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Abstract- The inclination of distribution networks towards increased penetration of Distribution Generation (DG) has caused
major operational challenges in control of distribution systems, where voltage control is one of influencing factor. In this context,
an improved voltage control methodology is proposed to handle voltage control problem in such distribution networks. The
proposed methodology works on the basis of calculations performed by Remote Terminal Units (RTU) placed at each DG. The
RTUs at each DG will coordinate with each other to obtain the voltage profile of DG influenced feeder. Also, the proposed
methodology is independent of loading conditions and R/X ratio of line. Various simulations have been performed using
MATLAB environment to show the effectiveness of proposed methodology for single and multiple feeders.
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1. Introduction

Adaptive operation of Distribution Systems at recent times has
become quite challenging due to increased dominance of
Distributed/Dispersed Generation (DG) installed at the
consumer end. DG installation is highly influenced due to
depleting conventional reserves, demand growth and wide
expansion of electrical network causing more conduction loss
[1, 2]. Traditional distribution systems were prior designed
keeping in view of centralized power generation where power
always flows from generation end to consumer premises, but
due to installation of DGs at consumer end, power generation
has become decentralised where power flow becomes
bidirectional depending on generation and load at the point of
time considered. In this regard, distribution system often
experiences typical operating conditions where relevant
control measures/procedures are to be precisely developed for
the purpose. Development of Distribution Automation (DA)
functions through intelligent control is one of promising
option to resolve this issue. Assimilation of DA with DGs in
Distribution system will evolve to Smart Distribution Systems
which are potent by itself, thereby, necessary control actions
can be taken care of inherently within the system [3, 4].
Distributed Generation capacity can range from hundred to
few thousands of watts being either dispatchable or non-
dispatchable, influenced by seasonal, time and location

factors. Although installation of DGs results in increased
reliability, reduction of peak requirements in grid, reduced
emissions, and many [5]. Besides to that DG penetration will
rise issues like, voltage control, reverse power flow,
harmonics, increased losses and increased short circuit levels
which are the major concern in deciding the location and
capacity of DG [5-8]. Considerable solutions have been
proposed in the literature on voltage control problem and on
how to maintain voltage profile of feeder within the limits, that
arise due to improper penetration of DG. Conceptually these
proposed ways can be grouped in to Centralized and
Decentralized approaches [9]. In order to handle the problem
of steady state voltage rise in DG installed distribution feeder,
the voltage profile along the entire feeder must be known to
take necessary action. Since the voltage profile is highly
influenced by uncertain generation and load, real time
estimation of voltage profile is a big challenge. This
estimation can be made by placing Remote Terminal Unit
(RTU) at certain locations along the feeder, but it necessitates
robustly designed communication network among the RTUs
in the system. It can be done by having a well-defined
Advanced Metering Infrastructure (AMI) [10] equipped in the
system. Thus, the proposed methodology is implemented on
the basis of mutual communication among RTUs [11-13],
thereby the voltage profile estimation can be made along
certain feeder or entire network. In [14], the voltage control
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problem has been formulated to find the optimal setting for the
certain time horizon, but it is difficult to implement in real
time. In [15], the voltage controller which take in to effect of
DG based on local measurements within the controller
location was proposed, but it is highly independent on the DG
operating behaviour in the feeder section. In [16], a
coordinated voltage control scheme for online control of
voltage in distribution networks with DG is proposed. This
approach is based on information obtained from distant RTUs.
Also, in [17-19] similar implementation was made but with
limited calculation and measurement information. But these
schemes assume that line impedance of any section is always
constant, however in practice this is not valid [16, 19] and R/X
values are not constant along the line. In [18], eventhough the
assumption of R/X has not been taken in to account, but RTUs
are placed at other points including at DG bus.

The proposed method assumes that proper voltage regulating
device such as On-Load Tap changer was installed at the root
bus such that after receiving the relevant information from
feeder RTUs, the root bus central controller will initiate the
necessary action thereby voltage along the entire feeder will
be controlled and will be within the specified limits. In this
paper, an improved methodology of [16] without considering
any assumption regarding the line impedance is proposed.
This method implements the same basic dataflow between
RTUs as proposed in [16], but the estimation methodology is
modified and generalized, that can be applied to any smart
distribution system with many laterals and with any number
of DGs on each lateral. The paper is organised as follows:
Section 2 details about the basic problem of voltage rise with
DG in feeder and its counter effects. Section 3 describe the
Voltage profile evaluation phenomenon applied in this
proposed methodology and feasible condition of solution.
Section 4 describe about the approach and methodology
proposed. In Section 5 the simulated results of proposed
methodology on different sample distribution systems were
presented. Section 6 gives the discussions and conclusions
made.

