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Abstract: Photovoltaic (PV) power is a promising source of renewable energy, which could satisfy a large portion of the authors’ electricity
needs. In order to achieve this, a high penetration of PV is required as it is limited in plant factor and its characteristics are completely different
from the conventional generators. However, high penetration level might cause some problems for the network operation. One of the potential
setbacks that have been widely reported by power utilities is a voltage rise due to reverse power flow. Considering this burning problem, this
study develops a practical method based on power flow formulation. In this method, two matrices are derived for estimating the effect of PV
real and reactive power injections on the system voltage profile. These simple scalar matrices are then applied to find the voltage sensitive
buses and the optimum location and sizing for power compensation devices to improve the penetration level of PV. Comparison between
actual and estimated results for IEEE 37-bus test system justifies the validity of proposed method for these applications.
1 Introduction

By the end of 2014 global photovoltaic (PV) installation has
exceeded 178 GW [1]. Many of the installations are at distribution
level in the form of rooftop PV units. This trend is expected to con-
tinue in the near future due to many economic, environmental and
social benefits. However, it might cause some severe problems at
the same time. Some of the major concerns of high PV penetration
have been mentioned in [2–8]. In [2], problems of voltage oscilla-
tion and transient over-voltage after faults, and high voltage in sub
transmission and distribution networks have been discussed. The
authors in [3] have mentioned that high PV penetration might
cause grid instability, additional power flow in transmission
system, and reverse power flow in distribution system. Voltage var-
iations in an unbalanced distribution system caused by PV power
drop due to moving clouds have been studied in [8]. Reverse
power flow could happen as a result of high generation of PV
power during low load condition and could result in voltage exceed-
ing beyond the allowable limit. This problem and possible solutions
have been investigated in [4–7] for Australian context, and world-
wide in [8–13]. It has been mentioned in [4] that some utilities
have reported voltage rise problem in Australian distribution net-
works due to rapidly rising PV penetration. In [5], PV inverter trip-
ping due to over-voltage has been noted by some distribution
network providers in Australia as a common occurrence.
According to [6] new PV installation is limited in some areas in
Western Australia due to voltage rise problem.

Few of the key solutions to overvoltage problem are reactive
power support from either PV or other sources, tap control of sub-
station transformer, storage devices and load shaving [9–14].
Applying a volt/var control system, reactive power absorption by
PV has been proposed in [9] to keep the voltage within network
limits. Similarly control of PV reactive power by an adaptive
control method has been studied in [10] to minimise the voltage
variations and power losses in a radial distribution system. The
authors in [11] have proposed a coordinated control of operation
of on-load tap changer (OLTC) and charging and discharging of
storage system to shave the peak load and reduce the stress on
OLTC. In [13], optimal sizing and location of static VAR compen-
sator devices to improve voltage profile in a distribution system
with PV and wind power generation has been investigated. A
control approach for storage devices has been proposed in [14] to
alleviate the PV voltage impact and support the load during peak
time. Application of storage devices, however, has some practical
concerns, which have been discussed in [15].
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As it can be seen from the literature, distribution systems are
likely to face overvoltage problem when increasing PV penetration.
As a result, it is vital to measure the proximity of a system with high
PV penetration to overvoltage and assess the requirement for com-
pensation devices. In the next step, some optimisation problems
need to be solved to find the best location and sizing of PV and
compensation devices. The authors [16–18] tried to minimise
power loss and improve voltage profile in distribution system by
optimising PV and battery storage location and sizing using differ-
ent methods. Reactive power injection from PV has been consid-
ered as an option in the formulation of their optimisation problem.

To assess the voltage effect of PV, voltage sensitivity of system
to PV power injection needs to be evaluated. Application of
Jacobian matrix for sensitivity analysis is well known for transmis-
sion system [19]. However, due to a wide range of R and X values of
line segments and high R/X ratio, this method might not be suitable
for distribution systems [20]. In [21], by formation of a matrix
whose structure is only dependent on the network topology, differ-
ent types of sensitivities are estimated. However, the proposed
method is complicated and for the case of multi power sources
there is a restriction of fixed voltage buses, which reduces the prac-
ticality of the method.

