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Abstract - With the increased penetration of distributed
generation into the power distribution system, the traditional
load flow analysis that assumes a single slack bus has
become impractical. The existing literature focuses on slack
bus placement taking only real power losses into
place.However with increasing need of reactive power in
maintaining voltage stability at the consumer end; reactive
power generation management cannot be ignored any further.
Thus a distributed slack bus model taking into consideration
both real and reactive power losses is of paramount
importance. The wind based doubly fed induction generator is
an attractive option for both real and reactive power loss
compensation since it is economically attractive, can be grid
connected and it has the capability to generate and absorb
reactive power. A distributed slack bus model using combined
participation factors is developed in this paper to distribute
the slack(real and reactive power losses).The combined
participation factors are formulated using the method of
Lagrange multipliers and the distributed slack bus model
employs a Genetic Algorithm of a Newton Raphson Solver.

Keywords - Combined participation factors, Distribution
System, distributed generators (DGs), doubly fed induction
generator (DFIG), Participation factors.

I. INTRODUCTION

Load flow analysis is a basic tool for power system
studies. In a traditional power flow with a single slack bus
model, one generator bus is selected to be the voltage phase
angle reference and this is assumed to balance the real
power mismatch due to uncertain system real power loss.
However, there is no slack bus in actual power systems
especially with distributed generation. Thus, single slack
bus model significantly distort computed power flows.

For many years, power systems have been vertically and
centralized operated systems. The large hydro, thermal and
nuclear power plants generate most of the power due to
their scale and economic merits. The electric power is
transmitted and distributed to consumers over long
distances at different voltage levels. The centralized and
hierarchical control is applied to allow real time monitoring
and control of the power system.
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However, the existing power system structures are
changing due to [1]: geographical and environmental
constraints, Stability and security problems of large power
generation plants, rapidly growing demand related to
investment,  privatization of  power  generation,
deregulation, competitive energy markets and emergence of
advanced generation techniques with small ratings
employed resulting in environmental benefits and increased
profitability.

Consequently, in the recent years, deregulation and
liberalization of the energy market, increasing petroleum
fuel prices and associated environmental concerns has
attracted the attention of researchers/developers to
incorporate distributed generation (DG) in distribution
system planning. DG is a relatively small power generation
source (from a few KW up to 10 MW), usually, connected
in the power distribution network or at the consumer side
for the purpose of reducing power losses, improving
voltage profile and power quality, peak shaving,
eliminating the need of reserve margin with improved
environmental concerns and increasing the network
capacity. The only problems of DGs include the stability
issues, complex protection strategies and the islanding
problems [2]. However, the major driving forces for the
increasing penetration of DG in distribution system are the
viable technical, economical and environmental benefits
[3].

Further, the fluctuating global fuel prices, concerns with
the depleting fossil fuel reserves and apprehension relating
to climate change has resulted in an increasing focus on
renewable sources to satisfy rising global energy
requirements. Amongst the available renewable sources of
energy, wind and hydro are the most feasible for utility
scale power generation. With a majority of the hydro
reserves around the world reaching the maximum capacity
in terms of available power, there is an increasing shift
towards wind power generation to satisfy the need of a
clean renewable source [4], [5]. The year 2008 was a
record year for wind generation in the United States with a
total increase of 8,360 MW which is 50% of the total wind
power capacity at the end of 2007 [6].
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Wind energy accounted for 42% of the total new
capacity added. In 2008, the United States overtook
Germany to become the country with the largest installed
wind power capacity in the world. The total wind power
capacity of the United States is at 25,170 MW [7]. Federal
policy in the form of production tax credits and state
regulations in the form of renewable portfolio standards
(RPS) [8] have contributed to encouraging the development
of wind generation in the United States [9]. Over 25 states
have accepted RPS by requiring a substantial contribution
from renewable sources of energy to their power generation
portfolio [10]. As a result wind energy is gaining interest
now-a -days as one of the most important renewable
sources of energy due to its eco-friendly nature. But the
major disadvantage lies in variable speed wind generation.

Doubly Fed Induction Generator (DFIG)

This paper will focus on the formulation of a
distributed slack bus model of wind-based Distributed
Generators which are promoted and motivated by
environmental considerations[11].Wind turbine generators
can be classified into three as [12,13,49]:Induction
Generators(Doubly Fed Induction Generator-DIFG,Singly
Fed Induction Generator-SFIG,Squirrel cage Induction
Generator-SCIG),Permanent  magnet Alternators
(Permanent magnet Synchronous Generator-PMSG) and
Brushed DC Generators.In this paper, a Grid-connected
variable speed DFIG[14] because it is commercially viable
and frequently used in grid connected mode[15].

The Doubly Fed Induction Generator is shown in figure
1 [16]. It consists of a wind turbine that is connected
through a gear train to the rotor shaft of the induction
generator. The rotor terminals of the induction machine are
connected to the four-quadrant power electronic converter
capable of both supplying real and reactive power from the
grid to the rotor as well as supplying real and reactive
power from the rotor to the grid [17].

The converter consists of two separate devices with
different functions, the generator side converter and the
grid side converter. The generator side converter controls
the real and reactive power output of the machine and the
grid side converter maintains the DC link voltage at its set
point. These converters are controlled respectively by the
Generator side controller and the Grid side controller. The
DFIG also has a wind turbine control that maximizes the
power output from the turbine through pitch control and
sends this computed maximum real and reactive power
output to the converter. The Power electronic converter is
connected to the grid through a transformer that steps up
the voltage to the grid.
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The stator side of the induction generator is also
connected to the grid through a step up transformer.In case
the system voltage and power reliability requires that
additional reactive power be injected, a static compensator
(STATCOM) may be connected at this point of
interconnection.

