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Abstract—Rapid load growth is increasing the strain on the
distribution network, resulting in unacceptable voltage drops.
The loadability limits on the distribution network can be en-
hanced by using voltage control devices. This paper examines
the impact of the Flexible Step Voltage Regulator (FSVR) on
the loadability of unbalanced distribution networks. FSVR can
independently control the magnitude and angle of voltage in each
phase, resulting in superior voltage regulation than traditional
Step Voltage Regulators (SVR). To demonstrate the effect of
FSVR on enhancing loadability, simulation tests are done on
an IEEE 13 bus unbalanced distribution network.

Index Terms—Flexible Step Voltage Regulator, voltage control,
load multiplier, loadability, unbalanced distribution network

I. INTRODUCTION

With a rise in living standards, the rate of electricity con-
sumption growth is accelerating. The incorporation of variable
renewable generation and electric vehicle loads complicates
grid operation. In this situation, the grid operator must op-
timize network utilization. A variety of control mechanisms
can be utilized by the grid operator to increase the distribution
network’s loading capacity [1], [2].

Controls may originate from either the consumer end or the
network operator end. Demand response, load shifting, and
control of distributed generator inverters are all examples of
consumer-side controls. Authors in [3]–[5] have used demand
response schemes to improve voltage stability in the distribu-
tion network. Distribution networks are typically unbalanced,
so conventional strategies for balanced transmission networks
may not be effective. The network must be modeled in three-
phase detail, and the load for each phase can vary. Load
shifting between phases is used to improve the overall loading
capability is used in [6], [7]. Inverter control strategies were
used for improving the voltage profile, thereby improving
the overall loadability in [8]–[10]. All these methods require
cooperation and coordination with the consumers.

The alternate approach is using controls available with
network operators. These are typically in the form of network
reconfiguration, capacitor bank, tap-changing transformer and
Step Voltage Regulator (SVR). Network reconfiguration was
used to improve the loadability in [11], [12]. However, it is
impractical to frequently reconfigure a network on a daily
basis due to the fluctuating nature of demand. While [13],
[14] have used capacitor banks to improve voltage, [15], [16]

have used tap-changing transformers. SVR is a non-isolated
version of tap-changing transformer, working similarly to an
autotransformer. SVR is more cost-effective than tap-changing
transformers since it requires less copper for equivalent rat-
ings. Therefore, SVR is the better solution for distribution
networks. SVR is used to improve the voltage quality in [17],
[18]. An advanced version of SVR with power electronics
assisted tap-changing is proposed in [19].

In a recent paper, Flexible Step Voltage Regulator (FSVR),
an advanced version of SVR, was proposed [20]. It can
independently control the magnitude and angle of the voltage,
whereas SVR can only control the magnitude. Consequently,
FSVR can control voltage more effectively, especially when
the network is unbalanced. Therefore, this work uses FSVR
for voltage control in an unbalanced distribution network to
improve its loadability.

The main contributions of the paper are
1) The optimal values of FSVR and SVR parameters are

found using Grey Wolf Optimization (GWO) algorithm.
2) An algorithm to find the maximum loadability in the

distribution network with optimal tap settings of FSVR
and SVR is presented.

3) Simulation studies on IEEE 13 bus unbalanced dis-
tribution network is presented to compare the voltage
regulation capability of FSVR and SVR to improve
loadability.

II. BACKGROUND

A. Mathematical model of FSVR

FSVR is constructed based on Multi Winding Transformer
(MWT) architecture. It can be used in combination with the
traditional distribution transformer in unbalanced distribution
networks.

The basic structure of FSVR is given in figure 1 and the
voltage equation is given by [21]VoaVob

Voc

 =

1 + αa1 αa2 αa3

αb3 1 + αb1 αb2

αc2 αc3 1 + αc1

ViaVib
Vic

 (1)

where,
Voa, Vob, Voc= Phase voltages at the output side of FSVR
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Fig. 1. MWT based FSVR circuit configuration

Fig. 2. Circuit for one winding of FSVR

αa1, αa2, αa3, αb1, αb2, αb3, αc1, αc2, αc3 = Equivalent tap-
setting for each of the nine FSVR windings.
Via, Vib, Vic= Phase voltages on the FSVR input side.

