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Abstract—The integration of renewable energy generators in distri-
bution networks has increased the complexity of the voltage control
problem rendering traditional control methods ineffective. This article
proposes a voltage control algorithm for radial distribution systems,
based on multi-agent systems, that eliminates any voltage deviation
resulting from connection of distributed generators or variation of
loading conditions. To realize distributed control, the distribution
feeder is split into a series of overlapping segments. An agent is allo-
cated to each segment and senses the voltage variables in its segment.
The overlapping feature is realized through the exchange of informa-
tion between an agent and the agents in the two adjacent segments.
The agent in a segment then formulates reactive power compensation
sufficient to restore the voltage in that segment. The total coordinated
actions of the agents eliminate any voltage deviations, restoring the
feeder voltage profile to the pre-planned base case profile. The main
advantage of the proposed approach is that the agents can solve the
voltage problem without the intervention of any central controller and
by communicating only with its immediate neighbors. The results of
case studies show that the proposed method is effective in controlling
the voltage profile of a distributed generator-integrated distribution
system.

1. INTRODUCTION

The concept of the smart grid brings new challenges to dis-
tribution system voltage control. The integration of renewable
energy generators in smart grids, such as wind and solar pho-
tovoltaic (PV) generators, which are dispersed according to
resource availability has increased the complexity of the volt-
age control problem [1]. Distributed generator (DG) connec-
tion causes reduction in the current flow from the upstream
substation, and may additionally, depending on the operating
mode, inject (export) vars, or consume (import) vars. The net
effect is the raising or lowering of the distribution network
voltage profile depending on the type of DG that is connected.
This problem tends to be serious in distribution systems whose
configuration is radial with low X/R ratio [2, 3].
Conventional voltage regulation equipment may be con-
fused by the connection of DG. On-load-tap changer (OLTC)
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control within the substation is only able to regulate the
voltage at the substation, and the voltage profile downstream
may remain uncontrolled and can deviate outside of the ac-
cepted range. Similarly, voltage compensation from a line-
drop-compensator (LDC) is reduced since the DG decreases
the load observed at the LDC control, leaving the downstream
voltage profile uncertain and dependent on the DG type. Ba-
sically, these local controllers are not able to control the volt-
age profile of a DG-integrated distribution system. Distributed
components, such as voltage regulators (VRs), shunt capacitor
banks, and static compensators, can be placed at points along
the distribution feeder to inject or absorb vars as necessary to
improve the voltage profile.

Faults on the distribution system may cause the line voltage
to drop and trip the DG on low voltage. However, updated dis-
tribution grid codes issued by network operators require DGs
to have the capability to withstand, or ride through, these volt-
age dips for a predefined time [4]. Therefore, following a fault,
the voltage must recover quickly to a level above the protection
trip setting. The response of OLTC or other conventional VR
is slow [5], but the DGs themselves, in particular the inverter-
interfaced DGs, can quickly supply the necessary vars to re-
store voltage and prevent the DG from tripping on low voltage
[5]. Hence, the DGs must also participate in voltage control,
especially following a fault or other emergency conditions.

With such a wide variety of voltage control equipment
available on the distribution system, controlling the equip-
ment becomes a challenge. Centralized and distributed meth-
ods have been proposed for the control of DG-integrated dis-
tribution systems [2]. Centralized methods include heuristic
approaches, experts systems, and mathematical programming,
while distributed methods are mainly based on multi-agent
systems (MAS) [6]. The proposed solutions have the potential
to improve the voltage performance of the distribution system.
The major limitation of centralized methods is that these ap-
proaches depend on a central computer to perform the control
function, leading to single point of failure. A distributed ap-
proach has advantages in this respect that failure of one node
will only affect a localized portion of the distribution network
[7]. To this end, distributed methods such as agent-based ap-
proaches have received significantly increased attention [6].

Several distributed methods based on the power flow sen-
sitivity theory have been described. Research done in [8] pro-
poses a MAS-based approach in which the power flow sen-
sitivity coefficients are calculated at each node and a merit
order is established that aims to optimize the total reactive
power output from the DGs. The DG with highest sensitivity
is dispatched first, and so on. The contract-net-protocol (CNP)
[9] is used for agent interactions, where an agent experienc-
ing low voltage at its node invites other agents with available
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reactive power capacity to contribute vars, according to the
established merit order, until the required voltage boost is ob-
tained. The work presented in [6] applies a similar concept but
communication and request for support is limited to the two
neighboring agents. In these methods, there is risk of conflict
when more than one agent request var compensation at the
same time, which may result in unpredictable compensations
and possible “cycling” where the system fails to reach steady
state condition.