Obijective

Thus,the main objective of this paper is to formulate
combined participation factors for a DFIG taking into
consideration both real and reactive powers and their
corresponding losses.In this case the participation factors
are formulated using the method of langrage multipliers.
Then a distributed slack bus model for the distribution
system with DFIG will be done using a Genetic Algorithm
with a Newton Raphson Solver.
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Figure 1:DFIG Schematic Diagram[16]

A. DFIG Reactive Power And Voltage Control

Voltage control and reactive-power management are two
aspects of a single activity that both supports reliability and
facilitates commercial transactions across transmission
distribution power networks. On an alternating-current
(AC) power system, voltage is controlled by managing
production and absorption of reactive power. There are
three reasons why it is necessary to manage reactive power
and control voltage[44]. First, both customer and power-
system equipment are designed to operate within a range of
voltages, usually within+5% of the nominal voltage. At low
voltages, many types of equipment perform poorly; light
bulbs provide less illumination, induction motors can
overheat and be damaged, and some electronic equipment
will not operate at. High voltages can damage equipment
and shorten their lifetimes. Second, reactive power
consumes transmission, distribution  and generation
resources.
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To maximize the amount of real power that can be
transferred across a congested transmission interface,
reactive-power flows must be minimized[57,58]. Similarly,
reactive-power production can limit a generator’s real-
power capability. Third, moving reactive power on the
transmission system incurs real-power losses. Both
generation capacity and energy must be supplied to replace
these losses[50,51].

Further,voltage control is complicated by two additional
factors[58]. First, the transmission and distribution system
itself is a nonlinear consumer of reactive power, depending
on system loading. At very light loading the system
generates reactive power that must be absorbed, while at
heavy loading the system consumes a large amount of
reactive power that must be replaced. The system’s
reactive-power requirements also depend on the generation
and transmission configuration[59]. Consequently, system
reactive requirements vary in time as load levels and load
and generation patterns change. The bulk-power system is
composed of many pieces of equipment, any one of which
can fail at any time. Therefore, the system is designed to
withstand the loss of any single piece of equipment and to
continue operating without impacting any customers. That
is, the system is designed to withstand a single
contingency. Taken together, these two factors result in a
need of a dynamic reactive-power requirement[56]. The
loss of a generator or a major transmission line can have
the compounding effect of reducing the reactive supply
and, at the same time, reconfiguring flows such that the
system is consuming additional reactive power.Since
reactive power loss has not been included in the existing
load flow studies,reactive power generation ,injection ,
absorption and loss cannot be managed,hence voltage
instability.

At least a portion of the reactive supply must be capable
of responding quickly to changing reactive-power demands
and to maintain acceptable voltages throughout the
system[50,51]. Thus, just as an electrical system requires
real-power reserves to respond to contingencies, so too it
must maintain reactive-power reserves. Loads can also be
both real and reactive. The reactive portion of the load
could be served from the transmission and the distribution
system. Reactive loads incur more voltage drop and
reactive losses in the transmission and distribution system
than similar-size (MVVA) real power loads.

Vertically integrated utilities often include charges for
provision of reactive power to loads in their rates[45]. With
restructuring, the trend is to restrict loads to operation at
near zero reactive power demand (a 1.0 power factor).
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The system operators limits loads to power factors
between 0.97 lagging (absorbing reactive power) and 0.99
leading. This would help to maintain power reliability of
the system and avoid the problems of market power in
which company could use its transmission and distribution
lines to limit competition for distributed generation and
increase its power prices.

DFIG and Reactive Power Management

Distributing generation resources throughout the power
system have a beneficial effect if the generation has the
ability to supply reactive power. Without this ability to
control reactive-power output, performance of the
transmission and distribution system can be degraded.
DFIGs are an attractive choice for small, grid-connected
generation for various reasons. Primarily, they are
relatively inexpensive[46]. They do not require
synchronizing and have mechanical characteristics that are
appealing for application as wind based DGs. They also
absorb reactive power rather than generate it, and are
controllable. If the output from the DFIG fluctuates (as
wind does), the reactive demand of the generator fluctuates
as well, compounding voltage-control problems for the
transmission system. DFIGs can be compensated with
static capacitors, but this strategy does not address the
fluctuation problem or provide controlled voltage support.
Many distributed generation resources are now being
coupled to the grid through solid-state power electronics to
allow the prime mover’s speed to vary independently of the
power-system frequency[47,60]. For wind, this use of
solid-state electronics can improve the energy capture.

In fact, most devices do not have to be providing active
power for the full range of reactive control to be available.
The generation prime mover, for example, the turbine, can
be out of service while the reactive component is fully
functional. This technological development (solid-state
power electronics) has turned a potential problem into a
benefit, allowing distributed resources to contribute to
voltage control[52].Synchronous generators, SVC and
various types of other DFIG equipment are used to
maintain voltages throughout the transmission system.
Injecting reactive power into the system raises voltages,
and absorbing reactive power lowers voltages[48].

Voltage-support requirements are a function of the
locations and magnitudes of DFIGs outputs and customer
loads and of the configuration of the DFIG transmission
and distribution system.These requirements can differ
substantially from location to location and can change
rapidly as the location and magnitude of DFIG generation
and load change.
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At very low levels of system load, transmission and
distribution lines act as capacitors and increase voltages
and at high levels of load, however, they absorb reactive
power and thereby lower voltages. Most transmission-
system equipment (for example, capacitors, inductors, and
tap-changing transformers) is static but can be switched to
respond to changes in voltage-support requirements
[53, 54]. A more efficienct and reliable way is to control
the DFIF reactive power using a reactive power
participation factor that compares the generated/injected
reactive power and the reactive power absorbed by the
loads.

