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ABSTRACT

This paper presents an optimization model for a combined scheme of optimal tap setting and reactive power
injection in distribution systems. The proposed model provides the reactive power injection and tap setting scheme
that would minimize losses, keeping voltage magnitudes within specified limits, at minimum cost. The formulation is
done as an optimal reactive power flow and is solved using commercial available software. Several tests are performed
on a 33-bus distribution test system. The results obtained showed that the combined use of tap setting and reactive
power injection leads to higher loss reduction than the use of any of these actions separately.
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ESQUEMA COMBINADO DE MOVIMIENTO (:)PTIMO DE TAPS
E INYECCION DE REACTIVOS PARA REDUCCION DE PERDIDAS
EN SISTEMAS DE DISTRIBUCION

RESUMEN

En este articulo se presenta un modelo de optimizacién para un esquema combinado de movimiento éptimo
de taps e inyeccién 6ptima de reactivos en sistemas de distribucién. El modelo propuesto indica las inyecciones de
reactivos y el esquema de posicionamiento taps que minimiza las pérdidas manteniendo las tensiones en los limites
permitidos, a minimo costo. La formulacién se realiza mediante un flujo de potencia 6ptimo reactivo y es solucionado
usando un software comercial. Varias pruebas son realizadas en un sistema de distribucién de 33 barras. Los resultados
muestran que el uso combinado de cambio de taps e inyeccién de reactivos conducen a una reduccién mayor de
pérdidas que el uso de estas acciones por separado.

PALABRAS CLAVES: reduccion de pérdidas; flujo 6ptimo de reactivos; sistemas de distribucion.
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COMBINED OPTIMAL TAP SETTING AND REACTIVE POWER INJECTION FOR LOSS REDUCTION IN DISTRIBUTION SYSTEMS

1. INTRODUCTION

Distribution transformers are designed so that
the transformation ratio to which they will operate
is selected at the time of installation and remains
unchanged for a long time. Any subsequent tap change
requires de-energizing and opening the transformer
for its reconfiguration. This configuration is known
as off-circuit tap (Hindmarsh and Renfrew, 2002).
Although the tap position is set at the time of the
transformer installation, it can be changed later due
to a long-term planning that seeks to adapt the system
to new and better voltage profiles that have been
degraded by load growth and changes in the system.
The main objective when changing the tap position
of a distribution transformer is the improvement of
voltage profile. Voltage control has been identified
as one of the most important strategies for efficient
and reliable operation of distribution systems (Liu,
Canizares and Huang 2009), (Liang and Wang, 2003),
(Spatti, et al., 2010). Recent approaches for voltage
control include the modeling of uncertainty (Diwold,
et al., 2012), intelligent systems (Puri and Khanna,
2011), (Golkar, 2011) and fuzzy logic (Calderaro, et
al., 2011). A review of voltage control techniques in
distribution networks can be consulted in Gao and
Redfern, 2010. Voltage control has also been the
focus of several studies involving the participation of
distributed energy resources (Huijuan et al. 2010) and
microgrids (Kakigano, et al., 2013). It is well known
that improving voltage profile usually brings up as
a side effect the reduction of power losses. In this
regard, there are several methodologies, reported in
the specialized literature, that aim to reduce electric
power and energy losses in distribution systems. Such
methodologies include feeder reconfiguration (Hsiao,
and Chien, 2001), (Farahani et al. 2010) three-phase
balancing (Lin et al. 2008a), (Lin et al. 2008b) and
the coordination of voltage control devices (Thatte
and lIlic, 2006). The strategy of tap setting for loss
reduction can be implemented either along, or under
a mixed control scheme. The first case is only justified
when considering a combined model of loads and a
three-phase modeling of the network as shown by
Molina, Rodas and Gonzales (2006). On the other
hand, a mixed control scheme combining tap setting
and reactive power injection can lead to higher loss