The authors in [8-10] simplify the analysis by using P6-QV
de-coupling which is typical for transmission but not accurate
for distribution studies [11]. Other approaches, such as the ones
given by [11], employ distributed control with local controllers
at the feeder nodes that control var injection from local DG, but
have an overall central controller that calculates the settings,
leading to a hierarchical structure for the control algorithm.

The authors in [10] propose a MAS-based solution for
optimal reactive power control (ORPC) using the subgradi-
ent method. ORPC concept aims at minimizing active power
losses while improving the voltage profile. The ORPC is for-
mulated as a constrained optimization problem. The reactive
power control settings at the participating nodes are then ad-
justed according to the direction of the subgradients of the
objective function, without solving the objective function it-
self. The algorithm, however, makes simplifying assumptions
when solving the subgradients, that Q and P injections at a node
affect only the voltage magnitude and voltage angle, respec-
tively, at that node—voltages and their angles at all other nodes
remaining fixed at their pre-existing values. This takes the sim-
plification further than applying the P-QV de-coupling model
which, as already mentioned previously, is typical for trans-
mission level analysis.

The solutions presented above consider that failure of com-
munication for MAS-based control will only affect a localized
portion of the distribution network and the issue is not dis-
cussed further. However, failure of the link even between the
two neighboring nodes may have consequences for the entire
feeder. As discussed later in Section 4 of this article, when an
agent at a node is “blinded” through communication failure,
this may affect the actions of agents elsewhere on the feeder.

Decentralized approaches that do not require any commu-
nications but depend only on local measurements have been
proposed in the literature. These methods have the advantage of
requiring no investment in communication systems. An early
approach was curtailment of the active power output of the DG
to manage the voltage profile [12]. Capacity curtailment, how-
ever, would result in loss of revenue to the DG owner. Some
researchers propose, instead, the use of energy storage systems
to manage the distribution system voltage profile. Work pre-
sented in [13] proposes decentralized storage achievable by
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integrating solar PV systems with local battery energy stor-
age (BES). This strategy was shown to be effective with small
PV systems of the order of kW, and with participation of ev-
ery node with PV generation. This approach is also shown
to be effective for systems with low X/R ratio where reac-
tive power control alone has weaker impact on nodal voltages
and may not be sufficient [13]. However, looking at the con-
siderable costs of energy storage technology available today
[14], this strategy may not be practical with DG of the order
of megawatts (MW).

A major concern with decentralized control is the voltage
instability that may result from interactions between the
controllers of the multiple DG units on the network. To
achieve stable voltage control, modeling is required to cor-
rectly capture the interactions among the DG units, resulting
in very complex control algorithms. Where a linearized
model is adopted, this must be corrected for any new system
operating point. The authors in [12] presented the design of
a multi-input multi-output (MIMO) decentralized controller
requiring detailed models of the DG units and the distribution
network. Attempt is made to ensure stability in the presence
of model uncertainties. The algorithm manages to remove
conflict between the controllers but significant changes to the
DG and network configuration or characteristics may require
extensive work to re-model the network.

The voltage control approach taken in this paper is dis-
tributed and uses MAS. The distribution feeder is split into a
series of overlapping line segments, to each of which is allo-
cated an agent. The agent senses the voltage variables in its
segment and formulates reactive power compensation neces-
sary to correct the voltage of that segment. The total coordi-
nated actions of the agents eliminate any voltage deviations
resulting from connection of DG or variation in loading con-
ditions. The proposed solution removes the need for some
assumptions, allowing the use of the non-decoupled load flow
model to correctly capture the characteristics of the distribution
feeder. Potential conflicts between the actions of the agents are
resolved and impact of communication link failure reduced.

This article is organized as follows: Section 2 gives a de-
tailed description of the formulation of the proposed algo-
rithm for voltage control. The feasibility and performance of
the proposed algorithm is demonstrated in Section 3. Section
4 discusses the simulation results and their implications. The
conclusions are presented in Section 5.

2. PROPOSED VOLTAGE CONTROL ALGORITHM

The voltage at a node in a power network is a function of P and
Q at that node, i.e., V' = f(P, Q). The load flow of a N-node
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power network can be expressed by the equations [15]:
N
Pi= 3 ViV Yyjcos (8 — 8; = 8y)
01 = S, T Yysin (6 — 8, — 8,)

where P; and Q; are the real and reactive power flow at node i;
Vi and §; are, respectively, the voltage magnitude and angle at
node i; V; and §; are the voltage magnitude and angle at node
Ji Y; and §;; are, respectively, the magnitude and argument of
the element (i, /) in the network’s admittance matrix.