System operation has three objectives when managing
reactive power and voltages[55].First, it must maintain
adequate voltages throughout the transmission and
distribution system for both current and contingency
conditions.Second, it seeks to minimize congestion of real-
power flows.Third, it seeks to minimize real-power
losses.However, the mechanisms that system operators use
to acquire and deploy reactive-power resources are
changing .These mechanisms must be fair to all parties as
well as effective.

B Participation factors

Participation factors are non dimensional scalars that
measure the interaction between the modes and the state
variables of a linear system .Participation factors were
introduced by Verghese, P’erez-Arriaga and Schweppe
[18],[19],[]20] as a means for ranking the relative
interactions between system modes and system states.The
concept of the Selective Modal Analysis (SMA) approach
introduced by these authors found its first applications in
the field of electric power systems for load flow analysis,
order reduction and controller design .

Other definitions of participation factors were
introduced by Abed et al [21] so as to achieve a
conceptual framework that doesn’t hinge on any particular
choice of initial condition. The initial condition is modeled
as an uncertain quantity, which can be viewed either in a
set-valued or a probabilistic setting. If the initial condition
uncertainty obeys a symmetry condition, the new
definitions are found to reduce to the original definition of
participation factors.

Application of Real power Participation Factors in Power
Systems
In balanced transmission systems, distributed slack

buses were introduced to remedy the inadequacy of a single
slack bus.
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Real power Participation factors have been applied to
assign the system loss to multiple generators during power
flow calculations. In previous works,these participation
factors are constant values and can be determined by
different methods. In [24, 25], the participation factors are
related to the characteristics of turbines on each generator
bus and load allocation. In [22], the authors applied
participation factors using combined cost and reliability
criteria in power flow for fair pricing. In [23], the author
provides a method of choosing participation factors based
on the scheduled generator outputs.

The participation factors in [26] are applied to
minimize active power generation using the non linear
version of the Interior Point Method(IPM).With increasing
interest on  reactive power dispatch and control in
distribution systems,reactive power control for DGs also
has become possible[27,28].The amount of reactive
reserves at generating stations is a measure of the degree of
voltage stability. With this perspective, an optimized
reactive reserve management scheme based on the optimal
power flow presented in [29] show that detailed models of
generator limiters, such as those for armature and field
current limiting must be considered in order to utilize the
maximum reactive power capability of generators, so as to
meet reactive power demands during voltage emergencies.
Participation factors for each generator in the management
scheme are predetermined based on the voltage-VAR (V-
Q) curve methodology and the results prove that the
proposed method can improve both static and dynamic
voltage stability. Optimization Algorithms for reactive
power have been presented in [34] by exact loss formula,in
[33] by PSO and by GA in[32] .In[30,31], the management
of reactive power generation to improve the voltage
stability margin using modal analysis technique is done
and the simulation results show that after the optimal
reactive power re-scheduling, the active/reactive power
losses are decreased. All these optimization methods
provide no means of distributing the slack to various
DGs in the power system. . The proposed  constant
participation factor index in [34,35] quantifies the reactive
support need of different areas and generators to maintain
adequate voltage stability margin

Il. FORMULATION OF COMBINED PARTICIPATION FACTORS

S .Tong and K.Miu [35,36,37] ,applied the distributed
slack bus participation factors to distribute real power loss
to participating sources. In these cases,the participation
factor, K; for source i, is calculated as follows:
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loss
_ Pgi

P,

Ki i=012,...n

loss
n
where> K, =1
i=0

loss __ lossa lossb loss,c
PGi - PGi + PGi + PGi

Where ,0 the substation index, n the number of
participating DGs in the system, p__ the total real power

loss in the system, p'oss the loss associated with generator i,

PL%*P the loss associated with generator i, phase p

However, this method of real power participation factor
do not provide a procedure for distributing the optimized
reactive losses in the various DFIG buses at the same time
maintaining the  voltage stability. This paper  will
investigate the criteria of applying optimized reactive
power loss distribution to a distributed slack bus model in
power flow study by modeling the relation:

_ oy

Qloss

Kt i=0,12,...n

WhereiKt =1
=0
QU™ = Q™™ + Q™ + QI
Where 0 is the substation index,n the number of
participating DGs in the system, Q,,, the total real
power loss in the system, Qo> the loss associated with
generator and qrossr the loss associated with generator i,

phase p

Equation (2) represents a function for he DFIG reactive
power participation factor.This paper also investigates the
differences between the participation factors of real power
and reactive power contributions and how the two types of
participation factors can be combined. That is, the
feasibility of the relation:

Where K is the combined participation factor obtained as a
vector sum of equations (1) and (2).s

I
L Qa”

loss

loss
K =K, + jKt =&

loss

I 13000 WO )

463

Penalty Factors

In this paper ,non negative participation factors are desired.
However, rate of power loss with respect to DFIG input
(sensitivities) can be negative,since penalty factors are defined
as[38] ;

For real power,

Lip:7

2P,
For reactive power,the reactive power penalty factors
are defined in this paper as,

1
LiQ - o

It is noted that in economic dispatch[40,41] with line
loss considerations,the real power penalty factors were
derived through the method of Lagrange multipliers. These
penalty factors based on sensitivities are nonnegative, and
reflect the impact of transmission system loss to real power
injections from units, which are dispersed throughout the
system. In this paper , these penalty factors are derived
using for both real and reactive power and then used to
obtain nonnegative combined participation factors.That is,
the combined penalty factors are defined as,

Participation factor sensitivities

The network sensitivity combined participation factors
incorporate the concept of network sensitivities and penalty
factors to distribute the slack. These participation factors
implicitly include effects of network parameters and load
distribution through the sensitivities of system real power
loss to real power injections and reactive power loss to
reactive  power injections reapectively.Since  the
sensitivities can be negative, penalty factors are applied to
keep participation factors nonnegative.

