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This paper addresses the problem of reactive power control of distributed generation (DG) units in the
medium voltage (MV) distribution systems to maintain the system voltages within the predefined limits.
An efficient approach for the load flow calculation is used here which is based on the topological struc-
ture of the network. It has been formulated for the radial distribution systems. A direct voltage sensitivity
analysis method is developed in this paper which is also based on the topological structure of the net-
work and independent of the network operating points. Thus, the sensitivity matrix is calculated once
with the load flow program and it is used in all the system working conditions. The problem of DGs
reactive power control is formulated as an optimization problem which uses the sensitivity analysis
for linearizing the system around its operating points. The objective of the optimization problem is to
return the system voltages inside the permitted range by using the reactive power of DGs in an optimal
way. The optimal solutions are obtained by implementing particle swarm optimization (PSO) algorithm.
Then, the results are verified by running a load flow considering new values of DGs reactive power. The
procedure is repeated as long as a voltage violation is observed. Simulation results reveal that the

Keywords:

Distributed generation units
Voltage control

Reactive power control
Sensitivity analysis

PSO algorithm

proposed algorithm is capable of keeping the system voltages within the permitted limits.
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Introduction

During the recent years, the conventional structure of electrical
power systems has been changed by the presence of distributed
generation units (DGs). Previously, the electric power was gener-
ated in large generating stations at a small number of locations
(called central generation). In these stations, voltage was stepped
up to high voltage (HV) to be transmitted through HV transmission
networks. The voltage was then stepped down to medium voltage
(MV) and low voltage and distributed through radial distribution
networks to the end users. In recent years, there has been a consid-
erable growth in the amount of decentralized generation con-
nected to the distribution systems. As a result, currently, power
systems are in a state of transition from the conventional systems
with unidirectional power flows to the active networks with bi-
directional power flows. Therefore, new technical challenges have
emerged for distribution system operators (DSOs) [1].
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Presence of distributed generation units alters the conventional
voltage regulation schemes of distribution systems. In the conven-
tional distribution feeder (without DG units), voltage decreases
toward end of the feeder, as the impedance of lines causes a volt-
age drop. Thus, the biggest voltage drop happens at the end of the
feeder based on the amount of loads demand. With the presence of
DG, if its power exceeds the local demand of loads, the power flow
direction will be inversed and a voltage rise will appear at the DG-
connected bus.

Traditionally, DSOs have managed their system at the planning
stage based on the fit and forget policy using deterministic load
flow studies (considering the critical cases) in order to meet the
loads demand and to verify lines capacity and voltage regulation
issues. With DG units, as their output power varies during the
day, the uncertainty in distribution system management is
increased and the safe operation of the system becomes more com-
plicated. In this situation, implementing an on-line voltage control
system based on the active network management policy becomes
more crucial.

Theoretically, different methods can be applied for voltage reg-
ulation of distribution systems but the most applicable methods
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are based on using on-load tap changer (OLTC) mechanism of the
transformer, reactive power compensation and curtailment of DG
active power. In [1], coordination of the OLTC action and the reac-
tive power changes provided by distribution STATCOM has been
studied. The problem of reactive power control of DGs for voltage
regulation of the radial distribution systems by using a new voltage
sensitivity analysis method has been addressed in [2]. The pro-
posed algorithm acts on a single generator that has the biggest
effect on the voltage of the violated bus. A method for voltage reg-
ulation of MV distribution systems based on the generation curtail-
ment of DGs active power has been presented in [3]. The
generation curtailment is done using the voltage sensitivity factors
extracted from Jacobian matrix. Also, an algorithm for short term
scheduling of distribution systems including day-ahead scheduler
and intra-day control system has been developed in [4]. It is for-
mulated as a non-linear optimization problem that is linearized
by the use of the sensitivity coefficients obtained from the load
flow calculations. A centralized voltage control scheme based on
the model predictive control (MPC) and using the sensitivity
indexes has been investigated in [5]. A coordinated scheme to min-
imize the cost of the system operation in terms of cost of the
energy losses, cost of the curtailed energy and cost of the reactive
power support while maintaining the system limits has been for-
mulated as an optimal power flow (OPF) algorithm in [6]. In [7],
a hierarchical three-layer control scheme has been developed for
the control of active and reactive powers of DGs using the MPC
and OPF algorithms. Authors in [8] have presented a new method
called the experimental design method for the optimal positioning,
sizing and eventually for the real time control of the system volt-
ages in the MV grids.