Changes in P and Q are related to changes in voltage by the
partial differential equations [15]:

(1

aP 3P
AP _| 9 v AST _r, AS
AQ |l | a0 40 || AV = [Jrosr]- AV
FIrY4

2
[Jposy] is called the Jacobian matrix of the network. The
elements of the Jacobian matrix give the sensitivity between
power flow and bus voltage changes. Equation (2) gives the
linearized model of the system around a given operating point
and can be used to compute the expected small changes in § and
V for small changes in P and Q [16]. This type of sensitivity
information is useful for estimating expected voltage changes
which result from installation of reactive compensation. The
Jacobian also provides useful information regarding voltage
stability [16].

From Eq. (1), it can be noted that for a radial system,

Yij=0if j<i—1lorj>i+1 3)

This is depicted in Figure 1 for a 6-node radial network.
Considering node 3 (i = 3), Y23 and Y34 have finite values,
while Y3, Y35, and Y36 are equal to zero. The complete Yyus
matrix for this 6-node radial network is given by Eq. (4).

Yo Y 0 0 0 O
Y Y Y3 0 0 0
0 Y Y3 Y 0 0
Y =
H @:L 0 0 N& 53 M\Am 0 Abv
0 0 0 VYsu Ys5s Ys6
[0 0 0 0 Y Y

The form of Yy, implies that to obtain the power flow at
node i, it is sufficient to consider only the voltages at the two
adjacent nodes. Of course, the voltages at those adjacent nodes
are influenced by voltages at their own adjacent nodes.

From Eq. (2), the changes in active power are given by,

aP P

[AP]= | o= | [A8]+ | o7 | (A7) ®)
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FIGURE 1. Six-node radial network.

And the changes in reactive power are given by,

aQ 9
AQl=|—=|[Aé —

[A0]=| 5= | [88]+]|

From Eq. (5), and for the 6-node radial network, the change

in power at node 3 may be expressed as:

[AV] (6)

0P 0P 0 P; oP;
APy = —A$ —=A$ oo —AS —AV
3 39, il 97 a5, 2 + + 90 6 + 2 1
P 0P
AV —2AT, 7
+ a7, 2+ 4 av, Vs N

However, according to Egs. (3) and (4), only the terms
within the band (-1 to +1) of the respective node (i) are of
interest.

Hence, from Egs. (1-3), for the 6-node radial network, the

sub-matrix, % can be written, thus:
9P, P ]
o ap 0 0 0 0
38, 96
P, 9P, 0P
i L B R S
08 98, 083
dP; 0P; 0P
» DRt R -
mlw _ 38, 983 0344 ®)
kL) - 0 0 0Py 0Py 0P, 0
983 04 055
oPs 0dPs 0P
o o o — =2 X2
084 085 08¢
0 0 0 0 dPs 0P
L 085 08¢

Similar tridiagonal matrices can be written for mwf H%%
and lemu. As can be seen from Egs. (4) and (8), the sparsity of
each sub-matrix of the Jacobian is the same as that of the node
admittance matrix.

Equation (7) can, therefore, be re-written as:

AP, 3P 3P, 3P,
APy = 22 A8 + T3NS 4+ T2 A8, + Z2AY
3= 95, D02t g, A0 T g At Gy AN
ap 3P
I8 Av + Z2A7, 9
+ ar, 273 + a7, AV )

All the other terms of Eq. (7) are zeros. The equations for
all nodes of the radial distribution network are of the form and
size given by Eq. (9) irrespective of the number of nodes in
the network.
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Similiarly, from Eq. (6), the change in reactive power at
node 3 may be expressed as:

003 90; 00; 90;
AQ; = —22 A8y + —Z3A8; 4+ A8, + L3V,
s 98, 021 g, A0t g, A G AN
3403 003
CE3A + 237, 10
+ ;s 3+ a4 (10)

Equations (8—10) show that changes at node 5, for example,
do not directly impact the power flow at node 3. Changes at
node 5 impact node 4; changes at node 4 impact node 3 in turn.