This paper proposes a comprehensive and practical method to
assess the effect of PV real and reactive power injections on
steady-state voltage profile of distribution systems. Unlike some
similar studies, the proposed method is simple and requires only
calculating two scalar matrices by running power flow several
times. Once these scalar matrices are calculated, there is no need
to recalculate them. They can then be used to estimate the voltage
effect of PV power injection, even in large distribution systems.
Observed linearity between power injection and voltage change in
a two-bus system obtained from analytical results, is the idea of
voltage change estimation by these scalar matrices. In order to
show the accuracy and usefulness of the proposed method, it is
evaluated in some practical applications like finding optimum loca-
tion and sizing for compensation devices to allow maximum PV
penetration. It is assumed that solar irradiation is uniform within
the studied distribution network and it is possible to connect differ-
ent sizes in different places.

In the following sections, the first foundation of the method is
developed through analytical derivation for a two-bus test feeder.
On the basis of the analytical outcomes an algorithm is then intro-
duced to calculate a scalar matrix to estimate the voltage effect of
PV in a large radial distribution system. Next, practical applications
Commons J Eng, 2016, Vol. 2016, Iss. 4, pp. 80–87
doi: 10.1049/joe.2016.0031

mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:


Fig. 1 Equivalent two-bus power system used to measure the load voltage
of the estimation method are discussed. The accuracy of estimated
results is examined using the IEEE 37-bus test system.

2 Load voltage in a two-bus system

In order to find the effect of PV power on the voltage profile of a
distribution system, an equivalent two-bus system as shown in
Fig. 1 is used to derive the voltage expression at the load bus.
For the system in Fig. 1, the voltage and power equations for the

load bus can be expressed as given in the following equation

VL/b = E − Zs/usI
SL/uL = VL/bI∗

{
(1)

Substituting current in terms of other parameters in (1) yields (2) for
the load voltage magnitude

V 4
L + V 2

L (2ZsSLcos(uL − us)− E2)+ Z2
s S

2
L = 0 (2)

In practical networks ZS≪ 1 pu, while source voltage (E) and load
power (SL) are close to 1 pu; consequently ZsSL≪ E2. On the other
hand, estimation

������
1+ x

√ � 1+ 0.5x is valid for |x|≪ 1. Applying
this estimation to the solution of (2) yields the simplified solution
as given in the following equation

VL � E − RsPL + XsQL

E
− RsQL − XsPL

( )2
2E3

(3)

where Rs and Xs are real and imaginary parts of Zs, respectively and
PL and QL are real and reactive parts of SL, respectively.

2.1 Effect of PV power on the load voltage

In the next step, PV power of Si/ui is injected to the load bus of the
two-bus system. In this condition, the second part of (1) is modified
as given in the following equation

SL/uL − Si/ui = VL/bI∗ (4)

With similar calculations and simplifications, the load voltage can
be estimated as given in the following equation

VL � E − 1

E
RsPL + XsQL

( )+ 1

E
RsPi + XsQi

( )
− 1

2E3
RsQL − XsPL

( )2 − 1

2E3
RsQi − XsPi

( )2
+ 1

E3
RsQL − XsPL

( )
RsQi − XsPi

( )
(5)

where Pi and Qi are real and reactive parts of injected PV power,
respectively. Subtraction of (5) by (3) yields (6) for the voltage
change induced by only PV power. That is, the change of voltage
when the load is assumed to be the same before and after PV
power injection

DVL = 1

E
RsPi + XsQi

( )− 1

2E3
RsQi − XsPi

( )2
+ 1

E3
RsQL − XsPL

( )
RsQi − XsPi

( )
(6)

In this equation, with practical assumptions of small values for RS

and XS, the second and third terms can be neglected compared to
the first one. Therefore, the change in the voltage can be estimated
by the following equation

DVL � 1

E
RsPi + XsQi

( )
(7)
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It should be noted that (7) is not valid in some extreme conditions
like an injection of only reactive power (Qi) to a pure resistive
network (Xs≅ 0) or an injection of only real power (Pi) to a pure
reactive network (Rs≅ 0). As these are not real world cases, (7)
can be applied for practical systems.

2.2 Comparing results with Jacobian matrix

Inverse Jacobian matrix of the system can be used to calculate the
change of phase angle and voltage magnitude as given in the fol-
lowing equation

Db
DVL

[ ]
=

∂PL

∂b

∂PL

∂VL

∂QL

∂b

∂QL

∂VL

⎡
⎢⎢⎣

⎤
⎥⎥⎦

−1

DPL

DQL

[ ]
(8)

Using (8), the following relationship holds between ΔVL, ΔPL and
ΔQL.