In the literature, in [3-6], the sensitivity matrix extracted from
Jacobian matrix is used which is not constant and it changes with
respect to the network operating point. Also, the sensitivity
method based on the Jacobian matrix suffers from inaccuracies
because it should incorporate the variation of load powers with
voltage, which is not well known in practice [5]. In this paper, a
direct approach is presented to obtain the voltage sensitivity coef-
ficients based on the topological structure of the network. The pro-
posed sensitivity method is independent of the network operating
points and has a simple theory and structure. Finally, in this work,
a centralized voltage control method is developed to optimally
manage the reactive power of DG units using PSO algorithm and
the proposed sensitivity approach. The main objective of this work
is to return the system voltages inside the permitted limits while
minimizing the reactive power changes of DG units.

Voltage control problem in the new distribution systems

The electric power networks have traditionally been operated in
a passive mode where the power generated by large power plants
was delivered to the customers through distribution networks.
Thus, the flow of power was from the higher toward the lower volt-
age levels. Recently, in the emerging electric networks, distributed
generation units are expected to play an increasing role. With the
introduction of the DGs, the power flows may be reversed. The dis-
tribution network is no longer a passive circuit supplying loads but
an active system with the power flow and voltage determined by
the DGs as well as the loads. When a DG injects active power at
a certain point of the system, the voltage of that node can be raised.
This fact is explained as follows. Consider the radial system shown
in Fig. 1.

In case of no DG, the power flow between nodes 1 and 2 (P;»
and Q) is equal to the load demand at bus 2 (P, +jQ,). The voltage
drop in per unit at bus 2 can be given approximately by [9,10]

Vi = V3 =Poria + QqaXn2 (1)

V.
! P13, Q12 V2 Qoe
—_—

DG

rip + jXip

P +jQ,

Fig. 1. Part of a distribution system.

where 1, and x;, are the resistance and reactance of the line
between nodes 1 and 2. Now, if the DG injects power at node 2,
the power flow between nodes 1 and 2 is changed. In this case,
(1) must be modified as

Vi =V, = (PL— Ppe)riz + (Qp £ Qpg)X12 (2)

where Ppg and Qpg are active and reactive powers of the DG unit.
Based on (2), when active power of the DG increases, the term P,
— Ppg can become sufficiently negative so that the right side of
(2) becomes negative that means V is greater than V;. So the injec-
tion of DG power can cause a voltage rise problem, especially, when
the x/r ratio is low that is the case in the distribution systems. As it
can be observed, the amount of voltage variations depends on the
amount of DGs active and reactive powers, demand of loads and
impedance of the system lines. Due to the fact that demand of loads
and DGs active power are changing during the day, both voltage rise
and voltage drop problems are possible to occur. The voltage control
problem is known as one of the biggest obstacles for increasing the
integration of DG units in distribution grids. If this problem can be
solved efficiently, then higher DG levels could be allowed to be
installed on the feeders.

Reactive power compensation

Reactive power compensation is a useful method for voltage
regulation of distribution systems. Traditionally in distribution
systems, capacitor banks have been used to keep the power factor
close to 1 and to compensate voltage drop in the heavy load situ-
ations. In the DG-connected distribution systems, as we must deal
with both voltage drop and voltage rise problems, we need a
source of reactive power with the ability to work in both inductive
and capacitive modes (see (2)).

The needed reactive power of the system can be provided by
synchronous machine-based DG units that are able to adjust their
output reactive power in order to affect the system voltages. Con-
ventional control systems for reactive power control of synchro-
nous machines are automatic power factor control (APFC) system
and automatic voltage regulation (AVR) system [11]. In the auto-
matic power factor control mode, the reactive power of DG follows
any variation of the active power of DG. Therefore, the Ppc/Qpg
ratio is maintained constant in order to keep the system voltage
within the limits. This method is not applicable in voltage regula-
tion of distribution systems with a low ratio of x/r. Also, it is not an
effective approach as the load power variations of the system are
not taken into consideration. In the automatic voltage control
mode, the difference between the actual bus voltage and a set ref-
erence voltage defines the needed reactive power of the system.
This action can be explained by a droop characteristic that shows
the relationship of the needed reactive power of DG in accordance
with the voltage of the system. In [12], a new voltage control
method has been proposed which combines the advantages of
AVR and APFC control systems. The above-mentioned reactive
power control methods are based on the local control of DGs unit.

In case of doubly-fed induction generators (DFIGs), reactive
power compensation is possible through control of rotor current
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but the physical, thermal and converter power limitations must
be considered. DFIG-based wind turbines are able to control
active and reactive powers independently. In this paper a central-
ized approach is proposed to remotely control reactive power of
DGs.