The equivalent 2-port model of FSVR is used for backward-
forward sweep-based power flow analysis:

A =

1 + αa1 αa2 αa3

αb3 1 + αb1 αb2

αc2 αc3 1 + αc1

−1
B = 0

C = 0

D =

1 + αa1 αa2 αa3

αb3 1 + αb1 αb2

αc2 αc3 1 + αc1


(2)

FSVR has three secondary windings for each phase, totaling
nine windings for a three-phase system. Each winding is
further subdivided into two sub-windings that are linked to
each other through single pole double throw (SPDT) switches.
The circuit diagram for one winding of FSVR is shown in
Figure 2. The sub-windings are set up using these switches in
one of the three working modes aiding mode, opposing mode,
or bypass mode. Therefore, controlling the switches emulates
changing of tap settings of FSVR. If the voltage ratings of
the two sub-windings are ‘V’ and ‘4V’, 9 different values of
effective voltages (Veff ) can be obtained by various switching
combinations. The various switching combinations and their
effective voltages are shown in Table I. Since each winding
can have 9 values, a total of 729 (93) switching combinations
are possible with all 3 phases.

TABLE I
EFFECTIVE VOLTAGE WITH VARIOUS SWITCH COMBINATIONS

S1 S2 S3 S4 Veff
1 0 1 0 -5V
0 0 1 0 -4V
0 1 1 0 -3V
1 0 0 0 -V
0 0 0 0 0
0 1 0 0 +V
1 0 0 1 +3V
0 0 0 1 +4V
0 1 0 1 +5V

In percentage terms, each phase is capable of ±5% voltage
regulation. The 3 phases combined can result in maximum
voltage regulation of ±10%.

B. Mathematical model of SVR

The traditional SVR is comparable to a three-phase au-
totransformer with tap switching. The SVR output voltage
can be varied by changing its tap settings. SVR can modify
only voltage magnitude, and not the phase angle. The voltage
equation of SVR for each phase is given by

Vop = (1 + αp)Vip (3)

where,
Vop = Output voltage of SVR for phase ‘p’
αp = Tap setting of SVR for phase ‘p’
Vip = Input voltage of SVR for phase ‘p’
p= a,b,c

The equivalent 2-port SVR model parameters for power flow
analysis are given by [22]

A =

1 + αa 0 0
0 1 + αb 0
0 0 1 + αc

−1
B = 0

C = 0

D =

1 + αa 0 0
0 1 + αb 0
0 0 1 + αc


(4)

To enable fair comparison with FSVR, the SVR considered
in this work also has a maximum voltage regulation of ±10%.
There are 21 positions on the SVR: 10 for increasing voltage,
10 for decreasing voltage, and 1 for neutral position. Each step
change corresponds to 1% voltage variation.

III. METHODOLOGY

A. Optimization problem

The objective of the optimization problem is to find the
values of FSVR or SVR parameters, which lead to the least
deviation of voltage from its nominal value. The objective
function is defined by Equation

Min. Vdev,max (5)
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Vdev,max is defined as follows

Vdev,max = max
i=1..n

(
max

p=a,b,c
|Vip − Vnom|

)
∗ 100 (6)

where,
Vip = Voltage magnitude in phase p at bus i (in p.u.)
n = number of buses.
Vnom= Nominal voltage (usually taken as 1 p.u.)

The constrains for the optimization problem are given in
equations 7 to 11. JiaJib

Jic

 =

(Sia/Via)
∗

(Sib/Vib)
∗

(Sic/Vic)
∗

 (7)

where,
Jia, Jib, Jic= current injections at node i
Sia, Sib, Sic= scheduled (known) power injections at node i
Via, Vib, Vic= voltages at node iIiaIib

Iic

 = C

VjaVjb
Vjc

+D

−
JjaJjb
Jjc

+
∑
m∈M

Ima

Imb

Imc

 (8)

where,
Iia, Iib, Iic= line currents at node i
M = set of line sections connected to node jVjaVjb

Vjc

 = A−1

ViaVib
Vic

− A−1B

IjaIjb
Ijc

 (9)

where,
A,B,C,D= Two port parameters in the form of 3*3 matrices

Pij < Pij max (10)

where,
Pij= Power flow in the line connecting bus i to bus j

(V UF )i =

∣∣∣∣V −iV +
i

∣∣∣∣ ∗ 100 ≤ (V UF )max (11)

where,
(V UF )i= Voltage unbalance index (VUF) at bus i
V −i = Negative sequence component of voltage at bus i
V +
i = Positive sequence component of voltage at bus i

(V UF )max= Maximum limit of voltage unbalance factor
The equations 7 to 9 correspond to backward-forward sweep

power flow algorithm [22]. Equation 10 ensures power flow in
the distribution lines are within its maximum limits. Equation
11 defines VUF to be within its maximum limit.

