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Abstract: The integration of renewable energy generators in distribution grids has increased the
complexity of the voltage control problem. Reactive power control (RPC) algorithms based on
sensitivity analysis have been proposed in the literature for the management of the voltage problem.
Sensitivity methods are computationally complex for practical real-time analysis and this has led to
use of de-coupled and other simplified load flow models. However, algorithms based on decoupled
models have been shown to be inefficient for analysis of distribution systems with low X/R ratio. This
paper uses a simplified line modelling approach recently proposed in the literature to facilitate the
development of computationally simple distributed, non-decoupled, load flow equations that
completely capture the characteristics of the radial distribution feeder, removing the need to use the
decoupled models. Results show that the simple algorithm based on this new line modelling approach
gives better voltage control performance compared to the decoupled models.
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1. INTRODUCTION

The energy policies that are being promulgated by
governments world-wide to promote the exploitation and
use of renewable energy resources [1], and the parallel
de-regulation of the energy sector that now permits open
and non-discriminatory access for small and medium
independent power producers (IPPs) to the national grids
[2], has seen an increasing number of distributed
generation (DG) units based on renewable energy being
integrated into the power grids. This increasing
integration of DGs has raised a number of technical
concerns including voltage regulation, raising the risk of
violation of acceptable voltage limits [3-6].

The voltage control problem has generated interest in
reactive power control (RPC) as a current research topic
on DG-integrated distribution systems [7-10] and many
algorithms based on sensitivity analysis have been
proposed in the literature. Sensitivity analysis transforms
the complex and nonlinear relationship between network
power and voltages to a linearised model that can be used
to compute the expected small changes in voltage
magnitude and angle (V and §) for small changes in
active and reactive power (P and Q), about a certain
operating point. The sensitivity method thus provides a
straightforward determination of the P and Q injections
required to correct a given voltage deviation [12]. The
method also provides direct information on the control
node with the most significant impact on the voltage and
the corresponding P and/or Q to be injected. The
sensitivity method is also particularly suitable for
distributed control algorithms as the localised
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computational load is lower than for the centralised case
[12].

The classical Jacobian matrix, derived from the Newton-
Raphson load flow algorithm, has been widely used as
source of the sensitivity data. However, the sensitivity
method based on the Jacobian matrix is computationally
complex for practical real-time power flow analysis [13].
The complexity of this process has led to the use of
decoupled load flow model that assumes weak coupling
between P-V and Q-6, simplifying the Jacobian matrix as
only investigations of the P-6 and Q-V sensitivities are
necessary.

The weak coupling between P-V and Q-5 has been shown
in [14] to apply to the transmission system that has a high
X/R ratio, for which injection of reactive power affects
mostly the voltage magnitude and injection of active
power affects mostly the phase angle [7]. This
simplification, however, may not apply for the
distribution system which has a low X/R ratio, and for
which injection of active power also has a significant
impact on voltage magnitude [7]. The non-decoupled
model, therefore, needs to be used for developing the
sensitivity matrix [7, 14].

Nonetheless, various works such as [15-17] have been
presented in the literature that developed classical
sensitivity based voltage control algorithms for the
distribution system that take advantage of the
computationally simpler decoupled model characteristics.
Authors in [16] developed a subgradient based voltage
control algorithm that makes further simplifying
assumptions of same-bus sensitivity; that is, changes in P
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and Q at a node result in changes in & and V,
respectively, at that node only. However, ignoring the
interactions between the multiple nodes may lead to
convergence issues. Same-bus sensitivity analysis is also
used in [18] as an integral part of a control strategy to
minimise voltage fluctuations. Researchers [13, 19]
developed non-classical, low complexity, sensitivity-
based algorithms that consider the impact of changes to P
and Q on voltage magnitude V only; the changes in phase
shifts are neglected. The justification being that the
problem is control of the voltage magnitude and not the
phase shift [7]. However, the impact of & on the
interdependency of P-Vand Q-6 are lost. Work presented
in [20] develops a centralised voltage control method
based on optimal generation dispatch and employing the
classical Jacobian but with only the P-V and Q-V
sensitivities considered for estimation of the voltage
magnitude.