reduction and does not necessarily require a three-
phase modeling of the network. Such scheme is
known as an optimal reactive power flow. Several
strategies can be used to solve this type of problem.
For example, it is possible to use a two-phase strategy
in which initially the reactive power injection is used
to minimize power losses, and then, the tap setting is
used to enforce voltage limits (Bridenbaugh, Dimascio
and D’Aquila, 1992). The main disadvantage of this
strategy is that the tap setting is being irrelevant from
the point of view of loss reduction. Besides, given a
certain injection of reactive power, proposed in the
first stage, there might be some cases in which the
voltage limits cannot be enforced with tap setting,
and then, a new reactive power injection must be re-
calculated. Another approach of the optimal reactive
power flow, involving mixed tap setting and reactive
power injection, is the use of metaheuristics (Leeton,
Ratniyomchai and Kulworawanichpong, 2010), (Chen,
Zhong and Gan, 2006). However, these techniques
depend on the tuning of different parameters in order
to find high quality solutions. In this paper we present
a mixed tap setting and reactive power injection
model for loss reduction in distribution systems. The
proposed model corresponds to an optimal reactive
power flow and is solved in a single stage using the
commercial optimization package CONOPT (Drud,
2008) under GAMS (Brooke, et al., 2003). In addition
to the minimization of power losses, the model seeks
to minimize the number of tap changes and the cost of
the reactive power injections. Several tests are carried
out using a 33-bus distribution test system. The results
show that the adjustment of both, transformer taps and
reactive power injections leads to a higher reduction
in power losses that each of them separately.

2. MATHEMATICAL MODEL

An optimal reactive power flow is a type of non-
linear optimization problem that consists in adjusting
a set of control parameters (in this case transformer
taps and reactive power injections), in order to
improve voltage profile (or enforce voltage limits) and
reduce power losses. Considering control variables
as continuous, the combined tap setting and reactive
power injection model proposed in this paper can be
formulated as shown below.
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2.1 Objective Function

The proposed objective function shown in
Equation (1) is composed of three terms. The
first term corresponds to the cost of capacitive and
inductive reactive power injections. Note that only
a reduced set of buses (named as sh) is enabled
for reactive power injection. The second term
corresponds to the cost associated with changing
the tap to a different position. This cost is set to C;=1.
Finally, the third term corresponds to the cost of
power losses. It is worth to mention that the main
goal of the proposed model is not the reduction of
power losses or operational costs alone. Instead, the
main goal is to indicate a reactive power injection
and tap setting scheme that would allow voltage
magnitudes to be within specified limits at minimum
cost. Also, having three terms in the objective
function does not necessarily mean that the optimal
solution implies the reduction of those three terms
separately. In fact to minimize power losses it is
necessary either to change the tap positions, inject
reactive power or both.

Minuﬂ,’l‘,yl,yz) Dkesh C Yt Co Vo) + Cp Etgtf IT-T, | +
C,-P,, ©,6T) (1)

In this case C,, and C,, are the costs of capacitive
and inductive reactive power injected in bus Kk,
respectively; y,, andy,, are the capacitive and inductive
reactive power injected in bus k, respectively; v,0 are
the voltage magnitude and angle, respectively; tf is
the set of transformers, sh is the set of buses enabled
for reactive injection, C, and Cpp are the costs of
transformer tap change and peak power, respectively;
P, represents the power losses at peak demand, T, is
the current tap position of transformer t, and T, is the
tap position of transformer t.

2.2 Equality Constraints

The equality constraints correspond to the
power balance equations given by (2) and (3).

P,-P,+P, 0O0T) = 0 @

Q. QatQ ,6T)y,,+y,,=0 3)

Figure 1. A typical node with capacitive and inductive

reactive power injection
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Where P, and Q are the active and reactive
power generated in bus i, respectively. P;; and Q;
are the active and reactive power demand in bus i,
respectively. P, ,6,T) and Q. (v,6,T) are the active and
reactive power calculated in bus i, respectively. The
reactive power balance equation can be inferred from
Figure 1.