2. Voltage Variation on Feeder With DG

A DG connected to the feeder injects power from that bus and
causes voltage at that bus to rise (Assuming it will always
inject either P/Q or both). Also, this injected power will flow
in any direction depending on generation and load scenario at
that point of time, so the voltage along the feeder will now be
depending on various factors such as R/X ratio, amount of
injected power and load [20]. This can be validated by a two-
bus distribution system with voltages and impedance as shown
in Fig.1 which is influenced by load, DG and compensation
equipment at one end. The suffix for powers G, L and C refers
to Generation, Load and Compensation respectively. From
Fig.1, we can write,

. (Pr. — Pa)—j(Qr — Qa — Q)

Vi—Vo = (R+jX) e
2
(1)

Since R/X ratio of distribution network is high, the imaginary
part of Eqgn. (1) can be neglected in net expression (1), the
resulting equation in per unit will be,

AV =Vi—Va = R(PL—P)+ X (Qr—Qc—Qc) (2)

Now depending on amount of power injected by DG, the
above Eqn. (2) can have any sigh and magnitude. If DG real
power injection is more than load and net reactive power
injection also more than load demand, V2 will become greater
than V1 and can cause voltage rise problem. Hence, proper
coordination is required to have an acceptable voltage profile
along the feeder [20]. Also, according to quadratic equation
proposed in [21], as given in Eqgn. (3), where P and Q are the
net power carried by the line in given direction,

Fig.1. Two bus system with Load, DG, and capacitor

Vi (2PR+2QX —VAVE +(R?+ X?)(P2+Q%) =0
(3)

Expressing Eqgn.(3) in terms of p.u., and neglecting the third
term. Upon simplification and assuming V1+ V2=2, it finally
reduces to

Vi—Vy = PR+ QX (4)

which is similar to Egn. (2), when net power carried in given
direction is expressed in terms of load, generation, and shunt
compensation.

3. Evaluation of Voltage Profile

Based on discussion in Section 2., the voltage profile will
change along the feeder where DG is installed and there will
be chances where voltage at certain points will reach to
unacceptable limits. For that, evaluation of voltage along the
feeder is made using certain automation devices installed at
specific points in the systems. In the present context as
suggested in [16], Remote Terminal Units (RTU) were
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installed at DG buses there by which voltage profile can be
better estimated. In [16], certain results were proved for the
existence of maximum and minimum voltage along the feeder.
Moreover, they are based on assumption that R/X ratio has to
be constant along any line section. Here in proposed
methodology, the same estimation procedure is followed but
the methodology to get the voltage profile of feeder was
modified without taking any assumption regarding R/X ratio
of line section. Considering the part of distribution system,
where two DGs are connected to a load which is more or less
halfway between DGs, as shown in Fig. 2. Then, the value of
expected minimum voltage between two DGs as calculated
from DG1 end is obtained as,

Voo Voo1
0 I X E 3 O
— 1) 1) >
Py P

< il ©

Fig.2. Voltage evaluation method

- Q1 ) (5)
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Similarly, the value of expected minimum voltage between
two DGs as calculated from DG2 end is obtained as,

— Qs 5 ) (6)

1imm DG2 *ID(Q

Now the better estimate can be obtained from average of
Eqgn. (5) and Eqgn. (6),
- Vivin,pa1 + Vinin.pao (7)

I’Est‘.avg — 5

This estimation procedure is made by each RTU and it will
update it to the preceding RTU, thereby the net estimated
values reach to the central controller where the final necessary
control action can be initiated.