Simplified control algorithms can be derived by
considering the structure of the distribution system itself.
The radial distribution system is structurally different
from a transmission system and may be modelled in a
simplified way. This leads to load flow equations
specifically for the radial distribution system that are
much more efficient than general purpose methods. The
load flow formulation developed in [21] captures the
topological structure of the distribution system in
matrices that describe the relationships between bus
current injections at the system buses, branch currents
and system voltages. The work presented in [7] develops
a sensitivity-based voltage control method based on the
load flow formulation in [21]. However, this method is
suitable for centralised approach as it requires knowledge
of the topology of the entire network.

The work presented in this paper builds on the previous
work of the authors presented in [22]. This previous work
takes the advantage of the simple structure of the radial
distribution system to develop a line model suitable for
implementation of distributed control algorithms. The
model splits the distribution feeder into a series of
overlapping segments, each segment composed of only
three nodes. This simplified model translates into
computationally simple distributed, non-decoupled, load
flow equations that correctly capture the characteristics of
the radial distribution feeder and are suited to real-time
distributed control.

The paper is organised as follows: Section 2 gives the
simplified load flow equations and describes various
voltage control algorithms based on varying simplifying
assumptions to the load flow problem. Section 3 briefly
describes the var dispatch approach for the voltage
control problem. The performance of the various
algorithms are demonstrated and compared through
simulations in Section 4. The conclusions are presented in
Section 5.

2. DISTRIBUTED VOLTAGE CONTROL
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Distributed voltage control algorithms based on four
variations of equations (1-2) are developed. These
variations are based on the various assumptions made
when simplifications to the general load flow equations
are made. The performances of the four algorithms are
compared to assess the validity of such simplifications
when applied to the distribution system.

2.1 Simplified load flow equations

To obtain the power flow at a node Kk in a radial
distribution line, it is sufficient to consider only the
voltages at the two adjacent nodes [22]. This realisation
greatly simplifies the analysis of the voltage problem as
only three nodes are relevant for the calculation of power
flow at any node of the radial system. As presented in
[22], the radial distribution line can therefore be assumed
to be made up of overlapping sections, with each section
consisting of three nodes. The overlapping structure
facilitates distributed control using the multi-agent
concept [23, 24] through information exchange between
agents located in the line segments.

The change in active and reactive power at node K, for the
3-node segment, may be expressed as [22]:
Py,

APy, ZZjTSjA(Sf +2;

ap .
a_V?AVj’ forj =(k-1,k, k+1) (1)

Cy % ps 2% Ay fori = (ke
AQy =X; 25, Aé; +an AV;, forj=(k-1,k, k+1)  (2)
Where:

AP, = change in active power at node k

AQ, = change in reactive power at node K

Ad; = change in phase angle at each node of the 3-node
segment

AV; = change in voltage magnitude at each node of the 3-
node segment

Equations (1) and (2) are the non-decoupled equations
describing the relationships between P, Q, V and o for the
3-node line segment. Various simplifying assumptions as
introduced in Section 1 are made on equations (1-2) to
give four different voltage control algorithms described in
Cases 1-4 in the following:

2.2 Case 1: Using the non-decoupled model

From the non-decoupled equations (1) and (2), it can be
shown that [21]:

wve=(G5e) " Gie) -

— -1 _
(2 )] (|(6) " [y o -
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It can be seen from (3) that AV}, is zero if the following
condition is satisfied:

apk [Apk aP"A(S 3, aP"AV]
aak

Jj as; J
6 a a
Qk [AQk ; aik A(S Z Qk AV]] (4)

With the active power held constant, only the reactive
power can be adjusted to mitigate voltage effects of
connection of DG. From (4), the reactive power
compensation required is,

_ a& apk aPy apk _
AQi = (ask aak [ZJ a5; Ad; + 2 AV1]+

00 9 i

The formulae for calculating the sensitivity coefficients
can be found in [22].
2.3 Case 2: Using the decoupled model

Decoupling implies weak P-V and Q-6 sensitivities. In
this case (1) and (2) are modified to:

AP =Y, ‘”’" 500y forj = (-1, k k+D) (©6)
AQ, =3, "’Qk SV, forj = (-1,k, k) 7)
That is, injection of active power affects mostly the phase
angle and injection of reactive power affects mostly the

voltage magnitude.