The FSVR and SVR parameters are the optimization’s
control variables. The FSVR parameters are the tap settings
for its nine windings. There are nine possible values for each
winding: -0.05, -0.04, -0.03, -0.01, 0, 0.01, 0.03, 0.04, and
0.05. The parameters for SVR are the tap specifications for its
three windings. Each winding has 21 discrete values ranging
from -0.10 to 0.10 in 0.01-step increments.

Fig. 3. Single line diagram of IEEE 13 bus unbalanced distribution network

Equations 5 to 11 are solved with the GWO algorithm. The
GWO method is based on the social hierarchy and hunting
behavior of grey wolves, who endeavor to encircle their prey
prior to capturing it [23]. The method is based on swarm
intelligence and can converge to optimal solutions for mixed-
integer and nonlinear problems, such as this work.

B. Algorithm to find maximum loadability

Loadability analysis is conducted by using a load multiplier
factor (λ). The aim of algorithm is to find the critical load
multiplier factor (λc) which is the maximum value without
violating voltage limits, Vdev,limit. The loads in the network
are modified by Equation 12.

PL ip = PL0 ip(1 + λ)

QL ip = QL0 ip(1 + λ)
(12)

where,
PL ip, QL ip = Real power and reactive power consumption
by loads in phase p at bus i.

The algorithm to find λc is given below.

Algorithm 1: To find critical loading factor

1 Initialize λ = 0
2 Solve equations 5 to 11 to find optimal parameters of

FSVR (or SVR)
3 Calculate Vdev,max corresponding to the optimal

parameters
4 If Vdev,max ≤ Vdev,limit, continue

Else, goto step 6
5 λ = λ+ 0.05, goto step 2.
6 λc = λ− 0.05, STOP

IV. RESULTS

Loadability analysis is conducted on IEEE 13 bus un-
balanced distribution network shown in Figure 3 [24]. The
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TABLE II
RESULTS OF OPTIMIZATION ON IEEE 13 BUS NETWORK