Direct approach for load flow study in distributions systems

The idea of direct load flow approach in the distribution sys-
tems has been presented in [13]. This approach is based on devel-
oping two matrices named bus injection to branch current (BIBC)
and branch current to bus voltage (BCBV). These matrices present
the topological structure of the network. The BIBC matrix is
responsible for the relations between the bus current injections
and branches current. Thus, variations of the branches current,
which are generated by the variations of the current injection at
the system buses, can be found directly from the BIBC matrix.
The BCBV matrix presents the relations between the branches cur-
rent and system voltages. The variations of the system voltages
caused by the variations of the branches current can be found by
using the BCBV matrix. A simple 5-bus distribution system shown
in Fig. 2 is used to explain the theory of the proposed load flow
study.

The branches current By, B,, B3 and B, are obtained by applying
the Kirchhoff's current law to the system in Fig. 2:

By 111 177k
B, 011 1|]|k

= 3
B3 0 01 0|l 3
By 0 0 0 1]

The BIBC matrix that gives the relationship between branches
current and bus current injection at the system buses is obtained
from (3) as

B] = [BIBC][I] (4)

The relationships between branches current and system volt-
ages can be presented by the following equation.

Vi Vs, Zi, O 0 0 By
Vi _ V3 _ Ziy Zy 0 0 B, (5)
Vi V4 Ziy Zy3 Z3z4 O Bs
Vi Vs Ziy Zz 0 Z3s| By

The BCBV matrix can be obtained from the over-mentioned
equation.

[AV] = [BCBV][B| (6)

¥

Fig. 2. Simple 5-bus radial distribution system.

Using (4) and (6), a direct relation between AV and I is obtained
through the so-called DLF matrix that is composed by multiplying
BCBV and BIBC matrices.

[AV] = [BCBV][BIBC][I] = [DLF][I] (7)

The DLF matrix is built once in load flow study. It remains con-
stant as it contains the topological structure of the network. In
order to solve the load flow, (7) is used in an iterative-based proce-
dure. The vectors of AV and I are updated by using the following
equations.

vk
[AV*!] = [DLF][I"] 9)
V] = [V = [AVE) (10)

where V¥ is the vector of the system voltages at the iteration num-
ber k. Vector V° assumes all the initial voltage values equal to 1 per
unit. The solution of load flow is obtained when the error between
the new calculated voltage values (V') and V¥ is less than the cho-
sen error (for all the system buses).

In this load flow method, time-consuming LU decomposition and
forward/backward substitution of the Jacobian matrix or admit-
tance matrix required in the traditional load flow methods are no
longer necessary [13]. Only the DLF matrix is used to solve the load
flow problem. Therefore, in this method, a considerable computa-
tion time can be saved that makes the proposed load flow method
suitable for online operation and management of the system.

The proposed voltage sensitivity analysis method

The selection of the optimum control strategy is made by using
off-line data based on the sensitivity analysis. Obviously, changing
all system parameters has an effect on the system performance.
However, some may have significant impacts whereas others have
less important impacts. The voltage sensitivity matrix provides us
some information about the influence of changing generation and
load parameters (P and Q) on the system voltages. Voltage sensitiv-
ity of each node to the injection of reactive or active power of the
system nodes is usually obtained from the inverse of Jacobian
matrix in the load flow study as shown in (11).

L] =l an
Q
where A0 is vector of voltage angle variations, AV is vector of nodal
voltage variations and J~! is the inverse of the Jacobian matrix. The
drawback of using this method is that the sensitivity coefficients
extracted from Jacobian matrix is not constant and it changes with
respect to the network operating point [3]. Recalculating and updat-
ing these data are time-consuming and increase calculation burden
of the proposed algorithm. Moreover, as stated before, in MV distri-
bution systems when DGs inject power to the grid, the system volt-
ages tend to increase. In HV transmission grids, as the resistance of
lines is negligible this phenomenon happens mainly when reactive
power is injected to the system and injection of active power mostly
affects the voltage angles of the systems. In other words, that so
called P0-QV decoupling of HV grids is no longer valid in MV grids.
The sensitivity method based on the Jacobian matrix is generally
valid in MV distribution grids but in our application, we do not
mind about the voltage angle values. The objective of voltage con-
trol system is to maintain the magnitude of the system voltages
within the limits. Thus, this method is a complex and time-consum-
ing approach to be used in MV systems. In order to tackle the short-
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comings of the classical sensitivity analysis method, a direct
approach for calculation of the sensitivity matrix independent of
the network operating points and well-suited for MV distribution
systems is presented.