The sensitivities, 0P, /0P, where P,

\oss FEpresents

real power loss and P, represents the real power injection

to bus i, is addressed in [35,36,37]. They will be derived
and computed at each power flow iteration as follows,
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For real power,

BPoss OPFgss
opP T 12 o6
P, .. :[J T OBy [T 7
o vl |
a(-\) TH 80
=377 N7 e, 8
Qs b1 0, ®)
oP a|v| |

For reactive power,the sensitivities for DFIG reactive
power are defined as ,

Where:J : Jacobian matrix for three-phase power flow
with a single slack bus .Since R, X values of network
components, voltage phase angles 0 and voltage
magnitudes V are included in J , the system network
parameters, and load distribution are implicitly included in
the sensitivities and hence in the combined participation
factors.

A Distributed Slack Bus Models

Participation factors for distribution systems should
reflect network parameters, load distribution, generator
locations and capacities. Two methods used to calculate
such network based participation factors are the network
sensitivity participation factors and generator domain
participation factors

The generator domain participation factors were
studied extensively by [43], therefore this paper will
address the network sensitivity participation factors then
apply both methods in slack bus placement in the
distribution system with DFIGs. The network sensitivity
participation factors incorporate the concept of network
sensitivities and penalty factors to distribute the slack(real
and reactive power losses).These participation factors
implicitly include effects of network parameters and load
distribution through the sensitivities of system real and
reactive power losses and real and reactive power
injections. In addition, since balanced and unbalanced
systems can be considered in actual load flow analysis,
phase sensitivities on the same bus could be different.
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Therefore, the average phase sensitivity or maximum
phase sensitivity can be utilized.

Also, for a single slack bus model, the system loss is
independent of the real and reactive power injections of the
reference bus, whose penalty factor is set as one.

Thus, the penalty factors are defined as:

Based on average phase sensitivity

L, =1
1
ST L (PP, OPns | P, ®=2
3 oPS oPS, OPS;
Lt — 1 ©b)
11 (QRu0ss | OQuoss | FQuossy T
a b c
3 oQg; oQg; Qg
Based on maximum phase sensitivity
L, =1
L — 1 @oa)
"1 Max(Zess | OPoss OPiose
OPS; OPg; OPS,
Lt — 1 (10b)
1 _ Max(anoss aQloss anoss )

Qs T aQs T aQy,

In the above equations ,all penalty factors are
nonnegative. At first glance, the sensitivity values are not
necessarily nonnegative; however, when calculating in per
unit with realistic power distribution components, the
sensitivity values are less than one, which results in
nonnegative L;and L.

These penalty factors also capture DFIGs’ effects to
system losses through sensitivities.When a participating
source is installed far from load centers, more loss occurs
on the path to serve the same amount of load from this
source; then, its sensitivity should be larger than the
sources, who are installed closer to load centers. In other
words, a larger sensitivity value results in a larger penalty
factor.

In addition, since sensitivities or these penalty factors
only represent the ratios of system real power loss changes,
the associated real power load served by each participating

source, PX® should also need to be included in its

participation factor to scale its associated real power loss.
Therefore, network sensitivity real power participation
factors with  applied penalty factors are determined
as[35,36,37]:
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L Ry

K =—F"—%— ... @
> LRl
j=0
load : :
Where, P real power load associated with

generator i
Since J changes at each iteration, L; and the participation
factors are iterative. The real power load associated with

generator i , P! s a set value before power flow

calculations, which can be considered as generator i ’s
scheduled output to serve a desired amount of load.

A corresponding reactive power participation factors can
also be defined similarly.Hence,the combined participation
factor IN equation (3) becomes

load

I—i PGi I—t Qflsoiad
= Lprt XL QO
i= =e

K =

Where K is the combined participation factor and the
loss sensitivities are  derived using the method of
Lagrange multipliers.

B Solution Algorithm Reactive Power Participation
Factors

A Newton Raphson Solver Incorporating the
distributed slack model with iterative participation factors
is used .The algorithm was proposed in [36] for real power
participation factors and in this paper it is applied for the
reactive power participation factors.This algorithm works
for both network sensitivity —and generator domain
participation factors.The steps for the algorithm are as
follows:

Step 1Choose an initial guess at =¢ ==

Step 2Set the iteration counterat & = o
Step 3Set desired er:ufm and initial K;
Step 4Evaluate F ':R:'I:;'i' ':Rjjl

Step 5Stop if F®)| < Tolerance

k) AF
Step 6Evaluate J'_..;]'“=:?
Step 7Solve jg';"jﬁi':“j —_Ffx

step 8Let Y = £l¥ 4 pgl¥)

Step9Let K=K+ 1

Step 10 Check real and reactive power limits of the
participating DFIGs.If the calculated real/reactive power
output of a DFIG violated its limits,this DFIGs can not be
considered as a participating source which accounts for
slack and is modeled as a constant PQ injection Then go
to Step 3

Step 11 Upgrade calculation information.For sensitivity
participation factors,calculate sensitivities and for
generator domain participation factors,find positive power
flow directions and distinguish generator domains for the
substation and participating DFIGs.

