Journa! of the Korean Institute of llluminating and Electricat Installation Engineers Vol. 20, No.9, pp. 78~83 November 2006

gl 20-9-11

Derivation of Distributed Generation Impact Factor in
a Networked System in Case of Simultaneous Outputs
of Multiple Generation Sites

Jung—-Uk Lim® . Thordur Runolfsson

Abstract

A new measure, the distributed generation impact factor (DGIF), is used for evaluating the impact of newly
introduced distributed generators on a networked distribution or a transmission system. Distribution systems
are normally operated in a radial structure. But the introduction of distributed generation needs load flow
calculation to analyze the networked system. In the developed framework, the potential share of every
generation bus in each line flow of a networked system can be directly evaluated. The developed index does not
require the solution of power flow equations to evaluate the effect of the distributed generation. The main
advantage of the developed method lies in its capability of considering simultaneous outputs of multiple

generation sites.

Key Words : DGIF(Distributed Generation Impact Factor), Networked Systemns, Analytic Method, Load Flow Analysis

1. Introduction

The recent introduction of competitive electric
markets as well new generation technologies, such
as fuel cells and micro-turbines, has sparked
interest in distributed generation (DG). Properly
planned and operated, DG can provide a wide
variety of benefits, including economic savings,
improved environmental performance, and greater
reliability [1, 2]. Recently, a variety of methods to
maximize the benefits brought by DG are being
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researched [3].

The impact of such smaller-scale generation on
the radial distribution system has been discussed
in the literature [4]. Although distribution systems
are mostly radially structured, the introduction of
distributed generation requires load flow analysis
to consider reverse flows by DG and eventually to
analyze the networked system. In addition, a study
on the static and dynamic behaviors of a
transmission system with significant distributed
generation resources is required as well.

Due to the need for improved analysis methods
for networked distribution systems or transmi-
ssion systems with significant DG installations, a
new analysis measure for the impact of distributed
generators on the networked system is developed.
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In order to evaluate the impact of newly
introduced individual distributed generator on each
line flow, the distributed generation impact factor
(DGIF) is derived from the power flow equations
all nodes. The main advantage of the developed
method lies in its capability of considering
simultaneous outputs of multiple generation sites.
Furthermore, its application does not require the
solution of complete power flow equations, and
thus it provides substantial savings In
computational effort.

2. Derivation of the DGIF

In the following, it is assumed that the ratio of
each bus power demand to the total system
demand is constant and known in advance, ie.

k= PPLi = constant, fori=1,2,-, n (A)
L, total

where, P, ;@ demand at bus—i, P . : total
system demand, and #» > number of buses.

The power (line) flow P ; from bus-i to bus-j
is explicitly expressed as

Py;=R6,0,V,V) oy

where, 6,,6; :
bus-] and V', V; : voltage magnitude of bus-i

voltage angles of bus-i and

and bus-j, respectively.
If we assume that the voltage magnitudes at
bus-i and bus-j are constant (4V =4V ;=0)

then the incremental value of P, 4P, can be
expressed as follows:
- _of —9f
4P = agidﬁﬁ— aaidej 2)
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Let AP=[A4P,4P,-4P,_,1 "where 4P, is
the net power injection at bus 1 and
A409=[48 40,46 ,.,1 7. Then, it follows from
the networks power flow equations that the
relationship between real power injections and bus
voltage angles can be described as:

AP= ] p, 48 (3

where [Jp is the submatrix of Jacobian

representing -g—g evaluated at the nominal steady

state value. Assuming that matrix Jp, iS
nonsingular from equation (3), we get

46=] 5y 4P 4)

The above formulation does not include the
slack bus. In order to incorporate the slack bus in
equation (2), the following equation derived from
the power flow equations is considered [5].

4pP slack = J slack, 8 46= ] slack, 8 ];’91 4ap (5)

where, 4P . Is the incremental value of active

P
power at slack bus and Jue = _ase/@

evaluated at the nominal operating conditions,
From equation (5), we obtain an augmented
linear combination as follows:

4P

[ =7 cuck.a 7g | 1] =0 (6)

slack.

Let [—7J.ue0/ 7 | 1] be a vector of the linear
combination factors [¢,,¢5.**, @ ,_,. 42 ,], then

4P

4P slack.