From (2) presenting the voltage variations at bus 2 with respect
to the voltage at bus 1 (slack bus), it can be observed that the active
power that flows in the line is coupled with the resistance of line
and the reactive power that flows in the line is coupled with the
reactance of line. The voltage variations at bus 2 are function of
the reactive and active powers of the line, but the influence degree
of Py, and Q;, on voltage at bus 2 depends on the ri; and x5,
respectively. In a general form, (2) can be written as

Vi—Vj = 1Py + x;Q; (12)

where P;; and Qj are the active and reactive power flows between
nodes i and j (i # j). As the voltage at bus 1 is always constant,
the sensitivity of system voltages to the active and reactive powers
in each branch can be obtained from the resistance and reactance of
the relevant lines, respectively. In order to make the proposed sen-
sitivity analysis method clearer, let us refer again to the simple 5-
bus radial distribution system shown in Fig. 2. Eq. (12) for that test
case can be rewritten as:

AVy, Vi V, r, 0 0 O Py
AViz | |Vi _ Vs| |r2 3 0 0 Py
AVig | | Vq Va| |z T3 134 0 ||Py
AVys Vi Vs a2 T3 0 T135] [P35

X, 0 0 0 Q12

X2 X 0 O
L | X X Qa3 (13)
Xi2 X3 X3¢ 0 | [Qa

X2 X33 0 X35 Q35

Due to the fact that we aim to control the reactive power of the
system at some nodes, the sensitivity of system voltages with
respect to the power injection at the system nodes is needed.
The relations between power flow in branches with the power
injection at the system buses are obtained as below.

Pi 111 17[P,
Py 01 1 1||Ps

= 14
P4 001 0||P (14)
Pss 000 1]LPs

The same manner is used to build the matrix giving the rela-
tions between reactive power flow in branches with the reactive
power injection at the system buses. Using (13), (14) and its reac-
tive counterpart, we obtain the sensitivity of system voltages with
respect to the active and reactive power injections at the system
buses.

Vi Vs, T2 T2 T2 T2 P,
Vil |Vs| _|mM2 M2+l T2t T2 +T23 Ps
Vi Va| |2 Ta+Tas Fp+rs+r3s  Ta+ros P,
Vi Vs T2 T'2+T23 T2 +T23 ria+r3+7135] [Ps
X12 X12 X12 X12 Q,
n X12 X12 +X23 X12+X23 X12 +X23 Qs
X12 X12+X23 X12+X23+X34  X12+X23 Q4

X12 X12+X23 X12 +X23 X12+X3+X35] Q5
(15)
In a general form, (15) can be written as
[AV] = [R][P] + [X][Q] (16)

where [P] and [Q] are vectors of the active and reactive power injec-
tions at the system nodes, respectively. Also, the matrices [R] and

[X] give the sensitivity of the system voltages with respect to the
active and reactive powers of the system nodes. The element
(m,n) of [R] is the sum of the resistance of the branches in which
both Py,+; and P,.; flow. For instance, in order to obtain the element
(3,2) of [R], the branch between nodes 1 and 2 as well as the branch
between nodes 2 and 3 in which both P4 and P; flow are considered
[2]. Since bus 1 is the slack bus, its voltage is always constant

(% =0 = O). Therefore, the element (3,2) of [R] (Rs>) that gives

the sensitivity of voltage at bus 4 with respect to the active power
at bus 3 is given by:

oV, -V —oV.

( (]91)3 . - (91’34 =Rz =r2+12 (17)

All the sensitivity indexes are obtained by the following rules.
oV
8P): = _Rm—l.n—l (18)
WV
=X 1n 1

aQn m-1,n-1 ( 9)

The proposed sensitivity analysis is developed based on the
topological structure of the network. The sensitivity coefficients
are built by considering the directions in which P and Q flow.
The matrix R (or X) presents the relationship between the active
(or reactive) power injection of the nodes and voltage of the nodes.
The same approach has been used to develop DLF matrix in the
load flow study. The DLF matrix is built in the same way of matri-
ces R and X. It presents the relationships between [AV] and [I]. DLF
contains the same data as matrices R and X. The only difference is
that DLF matrix contains resistance and reactance with together in
each array in the complex form:

[DLF] = [R] +j[X] (20)

Therefore, in this work, the voltage sensitivity coefficients are
obtained from DLF matrix in the load flow study. The real part of
DLF matrix in each array composes the matrix R and its imaginary
part gives the matrix X.