Step 12 Calculate reactive power
£ and x[% and go to Step 4.
For real power participation factors ,the same algorithm is

used but with Step 3 with the desired
P and initial K;

participation factors

C 33 Bus Radial Distribution Test System
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IEEE recommended balanced distribution systems
include the radial 16 Bus,30 Bus ,33 Bus 94 Bus 69 Bus
and 119 Bus systems[42],with the 33 Bus and the 69 Bus
being commonly for most simulations used because they
are balanced topologies.

In this paper, the distribution test systems used is the
radial 33 bus systems. The system has 32 sectionalizing
branches, 5 tie switches , nominal voltage of 12.66KV and
a total system load 3.72 MW and 2.3 MVAR. The original
total real power loss and reactive power loss in the system
are 221.4346 Kw (5.95%) and 150.1784 kVAR ( 6.53% ).
The network diagram is as shown in figure 1

Ul

_______

[—

legend
B Substation
Bus
Line
" Tie line

Figure 2:1EEE 33 Bus Radial Distribution System
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TABLE I
IEEE 33 BUS RADIAL SYSTEM LOAD DATA
Bus Py, Q. Bus P Q.
No. (kW) (kVAr) No. (kW) (kVAr)
2 100 &) 18 90 40
3 90 40 19 90 40
4 120 B0 20 90 40
5 60 30 21 90 40
4] 60 20 22 90 40
7 200 100 23 90 50
8 200 100 24 420 200
9 60 20 25 420 200
10 60 20 26 60 25
11 45 30 27 60 25
12 60 15 28 60 20
13 ] 35 29 120 70
14 120 80 30 200 100
15 60 10 31 150 70
16 60 20 32 210 104
17 ] 20 33 60 40
TABLE Il
IEEE 33 BUS RADIAL SYSTEM BUS DATA
Branch Sending Receiving e} b4
MNumber end bus cnd bus (L) {52y
10 10 11 0. 1967 00651
11 11 12 0.3744 01208
12 1 13 L. bR L. 1549
13 13 14 054146 DTF129
14 14 15 059009 5260
15 15 16 07462 05449
16 16 17 1.2889 1.7210
17 17 18 0.7320 0.5739
18 2 19 0. 1640 01565
19 19 20 1.5042 1.3553
20 20 21 04095 0.4784
21 21 22 0. 7089 0.9373
22 3 23 04512 03084
23 23 24 0.ROB0 0.7091
24 24 25 ().8950 0.7071
25 ] 26 0.2031 01034
26 26 27 02842 0. 1447
27 27 28 1.0389 LR O T
26 26 24 QB4 O TO06
29 29 30 05074 0.2585
20 30 31 0.9745 0.9629
31 31 32 0.310%5 03619
32 32 33 0.3411 (.5302
34 b3 21 200040 20000
36 9 15 20000 20000
as 12 22 2000 2 OO0
17 1% 13 O S000 O S000
a3 25 29 05000 05000

The transformer between Bus 6 and Bus 26 services
1.3681 MW and 0.3098 Mvar dispersed loads in a
commercial and residential area.

With no DFIG installed 10.51 kW (1.53% of total
system real power loss) occurs in the high density load area
and 204.59 kW (92.39% of the total loss) occurred in the
commercial and residential area from its higher network
resistances and branch currents.

Two cases will be investigated. In each case, simulation
results from three-phase power flow analysis using
different slack bus models will be compared. They are as
follows;Case 1: the DFIG is installed on Bus 18 and Case
2: the DFIG is installed on Bus 19.

In both cases, one DFIG is assumed to service 1,500kW,
750KVAR loads, that is approximately 40% DFIG
penetration. The DFIG installed on Bus 18 is expected to
have a larger impact on system real and reactive power
losses and a larger percentage of system loss contribution.
Thus, it should be assigned a larger participation factor
than the DFIG installed on Bus 19 to serve the same
amount of real and reactive power loads.

D Simulation Results For The 33 Bus Radial System
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Simulation results including the real and reactive power
participation factors, real and reactive power outputs
obtained using the different slack bus models of the 33 bus
radial distribution system are as shown in the Table3 and
Table 4 below for cases 1 and case 2 respectively.

Observations

From these numerical simulation results, the impacts of
different slack bus models for distributed generation with
DFIGs were observed. For the single slack bus model, both
cases keep the DFIGs at the same output out 1.5MW and
750KVAR.

The distributed slack bus model with non-iterative
participation factors based on scheduled DFIG outputs
alone has the same real power participation factors values
in both cases. however he corresponding combined
participation factors are different,with the combined factors
being higher in case A than case B.Thus, with the same
DFIG output, the amount of the KVAR output attributed to
loads compared to the system losses are the same even
though the DFIG is located at different locations. Since this
method does not capture the effects of DFIG locations on
system studies, it is not recommended.

The distributed slack bus model with sensitivity
participation factors were computed in two ways: based on
average sensitivities and maximum phase sensitivities. The
resulting COMINED participation factors were different
between these two methods. It is noted that both methods
assigned larger participation factors to the DFIG on Bus 18
than when the DFIG was placed on Bus 19. Thus the
sensitivity and penalty factor approach performed, as
expected, with respect to attributing higher losses to the
DFIG at bus 18.
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However, the combined participation factors between
the DFIG at bus 19 compared to the one at bus 18 was
small. Thus, concerns arise as to whether sensitivity
measures are significant enough to fully capture the effects
of DFIG locations.