Note that the active and reactive power of bus
iis a function of voltage magnitude and angle, as well
as the position of the transformer taps. The active
and reactive power injections in bus i are given by
Equations (4) and (5), respectively.

Pi(U, Q,T) =
123l vy Y (T) |cos(8;; — 6; + 6)) @
Qi(v,06,T) =
Y12 vl |v;||Yi;(T)|sin(6; — 6; + 6)) )

Where 6, is the voltage angle at bus i; J; is
the angle of bus admittance element i,j. Y; (T) is
the magnitude of bus admittance element i,j; if such
element is a transformer with variable tap under
load, then the admittance is a function of T.

Note that in Equations (4) and (5) it is
necessary to account for the impact of tap changes
in the admittance matrix (Ybus). For this, the taps
have been modeled and introduced in the structure
of the Ybus matrix as proposed in Rodas, Restrepo
and Molina (2005). Such modeling is provided
below. Figure 2 shows the simplified model of
transformer taps considering the variation of both,
the primary and secondary windings.
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Figure 2. Single-phase transformer with tap
variation in the primary and secondary windings

ni:n;

The number of turns as a function of the tap
position in the primary (o) and secondary () can be
represented as shown in (6).

©

(nl )'zanl ; (nz )‘=ﬁn2

The new Ybus matriz can be written as a
function of the tap position in the primary and
secondary windings as shown in (7).

Y old/az —Yio1a/(aB)

Whew =y, (o/@B) Y ora/B?

@

Accordingtoreal applications, the transformation
ratio can only be modified in the primary winding,
which means p=1. Making o=T, the Ybus matrix can
be expressed as shown in (8).

Yt old/T2 _Y;: old/(T)

Yooa/ T Vo ®)

[Y]new =

The interested reader can refer to (Rodas,
Restrepo and Molina, 2005) for further details
regarding Ybus matriz.

2.3 Inequality Constraints

For a safe operation of any distribution system,
the system operator must make sure that power flows
are within specified limits. Apparent power flow
in line connecting nodes i,j is represented as S,
in Equation (9). Such power flow has active and
reactive components represented by P,"* and Q™ in
Equations (10) and (11), respectively. In this case g;
and b; are the real and imaginary components of the

element Ybus;, respectively.

Sil]L:ne — Pil];'ne + ]Qlljme 9

Pl-l}ne _ Vizg” _ Vl.ngl-jCos(Hi - 9]-) +
ViV;bi;Sen(6; - 6)) (10)

line

ij = _Vizbij + VlV]gUSETl(QL - 9]) +

The inequality constraints considered in the
model are shown in Equations (12)-(17). Such
constraints correspond to the limits of reactive power
generated, voltage magnitudes, tap settings, capacitive
and inductive reactive power injections, and apparent
power flow, respectively.

QE™ < Qs < QB (12)
ymin <y, < ymex 13)
T < T, < TOX te{tf) aq
0 <y < yi™ as)
0 < yor < yi™* ke{sh} 16)
—Sper < Sil}l:ne < spox an

3. TEST AND RESULTS

To show the effectiveness of the proposed
model, several tests were carried out with the 33-bus
distribution system shown in Figure 3. In this case, the
slack bus is the substation (bus 1). The system data are
presented in Table 1. The buses enabled for reactive
injection are sh={13, 20, 24, 30}. It is worth to mention
that the criteria to choose the nodes for reactive power
injection are selected by the distribution system operator.
Compensation can be performed, for example, in the
nodes with the lowest voltage values or in those with
the highest demand of reactive power. In this case it
is considered that local reactive power injections are
assumed and coordinated by the distribution system
operator alone. Also, we have not assigned cost to the
reactive power provided by the substation (reference
node). The cost of the capacitive (C,) and reactive
power injections (C,), given in generic currency units
($CU), and the maximum capacitive (y[x**) and reactive
(y7ra¥) power injections given in p.u. with a Sbase=100
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Figure 3. 33-bus distribution test system
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KVA are presented in Table 2. The voltage limits are
considered to be between 0.95 and 1.05 p.u. Active and
reactive power demand are illustrated in Figure 4. In this
case, demands in every node have been considered as
constant power injections that do not depend on voltage
magnitudes. The total reactive power demand adds
23 p.u., while the maximum reactive power injection

Figure 4. Active and reactive power demands
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provided through the substation was limited to 20 p.u.,
then the system requires additional reactive injections.