From (7),

ag\ "L a .
av, = (2%) (AQk _y jailéfm/j), for j=(k-1, k+1) (8)

It can be seen from (8) that AV} is zero if the following
condition is satisfied:

AQ, = z.an AV, , for j = (k-1, k+1) )

Equation (9) gives the reactive power compensation
required to eliminate AV}, for the decoupled case.

2.4 Case 3: Assuming same-bus sensitivity

A further simplifying assumption to decoupling, same-
bus sensitivity, is that changes in P and Q at a node result
in changes in & and V, respectively, at that node only. In
this case (1) and (2) are reduced to:
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opP
APy = 56, (10)

=%
AQy = Vi AV (11)
Equation (11) directly gives the reactive power
compensation required to eliminate AV, for this case.

2.5 Case 4: Considering only the V-P-Q relationship
Other simplifying assumptions consider the impact of
changes to P and Q on voltage magnitude V only; the
changes in phase shifts are not considered. That is,

av av
|AV | —EAP+£AQ (12)
Hence, for the 3-node line segment and with power
injection at node k only, (12) can be re-written as:

av, av,

The impact of 5 on V is lost.

From (13), and with the active power held constant, the
total reactive power compensation required to eliminate
AV, for this case is given by,

80, =3 (2%) " v, (14)

0Qy

3. REACTIVE POWER DISPATCH

The reactive power compensations for the four cases are
given by equations (5), (9), (11) and (14), respectively.
The calculations of the reactive compensations are
performed by the agents distributed in each of the line
segments, using the voltage magnitudes and angles
received from the two neighbouring agents.
Compensation at one node will affect the voltages at all
the other nodes. Therefore, except for Case 3, the
calculated compensations are not mutually exclusive, i.e.
they cannot be applied simultaneously. Hence only one of
these should be applied at a time. The dispatch of the
calculated MVAr compensation is facilitated by
identifying the DG with the maximum impact on the
voltage profile [13, 22] to ensure that minimum vars are
deployed to eliminate the voltage errors. The reactive
power compensation is adjusted, iteratively, until the
voltage deviation from base case is eliminated.

For case 3, it is assumed that compensation at a node
result in voltage change at that node only. Hence, the
reactive compensations at all controllable nodes can be
applied simultaneously.

4. SIMULATION RESULTS AND DISCUSSION

In the distributed algorithms described in this paper, each
agent needs to process only a small amount of data for
each iteration of control update. The authors in [16]
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Figure 1: The 18-node network considered in the simulation

identified an update cycle of 2 seconds as reasonable and
more than sufficient to complete the calculations for the
particular distributed control algorithm described in their
work. This cycle time of 2 seconds is adopted and applied
for the simulations in this paper.

The performance of the various algorithms are
demonstrated and compared through DigSilent
Powerfactory software simulations on a 22kV, 18-node
radial distribution network shown in Fig. 1. The system
data is given in the Appendix.

Two sets of tests are performed on this network, one with
a low X/R ratio of 0.55 and the other with a high X/R
ratio of 5. The ratios are suggested according to typical
line parameters given in [25]. Three DGs are randomly
distributed at nodes 6,9 and 17.

The first test gives a base voltage profile shown in Fig. 2.
The voltage varies from 1.02 p.u. at the feeder substation
to 0.98 p.u. at the last node, 18. Fig. 2 also shows the
voltage profile after a 2.3 MW DG is connected at node
17 through a step-up transformer. The voltage profile
increases substantially reaching 1.07 p.u. at node 17,
beyond the acceptable upper limit of 1.05 p.u. As a result,
voltage control must be deployed to resolve the
overvoltage problem.
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Figure 2: Comparison of voltage profile for base case and
with DG connected.

Voltage control algorithms based on the three system
models are tested and their performances are compared:
Case 1 — voltage control with the non-decoupled model;
Case 2 - voltage control with the decoupled model; Case
3 - voltage control with the same-bus sensitivity model.
With only one controllable node (DG activated at node 17
only), Case 4 is equivalent to Case 3 when active power
curtailment is not applied. Reactive power compensation
is activated at node 17 for each case.