DVL = − ZS cos uS + b
( )

2VL cosb− E

( )
DPL −

ZS sin uS + b
( )

2VL cosb− E

( )
DQL (9)

By estimating VL = (1− ɛ)E, cos δ ≅ 1 and sin δ ≅ δ for practical
assumption of ɛ, δ ≪ 1, (9) can be rewritten as given in the follow-
ing equation

DVL = − RSDPL + XSDQL

E

( )
+ b

RSDQL − XSDPL

E

( )

+ 2d
RSDPL + XSDQL

E

( )
− 2db

RSDQL − XSDPL

E

( )
(10)

ΔVL can be estimated by the first term of (10), which is the same as
(7) when ΔPL =−Pi and ΔQL =−Qi. Consequently, similar results
for the first-order estimation were calculated using Jacobian
matrix of the system. Equation (7) shows two important aspects
of voltage change by PV power. First, while VL clearly depends
on the amount of existing load (SL), ΔVL is almost independent
from this value and is mainly identified by the line characteristics
(RS and XS) and injected PV power (Pi and Qi). Second, ΔVL

shows a linear relationship with injected PV power. Considering
these features, (7) can be rewritten as given in the following equa-
tion

DVL � kpPi + kqQi (11)

where kp = RS/E and kq = XS/E are nearly constant coefficients relat-
ing the voltage rise to power injection. This equation will be
extended to the general case of a multi-bus system in the following
section.

3 Voltage effect of PV in a multi-bus system

Acquired results in the previous section are valid for a two-bus
system with only one load bus. However, the linear relationship
between voltage change and injected power in (11) might exist in
a multi-bus system. With this assumption, the relationship
access article published by the IET under the Creative Commons
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between voltage change at each bus and injected P and Q to that bus
and other buses can be estimated by scalar coefficients. Therefore,
two scalar matrices of KP and KQ are defined to describe this linear
relationship in an n-bus system as given in the following equation

DV1

..

.

DVn

⎡
⎢⎣

⎤
⎥⎦ =

k11P · · · k1nP

..

. . .
. ..

.

kn1P · · · knnP

⎡
⎢⎣

⎤
⎥⎦

P1

..

.

Pn

⎡
⎢⎣

⎤
⎥⎦

+
k11Q · · · k1nQ

..

. . .
. ..

.

kn1Q · · · knnQ

⎡
⎢⎣

⎤
⎥⎦

Q1

..

.

Qn

⎡
⎢⎣

⎤
⎥⎦ (12)

where kijP and kijQ are used to relate the effect of Pj and Qj (active
and reactive PV power values injected to bus j) on the voltage of
bus i. Likewise, ΔVi is the voltage change of bus i induced by all
P and Q injections. It should be mentioned that ΔV in (12) is
only due to the PV power injection and not the load change. The
effect of load change, however, can be easily estimated by (12)
by assuming Pj and Qj as the net power injection (PV power sub-
tracted by load power change).

In order to calculate n2 elements of KP and KQ the following
steps should be carried out:

(i) Pi = Ptest is injected to bus i while no P and Q are injected to
other buses.

(ii) Using power flow, the change in voltage profile of the system
(ΔV1, …, ΔVn) by this power injection is calculated.

(iii) Elements of the ith column are calculated using the following
equation

k1iP

..

.

kniP

⎡
⎢⎣

⎤
⎥⎦ =

DV1/Ptest

..

.

DVn/Ptest

⎡
⎢⎣

⎤
⎥⎦ (13)

By implementing this algorithm for all buses (n times), all the ele-
ments of KP are determined. Similarly, KQ can be calculated by first
injecting a Qtest to each bus, then measuring voltage rises to find the
elements of the ith column of KQ using the following equation

k1iQ

..

.

kniQ

⎡
⎢⎣

⎤
⎥⎦ =

DV1/Qtest

..

.

DVn/Qtest

⎡
⎢⎣

⎤
⎥⎦ (14)

This algorithm shows that KP and KQ can easily be determined for
even large systems. However, the accuracy of estimation results by
these matrices needs to be validated. For that purpose, the estimated
results have been compared with actual power flow results of the
IEEE 37-bus system in Section 5. It has been observed that esti-
mated results follow the actual outcomes with an acceptable error
in a practical range of PV power injection. Taking into account
this justification, potential applications of the proposed estimation
method are investigated in the following section.