3.1 Case 1: Base Case

Table 3 shows the active and reactive power
losses for the base case without tap setting (T=1) or
reactive power injections. Also, voltage limits have
not been considered. The voltage profile of the base
case can be observed in Figure 5. Note that voltages
in nodes located far from the substation are below the
specified limits. This is a typical behavior of voltage
magnitudes in radial distribution systems. Nodes 1 to
6 and 19 to 26 are within specified limits since they
are closer to the substation, while the others present
voltages lower than 0.95 p.u. To improve the voltage
profile of the base case, and reduce power losses, some
actions will be carried out and explained in cases 2 to 4.

Table 1. Line data of the 33-bus distribution test system

Line R(p.u) X(p-u) Line R(p.u) X(p-u) Line R(p.u) X(p-u)
1-2 5.3E-05 27E-05 12413 84E-04 6.6E-04 1213 85E-04 6.7E-04
2-3 28E-04 14E-04 13-14 31E-04 41E-04 13-14 31E-04 41E-04
3-4 21E-04 11E-04 1415 34E-04 30E-04 14-15 34E-04 31E-04
4-5 22E-04 11E-04 15-16 43E-04 31E-04 15-16 43E-04 32E-04
5-6 47E-04 41E-04 16-17 T4E-04 99E-04 16-17 75E-04 1.0E-03
6-7 11E-04 36E-04 17418 42E-04 33E-04 17418 4.2E-04 3304
7-8 98E-04 7T1E-04 219 94E-05 9.0E-05 219 95E-05 91E-05
8-9 59E-04 4.2E-04 19-20 86E-04 78E-04 1920 87E-04 79E-04
9-10 6.0E-04 4.2E-04 20-21 24E-04 27E-04 20-21 24E-04 28E-04
10-11 11E-04 3.7E-05 2122 41E-04 54E-04 2122 41E-04 54E-04
1112 21E-04 71E-05 323 26E-04 18E-04 323 26E-04 1.8E-04
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3.2 Case 2: Tap Setting and Reactive Power
Injections Neglecting Minimization of
Power Losses in the Objective Function

In this case we consider the tap setting and
reactive power injection with the sole purpose of
enforcing voltage limits. Then, the new objective
function is as shown in Equation (18). This case
corresponds to an improvement of voltage profile
at minimum cost.

Miny g 1y1y2 Zkesh(CikY1k T Cokyax)
+ Cr Xtetel Te — Tal @18)

The active and reactive power losses for this
case are provided in Table 4. Note that there is an
important reduction in power losses as compared
with the base case. This means that the enforcement
of voltage limits has as a side effect the reduction of
power losses. The value of the objective function in
this case is 20.486 currency units.

Table 5 shows the tap positions, reactive
injection and loss reduction obtained in case 2.
Figure 6 depicts the voltage profile for case 2. It
can be observed that all voltages are within the
specified limits.

3.3 Case 3: Tap Setting Without Local
Reactive Power Injections

In this case we analyze the impact of tap
setting for loss reduction without local reactive
power injections. For the solution to be feasible,
the reactive power limit at the substation has
been modified to 25 p.u. The objective function
considered in this case is shown in Equation (19).
Note that we only consider the terms regarding tap
setting and power losses.

