23 24 25 26
[ X ]
=0
47 48 49 50 66 67 59
00000006 COOOOCOO
53 54 55 56 57 58 60 61 62 63 64 65

this problem is solved by switching off line (58, 59) and

switching on line (50, 59). By doing so, the power flow fronFigure 7. Power flow profile of the traditional reconfiguratischeme.
bus 53 to bus 58 are much decreased since the heavy loads

at buses 61-65 are fed by other paths with more nearby DGs,

which leads to considerable loss reduction. In additioe, th
traditional scheme has smaller network loss than the peipos
scheme as it does not consider voltage volatility consisain

nevertheless, the difference is not significant.

2) \Voltage volatility. As shown in Fig. 5, the traditional
reconfiguration, which aims at network loss reduction only,
renders a dangerous voltage volatility level that is mugjnér
than the original network. Note that lines (50, 59) and (&), 6

Table I
FEATURE SUMMARY OF THE THREE NETWORK CONFIGURATIONS

Original ~ Traditional Proposed
network  reconfig. reconfig.
. low (slightly greater
Network loss high low (slig . ‘y g
than traditional one)
\oltage volatility —medium high low
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28 29 30 31 32 33 34 35 ar wer flow
© 0600006600 Apparent power flow (MVA)
36 37 38 39 40 41 42 43 44 45 46 =
000000000060 0 1.0 2.0 3.0 40 5.0
51 52 68 69
[ X [ X ]
4 9 11 13 21 27
0 000000000000 00VeeOeEe &
12 3 56 7 8 10 12 14 15 16 17 18 19 20 22 23 24 25 26
[ X ]
-0
47 48 49 50 66 67 39
o0 [ ® =e=0 0 0 00
53 54 55 56 57 58 60 61 62 63 64 65

Figure 8. Power flow profile of the proposed reconfiguratioheste.

The merits of the proposed reconfiguration scheme can

that problem (20) provides the most optimistic estimatisn a
it assumes power electronic controller is available at yever
bus. We sel/;min = (.97, Vax = 1.03, Vi € V, in (20) that
aims to achieve a similar voltage profile to the one under the
proposed reconfiguration scheme with the same DG outputs.
It turns out that we need at least 0.46 MVar total amount of
additional reactive power from power electronic contnalje
which implies a considerable investment on power electroni
devices. This again highlights the performance of the psedo
reconfiguration scheme as all voltage profiles in Fig. 11 are
%isfactory even without any additional control.

further shown by the following experiments. For each DG, From the above discussion, we conclude that the proposed

we simulate its output fluctuation by multiplying a factgr formulation exploits the power of network reconfiguration i
to the predicted value, wherg independently follows the reducing or even preventing the risk of voltage violationghw

normal distribution with the mean being one and standaf presence of volatile DGs. Also we can expect much higher
deviation being 25%. Then, we randomly choose 5000 DPsting capacity of renewable energy and lower investment

output scenarios, and obtain the corresponding exactgeltgind control complexity of power-electronic voltage cohiéns
profiles under the three schemes by solving the nonlind#tder this new framework.

power flow equations. The results are depicted in Fig. 9, Fig.

10 and Fig. 11, respectively.

Although the original network configuration has a rather low 1.08 j j j j
voltage volatility level (see Fig. 5), Fig. 9 shows that agle 1.06[ 7&2::232 constraints violated
violations occur in most of the scenarios as this configonati 1.04r , - Base voltage without DG fluctuation |]
leads to an unsatisfactory low voltage profile at base case (s 1.02f 1
the black dash curve). The traditional reconfiguration sthe 5 1
gets a good base voltage profile that is nearly flat. However, g 0.98
as shown in Fig. 10, voltage violations are still likely tocac, £ 0.6}
and the buses with frequent violations well correspond to %().94j """""""""
those with high voltage volatility level. By comparisongFi @ 0.02}