4 Applications of the estimation method

Compared to other methods, the proposed estimation method is a
simple method for voltage sensitivity analysis of distribution
systems. The main advantage of this method is that it only needs
to calculate two scalar matrices. These scalar matrices can easily
be calculated by running power flow for 2 × n2 times for an n-bus
system. They can then be used to measure the voltage change by
PV power injection without the requirement for recalculation.
Consequently, the proposed estimation method is a simple and
This is an open access article published by the IET under the Creative
Attribution License (http://creativecommons.org/licenses/by/3.0/)
practical analysis tool to evaluate the influence of PV power injec-
tion on the voltage of any distribution network. Some potential
applications of the proposed estimation method including identify-
ing sensitive buses to power injection, maximum PV penetration
level and optimum location and sizing of compensation devices
are described as follows.

4.1 Identifying sensitive buses

As can be seen from (12), elements of KP and KQ directly relate
voltage change to injected power. As a result, comparison
between magnitudes of these elements shows whether injecting P
is more effective to control the voltage or Q; that is, the voltage in-
fluence of the power (P or Q) related to the matrix with larger ele-
ments is higher. Besides, considering (7), elements of KP mainly
depend on line resistance whereas elements of KQ are more
related to line reactance. As a result, elements of KP are predicted
to be higher in a distribution system with R/X > 1 and voltage
effect of injecting P is predicted to be more than Q. Within each
matrix, a large element shows high voltage sensitivity to power in-
jection in the corresponding bus. If the large element is diagonal
(kii), bus i voltage is highly sensitive to injected power to itself,
whereas a large off-diagonal element (kij) shows high voltage sen-
sitivity of bus i to power injected to bus j. In this way, large ele-
ments on ith row represent the buses to which power injection
highly affects the bus i voltage.

4.2 Optimum location and sizing of compensation devices

Knowing that it is not usually feasible to have a strict control over
the location and sizing of PV units in a distribution system, a prac-
tical solution to improve the maximum allowable PV generation is
utilising power compensation devices. During high generation of
PV power, storage and reactive power compensation devices can
mitigate the overvoltage by absorbing real and reactive power
values. In order to find the best location and sizing of these
devices, the proposed estimation method can be utilised. On the
basis of the requirements of power compensation devices, different
scenarios have been considered to find their best location and
sizing, which are discussed as follows. It should be noted that
these scenarios only discuss storage devices with real power cap-
abilities. However, a similar method can be used for reactive
power compensation devices.

4.2.1 Maximising storage voltage effects (SVEs): In this research,
the sum of all the voltage effects in the system by a storage device
of 1 pu connected to bus j is defined as storage voltage effect of the
bus j. To find the location of the highest SVE, assume that a storage
system absorbing Pbat = 1 pu (or injecting −Pbat =−1 pu) is con-
nected to bus j. Using (12), the total amount of voltage drops at
all buses caused by charging the battery at bus j can be obtained
from the following equation

∑n
i=1

DVi = −
∑n
i=1

kPij

( )
Pbat = −

∑n
i=1

kPij

( )
(15)

It can be deduced from (15) that SVE of the storage at bus j equals
to
∑n

i=1 kPij, which is the sum of the elements of the column j of KP.
Consequently, after calculating this sum for all columns, the bus
corresponding to the maximum value has the highest SVE and
should be selected for connecting the storage device if the highest
voltage effect from it is desired. It is worth mentioning that select-
ing the location with the highest SVE is recommended when the
system operation with PV units is normal and there is no overvol-
tage problem. In this case, selecting the location with the highest
SVE assures using maximum capacity of voltage control by the
storage device. On the other hand, if the distribution system is ex-
periencing overvoltage problems due to high PV power generation,
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Fig. 2 IEEE 37-bus radial distribution system [24]
the priority of storage device allocation should be mitigating the
overvoltage problem. This case is discussed as follows.

4.2.2 Optimum location and sizing of storage to mitigate the over-
voltage problem: In this scenario, it is assumed that high PV
power generation has caused overvoltage at some or all buses of
the distribution system. As a result, an optimisation problem as
given in (16) needs to be formulated to find optimum location
and sizing of storage devices to mitigate the overvoltage problem

DVcomp,i =
∑n
j=1

kPijPcomp,j ≥ DVviol,i

0 ≤ Pcomp,i ≤ Pcomp,max

⎧⎨
⎩ (i = 1, . . . , n) (16)

where ΔVcomp,i is the voltage drop at bus i caused by all storage
units of Pcomp,j( j = 1:n) and ΔVviol,i is the voltage violation at bus
i due to high generation of PV power. Pcomp,max is the maximum
available size of storage devices. If utility sized storage devices
are used, another limit will be the number of devices, which in a
real situation might be as low as one or two units for a typical dis-
tribution system.