Loading Optimal value of tap settings with FSVR Optimal SVR tap settings
factor (λ) αa1 αa2 αa2 αb1 αb2 αb3 αc1 αc2 αc3 Vdev,max αa αb αc Vdev,max
0 0.03 -0.01 -0.03 -0.01 0 -0.01 0.03 -0.04 -0.03 2.33 0.06 0.01 0.07 2.51
0.05 0.01 -0.04 -0.05 -0.01 -0.04 0.01 0.03 -0.04 -0.04 2.33 0.06 0 0.07 2.41
0.1 0.05 -0.01 -0.01 0 0 -0.01 0.05 -0.01 -0.04 2.52 0.06 -0.01 0.07 2.88
0.15 0.04 0.01 -0.05 0.04 0.05 0.01 0.03 -0.05 -0.04 2.49 0.07 0.01 0.08 2.84
0.2 0.05 -0.01 -0.03 0 0 -0.01 0.03 -0.05 -0.05 2.66 0.07 -0.01 0.08 2.73
0.25 0.04 -0.01 -0.05 0 0 0.01 0.05 -0.05 -0.01 2.70 0.07 -0.01 0.08 3.23
0.3 0.05 0 -0.04 0 -0.01 0 0.04 -0.05 -0.04 2.85 0.08 0.01 0.09 3.17
0.35 0.03 -0.04 -0.05 -0.01 -0.01 0 0.04 -0.05 -0.05 3.00 0.08 0 0.09 3.10
0.4 0.04 -0.04 -0.03 -0.03 -0.01 -0.04 0.05 -0.04 -0.05 3.16 0.07 -0.01 0.09 3.56
0.45 0.05 -0.01 -0.05 0.01 0 0.01 0.05 -0.05 -0.04 3.18 0.08 0.01 0.1 3.51
0.5 0.05 -0.03 -0.05 0 -0.01 -0.01 0.05 -0.05 -0.05 3.33 0.08 -0.01 0.1 3.39
0.55 0.05 -0.01 -0.05 0.01 0 0 0.05 -0.05 -0.05 3.72 0.08 -0.01 0.1 3.91
0.6 0.05 -0.01 -0.05 0 0.01 -0.01 0.05 -0.05 -0.05 4.15 0.08 -0.02 0.1 4.38
0.65 0.05 -0.01 -0.05 -0.01 0 -0.01 0.05 -0.05 -0.05 4.62 0.08 -0.02 0.1 4.90
0.7 0.05 -0.03 -0.05 -0.01 -0.03 0.05 0.05 -0.05 -0.05 5.15 0.08 -0.02 0.1 5.43
0.75 0.05 -0.03 -0.05 -0.05 -0.05 0.01 0.05 -0.05 -0.05 5.66 0.08 -0.03 0.1 5.92
0.8 0.05 -0.01 -0.05 -0.03 0.01 -0.01 0.05 -0.05 -0.05 6.09 0.08 -0.03 0.1 6.46
0.85 0.05 -0.01 -0.05 0 0.01 0.01 0.05 -0.05 -0.05 6.67 0.08 -0.04 0.1 6.96
0.9 0.05 -0.01 -0.05 -0.03 0 0 0.05 -0.05 -0.05 7.13 0.08 -0.04 0.1 7.51
0.95 0.05 -0.01 -0.05 -0.05 0 -0.01 0.05 -0.05 -0.05 7.63 0.08 -0.05 0.1 8.04
1 0.05 -0.01 -0.05 0 0.05 0.04 0.05 -0.05 -0.05 8.14 0.08 -0.05 0.1 8.57
1.05 0.05 -0.01 -0.05 0 0.05 0.04 0.05 -0.05 -0.05 8.70 0.08 -0.05 0.1 9.14
1.1 0.05 -0.01 -0.05 -0.01 0.05 0.04 0.05 -0.05 -0.05 9.21 0.08 -0.06 0.1 9.66
1.15 0.05 -0.01 -0.05 -0.05 0.01 0 0.05 -0.05 -0.05 9.76 0.08 -0.06 0.1 10.24
1.2 0.05 -0.01 -0.05 -0.04 0.03 0.01 0.05 -0.05 -0.05 10.34

network has 8 loads with total of 899.41 kW, 530.57 kVar
in Phase a; 596.11 kW, 294.6 kVar in Phase b; and 870.48
kW, 560.82 kVar in Phase c. All loads are assumed to be star
connected and modeled as constant power loads. The bus 1
substation serves the entire capacity, so it is taken as the slack
bus. The SVR or FSVR is installed on bus 1, creating a new
virtual bus, 1’. The distribution lines are modeled with three-
phase detail. Other reactive power compensation devices in
the network are neglected. The maximum voltage deviation
without any compensating devices is 9.84 %. It is assumed
maximum voltage deviation allowed is ±10%, hence the load
is already near its maximum limit.

The optimization algorithm using the GWO method is run
by adding FSVR (or SVR) near the substation bus in the
network. The line power flow limit, Pij max is taken as 1500
kW and the (V UF )max is 5 %. The optimal values of FSVR
and SVR parameters for various loading factors are given
in Table II. The critical value of load multiplying factor, λc
should have voltages within the maximum voltage deviation
of ±10%. From the Table II, λc with FSVR compensation is
1.15. When λ is increased beyond this value, voltage deviation
exceed 10 %. For the SVR compensation case, λc is only
1.10 as evident from Table II. Therefore, it can be concluded
that FSVR performs better than traditional SVR in improving
loadability.

V. CONCLUSION

This research illustrates that FSVR is effective in increasing
the loadability of distribution networks and provides support-
ing evidence. The results of a simulation analysis carried out
on the IEEE 13 bus network shown that FSVR is superior than

classic SVR in terms of its capacity to increase loadability.
This is possible due to the fact that FSVR has the ability
to regulate both the magnitude and the angle of the voltage.
Future research incorporating uncertainties in load and gener-
ation can provide a more accurate picture of loadability with
FSVR.
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