In general, Eq. (9) may be written as:

P P P,
AP, = ——A§i_1 + —AS§; AS;
i w?,l_ 1 wmm i + mwlr_ i+1
ot ok AV; +m3>~\,+ i AV, 11)
v gy AT gy AYim
Similiarly, Eq. (10) may be written as:
90i 90; Y
AQ; = Abi—1 + —— A + AS;
0= 3.1t % 881
00; 90i 00i
AVi_ —AYV; AV; 12
Tl Ty ANt gy, A (2
9P 90 9P, 9P 30i 00
;Hrm terms Aa ﬂmrvv Gt a7 %H %olf_v and
Cwm_, wmw\_m. - %hl_, %@Hv are the senmsitivity coefficients for

node i. These coupling terms describe the change in power (ac-
tive and reactive) at one node caused by changes in the voltage
at that node and at adjacent nodes. Conversely, the sensitivity
coefficients describe the changes in voltage magnitudes and
angles resulting from injection of power at a particular node,
such as connection of a DG. For example, with reference to
Figure 1, if a DG is brought on line at node 3 or its output
is adjusted, the voltage at node 3 will change together with
the voltages at the two adjacent nodes 2 and 4 by magnitudes
dependent on the sensitivity coefficients of the nodes. The volt-
ages at other distant nodes will change as well. This contrasts
with the assumptions made in [1] that Q and P injections at
a node affect only the voltage magnitude and voltage angle,
respectively, at that node, as discussed in introduction section
of this article.
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From Eq. (12), the voltage angle variation at node i can be
obtained as:

30\ 30 30
AS; = — AQ; — Abi_1 — AS;
36, Qi = 35, A% 361 !
00, on 00;
B9y 2 ay - 22 | a3
Vi av; iy

Substituting Eq. (13) into Eq. (11), gives:
=]

aP\"' /aP, 30\ "' /00,
AV, = N BN _ (3 99:
35 av; a5 v
P\ aP, aP;
x —= APt A | — Abig
35 381 3811
oF; AV P .y
mw\l_ -1 mN.I i+l
30\ 30 Qi
== AQ; — —=LA8_; — AS;
mmh m m?l_ i—1 ®w~.+_ i+1
30; 20,
—ZL AV — —=L AV, 14
T Ly, AT (14)

Equation (14) gives the active and reactive compensation,
AP; and AQ;, required to eliminate any voltage changes at a
node resulting from connection of a DG, or any other cause.
It can be seen from Eq. (14) that AV; is zero if the following
condition is satisfied:

AP\ ! kY2 aP;
it} AP — L A8 — A8y
09 38, 0811
aP, 3P, 1
— LAV = o AV
Vi Vin i
00\ 00; 20
(e AQ; — ~ZL A8y — AS;
35 Q 31 T T By !
00; 00, i
89 py 9 4y (15)
Vi Vit i

Values of AP; and AQ; can be selected to make the two
sides of Eq. (15) equal, effectively reducing Eq. (14), and
hence, AV, to zero. These values of AP; and AQ); will depend
on the sensitivity coefficient at the various nodes.

Of course, if a particular node has no capacity to inject
power into the system, that node is not able to participate in
voltage control. But the voltage drop at that node is noticed
by adjacent nodes which, if they have generating capacity, will
inject power to correct their respective voltage, in the process
acting to support the voltage at the non-controlled adjacent
node. This effect is apparent from Eqgs. (11) and (12) where
injection of power (active or reactive) at node i also affects the
voltages at the adjacent nodes (i — 1) and (i + 1) by magnitudes
dependent on the transfer sensitivities of those nodes.

Obviously it would not make sense to try and adjust the
active power injection to control the voltage because this will

give a trivial solution—for example, disconnect the DG and
revert to the pre-existing system state, or generate reduced
active power, which is not desirable. With the active power
held constant, only the reactive power must be adjusted to
mitigate voltage effects of connection of DG.

From Eq. (15), the reactive power compensation required
is,

30:\ (oP\ " ap,
AQ; = mm, 5, AP, — ﬁ?w .
0P IP;
[mw&.i Adity — Y AV — wwxwui AVig
i 90, i
+ %%._ Adi-i + w%i Adir + %%L AVic
+%%M_>x+_ (16)

This reactive power compensation will be adjusted until
condition given by Eq. (15) is satisfied (with AP; set to zero).
It should be realized that other nodes with reactive power ca-
pability will also participate and inject reactive power of the
correct sign, and of magnitude given by Eq. (16) at the respec-
tive node. So, beginning from a known state (node voltages),
the system should be able to return to that original state if the
DGs, or system, has sufficient reactive power capability.

Therefore, Eq. (16) provides the basis for control of the
voltage profile of a radial distribution system. This algorithm
is inherently distributed as only the two nodes adjacent to
the control node are considered. This distributed algorithm is
best implemented using the multi-agent concept, employing
intelligent electronic devices (IEDs) and peer-to-peer commu-
nications.

The derivation above assumes that the system loads are
voltage independent and will not change during the control
period. This means that AP = AQ = 0 at all nodes except the
nodes where DG is connected. Otherwise, the linearized load
flow model of the system will not be static.