4.2.3 Storage device index (SDI): The minimum requirement of a
storage device to compensate the voltage effect of PV units can be
represented by an index called storage device index in this research.
After finding the best location for the storage device, this index can
be used to find its minimum required size. In order to explain this
index, assume that PV units with a similar size of PPV are connected
to all the buses while a storage device is connected to bus k and
absorbing Pbat,k. For all the buses, voltage effect of Pbat,k needs to
be higher than PV units to compensate their voltage impact.
Using (12), this condition is formulated as the inequality given in
the following equation

kPikPbat,k ≥
∑n
j=1

kPijPPV (i = 1, . . . , n) (17)

To assure that voltage effect of the storage device is always higher,
Pbat,k has to be selected as given in the following equation

Pbat,k = max

∑n
j=1 kPij
kPik

PPV

( )
(i = 1, . . . , n) (18)

where Pbat,k is the minimum requirement of the storage device
power to guarantee the compensation of voltage effect of PV
J Eng, 2016, Vol. 2016, Iss. 4, pp. 80–87
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units in all the buses. Therefore, optimum location and minimum
required Pbat,k can be obtained as given in the following equation

Pbat, min = min Pbat,k

( )
(k = 1, . . . , n) (19)

where Pbat,min is the minimum required size of the storage device
and the corresponding bus is the optimum place. Finally, using
(18) and (19), SDI is defined as given in the following equation

SDI = Pbat, min/Po

= min max

∑n
j=1 kPij
kPit

( )
i = 1, . . . , n( )

[ ]
(t = 1, . . . , n)

(20)

This index indicates the kilowatt amount of storage device required
to compensate each kilowatt of uniformly distributed PV. These cal-
culations, however, are only valid for the case of one storage device.
If more than one storage device is available, an optimisation
problem needs to be formulated and solved. SDI is further discussed
for the case of the IEEE 37-bus test system in the following section.

5 Evaluation of the estimation method in the IEEE 37-bus
system

In this section, the proposed estimation method is validated for the
IEEE 37-bus distribution system [22] shown in Fig. 2, and its appli-
cations are investigated. This system has a rated load of 2.46 MW
and 1.20 MVAr. It should be noted that in this section the
average value of three phase voltages represents the voltage magni-
tude at each bus. Analytical software tool PSCAD [23] has been
used to simulate this system and verify the proposed applications.

5.1 Accuracy of estimation results

Using the algorithm described in Section 3, KP and KQ were
obtained for the IEEE 37-bus system. In order to calculate these
matrices, Ptest = 600 kW (200 kW to each phase) and Qtest = 600
kVAr (200 kVAr to each phase) were used. However, other
values of test power values in practical ranges have shown to
yield similar results. It should be noted that in this system, KP

and KQ have dimensions of 25 × 25 to represent 25 active buses
(load-connected buses). To validate the estimation results by
these matrices, Fig. 3 compares estimated voltage changes at the
active buses with actual values obtained from power flow for an ar-
bitrary set of power injections with a high PV penetration level of
70% of rated load (1.7 MW and 0.9 MVAr).
access article published by the IET under the Creative Commons
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Fig. 3 Voltage rise estimated by KP and KQ matrices and actual voltage rise
from power flow in 25 active buses of IEEE 37-bus system

Table 1 Voltage sensitive buses to P and Q injections determined by
elements of KP and KQ, and relative voltage rises

No. Pinj = 300 kW Qinj = 300 kVA

Bus kpii dVact, pu Bus kqii dVact, pu

1 736 13,838 0.0170 741 13,588 0.0167
2 724 11,900 0.0146 736 13,575 0.0167
3 741 11,313 0.0139 740 13,433 0.0165
4 740 11,308 0.0139 738 12,892 0.0158
5 735 10,567 0.0130 735 12,621 0.0154

Fig. 5 Column sums of KP and corresponding buses
Fig. 3 confirms there is a small error of less than 5% between esti-
mated and actual values in all buses; that is, a reasonably accurate
estimation of voltage change has been made by the proposed esti-
mation method using KP and KQ. It is worth mentioning that
errors are even smaller for lower penetration levels. Fig. 3 also
shows that the voltage rise in buses like 740, 741 and 738 is
higher than buses like 701, 713 and 714. By looking at the IEEE
37-bus system in Fig. 2, it can be seen that the first three buses
are close to the end of the feeder, while the later ones are close to
the substation. Consequently, it can be deduced that distributed
PV power generation in the system has a higher voltage impact in
remote buses. This higher voltage impact can also be predicted
by comparing the elements of KP and KQ, as the elements related
to buses close to the end of the feeder are generally larger than
others. The larger elements in these matrices show higher voltage
sensitivity to PV power injection.