[QI,QZ,"',qn—l,q”] =0 (7
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4P

AP slack.
4P ;—4P; in equation (7), where 4P is a

By replacing 4P= with 4P=

vector which denotes incremental of real power in
all generation buses and 4P, is a vector which
denotes incremental amounts of real power in all
load buses, we get the following,

=[g,.05. 0 ,-1,4,] : 8

By applying the assumption (A) that the ratio of
each bus power demand to the total system
demand is constant we get

[APL.1APL,2"'APL,n—1APL,n] T

=Lk kyk, k] TAPL.total )

Hence the relationship between incremental
generation and incremental total demand, including
the slack bus, becomes

4P,
P2

APG.n—l
4P,

(10)

1
AP o= ",la1 02,0 4-1,4,]

where, r=[q1.qs. " qn1,a 1k Ry k, k)T

By combining equation (2) and (4), we get

4P,
[0 02 g0 8L g olya| 4P
apy=[0 0 Ff 00 Ffoom P (D
4P,_,

and from equation(9) and 4P=4P ;— 4P, not

@

including the slack bus, we obtain

4P, 4P, k)
APZ — AP:G.Z k:z APL,total (12)

4P, |4Pg .o\ k.-
By combining equations (10), (11) and (12) we
finally obtain for all buses

4P ;= 0...0739;0...0&0...0 *

a0 ;
[V Vg " VUi 4P,
Val Y 7 : «|4P .2
V1t Utz " Vuora) |4Pg,
4P ¢ |
=[af a5 a5 ]| 9P o2 = 3% afap, (13)
4P,

where the (#—1)>» matrix

Un Vig 0 Vs
R is derived from
V11 Vu-12"" Vy-ia

equations (10), (11) and (12) [6].

The coefficient d% in equation (13), which is the
sensitivity of the flow on line ij with respect to the
power generation at bus-k characterizes the
incremental power flow in the transmission line
from bus-i to bus-j when a unit power is
increased at bus—k. This coefficient is defined as
the Distributed Generation Impact Factor (DGIF).
Therefore, one can directly obtain the contribution
of each bus of distributed generators on all lines
by applying the DGIF. The relationship between
the incremental line flow and the incremental
power generation at any bus via DGIFs is given
by equation (13), ie.

AP ;=dY4P ¢\ +d44P ; ,+
wo+d¥ AP, +di4P; , (B)
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3. Case Studies

A. 5—bus Networked System

The developed DGIF method was tested on a
small-scale 5-bus networked system. As shown in
Fig. 1, DG Gl produces 5 MW to mee: load
increase at bus 5. In order to compare the power
flows in each line obtained from the DGIFs and
equation (B), another load flow calculation
considering a generation increase Gl and a load
increase D1 is performed. The results, as shown in
Table I, agree quite well with those of the load
flow calculation.

Practically, the incorporation of new DG cutputs
will not severely change the existing power flow
because a portion of the power increase by DG is
relatively small compared to that of the existing
power flows,

Fig. 1. A 5-bus Networked System

Table 1. Comparison of Line Flows Using Load
Flow Calculation and DGIF Application

Line Base Case | Load Flow DGIF
Load Flow | Calculation | Application
1-2 89.33 93.56 93.55
1-3 41.79 4295 42.94
2-3 24.47 24.61 24.58
2-4 27.71 28.05 28.01
2-5 54.66 58.30 58.29
3-4 19.39 20.60 20.58
4-5 6.60 814 815
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B. IEEE 14—Dbus System

The developed method has also been applied to
the IEEE 14-bus system to show its capability in
an application to a large-scale networked system
[7). Furthermore, we will consider simultaneous
outputs of multiple generation sites. The analysis
of the cases considered is actually difficult through
the conventional load flow analysis. The following
three cases are considered.

Case 1) D1-Load increase at bus-12 and G1-DG

generation of 20 MW at bus-1

Case 2) D2-Load increase at bus-1 and G2-DG

generation of 20 MW at bus-12

Case 3) Simultaneous occurrences of D1, Gl1, D2,

G2

As shown in Fig. 2, Case 1 is in the same
direction as the existing main flow while Case 2 is
in the opposite direction. Line flows obtained from
the DGIFs will be compared with those obtained
from another load flow calculation in Case 1 and
Case 2. Using a conventional load flow analysis it
is seen that the net result in Case 3 is an almost
no change in line flows before and after
load-generation changes, but each generator plays
its own role. When individual contribution of each
generator needs to be evaluated, the proposed
method using DGIFs is certainly effective because
it shows individual change of each line flow even
though simultaneous outputs of multiple gene-
ration sites happen.