4. Voltage Control Methodology

The preceding section dealt the voltage evaluation
phenomenon based on the data obtained from the RTU.
Hence, we confirm that RTU and its associated
communication infrastructure place a crucial role in this
voltage control methodology. A Remote Terminal Unit is an
electronic device that is normally controlled by a processor
which is interfaced with physical objects to a Distributed
Control System (DCS) or Supervisory Control and Data
Acquisition (SCADA) system by transmitting telemetry data
to the system [22], [25-30]. Here in this methodology, RTUs
are placed at buses where DGs are connected (since those
buses will suffer from transitory changes in voltage). Fig. 3

depicts the distribution system with more laterals, and each
lateral being influenced with DG. Each DG unit is associated
with an RTU where it will fetch some data at the connected
bus and performs some mathematical operations and send the
processed data to higher end RTU (in direction towards grid).
This procedure is repeated with all the RTUs where the final
data will reach to the Central Controller connected to the grid.
These final data will have the estimated values of minimum
and maximum voltages of considered feeder and entire voltage
profile of feeder, where this makes the necessary data required
to initiate the control action by the Central controller.

Distribution Line ’

Communication ’
Link

B!
3
(=

R
Fig.3. Distribution system structure with RTU at each DG

Fig. 4 shows the values to be fetched by each RTU installed at
DG. Each RTU at each DG is responsible to have such data to
perform certain calculations based on the obtained
measurements. These calculated values must reach to the
higher end RTU and they should be done by each RTU. This
can happen when there is an established communication link
between all RTUs and the central controller.

Fig.4. RTU measurements at each DG

Each RTU will fetch the following data at connected bus
[16].

1. Voltage at DG connected bus Vm if DG is connected to
bus ‘m

2. Voltages at either side buses of bus ‘m’, Vm+1 and
V-1

3. Real and Reactive power flow in either side lines of DG
connected bus, Pm,m+1,Pmm-1; Qmm+1,Qmm-1.
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The value of voltage will be affected if DG is connected at the
bus. The proposed methodology works on the basis of series
of computations and interactions among RTUs connected at
each DG, finally the Central controller connected to the
voltage regulator will get the necessary information about the
feeder/system thereby it can initiate required control action. In
the proposed methodology, the control action is restricted to
the change of tap position based

on present tapping position and information reached to the
central controller. The proposed methodology is based on the
fact that, the RTUs connected to each DG will perform the
computations as given by flowchart depicted in Fig. 5 &
continued in Fig. 6.

Read the following data from RTU,

h h
VWt sVt » Pt Prauicts Qe 1s Qensit

i

N
& ?_
Yes

Vinaxm = Max Compute

Fig.5. Flowchart for proposed methodology

Here RTUm-+1 refers to the RTU connected to distant DG at
end side of feeder, RTUm refers to the considered RTU
connected to m™ bus DG in the feeder. The series of
computations performed by the considered RTUn is based on
information received from RTUm+1 and data measured at
connected bus i.e., m™ bus. Here RTUnm weighs the voltages
at m™ bus with that of its neighbouring buses to identify the
trend of voltage around DG and estimates the voltage on either
side of its buses by comparing with the ultimate values
obtained from RTUm+1. Finally, RTUm calculates the
minimum and maximum values up to m™ bus of the feeder by

refreshing the ultimate values obtained from RTUm-+1.

This methodology is based on the fact that each RTU
compares the possibility of existence of either maximum or
minimum voltage on the part of feeder considered. Depending

on the existing conditions RTUs will estimate the
corresponding value based on the value from preceding RTU
and with its own calculated value. This process is repeated and
thereby consistently updating the maximum and minimum

values of the voltage along the feeder. Now this RTUm will
pass its calculated values to its upstream RTU i.e., RTUm-1

and now RTUm-1 will perform identical computations as done
by RTUm for existence of either maximum or minimum
voltages around the connected bus. This series set of
computations will be performed by all RTUs until it reaches
to the central controller where necessary control action is
taken.

Ventnm =
min( Vo, Vognmes

Xmmat
. T)

flag_ max=1
flag_min =0

I_+

flag_min = 1
flag_max =0

Compute Conm mpuke
’ sy s T
VI s = V= Py * BB 4 Q, ) o Enmety v =V *[Pmm\] |
W mems = ANy negative value VIR ey = amiy b rgcphlt e value
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> thu' me

4
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Fig.6. Flowchart for proposed methodology Contd.,

Ultimately the central controller will have maximum and
minimum voltage of each feeder and the trend of voltage in
the feeder. If single voltage regulator is installed at the grid
end for all the feeders, then the proposed methodology work
only if the condition given in Eqn. (8) is satisfied, if not
another voltage regulator with enhanced settings is required
for the purpose.

max min mazx min
Ifeeders V feeders Iperm Iper?n

(8)

The voltage regulator will change its tapping based on Eqn.
(9) which is reported in [23].
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maz ymin
— Y reeders

Jmaz

— Y feeders

1 + feede 5

T new — Ta el
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(9)

5. Simulation Results

Various simulation results have been stated using MATLAB
environment to justify the proposed methodology of voltage
control scheme. Fig. 7 shows the considered 12 bus system
with single feeder, the line parameters are given in [24] several
cases are studied to justify the proposed methodology.