11 clearly shows the effect of voltage volatility constitaiim 0.9t
the proposed reconfiguration scheme. The voltage devétion 0.88F
are restricted to a much narrower range so that no voltage ¢ ggt
violations are observed. In addition, Fig. 12 depicts the em 0.84 ‘ ‘ ‘ ‘ ‘
pirical probability density functions of the voltages of sbu 020 8 e, 0 oo
26 and bus 66 from the 5000 samplings. The two selected
buses are among those with high voltage volatility in thigure 9. The original network: bus voltages under voldiig outputs.
traditional reconfiguration scheme. Fig. 12 details thectfof
the proposed reconfiguration scheme in mitigating the gelta
volatility of certain buses. The shapes of these probabilit
density functions further confirm the volatility evaluatiky
the proposed index shown in Fig. 5. 106
Moreover, we select one of the 5000 DG output scenarios 1'04;----w ————————— Rk bbb
shown in Table IV, which causes severe voltage violations ’

1.08

under the traditional reconfiguration scheme. To eliminate ,1'027 |

voltage violations in this case, we have to resort to coirect a t ] ’ |

control by power electronic controllers. The minimum addi- %g'zgf |
tional reactive power support from power electronic colfers S 0'947
can be estimated by the following problem % 0‘927

IAnéI; eV, |AQ1| 0.9 —— Voltage constraints vio!atgd i

0.88r ——Voltage constraints satisfied 7

st. Vo= RPy; + X(Qd + AQd) + V:io (20) oss- == Base voltage without DG fluctuation | |
‘/:imin < ‘/d < ‘/:imax 0.84

10 20 30 40 50 60 70
Bus number
where AQ, = [AQ;] € R?, Vi € V; denotes the vector of
additional reactive power injectiond?,;, Q. refer to power Figure 10. Traditional reconfiguration scheme: bus vokageder volatile
injections in the selected scenariB, X refer to the network DG outputs.

topology under the traditional reconfiguration scheme.eNot
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— Voltage constraints satisfied
086 == Base voltage without DG fluctuation |
0-84 i i i i i i

10 20 30 40 50 60 70
Bus number

Figure 11. Proposed reconfiguration scheme: bus voltagasr wolatile DG
outputs.
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(b) Voltage of bus 66.

Figure 12. Probability density functions of bus voltages.

Table IV
DG OUTPUTS IN THE SELECTED SCENARIGMW)

Bus Pa Bus Pg Bus Pa Bus Pg

8 0.156 21 0.058 41 0.194 59 0.141
11 0.096 27 0.190 49 0.276 61 0.865
12 0.249 35 0.137 50 0.351 64 0.477

VI. CONCLUDING REMARKS AND FUTURE DIRECTIONS

We have developed a new network reconfiguration formu-
lation that addresses the DG-induced voltage volatility in

IEEE TRANSACTIONS ON POWER SYSTEMS

distribution systems. First, we have proposed a novel iridex
measure the voltage volatility of each bus based on therlinea
DistFlow equations. This voltage volatility index is a fiion

of the distribution network structure that concisely déses

the influence of DG output fluctuations on bus voltages.
Then, we have established a new optimization model which
coordinates the network reconfiguration and switched CBs
to minimize network loss under a bounded voltage volatility
level. This model is solved by the Benders decomposition-
based algorithm. Numerical tests on the IEEE 69-bus system
show that network reconfiguration may cause a highly vaatil
voltage profile if it only focuses on network loss reductiGm

the other hand, the reconfiguration scheme obtained by the
proposed model performs well in reducing both network loss
and risk of voltage violations. The proposed method pravide
a fresh perspective that network reconfiguration can make an
important contribution to the voltage regulation problender
volatile distributed generation.

It should be noted that the main objective of this paper
is to confirm the feasibility and large potential of network
reconfiguration in mitigating DG-induced voltage volayili
The proposed method is still preliminary in terms of modglin
and solution methodology. Many future directions can be con
sidered to make it more complete and practical. For instance
it needs to be extended to unbalanced three-phase networks,
which is a more general operating scenario for distribution
systems. The dynamic coordination between reconfiguration
and existing power electronic controllers in the systeno als
has potential benefits. Moreover, the solution method needs
be further developed to promote large system application.
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