Problem formulation

In this work, active power control of DGs is not considered,
thus, from (16), the matrix X is used only. Also, reactive power con-
trol at all system buses is not possible. Therefore, in (15), the ele-
ments that correspond to the DG-connected buses are only
employed.

The proposed load flow algorithm is used here to calculate the
current state of the system and to check if there is voltage violation
in the system. The sensitivity matrix ([X]) is used to calculate the
proper change of DGs reactive power in order to manage the volt-
age constraints. As matrix X is constant and independent of net-
work operating point, the expected amount of voltage change
can be determined by calculating the proper amounts of reactive
power changes. Using the sensitivity matrix, the problem is linear-
ized around its operating points, so the current amount of DGs
reactive power is not considered in this part of the problem. The
main aim is to calculate the proper amount of reactive power
changes.

The flowchart of the developed algorithm for optimal control of
DGs reactive power is presented in Fig. 3. The main objective of the
problem is to return the system voltages inside the permitted
range when the voltage limits are violated by using reactive power
control of DGs. Also, the amount of reactive power changes must
be selected optimally. Therefore, the problem is formulated as an
optimization problem with the relevant constraints. The objective
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START (I-0) |

Load system data, run initial load flow,
and calculate voltage sensitivity matrix [X]

Is there any
voltage violation?

STOP

YES

I=I+1

A
Calculate AV and select the relevant
voltage sensitivity indexes

A
Solve the optimization problem with PSO
algorithm

Y
Update new values of DGs reactive
power obtained from optimization part

A
Run a new load flow calculation
to check the system voltages

A 4

Fig. 3. Flowchart of the proposed algorithm.

function is chosen in a way that aims to minimize the total amount
of reactive power changes.

N
Minimize objective function : ) |AQpg| 21)

x=1

where N is the number of the DG units that contributes in reactive
power control. After running the initial load flow program, if there
is a voltage violation in the system, the bus with the biggest voltage
violation is selected. Then, the amount of the biggest voltage viola-
tion from either upper or lower limit is calculated (AViorst). It gives
us the proper value of voltage change in order to return the voltage
of that bus inside the permitted range (AVproper). Form (15), the row
corresponding to the bus with the worst voltage violation is used to
calculate the proper amount of voltage change in order to solve the
voltage problem of that bus as follows

AV — _AV L= ZN: 8Vworst
proper WOrsS! - 8QDGx

AQnpcx (22)

where %’QL;GT is the sensitivity of the voltage of the worst bus to the
reactive power change of the DG number x. In (22), the sensitivity
coefficients are constant variables which are obtained from matrix
X. The proper amount of voltage change (AVproper) for solving the
voltage problem of the worst bus is a defined parameter but AQpgy
(x=1, 2,..., N) are unknown variables that must be optimally
selected. In order to consider the proper amount of voltage change

for solving the voltage problem of the worst bus, (22) is considered
as an equality constraint of the problem.

In practice, the available capacity of DFIGs and synchronous
machines for reactive power compensation is limited by several
factors as presented in [14,15]. The DGs reactive power limitations
are applied to the problem as an inequality constraint.

QDGx,min < QDGx < QDGx.max (23)

By using (23), the power capability curve of the DG units is
considered in the problem. Based on the performed problem for-
mulation, the proposed algorithm aims to optimally change DGs
reactive power to return the system voltages inside the permitted
limits considering their available capacities. As it can be seen in
Fig. 3, the iterative procedure of the algorithm stops when volt-
age of all the system buses is returned inside the permitted
range.

Moreover, it must be noted that inside the main loop of the pro-
posed algorithm shown in Fig. 3, load flow and particle swarm
optimization algorithms are also iterative-based methods.

Particle swarm optimization (PSO) algorithm

PSO algorithm, introduced by Kennedy and Eberhart [16], is one
of the modern heuristic algorithms that has the robustness to solve
the optimization problems with continues and discrete variables.
The PSO was developed through behavior of the natural society
such as fishes and birds. It can generate a high quality solution
within a shorter calculation time and more stable convergence
characteristic than other methods [17]. In this paper, PSO algo-
rithm is used to solve the optimization problem that was presented
in the previous section as it has found to be a fast and robust opti-
mization tool. The superiority of the PSO method to other evolu-
tionary and search-based methods has been investigated in many
papers in the recent years [18-21].