Next, to validate the estimation method when both load and PV
change during time, a typical summer load profile and PV gener-
ation curve from [25] have been used. In this case, Fig. 4 compares
estimated and actual voltage changes at bus 741 for 70% PV pene-
tration level.

Fig. 4 shows the estimated values of PV voltage effect closely
follow actual values from power flow analysis. The load level
shown in this figure has a large daily variation from around 1.3
to 2.5 MVA. Also, the PV power generation varies from small
values in the early morning and late afternoon to around 1.7
MVA during peak power generation at midday. Small errors
between estimated and actual voltage changes shown in Fig. 4 for
this large variation in the system load and PV generation confirms
the effectiveness of the estimation method. In other words, the pro-
posed method can accurately predict voltage change using calcu-
lated matrices without a requirement for modifying these
matrices. Similar accuracy has been observed for voltage change
Fig. 4 Comparison of estimated voltage rise with actual voltage rise for bus 741

This is an open access article published by the IET under the Creative
Attribution License (http://creativecommons.org/licenses/by/3.0/)
at other buses. Therefore, the validity of application of the proposed
method to estimate the voltage change by PV power is justified.

The validity of the estimation method confirms that PV power
effect on the voltage profile mainly depends on the amount of
injected power not the existing load of the system. To explain
this, Fig. 4 shows the estimation method accurately predicts the
voltage change by PV power injection at different load levels. On
the other hand, as (12) shows, the method only uses values of PV
power injection and scalar matrices to calculate voltage change
and does not need the amount of existing load. Consequently, it
is confirmed that the voltage change by PV power mainly
depends on the amount of injected power and is almost independent
of the existing system load for a multi-bus system like the IEEE
37-bus system. Next, the proposed applications of the estimation
method are examined for this test system as follows.

5.2 Identifying buses sensitive to power injection

According to line characteristics of the IEEE 37-bus, the resistance
of line segments is always higher than their inductive reactance.
for varying levels of load and PV
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Table 2 Voltage change in the system with PV units and one storage device compared to the base case

Bus ΔV, pu Bus ΔV, pu Bus ΔV, pu Bus ΔV, pu Bus ΔV, pu

701 −0.0015 722 −0.0005 727 −0.0015 731 −0.0005 736 −0.0065
713 −0.0015 724 −0.0004 744 −0.0015 732 −0.0004 737 −0.00878
714 −0.0012 725 −0.0008 728 −0.0012 733 −0.0008 738 −0.0098
718 −0.0011 712 −0.0016 729 −0.0011 734 −0.0016 740 −0.0121
720 −0.0009 742 −0.0017 730 −0.0009 735 −0.0017 741 −0.0109
However, due to a high X/R ratio (X = 0.08 pu and R = 0.02 pu) of
the substation transformer, the overall reactance of current paths
is higher than the resistance. Consequently, KQ has greater elements
compared to KP. It means that Q injection is more effective than P
injection on the voltage profile of the system. As was previously
mentioned, larger elements in each matrix show higher voltage sen-
sitivity to power injection. As an example of KP of the IEEE 37-bus
system, voltage sensitivity of bus 736 to P injection is four times
higher than that of bus 701. Likewise, as can be seen from KQ of
this system, bus 736 is 1.6 times more voltage sensitive to Q injec-
tion than bus 701. This observation could be predicted from the dif-
ference in line impedances from the substation to these buses. As
can be seen from Fig. 2, bus 701 is very close to the substation,
whereas bus 736 is close to the end of the feeder. Similar assess-
ments can be done for the sensitivity of other buses to power injec-
tion easily by comparing their corresponding values in KP and KQ.
Table 1 sorts the highest sensitive buses to P and Q injections
obtained from these matrices. Along with sorted buses with the
highest related kpii and kqii values, actual measured voltage
changes by injecting 300 kW and 300 kVAr are shown to validate
the arrangement.
This table justifies that remote buses are generally more voltage