Key:
A-Single slack Bus Model,

B-Distributed Slack bus model based on DFIG capacity,
C-Distributed Slack bus model based on average

sensitivity,
D-Distributed Slack bus model based on maximum
sensitivity,
E- Distributed Slack bus model based on DFIG domain.
TABLED
4 e 71 Bus Rl Diskoution Srem vl one DG on Bus 18 o ervie 150K JARVAR boad
A B. ¢ D E
S lak, 1 07315 (7468 074 (6140
DFlopak ( 02483 (1% 0293 030!
DFlopakyy 0 0236 (448 0210 1309
Copr K 1 034 (57 03688 048
wg D 41 LA} 13 4
Pf.fif(.’vfw) 47305 43 W 41134 4839
PHH{MWJ 13000 138 152 1352 1360
(giicKVAR  T30000 T300083 00 150015 1300163
ﬂ;’s (o 21540 04 21458 D148 10428
Qf@(kVﬁR] 130170 441788 173 40176} 1401735
TABLEIV
Case B30 Bus Rafid Disrbuion Syste wilhome DFIGrom B 19 tosevice 500KV 30 EVAR oed
A B. ( D E
S Py 1 07515 (1763 0755 19868 |
DFlosak,, 0 0248 (237 02445 0013
DFlGpak.y 0 0228 (1295 02386 {010¢
Compa ¥ I Bt (m 03416 00
o) 0 a1 41 430 b
Pﬂéf'[.’vﬂ‘v’] 4163161 411661 4716631 411663 418240
By 1300 13363 13363 1355 150
Qﬁ%{ﬂ’dm 730000 TH008 008 130015 1300163
B W) pHEL] 0y 2440 D184 0%
Qfg;[!(l’dm 130174 4178 191778 41T 1491763

The distributed slack bus model with DFIG domain
participation factors has a much larger real and reactive
participation factors for the DFIG on Bus 18 than the DFIG
on Bus 19.
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This clearly shows that relating the real and reactive
participation factors with DFIG locations, network
parameters and load distribution yield more distinct
distributed slack bus combined participation factors.
Therefore, real reactive and combined participation
factors determined by DFIG domains are recommended
for the distributed slack bus model.

I1l. CONCLUSIONS

This paper has provided a background work toward the
modification of the traditional load flow study. Slack bus
modeling for distribution power flow analysis has been
studied and investigated. First,the distribution power flow
with a distributed slack bus model for DFIGs has been
studied.Second ,scalar participation factors to distribute
uncertain real and reactive power system losses for three
phase power flow calculations have been formulated.Also
two methods to calculate network-based participation
factors have been presented ;sensitivity-based method and
generator domain based method.Lastly a GA based
Newton-Raphson solver implemented the distributed slack
model with iterative  combined participation factors.

The distribution power flow with a single slack bus
model was revisited, and a slack bus model was developed
for distribution systems with DFIGs. The combined
participation factors based on generator domains, which are
explicitly relative to network parameters and load
distributions, demonstrate their ability to capture network
characteristics and to scale loss contributions of sources
surpasses other participation factors. Therefore, the
distributed slack model with generator domain participation
factors is recommended for the allocation of real and
reactive power losses to various buses.The combined
participation factors are higher than he real power
participation factors formultated by [35,36,37]and they
provide a better way of obtaining a distributed slack bus
model for a DFIG based distribution system.

The distribution power flow with a distributed slack bus
model presented in this paper can be applied in many areas.
These include DFIF and capacitor placement and sizing
network reconfiguration, Distribution system expansion ,
service restoration and reactive power control These
applications can also be investigated.

REFERENCES

[1] J. H. Choi, J. C. Kim. 2000.” Network reconfiguration at the power
distribution  system with dispersed generations for loss
reduction.”|EEE Power Engineering Society Winter Meeting,2363—
2367.



w

Fm -

A
Y

UE T AE

EXPLORING RESEARCH AND |INNOVATIONS

International Journal of Emerging Technology and Advanced Engineering
Website: www.ijetae.com (ISSN 2250-2459, Volume 2, Issue 10, October 2012)

H. Yasami, A. Moeini, S.M.R. Rafiei, A. Darabi and A. Bageri.
2011.” Optimal DG planning considering reliability, cost of energy
and power loss” Scientific research and essays, 1963-1967.

Chiradeja, P. 2005.” Benefits of Distributed Generation: A line loss
reduction analysis” Transmission and Distribution Conference and
Exhibition: Asia and Pacific, 1-5

R. Zavadil, N. Miller, A. Ellis, and E. Muljadi, ‘“Making
connections,” IEEE Power & Energy Magazine, pp. 26-37,
November/December 2005.

R. Doherty, “Establishing the role that wind generation may have in
future generation portfolios,” IEEE Transactions on Power Systems,
vol. 21, no. 3, pp. 1415-1422,August 2006.

American Wind Energy Association: 2009: Another Record Year for
Wind Energy Installations.

Renewable Energy Policy Network for the 21st Century, Global
Status Report: 2009.

T. Berry, M. Jaccard, “The renewable portfolio standard: design
considerations and an implementation survey”, Energy Policy, vol.
29, no. 4, pp. 263-277, March 2001.

L. Bird, M.Bolinger, T.Gagliano, R. Wiser, M. Brown, B. Parsons,
“Policies and market factors driving wind power development in the
United States”, Energy Policy,vol. 33, no. 11, pp. 1397-1407 , July
2005.

[10 ] American Wind Energy Association (AWEA), “Legislative Affairs”,
Retrieved on 17" July, 2008.

[11] J.B.V. Subrahmanyam, C. Radhakrishna and K. Pandukumar, “A
Simple and Direct Approach for Unbalanced Radial Distribution
System three phase Load Flow Solution” Research Journal of
Applied Sciences, Engineering and Technology 2(5): 452-459, 2010

[12] http://www. frontwind.com/Analysis of the requirements in selected
Grid Codes.pdf,December 2011.

[13] http://tie.ieee-ies.org/ss11/SS/Control Grid of WindEnergySyst.pdf,
December 2011.