In this optimization algorithm, a group of particles is consid-
ered. Each particle has a position in the N-dimension space where
N is the number of variables that must be optimized according to
(21). Firstly, the algorithm starts with some random positions.
For each particle, the proposed objective function is calculated by
considering its position. Then, vector of Pbest is composed. It pre-
sents the best position of all particles. Also, the best particle of
Pbest gives the gbest (the best agent of the group). At the next iter-
ation, position of each particle is moved in order to find the better
positions. The current position of each particle is moved by using
the velocity factor. The velocity of particle p at iteration K ( 1/;) com-
bines with the distances to Pbest, and gbest to find the new veloc-
ity of each particle. Mathematical formulation of this concept is
shown as below.

vyt =wx v + ¢y x rand; x (Pbestp - Sﬁ) + ¢ x rand,
x (gbest -5y ) (24)

where
V%1 is modified velocity vector of agent p;
Pbest,: best position of the particle p;
S;f: position of agent p at iteration K;
rand;, rand,: random numbers between 0 and 1;
w: weighting factor;
1, C3: learning factors = 2.

As can be seen in (24), direction and length of the new velocity
vector for each particle is determined by combining its previous
velocity with Pbest, and gbest. Using (24), a new velocity vector
is calculated and then the current position of each particle is mod-
ified by
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Syt =S5 + ok (25)

At each iteration, if the new position of the particle is better
than the previous one (based on the value of its objective function),
Pbest, is updated. Also, if the current gbest is better than that of
the previous iteration, it should be updated as well. In this way,
the particles are moving toward the better positions. PSO algo-
rithm stops when it reaches the maximum iteration number
(Itermax = 200). If the optimization algorithm works correctly, at
the end, all particles are stopped at the same position where is
the best position. There are 10 particles in the group.

Investigated system

In order to test the effectiveness of the proposed algorithm, a
33-bus, 12.6 kV radial distribution system shown in Fig. 4 is con-
sidered. Parameters of the investigated system are given in [22].
Total active and reactive powers of the system loads are
3.72 MW and 2.3 Mvar, respectively. The system under study also
consists of 4 DG units which are located at the buses 6, 12, 18
and 33. The DG units are DFIG-based type and identical with a
maximum rated power of 1 MW.

The capability power curve of the DG units is obtained from
[14]. In this paper, the capability curve is linearized by the points
given in Table 1. Also, it is approximated as a symmetrical curve.
As it can be understood, the maximum reactive power is function

%l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

19 23 26
G

20 24 27

DG, DG, DG;
21 25 28
22 29

32
13 &—(G) DG,

Fig. 4. 33-bus radial distribution system.

Table 1
Power capability curve of DGs (% in DG rated power).

Point P Qumax/Qumin (%)
1 0 95
2 25% 95
3 50% +90
4 100% +60

1.01

of the current active power value of the machine. It is supposed
that all the points inside the capability curve presented in Table 1
can be provided by the machine.

In the load flow study, bus number 1 is considered as slack bus
and all other buses are P-Q buses. DG units are modeled as the
negative loads. Positive values of reactive power correspond to
the inductive mode and the negative values show the capacitive
range. The upper and lower permitted limits of voltages for all sys-
tem buses are 1.03 and 0.97 pu, respectively [23].

Simulation results

The proposed algorithm shown in Fig. 3 is coded in MATLAB
environment. It is applied to the radial distribution system shown
in Fig. 4 in order to test the effectiveness of the results. In this
paper the worst case scenarios in voltage regulation of the studied
test case are simulated and the results are presented. Obviously,
when the proposed algorithm succeeds to manage the voltage
problem of the worst cases, it can manage all other system working
conditions.

Case 1: full load — minimum generation

In this case, all the system loads are at their maximum power
values and DG active power generations are 15% of the rated
power. It can be estimated that at the end of the lines, voltage drop
can occur. Fig. 5 presents the results of the load flow study for this
test case when DG units only generate active power (without reac-
tive power compensation). Using the proposed algorithm for reac-
tive power control of DGs, the system voltages return to the
permitted range as can be seen in Fig. 5.

Based on the proposed algorithm, after running the initial load
flow (at I = 0), if a voltage violation is found in the system, the main
loop of the proposed algorithm starts (I=1). At iteration number
one (I = 1), the voltage of the bus with the biggest voltage violation
is defined. Then, the row that corresponds to that bus is taken from
(15) and is used as the equality constraint of the optimization
problem. The proper amount of reactive power changes in order
to solve the voltage violation of that bus is obtained by PSO algo-
rithm. Finally, at the end of the iteration number one, a new load
flow calculation considering the new values of DGs reactive power
is run to verify the obtained results and to check whether all the
system voltages are within the limits or not. If a new voltage vio-
lated bus is found, iteration number two starts. The bus with the
biggest voltage violation is defined again and the row that corre-
sponds to that bus is selected from (15). A new optimization prob-
lem must be solved for voltage problem at that bus which is