9 10 11 12

20)

Fig.7. Sample 12-bus distribution system

Different load and generation levels are considered for the
above system with single and double feeder configuration. In
the considered system for all cases, the following data are
assumed [16].

Voltage regulator input voltage=1.0 p.u.

Permitted maximum value of voltage =1.05 p.u.
Permitted minimum value of voltage =0.95 p.u.
Number of Tappings=33 (16 for upper 10%, 16 for
lower 10%, and 1 for nominal

e Tapratio=0.00625 p.u.

Case 1: In this case, single feeder configuration is considered
with DGs at buses 4 and 9. DGs are considered with negative
load, the system load and generation data are given in Table
1. With the given load and generation data at each bus, two
RTUs at DGs has estimated the voltage profile according to
the proposed methodology, and can be seen in Fig. 8. From
Fig. 9 it is seen that the profile traced by the RTU is almost
identical to that of actual voltage profile obtained from load
flow [24] and has captured possible maximum and minimum
voltages in the feeder.

From Fig. 8 it is clear that voltage profiles are out of allowable
range, became minimum voltage of the system is less than
0.95 p.u. and hence voltage regulator should initiate its
regulating action by changing the tap position calculated
according to Eqn. (9) The voltage regulator will rise to tap
setting 6 and bus 1 voltage will raise to 1.03515 p.u. After
regulation, the voltage profile is improved and is as shown in
Fig. 9, where the voltages are within the allowable range.

Table 1: Active and Reactive powers at each bus for Case 1

BusNo Py (kW) Qi (kVAr) P (kw) Qi
(KVAr)

2 60 60 - -
3 40 30 - -
4 50 55 105 0
5 50 30 - -
6 70 45 - -
7 85 85 - -
8 45 45 - -
9 50 55 90 85
10 85 40 - -
11 80 60 - -
12 25 25 - -

0.995

0.985

0.975

0.965

Voltage in p.u.

0.955

0.945

0935

0.925
L] 2 4 8 10 12
Bus number

——Voltage profile from Load Flow = ==--- Voltage profile from RTU
Fig.8. Casel - Voltage profile from load flow and RTU
1045

1025

§

inp.u.

0.985

Voltage

0.965

0945

0925

Bus number

——Voltage profile Before Regulation -----Vgltage profile After Regulation

Fig.9. Casel - Voltage profile after regulator action
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Case 2: For this case, the same single feeder configuration is
considered, but the positions of DGs and loadings at other
buses are now changed. The system load and generation data
for this case are given in Table 2. Similar to case 1, in this case
also voltages were out to allowable range and regulator will
initiate its action. The comparison of voltage profiles before
regulation obtained from load flow and RTUs can be

seen from Fig. 10. Here, the voltage regulator will rise to tap
setting 5 and bus 1 voltage will raise to 1.0315 p.u. and voltage
profiles after regulation can be seen from Fig. 11 where
voltages are within the allowable range.

Table 2: Active and Reactive powers at each bus for Case 2

BusNo P (kW) Qi (kVAr) P (kW) Q
(KVAr)

2 60 60 - -
3 40 30 - -
4 50 55 - -
5 40 30 60 0
6 40 45 - -
7 55 55 - -
8 55 45 ; ]
9 50 40 - -
10 55 40 80 70
11 80 30 - .
12 45 15 - -

1.005

0.098

o.085

o075

Voltage in p.u

0038

0925
2 s ] 10 u

Bus number

—Voltage profile from Load Flow = ====- Voltage profile from RTU

Fig.10. Case2 - Voltage profile from load flow and RTU

1005

o985

Voltage in p.u.