[14 ] Srinath Vanukuru and Sateesh Sukhavasi “Active & Reactive Power
Control Of A Doubly Fed Induction Generator Driven By A Wind
Turbine”. International Journal of Power System Operation and
Energy Management, ISSN (PRINT): 2231-4407, Volume-1, Issue-
2,2011,pp 83-90

[15] Md. Arifujjaman, M.T. Igbal and John E. Quaicoe “Vector
Control Of A DFIG Based Wind Turbine”Journal Of Electrical &
Electronics Engineering Vol 9 No 2 ,2009 Pp. 1057-1066

[16 ] Gabriele Michalke AncaD.Hansen.”Faul tride through capability of
DFIGwind turbines” Renewable Energy, 22, October 2006.

[17] Istvan Erlich, Senior Member, J'org Kretschmann, Jens Fortmann,
Stephan Mueller-engelhardt, and HolgerWrede.” Modelling o fWind
Turbines Based on Doubly-Fed Induction Generators for Power
System Stability Studies.”Power Engineering Journal , 22(3):909—
919, 2007.

[18] J. P’erez-Arriaga, G.C. Verghese and F.C. Schweppe, “Selective
modal analysis with applications to electric power systems, Part I:
Heuristic introduction,” IEEE Trans.Power Apparatus and Systems,
Vol. 101, 1982, pp. 3117-3125

[19] G.C. Verghese, I.J. P’erez-Arriaga andF.C. Schweppe, “Measuring
state variable participation for selective modal analysis,” IFAC
Symposium on Digital Control, New Delhi, India, January 1982.

[2]

B3]

[4]

[5]

[6]
[7]
(8]

[9]

468

[20] G.C. Verghese, 1.J. P’erez-Arriaga and F.C. Schweppe, “Selective
modal analysis with applications to electric power systems, Part Il:
The dynamic stability problem,” IEEE Trans. Power Apparatus and
Systems, Vol. 101, 1982, pp. 3126-3134.

[21] E.-H. Abed et al, “Technical Research Report On Participation
Factors For Linear Systems”Institute for Systems Research,T.R 99-
41,JUNE 1999

[22] M. Okamura, Y. Oura, S. Hayashi, K. Uemura and F. Ishiguro, “A
new power flow model and solution method including load and
generator characteristics and effects of system control devices,”
(Abstract) IEEE Transactions on Power Apparatus and Systems,
vol. PAS-94, no. 3, pp. 1042-1050, May/June 1975.

[23] M. S. Calovic and V. C. Strezoski, “ Calculation of steady-state load
flows incorporating system control effects and consumer self-
regulating characteristics,” (Abstract) Int’l Journal on Electrical
Power & Energy Systems, vol. 3, no. 2, pp. 65-74,April 1981.

[24] A. Zobian and M. D. Ilic, “Unbundling of transmission and ancillary
services.Part 1. technical issues,” IEEE Transactions on Power
Systems, vol. 12, no. 2, pp.539-548, May 1997.

[25]J. Meisel, “System incremental cost calculations using the
participation factor load-flow formulation,” (Abstract) IEEE
Transactions on Power Systems, vol. 8, no. 1, pp.357-363, February,
1993.

[26 ] C.F.Moyano,R.Salgado,L.V.Barboza,”Calculating Participation
Factors In the maximum loadability”,JEEE Bologna Power
Tech.Conference ,June 23™ -26™ 2003 Bologna ltaly.

[27 ] R.Lasseter,A.Akhilet.al.”Integration of Distributed Energy
Resources-The CERTS Micro Grid Concept-Appedices,”CERTS
Report,pp.9-10,April 2002.

[28 ] M.1.Marei,E.F.El-Saadany,M.M.Salama,”A novel Control Algorithm
for the DG interface to mitigate power quality problems,”IEEE
Transactions on Power Delivery,vol.19,n0.3,pp .1384-1392,July
2004.

[29] F. Dong, B. Chowdhury, M. Crow, L. Acar, “Improving Voltage
Stability by Reactive Power Reserve Management,” IEEE
Transactions on Power Systems, vol. 20, no. 1, pp. 338-345,
February 2005.

[30 ] Habibollah Raoufi, Mohsen Kalantar, “Reactive power rescheduling
with generator ranking for voltage stability improvement” Energy
Conversion and Management, VVolume 50, Issue 4, April 2009, pp.
1129-1135.

[31] A. Rabiee, “ MVAR Management Using Generator Participation
Factors for Improving Voltage StabilityMargin”,Journal of Applied
Sciences,9:2123-2129,2009.

[32] M.F Kotb,k.mshelb,M.ELKhazendar and A.EI Husseiny”Genetic
Algorithm for optimum siting and sizing of Distributed Generation
“Proceedings of the 14" International Middle East Power Systems
Conference, cairo university ,Egypt,Dec .19-21 ,2010,paper ID 196

[33] AH .Mantawy,andM.S.AL-Ghamdi,”A new reactive
optimization Algorithm”,JEEE Bologna Power
Conference June 23" -26" 2% Bologna, Italy

[34 ] NareshAcharya, PukarMahat, N. Mithulananthan,”An analytical
approach for DG allocation in  primary distribution
network” Electrical Power and Energy Systems 28 (2006) 669—
678Electric Power System Management, Energy Field of Study,
Asian Institute of Technology,

power
Technology



w

Fm -

A
Y

UE T AE

EXPLORING RESEARCH AND |INNOVATIONS

International Journal of Emerging Technology and Advanced Engineering
Website: www.ijetae.com (ISSN 2250-2459, Volume 2, Issue 10, October 2012)

[35] S.Tong and K.Miu,”Participation Factor Studies for Distributed
Slack BUS model in Three Phase Distribution Power Flow
Analysis,”Proceedings of the 2006 IEEE/PES Transmission
&Distribution Conference ,pp.242-244,Dallas, TX,May 2006.