= Without reactive power compensation
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Fig. 5. System voltages along the feeder in case 1.
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Table 2
Reactive power changes of DGs in case 1.
I=1 1=2 1=3

AVworst —0.0414 pu —0.033 pu —0.0027 pu
At bus no 17 32 30
AQpc: 0 ~490.83 kvar ~103.57 kvar
AQpg2 0 0 —205.62 kvar
AQpc3 —693.7 kvar 0 0
AQpca 0 ~950 kvar 0

subjected to the new equality constraint and the remained capac-
ity of DGs reactive power. At the end of the iteration number two,
load flow calculation again determines the iterative procedure
must go to the next iteration or it can stop. The proposed algorithm
stops when all the system buses are returned inside the permitted
voltage range. Table 2 gives the values of DGs participation in volt-
age control of the system in the case 1.

The negative value of (AV,y.s:) Shows the amount of the biggest
voltage violation from the lower voltage limit (0.97 pu). The nega-
tive values of AQ mean changing the reactive power toward the
capacitive mode of the capability curve.

Let us now describe the results in Table 2 in more details. By
running the initial load flow calculation (at I = 0), it is understood
that there is voltage violation at the system buses. Thus, the main
loop of the proposed algorithm starts with the iteration number
one (I=1). The biggest voltage violation is found at bus 17. At
I =1, the optimization algorithm employs only DG3 (at bus 18) to
regulate the voltage at bus 17. Because the sensitivity of voltage
at bus 17 with respect to the reactive power change at bus 18 is
the highest (among other DGs). Also, as the available capacity of
DGs is enough to solve the voltage problem at bus 17, it is used
alone. If it was not enough, the next DG candidate was DG,. Finally,
the last options were DG; and DGy. It can be justified by the fact

that
> = > (‘E)V” or )
0Qig| = 0Q1; 0Q¢ | |0Q33

At the second iteration (I=2), the proposed algorithm must
solve the voltage drop at bus 32. As DG4 has the biggest effect on
voltage at bus 32 (among DG, DG, and DG3), it is used by optimi-
zation algorithm with its maximum available reactive power
capacity. Also, the rest of needed reactive power is provided by
DG;. Finally, at I = 3, the optimization problem must solve the volt-
age drop that happens at bus 30. Since DG4 cannot be participated
anymore, DG, and DG, are used. DG, and DG, have equal sensitiv-
ity to voltage at bus 30. The illustrated results in Fig. 5 with the
red’ dotted line show the system voltages at the end of the iteration
number 3 when the proposed algorithm stops as all system voltages
are returned to the predefined limits.

Case 2: maximum generation — minimum load

In the second case, the loads and DGs are considered to be 25%
and 90% of their respective rated values. Fig. 6 shows the system
voltages after and before the reactive power compensation by DGs.

As it can be seen, firstly, the biggest voltage violation is found at
bus 18. Based on the proposed algorithm when the voltage prob-
lem at bus 18 is solved, then the new violated bus (bus 33) forms
a new optimization problem with the new constraints. Table 3 pre-
sents the reactive power changes of DG units in order to regulate
the system voltages.

1 For interpretation of color in Fig. 5, the reader is referred to the web version of
this article.

Considering the results of Table 3, the same analysis as the pre-
vious test case can be done here. At the first iteration of the main
algorithm (I = 1), DG, and DGs are contributing at their maximum
values. Since their contribution is not enough to return the voltage
at bus 18 inside the permitted limits, DG; is also participated.
Then, next iteration of the algorithm is required since there are still
voltage violations in the system. The biggest voltage violation hap-
pens at bus 33. At the second iteration (I = 2), DG, and DGs cannot
provide reactive power anymore (as they are already participated
at their maximum values). So the only options are DG; and DGy,.
Due to the fact that the sensitivity of voltage at bus 33 with respect
to the reactive power change at bus 33 is higher than that of the
bus 6 (for DG;), DGy is used only to regulate the voltage at bus 33.

Discussion on the results

As noted before, inside the main loop of the algorithm shown in
Fig. 3, load flow and particle swarm optimization algorithms are
also iterative-based methods. The convergence of load flow pro-
gram depends on the system parameters. If the input data of the
load flow program are acceptable, its convergence is guaranteed.
Since in this paper, the reactive power limitation of DG units is
taken into account, the input data of load flow algorithm are
adopted with the real constraints of the system. So the optimiza-
tion algorithm will not demand some big values of reactive power
changes that can cause load flow program to be diverged. PSO algo-
rithm stops when it reaches the maximum iteration of the algo-
rithm. Generally, the main convergence criterion for the whole
algorithm is to have enough reactive power capacity in order to
be participated in the voltage regulation problem.