Table II shows simulation results by the
conventional load flow calculation and the DGIF
method and comparisons between both methods.
The values in the third and fourth column
represent error rates of the power flows in each
line obtained from the DGIFs, as compared with
those from another load flow calculation in Case 1
and Case 2, respectively. The error rates in Table
II are considered as not significant because they

(8 14
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are of the order of 1[%].

Fig. 2. IEEE 14-bus System with
Demand-Generation Changes.

The data in fifth column and sixth column
which come from Case 3 are very interesting. In
the conventional power flow method, simultaneous
outputs of multiple generation sites are treated as
an association of DG generations. In Case 3, an
association of counter-flow DG generations can
dramatically reduce line flows. The simultaneous
occurrences of D1, G1, D2, G2 become nearly zero
as shown in fifth column of Table I

However, in the proposed method, we can get
line flow changes by each DG generation
respectively as shown in sixth colurn of Table II.
This is one of the main advantages of the method
using the DGIF. In other words, when simul-
taneous outputs of multiple generation sites take
place, individual contribution of each generator to
each line can be evaluated by the proposed method
using DGIFs. Note that the conventional load flow
analysis method produces one value per line in
fifth column of Table H whereas the proposed
method has two values per line in sixth colurmn of
Table II. In particular, the sixth column of Table
II shows how line flows are individually influenced
by each generation site.

@

Table 2. Simulation Results from The
Conventional Method and the DGIF

application
Case3 Case3

Base

Case | Casel | Case2 Flow Flow
. . Change Changes
Line | Line | Error | Error MW) MW)

Flow | (%) | (%] .

(MW) Load Using

Flow DGIF

1-2 | 19754 [0.37(%]){0.35[%] | -144 | 1844/ -1715
2-3 | 46.39 |0.300%]028(%]| -0.64 348/ -322
2-4 | 9021 |10300%)028(%]| -050 672 / -631
1-5 | 117.11 {0.33(%]{0.32[%)} 094 978/ -927
2-5 | 8239 |0.33(%]1031[%]| -0.20 6.89 / -647
3-4 | 3823 |0.35[%]|032(%}| -062 333/-310
4-5 | -3358 10.12[%] | 0.11[%]| ~1.30 103/ -0%
5-6 | 12764 [0500%]047[%]] -037 | 1580/ -1506
4-7 | 69.40 {0300%]028(%]| 0.14 523/ -494
7-8 | 000 |0.00[%]|0.00{%]| 000 0.00 / 0.00
4-9 | 3945 |0.30(%] | 0.28(%]| 0.16 291/ -276
7-9 | 6340 |0.30[%] | 0.28[%]| 0.14 523/ -4%4
9-10 | 4925 10.32[%] | 030(%]| 0.15 400 / -3.75
6-11 | 1744 10.86[%]|082(%]| -0.19 -374 / 358
6-12 | 4499 | L18[%]|112[%]| -007 | 1324/ -1258
6-13 | 4301 {059(%]|056[%] -011 6.30 / -6.07
9-14 | 3010 |055[%]{052[%]] 015 414 / -394
10-11| 1954 [0.790%]10.75[%)| 0.14 387/ -366
12-13 | -21.11 | 1.61{%] | 1.64[%]| -0.05 ~8.48 / 867
13-141 -39 [3.71(%]{364[%]| -0.16 =370 / 3.63

4. Conclusion

The distribution generation impact factor
(DGIF) of newly introduced distributed generators
on a networked system is analytically derived.
Using the developed DGIF, we can directly
evaluate the impact of individual distributed
generator on each line flow of a networked
system. The DGIF can be applied to the cases of
simultaneous outputs of multiple generation sites
which the conventional method is not feasible for.

Simulation results on a 5-bus networked system
and a IEEE 14-bus system show that the results
using the DGIF agree quite well with those of a
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conventional load flow calculation. The
explanation of this property lies in the fact that the
portion of power change by DG is relatively small
compared to that of the existing power flows.
Simulation results also show the main advantage
of the developed method lies in its capability of
considering simultaneous outputs of multiple
generation sites. The DGIF can be utilized for
operation or planning of the networked distribution
systems or the transmission systems including
significant DG applications.
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