Minv,B,T,yl,yZ ztstf |Tt - TAt | +
Cop-Bop(v,6,T) (19)

Active and reactive power losses for case 3
are presented in Table 6. The tap settings and loss
reduction for this case are provided in Table 7. The
value of the objective function in this case is 38.162
currency units. It was found that active and reactive
power losses are quite similar to the ones obtained in

Table 2. Reactive power information

max max

Bus c1 Cz Vik YVak
5 2 2 1,5 1,5
13 8 8 2 2
20 8 8 1 1
24 2 2 0,5 0,5
30 7 7 1 1

Table 3. Active and reactive
power losses for the base case

Active [pu] Reactive [pu]
Total losses 1.987 1.331

Table 4. Active and reactive power losses for case 2

Active [pu] Reactive [pu]
Total losses 1.729 1.161

Table 5. Tap positions, reactive injections and loss

reduction for case 2

Tap position|  Reactive Loss reduction
Ti-j injections [pu]
5 n5=1.50
16(;7_— 2.271_ n13= 116 P=13.0%
0970 | n24=050 Q=12.8%
: n30=1.00

Table 6. Active and reactive power losses for case 3

Active [pu] Reactive [pu]
Total losses 1.982 1.327
Table 7. Tap positions and loss reduction for case 3.
Tap position Ti-j Loss reduction
T6-7= 0.994 P=0.250%
T6-26= 0.997 Q=0.305%
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Figure 5. Voltage profile for the base case
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Figure 6. Voltage profile for case 2
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Table 8. Active and reactive power losses for case 4

Active [pu]
1.699

Reactive [pu]
1.137

Total losses

Table 9. Tap positions, reactive injections and loss
reduction for case 4

Tap positions | Reactive injection Loss reduction
Ti-j [pu]
n5=1.50
T6-7= 0.951 n13=1.14 P=14.5%
T6-26= 0.950 n24=0.50 Q=14.6%
n30=1.00
Figure 7. Comparison of voltage profile
for cases 2 and 3
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the base case; in fact, there is only a small reduction
of both, as shown in Table 7. Comparing these
results with the ones obtained in case 2, it is possible
to conclude that local reactive power injection has
a greater impact in the reduction of power losses
than the tap setting alone.

Regarding voltage profiles, Figure 7 depicts
voltage magnitudes of case 2 and 3. It can be observed
that both are quite similar. This fact indicates that
local reactive power injection and tap setting have
almost the same effect in voltage magnitudes. On
the other hand, tap setting has a major impact on
voltage angles, rather than in voltage magnitudes,
as can be observed in Figure 8. Note that voltage
angle profiles for cases 2 and 3 are quite different.
The difference in voltage angles results in different
power losses as was shown before.

3.4 Case 4: Mixed Tap Setting and
Reactive Power Injection for Loss
Reduction

In this case we have considered the mixed
operation of tap setting and reactive power injection
as originally proposed in this paper. Table 8 shows the
active and reactive power losses and Table 9 shows
the tap positions, reactive power injections and loss
reductions. It can be observed that the combined
action of tap setting and reactive power injections
led to a higher reduction of power losses than any of
these actions performed separately. The value of the
objective function in this case is 20.2980 currency
units, which is slightly lower than the one obtained with
the mixed strategy without considering power losses
(case 2). The transformers are the same involved in
case 2 but with a different tap setting. Also, the mixed
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Figure 8. Angle voltage profile for cases 2 and 3.
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Figure 9. Voltage profile for case 4.
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strategy provided in this case results in the best voltage
profile as shown in Figure 9.

4. CONCLUSIONS

This paper presented an optimization model for
a combined tap setting and reactive power injection
in distribution systems. The objective function
consists in minimizing power losses, tap changes and
the cost of reactive power injections. Several tests
were performed with a 33-bus distribution system
considering independent and joint strategies. It was
found that the tap setting along can be used to enforce
voltage limits; however, the reduction of power losses
obtained with this strategy is the smallest as compared
with the other cases studied.

The best results in terms of loss reduction, costs
and voltage profile were obtained using the mixed
tap setting and reactive power injection strategy.

Further work will include the modeling of distributed
generation in the network, and its impact in voltage
control and power losses.
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