sensitive to power injection due to longer lines and higher impe-
dances from the substation bus to the load bus. However, the sen-
sitivity rankings of buses are different in P and Q injections. As
an example, bus 741 shows the highest voltage sensitivity to Q in-
jection, whereas in the ranking of voltage sensitivity to P injection,
it is located in the third position after buses 736 and 724. Similarly,
bus 738 has fourth place in the ranking of voltage sensitive buses to
Q injection, whereas this bus is not part of five most voltage sensi-
tive buses to P injection. Similar observations can be made for other
buses. Consequently, as KP and KQ matrices predict and actual
results confirm, buses have generally different P and Q voltage sen-
sitivity when compared with other buses. Besides the observed dif-
ference in rankings, each bus has a different voltage sensitivity to P
injection compared with Q injection. For example, kqii for bus 735
is 12,621, whereas it has a kpii of 10,567. That is, if similar amounts
of P and Q are injected to this bus, voltage rise by Q injection will
Table 4 Voltage change in the system with PV units and two storage devices com

Bus ΔV, pu Bus ΔV, pu Bus

701 −0.0002 722 −0.0012 727
713 −0.0002 724 −0.0009 744
714 −0.0002 725 −0.0003 728
718 −0.0001 712 −0.0002 729
720 −0.0004 742 −0.0002 730

Table 3 SDI and optimum buses for the case of two storage devices

Bus 722 737 Total

SDI, kW/kW 5.92 19.36 25.28

J Eng, 2016, Vol. 2016, Iss. 4, pp. 80–87
doi: 10.1049/joe.2016.0031

This is an open
be around 19.4% higher. Table 1 shows the voltage rise in this bus
by injecting P = 300 kW is 0.0130 pu, whereas injection of Q =
300 kVAr increases its voltage by 0.0154 pu. That is, 18.5%
higher voltage rise by Q injection compared with P injection as
was closely estimated by comparing kqii and kpii.

5.3 Optimum location and sizing of storage devices

Besides assessing the effect of PV power on the voltage profile of a
distribution system, the estimation method can be used to identify
the location and sizing of a storage device as was proposed in
Section 4.2. It should be noted that the main objective for placement
and sizing of storage devices considered in this research is its ability
to absorb power to compensate the effect of high PV penetration.

5.3.1 Maximising SVE: In order to achieve the maximum SVE,
the storage device must be connected to the bus corresponding to
the column of KP with the highest sum of elements. Column
sums related to active buses of the IEEE 37-bus system, represent-
ing SVE values are shown in Fig. 5. As this figure shows, buses
741, 740 and 738 are the three best locations for connecting a
storage device to achieve high voltage effects by storage devices.
On the other hand, connecting the storage device to bus 701 will
result in the lowest SVE. It can also be deduced from Fig. 5 that
buses close to the end of the feeder generally have higher SVE
and consequently are more effective options for adding an energy
storage system. Due to this, SVE values of remote buses like
741, 740 and 738 are higher than 1.5 Vpu/Ppu, whereas this value
is around 1 Vpu/Ppu in buses close to the substation, like 712 and
742. In this way, connecting storage devices to remote buses
shows more than 50% higher influence on the overall system
voltage compared with buses close to the substation in the IEEE
37-bus system.

5.3.2 Assessing SDI: Using (20), SDI, which is the required kilo-
watt amount of storage device to compensate the effect of 1 kW of
uniformly added PV, is calculated as 29.95 kWstorage/kWPV. This
value is for the scenario of one storage device, which must be
pared to the base case

ΔV, pu Bus ΔV, pu Bus ΔV, pu

−0.0003 731 −0.0012 736 −0.0022
−0.0002 732 −0.0015 737 −0.0036
−0.0001 733 −0.0019 738 −0.0035
−0.0001 734 −0.0026 740 −0.0034
−0.0010 735 −0.0024 741 −0.0034

Table 5 SDI and optimum buses for the case of three storage devices

Bus 720 744 737 Total

SDI, kW/kW 7.50 1.49 16.07 25.06
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Table 6 Voltage change in the system with PV units and three storage devices compared to the base case

Bus ΔV, pu Bus ΔV, pu Bus ΔV, pu Bus ΔV, pu Bus ΔV, pu

701 −0.00011 722 −0.00016 727 −0.00019 731 −0.00069 736 −0.00130
713 −0.00018 724 −0.00003 744 −0.00011 732 −0.00091 737 −0.00254
714 −0.00023 725 −0.00042 728 −0.00006 733 −0.00129 738 −0.00242
718 −0.00013 712 −0.00004 729 −0.00005 734 −0.00176 740 −0.00230
720 −0.00053 742 −0.00005 730 −0.00061 735 −0.00152 741 −0.00230
connected to bus 741. It means that if 1 kW of PV is injected to all
the active buses, a battery unit with the size of 29.95 kW at bus 741
is needed as the minimum requirement to compensate the voltage
effect of PV units. In order to check the accuracy of this value,
PV units of 15 kW are connected uniformly to 25 active buses
while a storage device of 29.95 × 15 = 449.25 kW is absorbing
power at bus 741. In this scenario, Table 2 shows the voltage
change in all the buses compared to the base case with no PV
and no storage.