Fig. 3 shows the voltage response at node 17 to the three
algorithms (Cases 1-3) with a test network of low X/R
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ratio of 0.55. It can be seen that the voltage converges
faster when the non-decoupled model is used. Use of the
decoupled and same-bus sensitivity models show a
sluggish voltage response with the voltage converging to
the base profile value after 25 seconds, compared to the
convergence time of about 10 seconds for the non-
decoupled case.

The voltage response at all the nodes are described in Fig.
4 (a-c), giving further illustration of the differences
between the performances of the non-decoupled model
and the other two cases.
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Figure 3: Comparison of voltage response under the non-
decoupled and decoupled system model descriptions
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Figure 4(a-c): Comparison of the evolution of the voltage
profiles at different time instants.

As can be seen in Figures 4 (a-b), the voltage profile
approaches the base case profile faster, in about 10
seconds, when the non-decoupled model is used. The
voltage profile with the decoupled model only approaches
the base case after 20 seconds. This further emphasizes
the sluggish response when the decoupled model is
applied to the distribution system with low X/R ratio.

In order to verify that the slower response of the
decoupled and same-bus models is due to the low X/R
ratio, the voltage control algorithms are again tested on
the system with X/R ratio increased to 5. The voltage
response at node 17 is shown in Fig. 5. It can be seen that
the performance of the decoupled model (Case 2) is now
similar to that of the non-decoupled model (Case 1). (The
plot for Case 1 is directly aligned with that for Case 3 —
same bus sensitivity model - in Fig. 5). This proves that,
in this instance, no advantage is obtained by using the
computationally complex non-decoupled model. The
decoupled model is thus used for systems with high X/R
ratio with no loss of performance or accuracy. But it has
been shown that the decoupled model is not efficient for
the low X/R ratio system. The line model introduced in
[22] simplifies the implementation of the non-decoupled
model that is seen to give better performance for
distribution systems of low X/R ratio.
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Figure 5: Comparison of voltage response under the non-
decoupled and decoupled system model descriptions for
high X/R ratio.

5. CONCLUSION
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The use of decoupled and other simplified load flow
models have been shown to be unsuitable for the
distribution system with low X/R ratio. Use of the simple
distributed line model facilitates the development of
computationally simple distributed, non-decoupled, load
flow equations that completely capture the characteristics
of the radial distribution feeder. A voltage control
algorithm based on this model gives better voltage
control performance compared to use of the decoupled
models.

6. APPENDIX

Table 1: The line and load data for the 18-node network.

R X Load (Node B)
Id | Node A | Node B (Ohms) | (Ohms) [ kw VAL
1 1 2 1.25 0.6875 | 100 60
2 2 3 1.25 0.6875 | 90 40
3 3 4 1.25 0.6875 | 120 80
4 4 5 1.25 0.6875 | 60 30
5 5 6 1.25 0.6875 | 200 100
6 6 7 1.25 0.6875 | 200 100
7 7 8 1.25 0.6875 | 60 20
8 8 9 1.25 0.6875 | 60 20
9 9 10 1.25 0.6875 | 45 30
10 10 11 1.25 0.6875 | 60 35
11 11 12 1.25 0.6875 | 60 35
12 12 13 1.25 0.6875 | 120 80
13 13 14 1.25 0.6875 | 60 20
14 14 15 1.25 0.6875 | 120 80
15 15 16 1.25 0.6875 | 60 30
16 16 17 1.25 0.6875 | 60 20
17 17 18 1.25 0.6875 | 90 40

Table 2: Model parameters of the 2.3 MW asynchronous

generator.

Parameter Value Unit
Rated voltage 690 Vv
Magnetising inductance, L, 2.5x 103 H
Rotor leakage inductance, L,, 87 x 10-6 H
Stator leakage inductance, Ly 87 x 10-6 H
Rotor resistance, R, 0.026 Q
Stator resistance, R, 0.029 Q
Inertia constant, H 1.5 S
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