0965

0925

Bus number

——Voltage profile Before Regulation --Voltage profile After Regulation

Fig.11. Case2 - Voltage profile after regulator action

Case 3: Here, the 12-bus system has been configured with DG
buses on feeder 1 and feeder 2 with line parameters of both
feeders being the same, and two DGs were placed in each
feeder with both feeders connected to same voltage regulator
as shown in Fig. 12. The system load and generation data for
this case are given in Table3 for both feeders F1 and F2.

Feeder-1
9 10 11 12

Feeder- 2

Fig.12. Double feeder system for Case 3

For this case, the voltage profiles from load flow and RTUs
are shown in Fig. 13, from which it is inferred that voltage
profiles of Feeder 1 are out of allowable range whereas that of
Feeder 2 is within the range. Based on the obtained profiles,
the voltage regulator will down its tap-to-tap position 5 and so
voltage will down to 0.96885 p.u. and voltage profiles after
regulation can be seen from Fig. 14, where changing of
common tap position is affecting the voltage profile of Feeder
2 but not allowing to go beyond the allowable range.
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Table 3: Active and Reactive powers at each bus for Case 3
and 4

BusNo P (kW) Q (kVAr) P (kW) Qi
(KVAr)
F12 60 60 - -
3 40 30 - -
4 50 55 - -
5 30 0 230 0
6 40 45 - -
7 20 55 - -
8 50 35 - -
9 40 20 - -
10 50 0 550 0
11 20 30 - -
12 15 15 - -
F2 2 90 60 - -
3 40 30 - -
4 30 55 85 0
5 40 40 - -
6 50 45 - -
7 45 45 - -
8 55 45 - -
9 30 0 440 0
10 50 30 - -
11 80 30 - -
12 45 15 - -

Case 4: In this case with the same data as in case3 is
considered, and to test the performance of the proposed
methodology, the DG output powers are increased randomly
to find the level of penetration up to which the current tapping
position can able to maintain the profile within the allowable
limits. By random increments in the output powers of all DGs,
the maximum power that the DG can inject has been found.
For DGs in Feeder 1, output powers can be up to 250 kW and

570 kW at buses 5 and 10 respectively, for DGs in Feeder 2,
output powers can be up to 100 kW and 810 kW at buses 4
and 9 respectively. The voltage profiles before and after the
changes in DG output powers can be seen in Fig. 15, where
the voltages are within acceptable limits.

1.085
1.065

1045

3
a
c -
= e T T N
il I — i W DT et e B
= e e e T T e
S
> ogss
0.965
0.945
0925
0 2 L Ruis number & 10 1z
Voltage profile of Feeder 1 from Load Flow - - - - Valtage profile of Feeder 1 from RTU
----- Voltage profile of Feeder 2 from Load Flow = =Vaoltage profile of Feeder 2 from RTU

Fig.13. Case3 - Voltage profile from load flow and RTU
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Voltage in p.u.
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I
&
&

L e B s
0945

0925

& 2 1 Riis niimher 8 Ay i

—--Voltage profile of Feeder 1 Before Regulation - - - - Voltage profile of Feeder 1 After Regulation

----- Voltage profile of Feeder 2 Before Regulation— =Voltage profile of Feeder 2 After Regulation

Fig.14. Case3 - Voltage profile after regulator action
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¢
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s 1005 e el R a1 PR
o B S N it
B e T e
S -
> osess Ao
e
- e v i
06
0945
0.925
> . % Bus number . e s

Voltage profile of Feeder 1 Before change in DG output - - - - Voltage profile of Feeder 1 After change in DG output

++22+ Voltage profile of Feeder 2 Before change in DG output = =Voltage profile of Feeder 2 After change in DG output

Fig.15. Case4 - Voltage profile before and after change in DG
output power

6. Conclusions
An improved voltage control methodology has been proposed
in this paper for smart distribution system to have acceptable

voltage profile in the feeders influenced by Distributed
Generation. The proposed methodology will work on the basis
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of series of computations in RTUs with mutual
communication thereby ascertaining the voltage profile by
calculating the ultimate maximum and minimum voltage in
feeder. The main feature of proposed methodology is that it is
independent of R/X ratio of line section and also on position
of DG, where each DG has one RTU connected to it, and
hence number of RTUs required will be minimum as number
of DGs connected to the feeder. Moreover, the proposed
methodology was proven to be working better up to certain
level of maximum power output of each DG in the feeder by
maintaining the voltage profile within the acceptable range.
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