2.1. Multi-Agent Based Voltage Control

An agent is defined as an IED that is capable of autonomous
action within an environment to meet its design objectives
[17, 18]. The objective in this instance is the voltage control
function. The “intelligent agent” has three main characteris-
tics: reactive, proactive, and social abilities [8]. Reactiveness
means ability of agent to recognize any changes in its environ-
ment and react with corresponding actions according to the
goal of the agent. Pro-activeness depicts goal-based behav-
iors. The goal is objective of agent, which is set according to
the system wide objective. The social ability of an intelligent
agent is the ability to interact with other intelligent agents in
its environment.
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- Lones,

inteligent
Agents

FIGURE 2. Multi-agent system for 6-node distribution system.

For the voltage control algorithm developed in this article,
the IED agents are located at all the nodes on the distribution
network such that the network is divided into multiple overlap-
ping sections or zones, as depicted in Figure 2. The agents ex-
change data through peer-to-peer communications, essentially
creating a network-wide, complex, distributed voltage con-
trol system. The proposed voltage control algorithm does not
need centralized control, and will thus exhibit all the benefits
and characteristics of distributed control: autonomy, flexibility,
scalability, and robustness [8].

The sensitivity

s v i ) Gt av s any) At
each node i are calculated in real-time and subsequently used
for calculation of the required power injection at each node.
The agents measure the voltage parameters (magnitude and
angle) at the node at which they are located, sharing this
information with the two adjacent agents, as illustrated in
Figure 2.

However, the voltage angle, 8, is not an absolute quantity
and cannot be measured by the local agent. The important
quantity, in this instance, is the phase shift (§; — ;1) between
the voltages at the two neighboring nodes. This can be deter-
mined if the zero crossing time instants of the two voltages
at the two nodes are known. The agent should, therefore, in
addition to measuring the voltage magnitude, also measure the
time instant of zero crossing of the voltage, and make this in-
formation available to the two neighboring agents. The phase
shift angle can then be calculated. The time stamps of all the
agents on the feeder must be synchronized.

coefficients (4, 201y,

2.2. Determination of the Sensitivity Coefficients

The sensitivity coefficients can be determined from Eq. (2)
which is derived from the power flow Eq. (1). From Egs. (3) and
(4) it was determined that, for the radial system, the elements
Y; are zero if j <i — lorj > i + 1. This realization 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. The radial distribution line can be
assumed to be made up of overlapping sections (see Figure 2),
with each section modelled as shown in Figure 3.

Peer-to-poer communications

The power flow at any node i of the distribution system is,
thus, given by:

P; = ViVi1Yyi-1ycos (8; — 8i—1 — 8ii-1))
+ ViViYi cos(=6;;) + Vi Vig1 Yig41)cos
(8: = 8i1 — Bii+1))
. (17
Qi = ViVis1Yig_nsin (8 — 81 — 8i4—1))
+ ViViYiisin(=8;) + Vi Vig1 Yig41)sin
(8 — 8ix1 — Bi+1)

The sensitivity coefficients can be directly and easily de-
rived from Eq. (17), and these are given in the Appendix.

2.3. MAS-Based Reactive Power Dispatch

The central issue in MAS-based approach is how the agents
cooperate and coordinate their actions [9]. This is usually
achieved by constructing a plan that specifies all actions the
agents need to take in order to achieve the overall goal.

The algorithm proposed in this article calculates the com-
pensation required at each node for a specific voltage profile.
The calculated compensations are, therefore, not mutually ex-
clusive, for example, they cannot be applied simultaneously.
Compensation at one node will affect the voltages at all the
other nodes. Hence, only one of these should be applied at
a time. A new voltage profile is then created that generates a
new set of compensations at the various nodes. The dispatch of
the calculated mega-var (MVAr) compensation is, therefore,
an important issue to ensure the minimum vars are deployed
to eliminate the voltage errors. The agents in the multiple line
segments thus need to cooperate in their actions.

Node Node Node
i1 (r+jx} i (r'+jx'} i+1
[ { } { } L ]
Yifi-1} Yifi+1}
Vi-l Pi+jQi Vitl

FIGURE 3. Radial distribution line segment.
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Criteria for allocation of the var injection between the mul-
tiple DGs and other equipment located at the various nodes
that are capable of participating in voltage control needs to be
developed. A possible criterion is based on the Q-V sensitivity
element, derived from Eq. (17) as,

00; . .
ww = Vio1Yig—y sin (& — 8i—1 — 8ig—1)) + 2V; Yy sin(—8;;)

(13)

+ Vis1 Yignsin (8 — 841 — 8ig+1)

This sensitivity element has an important implication. If
me is small, a smaller amount of vars is required for a given
change in voltage. In order to minimize the var requirement,
this element can be used to identify the node, and the corre-
sponding vars, to be injected. The calculation of the sensitivity
coefficients is distributed, with each agent calculating the Q-V
sensitivity at its node. The calculated values need to be made
available to all the other agents on the feeder through peer-to-
peer communications. No central computer is required for this
purpose.