This table shows that for all buses ΔV < 0; that is, voltage rise by
PV units is completely compensated by the storage device.
Moreover, voltage reduction in buses close to bus 741 is higher
as the storage device is connected to this bus. If more than one
storage device is intended to be used, an optimisation problem
should be defined and solved to obtain the minimum requirement
of storage devices. For scenarios of two and three storage
devices, best locations and their corresponding SDIs are discussed
as follows. For the case of using two storage devices, these para-
meters are obtained as presented in Table 3.

Compared to the case of a single storage device, this case shows
15.6% reduction in SDI value (25.28 against 29.95). This shows
that less total storage amount is required when two units are used
instead of one. Furthermore, the best location for connecting the
storage devices is different to the previous case. That is, whereas
the best bus to connect one storage device is bus 741, when two
devices are utilised the best buses are 722 and 737. Therefore,
one important parameter for the best location and sizing of
storage devices is the number of devices that are going to be
deployed. In order to justify the validity of acquired results, two
storage devices of 15 × 5.92 = 88.8 kW and 15 × 19.36 = 290.4
kW are connected to buses 722 and 737, respectively. PV units
of 15 kW are also connected uniformly in all the buses. In this con-
dition, Table 4 shows the voltage change of the system compared to
the base case.

According to this table, as for all buses ΔV < 0, storage devices
have completely mitigated the voltage rise by PV units.
Consequently, it is confirmed that when two storage devices are
used to mitigate the voltage effect of PV power units, less total
value is required compared with the case of one storage device.
In the next step, three storage units are assumed to be utilised. In
this scenario, optimum locations and corresponding SDIs are calcu-
lated as given in Table 5.

This table shows that SDI in this scenario is 16.3% smaller than
the scenario of using a single storage device. As a result, a lower
amount of storage is required to compensate the voltage effect of
PV. Table 6 shows the voltage change between the base case and
the case with uniform 15 kW PV units and three storage units
with sizes 7.50 × 15 = 112.5 kW, 1.49 × 15 = 22.35 kW and
16.07 × 15 = 241.05 kW connected to buses 720, 744 and 737,
respectively.

Negative values for ΔV in Table 6 confirm the effectiveness of
proposed storage devices to alleviate the voltage rise by PV. It
should be noted that comparing SDI values in this case with the
case using two storage devices only shows a slightly (0.9%) less
total storage requirement. That is, adding the complexity and cost
of utilising three storage devices instead of two does not reduce
the total storage requirement. This implies that between three
studied options for the number of storage devices, the best option
This is an open access article published by the IET under the Creative
Attribution License (http://creativecommons.org/licenses/by/3.0/)
could be using two storage devices as it shows some reduction in
required total size compared with the single storage case.
However, due to higher possible cost and technical complexity of
using two storage devices compared with a single device, the selec-
tion between these two options needs a thorough comparison
between economic and technical factors.

As can be seen from the results in this section, using the proposed
estimation method, best location and sizing for storage devices can
be easily obtained. Similar procedures can be followed for utilising
reactive power compensation devices. The only difference is to find
the voltage effect of reactive power compensation devices, KQ

matrix is utilised instead of KP. Overall, the voltage change estima-
tion results obtained by the proposed estimation method were accur-
ate when evaluated in the IEEE 37-bus distribution system.
Furthermore, the proposed estimation method showed its potential
applications for optimisation studies of PV and storage allocation
and sizing.

6 Conclusions

To facilitate high penetration of PV units in distribution systems,
this paper establishes an estimation method. The method captures
voltage impact due to PV power injection and helps identifying sen-
sitive locations and sizes of compensation devices to facilitate
maximum PV penetration. The method was tested in IEEE
37-bus test distribution system. Results for this system confirm
that the method predicts voltage effect of PV with a satisfactory ac-
curacy when compared with actual results. Moreover, this method is
applied for identifying voltage sensitive buses and location and
sizing of compensation devices, including energy storage, to miti-
gate the voltage rise by PV and maximise the PV penetration
level in the test system. The numerical results for various applica-
tions demonstrate the usefulness of the method.
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