In the proposed voltage sensitivity method, an approximation is
considered in formulation of (1). As in the distribution systems
voltage angles (6;) are very small, the imaginary part of the voltage
variation vector that corresponds to sin0; is negligible. Therefore,
(1) is obtained from the real part of the voltage variation vector.
Based on the simulation results, it can be concluded that this is a
very good and accurate approximation. Because the predicted val-
ues using the sensitivity method (in Tables 2 and 3) always match
the calculated values obtained from the load flow program (in
Figs. 5 and 6). For instance, it is seen in Fig. 5 that by using the pro-
posed algorithm, voltage at bus 30 reaches 0.97 pu at the end of
iteration 3. Also, in case 2, in Fig. 6, the system voltage at bus 33
reaches 1.03 pu. It means that the values obtained by the sensitiv-
ity method match the calculated values by the load flow program.

The execution time of the whole algorithm (shown in Fig. 3) in
case 1 is 0.223 s and for the case 2 is 0.135 s by using a normal
desktop computer (processor: core i5, 3.1 GHz, RAM: 4 GB). The
notable speed of the algorithm comes from the fact that the pro-
posed load flow method is developed for the distribution systems
and it does not need the time-consuming procedure of the classical
load flow methods. Also, separating load flow and optimization
algorithm in the main loop of the proposed algorithm helps to
not use all system data in the optimization problem. In fact, by
the use of the sensitivity indexes, only the effects of the controlla-
ble variables on system voltages are employed in the optimization
part of the proposed algorithm.

In the proposed algorithm, the parameters of loads and DGs (P
and Q) needed for load flow study are not available in the practical
cases. In order to adapt the proposed algorithm with the realistic
cases, we can replace the load flow program with some limited
voltage measurements on the critical buses (like buses 18 and 33
in this work). Because the objective of the load flow program is
to find the voltage violations in the system and to validate the
results after the corrective action of DGs. Thus, the limited voltage
measurements can provide us these data instead of using the load
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Fig. 6. System voltages along the feeder in case 2.

Table 3
Reactive power changes of DGs in case 2.
I1=1 1=2
AVworst +0.066 pu +0.0023 pu
At bus no 18 33
AQpc1 +480 kvar 0
AQnc2 +660 kvar 0
AQpg3 +660 kvar 0
AQpga 0 +68.4 kvar

flow program. The amount of active and reactive powers of each
DG unit must be provided by the measurement as well. Using these
data, the proposed algorithm can have the voltage of the critical
buses as well as the current power and available reactive power
capacity of DGs. Therefore, we can establish a closed-loop voltage
control system by using the data from the measurement, sensitiv-
ity analysis and the optimization algorithm. In this way, the pro-
posed algorithm is adapted for the realistic cases.

Conclusion

In this work an algorithm based on the sensitivity analysis was
proposed for voltage regulation of MV distribution systems. The
proposed algorithm is designed to find the optimal contribution
of DGs reactive power in order to return the system voltages inside
the permitted limits. An efficient load flow method based on the
topological structure of the grid and well-suited for distribution
systems is used to validate the results. Also, a direct sensitivity
analysis method based on the topological structure of the network
is presented. Thanks to the similarities between the load flow and
sensitivity analysis methods, the sensitivity indexes are built at the
same time with the load flow program.

The problem was formulated as an optimization problem which
aims to minimize the reactive power changes of DG units while
returning the voltage of the violated buses inside the permitted
limits with taking into account the available reactive power capac-
ity of DGs. The developed algorithm always gives the priority of the
voltage regulation to the bus with the biggest voltage violation. If
there is more than one voltage violated node in the studied system,
the procedure can be repeated to regulate the voltage of other
buses as well. Simulation results reveal that the proposed algo-
rithm is capable of returning system voltages inside the permitted
range while using the reactive power of DGs in an optimal way.
Thanks to the fast convergence speed of the proposed algorithm,
it can be used in on-line voltage management of the MV distribu-
tion systems including DG units.

In the future research, it is planned to add the active power cur-
tailment of DG units to the objective function of the optimization
problem. By using active power control of DGs, we can have a more
complete and flexible voltage control system. Also, we can give the
priority to first use the reactive power or active power in order to
regulate voltage.
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