Emerging protocols such as the IEC61850 are capable of
transmitting critical data through generic object oriented sub-
station event (GOOSE) and sampled values (SV) messaging
mechanisms [19]. Under this protocol, the agents (IEDs) use
multi-cast transmission to broadcast GOOSE messages con-
taining the measured values onto the communication network
for use by other devices. Transmission of current and volt-
age values over I[EC61850 protocol has been investigated in
[20] for possible application of the protocol on the distribu-
tion system, outside of the substation for which it was initially
intended. In fact, despite the fact the first IEC61850 release
(0f 2003) was conceived to cover substation automation only,
edition 2 (of 2011) was broadened and covers now “Commu-
nication Networks and Systems in Power Utility Automation”
which extends application to the MV network [20, 21].

The implementation of the MAS-based algorithm is, thus,
as follows:

1. The first set of calculations is performed to generate a
set of compensations for each of the nodes.

2. The node with the least 2% sensitivity is identified.
av; Y

3. The corresponding compensation is injected at this node.

4. The resulting voltage changes generate a new operating
point and the magnitudes of the sensitivity coefficients
are affected (see the Appendix) such that the condition
given by Eq. (14) is offset or is disturbed from its equilib-
rium point, and a further voltage deviation will appear.
An additional compensation is, therefore, required to
remove this offset. Hence, a second calculation, or iter-
ation, is performed to give the additional compensation
that must be added to the previously calculated value.

5. The node with the least w%\r from this second calculation
is identified and the vars injected.

6. A third calculation is performed, etc., if necessary, until
changes in AQ; from one iteration to the next are so
small as be considered insignificant.

3. SIMULATION RESULTS

The 6-node network represented in Figure 4 was implemented
in Digsilent Powerfactory software. The system parameters are
given in Tables 1-4. The load is uniformly distributed along
the feeder. The base case voltage profile is shown in Figure 5.
This base case is given at low load conditions, which is the
condition under which the voltage increase is highest when DG
is connected [11, 22]. The automatic voltage regulator (AVR)
at the feeder substation is set to maintain the transformer LV, or
node 1, voltage at 1.04 p.u. As can be seen from Figure 5, the
voltages at all nodes are within the acceptable range of 0.95 to
1.05 p.u. for this base case.

Maintaining the transformer LV voltage at a constant volt-
age is important as this decouples the MV feeders where more
than one feeder are being fed from the same transformer. The
result is that each feeder operates without the influence of
the other lines. That is, the loads and generators connected to
other feeders do not influence the voltage profile of the line
considered. The results in this article show that the transformer
LV (node 1) voltage did drop by a maximum 0.23%, as noted
later in this section. This can be attributed to tolerances or
limitations of the AVR.

A small wind farm with three 2.3 MW wind generators
is connected at each node in turn. The generators are set to
operate at unity power factor. The resulting voltage profiles, at

Fi
4 «wa " " iina1-2 w L2 3 ~ Lire3-4 w Lired & _ Line5-6 _
. . } ﬁl = Loeds
et b- S Loadt f Load2 h. i 1oad3 _.. Loads *. - Loads
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FIGURE 4. The 6-node network considered in the simulation.
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MV X-sectional R1 X1 B Rating
voltage/kV | area/mm’>  Q(/km) Q(/km) (S/km) (Amps)
22 122.48 0.193 0.309 3751 292
TABLE 1. Line parameters
MV MV MV MV MV
Linel-2 Line2-3 Line3-4 Line4-5 Line5-6
5 5 5 5 5
TABLE 2. Line lengths (km)
HV _ LV Rating Reactance
132kv | 2kV 40 MVA 3%
TABLE 3. Transformer parameters
Load S/MVA Cos®
Loadl 2 0.95
Load2 2 0.95
Load3 2 0.95
Load4 2 0.95
Load5 2 0.95
Load6 2 0.95

TABLE 4. Load characteristics

minimum load conditions, are shown in Figure 5. It can be seen
that the worst voltage excursion occurs with the DG connected
atnode 6, with the voltage rising to 1.069 p.u., which is outside
the acceptable voltage limits.
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| | memtinee Base Case - No DG
= W= DG at Node 6 | |
1,065 |w=he DGatnode5S /
= == 3 = DG atnoded
.m.. «sxkes DG atnode3
& 1,085 |=——o - DGatnode2
&
&
@ 1.045
£
S 1035
T
@
@
& 1025
1.015
0 1 2 3 4 5 6
Node

FIGURE 5. Feeder voltage profile with DG connected at each
node in turn (under low load conditions).