[36] S.Tong and K.Miu,”A Network —Based Distributed Slack Bus
Model for DGs in Unbalanced Power Flow Studies,”IEEE
Transactions on Power Systems,vol .20,no.2,pp 835-842,May 2005

[37] S.Tong and K.Miu,A participation factor Model for Slack Buses in
Distribution Systems with DGs,”Proceedings of the 2003 IEEE/PES
Transmission and Distribution ~ Conference  ,vol 1,pp.242-
244 Dallas, TX,September 2003.

[38] D.Bica and P.Maior,”Static Voltage Stability Analysis by
participation Factors Computing”, Scientific Bulletin of the Petru
Major University of Targu Mures Vol .2(XIX),2006.ISSN 1841-
9267.

[39] M.l .El-Sayed,El.Othman,and A.S.EL-Khouly,”Improvement  of
voltage stability in interconnected power systems using a neural
network”, A journal of American Science 2012 ,Vol 8(1),pp 295-
301.

[40] H. H. Happ, “Optimal Power Dispatch,” (Abstract) IEEE
Transactions on Power Apparatus and Systems”, vol. PAS-93, no. 3,
pp. 820-830, May/June 1974

[41] J.J.Grainger and W.D Stevenson,JR, Power System Analysis,
McGraw-Hill, Inc., New Delhi, 2003

[42] W.H Kersting “Distribution ~ Systems Analysis
Report”2000 PES Summer Meeting

[43] S. Tong, K .N. Miu, “A Participation Factor Model for Slack Buses
in Distribution Systems with DGs”IEEE Transactions on Power
Systems, 2003.

[44]J. G. Slootweg, S. W. H. DeHaan, H. Polinder and W.L Kling,
"Chapter 19 Wind Power and Voltage Control," Wind Power in
Power Systems, T. Ackermann, ed., pp. 413-432: John Wiely &
Sons, 2005.

[45] P. Kundur, “Power System Stability and Control”, McGraw-Hill,
1994.

[46] A. Tapia, G. Tapia, J.X. Ostolaza, J.R. Saenz, R. Criado, J.L.
Berasategui, “Reactive power control of a wind farm made up with
doubly fed induction generators (I)”, IEEE Porto Power Tech
Conference, Porto, Portugal, September, 2001.

[47] C. Jauch, J. Matevosyan, T. Ackerman, S. Bolik, “International
comparison of requirements for connection of wind turbines to
power systems”, Wind Energy, Vol. 8, July (3), 2005.

[48] D. Santos-Martin, S. Arnaltes, J.L. Rodriguez Amenedo, “Reactive
power capability of doubly fed asynchronous generators”, Electric
Power Systems Research, Vol. 78, 2008, pp. 1837-1840.

Subcommittee

469

[49] H. Li, Z. Chen, “Overview of different wind generator systems and
their comparisons”, IET Renewable. Power Generation, Vol. 2, No.
2, 2008, pp. 123-138.

[50] H. Arabian-Hoseynabadi, H. Oraee, P.J. Tavner PJ, “Wind turbine
productivity considering electrical subassembly reliability”,
Renewable Energy, Vol. 35, 2010, pp. 190-197.

[51] F. Spinato, P.J. Tavner, G.J.W Bussel, E. Koutoulakos, “Reliability
of wind turbine subassemblies”, IET Renewable. Power Generation,
Vol. 3, No. 4, 2009, pp. 387-401.

[52] Z. Jingjing, X. Li, H. Jutao, L. Jiping, “Reactive power control of
wind farm made up with doubly fed induction generators in
distribution system”, Electric Power Systems Research, Vol. 80,
2010, pp. 698-706.

[53] D.J. Atkinson, R.A. Lakin, R. Jones, “A vector-controlled
doublyfed induction generator for a variable-speed wind turbine
application”, Transactions of the Institute of Measurement &
Control, Vol. 19, No. 1, 1997, pp. 2-12.

[54] R.S. Pena, J.C. Clare, G.M. Asher, “Vector control of a variable
speed doubly-fed induction machine for wind generation systems”,
EPE Journal, Vol. 6, No. 3, 1996, pp. 60-67.

[55] A. Tapia, G. Tapia, J.X. Ostolaza, “Reactive power control of wind
farms for voltage control applications”, Renewable Energy, Vol. 29,
2004, pp. 377-392.

[56] T. Ackermann, "Transmission Systems for Offshore Wind Farms,"
Wind Power in Power Systems, T. Ackermann, ed., pp. 479-504:
John Wiely & Sons, 2005.

[57 ] N. Barberis Negra, J. Todorovic, T. Ackermann,” Loss evaluation of
HVAC and HVDC transmission solutions for large offshore wind
farms” Electric Power Systems Research 76 (2006) 916-927.

[58] I.M. de Alegria, J.L. Martin, I. Kortabarria, J. Andreu, P. I. Erefio,
“Transmission alternatives for offshore electrical power”,
Renewable and Sustainable Energy Reviews, Vol. 13, 2009,
pp.1027-1038.

[59] G. Tapia, A. Tapia, J.X. Ostolaza, “Two alternative modeling
approaches for the evaluation of wind farm active and reactive
power performances”, IEEE Trans- actions on Energy Conversion,
Vol. 21, No. 4, 2006, pp. 909-920.

[60] T.V. Cutsem, C. Vournas, “Voltage Stability of Electric Power
Systems”, Kluwer Academic Publishers, 1998.