2359
AQ: [MVAT] 3 [pu]
Node | Istiteration 2nd iteration Istiteration 2nd iteration
1 0.0959 1.2286 —4.6061 —4.5962
2 —-1.9348 0.5389 -2.3016 -2.2715
3 —2.9685 0.1567 —1.7054 —1.6640
4 —4.0514 —-0.2806 -1.1097 —1.0565
5 —6.2081 -0.7695 —1.0831 —1.0038
6 -3.1143 —0.4080 —1.0602 —-0.9696

TABLE 5. Accumulative reactive compensation calculated values
(with DG at node 6)

The proposed algorithm is tested in the first case with DG
connected at node 6. The changes in voltage and angle at all
nodes are monitored. These changes are substituted into Eq.
(16) to determine the reactive power compensation required
to eliminate the voltage change. The required compensation is
calculated for each node and the results are shown in Table 5.
It should be noted, as already discussed in Section 2.3, that
these are not mutually exclusive compensations, for example,
they cannot be applied simultaneously. Compensation at one
node will affect the voltages at all the other nodes. Hence,
only one of these should be applied at a time, and any further
compensation re-calculated.

The voltage profiles resulting from applying the calculated
compensations, independently, at each node are shown in Fig-
ure 6. As can be seen, compensation at node 6, where the DG
is connected, generates voltage profile closest to the base case.
It can also be seen from Table 5 that node 6 has the lowest
value for % for this case. The negative values of the %_r
elements imply that if the voltage is high, reactive power must
be reduced or absorbed from the network.

The first set of calculations, therefore, requires that —3.1143
MVAr be injected at node 6 to lower the voltage. The volt-
age profile resulting from this compensation is shown in Fig-
ure 7. This voltage profile is offset from the base case profile.
An additional compensation is therefore required to remove
this offset. A second calculation, or iteration, is performed
to give the additional compensation (-0.4080 MVAr) to be
added to the previously calculated value. Additional calcula-
tions up to the sixth iteration are performed for this case. This
accumulative generation of the compensation is described by
Figure 8.

It is seen from Figure 8 that the initial calculations gen-
erate large values, and these values reduce in magnitude for
subsequent iterations until the required compensation levels
out. The calculation in this case effectively converges after
the third iteration. The fourth to sixth iterations give little ad-
ditional vars. full compensation (-3.5799 MVAr) at node 6
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FIGURE 6. Feeder voltage profile with reactive power com-
pensation at each of the nodes (under low load conditions) with
DG connected at node 6.

leaves a 0.196% error in the node 6 voltage compared to the
base case value. It can also be noted from Figure 7 that the
voltage at the transformer LV (node 1) dropped by 0.23% in
spite of the AVR control at that node.

As can be seen from Table 5, following the initial compen-
sation of —3.1143 MVAr at node 6, there is drastic reduction
in the var requirements at all the other nodes. For example,
—6.2081 MVAr would have been required at node 5, but this
drops to only —0.7695 MVA. This realization emphasises the
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FIGURE 7. Feeder voltage profile with accumulative reactive
power compensation at node 6 (under low load conditions).
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FIGURE 8. Accumulative reactive power compensation to
restore node voltage.

fact that these var requirements are not mutually exclusive and
should not be applied simultaneously.

Table 6 and Figure 9 show compensation results for the
second case with DG connected at node 4. As can be seen from
the figure, compensation at node 4 gives, at the first iteration,
a voltage profile that best approximates the base case. It can
also be seen from Table 6 that node 4 has the lowest value
for @%vp for the first iteration in this case. The second iteration
identifies node 5 (lowest %v as the one at which vars should
be injected (absorbed).

Figure 10 shows the results of the accumulative var injection
to restore voltage profile for this case with the DG connected
atnode 4. The first injection is for —3.1694 M Var at node 4; the
second is for —0.5973 MVAr at node 5. The third and fourth
iterations further required injection of vars at node 5.

4. DISCUSSION

Voltage control requires the reduction or absorption of reac-
tive power at a node in case of high voltage, or injection of
positive vars if the voltage is low. The DG itself can supply
the required reactive power. However, where the DG is not
capable of supplying, or absorbing, the required vars, external
equipment should be connected such as static voltage com-

AQ; [MVAr] wwr p.u]
Node | Istiteration 2nd iteration  Istiteration 2nd iteration
1 0.0568 1.1757 —4.6060 —4.5958
2 -2.0428 0.38325 -2.3021 -2.2720
3 -3.1114 —0.0494 —-1.7062 —1.6648
4 -3.1694 -0.3096 —1.1109 —1.0654
5 —4.2684 -0.5973 —-1.1145 -1.0617
6 —2.1288 -0.2979 —-1.1212 —1.0688

TABLE 6. Accumulative reactive compensation calculated values
(with DG at node 4)
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FIGURE 9. Feeder voltage profile with reactive power com-
pensation at each of the nodes (under low load conditions) with
DG connected at node 4.

pensators (SVCs) or static compensators (STATCOM). Initial
studies can be performed during the planning stage of the DG
integration to evaluate its impact on the voltage profile and see
how much support is required when specific DG is integrated.
This study should take into consideration the capabilities of
already existing DGs and other voltage control equipment. It
is important that the system be able to supply the required var
compensation.

The proposed algorithm is simple and effective and mini-
mizes the total var requirement to eliminate any voltage vari-
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FIGURE 10. Feeder voltage profile with accumulative reactive
power compensation with DG connected at node 4 (under low
load conditions).

ations from the pre-planned base case. The algorithm is in-
dependent of feeder characteristics—whether overhead line
(OHL) or cable, weak or stiff system. It can be applied to any
distribution system that consists of radial feeders.

The simplicity of the algorithm results from the fact that
the distributed algorithm depends only on local measurements
and minimal communication with the two adjacent nodes. No
huge communication loads associated with a central computer
are involved.

However, a break in communication between any two agents
will cause the community of agents on the distribution feeder
to be effectively split into two groups. Information about the
Q-V sensitivities at all nodes will now not be available to nodes
in the separated group. The two groups will then attempt to
independently try and adjust the node voltages in their section
of the feeder. Voltage changes in one section will impact volt-
ages on the other section, leading to a conflict situation. The
voltage measurements will then be in a continuous state of flux
and the controller calculations cannot give steady outputs. A
steady state voltage may not be achieved. A possible resolu-
tion to this is for the agents to retain and use the last set of
Q-V sensitivity values stored in memory before communica-
tion is lost. Any vars, if required, will be dispatched according
to this last known Q-V sensitivity order, removing the conflict
situation and, hence, improve the robustness of the algorithm
against communication link failure.

The contribution of this article is the introduction of the
concept of modeling the distribution feeder as a series of over-
lapping segments to facilitate distributed monitoring and con-
trol. This structure simplifies the analysis and solution of the
distribution problem in that only three nodes need to be con-
sidered irrespective of the size (total number of nodes) of the
distribution feeder. In this article, this allowed use of the non-
decoupled load flow model which accurately represents the
characteristics of the distribution feeder with low X/R ratio.
No assumptions are necessary that lead to use of the simplified
decoupled model, which is typically for transmission load flow
studies. A MAS-based algorithm is then developed based on
this line structure that is capable of eliminating any voltage
deviation at any node on the feeder, through the coordinated
actions of the agents located in the line segments.

5. CONCLUSION

The integration of DG in distribution networks has increased
the complexity of the voltage control problem rendering tra-
ditional control methods ineffective. The voltage control al-
gorithm proposed in this article, based on MAS and sensi-
tivity theory, eliminates any voltage deviation resulting from
connection of DG. The distributed control is realized through
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modeling the distribution feeder as a series of overlapping seg-
ments. The coordinated reactive compensation control actions
of the agents located in the various line segments eliminate any
voltage deviations, restoring the feeder voltage profile to the
pre-planned base case profile. The main advantage of the pro-
posed approach is that the agents can solve the voltage problem
without the intervention of any central controller and by com-
munication only between neighboring agents. The algorithm
removes any potential for conflict between the control actions
of the agents, and the impact of communication link failure is
reduced improving the robustness of the control method.

In future work, the impact of the proposed algorithm on
active power loss in the system will be investigated; optimal
voltage control should be achieved at minimal power loss. In
the smart grid, vars at a node can be provided by one or more
of SVC, STATCOM, and DG. A procedure for coordinated
allocation of the vars at that node needs to be developed. Fi-
nally, the sensitivity coefficients need to be determined exper-
imentally by the agents for the algorithm to be system model
independent.
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APPENDIX

The sensitivity coefficients for the node i of the three-node
line segment are given by:

P, .
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where j = (i — 1)or(i + 1), respectively, for the two nodes
adjacent to node i.
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