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Adaptive Power Flow Method for Distribution
Systems With Dispersed Generation

Y. Zhu and K. Tomsovic

Abstract—Recently, there has been great interest in the In [1], a compensation-based power flow method was first
integration of dispersed generation units at the distribution presented and used for solution of weakly meshed systems. It
level. This requir_es new analysis tools for u_nder_sta_nding system \yas extended to a dispersed generation system Ritimode
performaqce. This paper presents an adaptive _dlstrlbuted power tion in 121. By addi | . . i
flow solution method based on the compensation-based method. COMpensaton in [ 1 _y adding voltage correction, it Wa_ls '_
The comprehensive distributed system model includes 3-phaselustrated that the iterative process of power flow calculation is
nonlinear loads, lines, capacitors, transformers, and dispersed faster and more reliable [3]. The compensation-based method
generation units. The numerical properties of the compensa- was extended to 3-phase unbalanced system in [4]. For short
tion-based power flow method are compared and analyzed under ¢;.c\jit analysis, fault compensation was combined with break-

different situations, such as load unbalance, sudden increase _ . ¢ fi 8V nod tion int hvbrid
of 1-phase loads, degree of meshed loops, number of generatorpOIn compensation andv node compensation into a hybri

nodes, and so on. Based on these analyses, an adaptive compens§0ompensation [5].
tion-based power flow method is proposed that is fast and reliable ~ The adaptive method presented in this paper is for fast and

while maintaining necessary accuracy. It is illustrated that this accurate calculation of power flow considering general device
gdapt"’.e method is especially appropriate for simulation of slow 1,44e|s and varied operational conditions. It is based on the
namics. .
y compensation-based method for a 3-phase unbalanced system

Index Terms—Adaptive, compensation-based method, dispersed proposed in [4]. Appropriate for the application of interest here,
generation, distribution power flow, distribution system modeling, the following extensions are made.

weakly meshed. T ) ) ) )
« Distribution system elements, including lines, capacitors,
dispersed generation units, nonlinear loads, and trans-

. INTRODUCTION former connections, are comprehensively modeled.

ECENT technology improvements in micro-turbines, ° The convergence rate of the compensation-based power

fuel cells, and energy storage devices have provided the flow method is exploited based on different situations, in-
opportunity for dispersed generation at the distribution level. ~ cluding load unbalance, sudden change in 1-phase loads,
With the possibility of significant penetration of distributed ~ the number and position of mesh breakpoints, and the
generation, more studies are needed on dynamic analysis of nhumber and position d?V nodes.
distribution systems. For dynamic simulations considering * The adaptive compensation-based method is presented
network effects, a load flow calculations must be performed at ~ and implemented for dynamic simulations.
appropriate time steps. The system operational conditions maylhe organization of this paper is as follows. Models of dis-
vary widely during dynamic events. Together, this requires thiitbution elements are given in the next section. The compensa-
the load flow algorithm be more robust and faster than thtion-based method [4] is introduced in Section Il1. In Section IV,
required for static studies. Previous distribution power flodhe convergence property of compensation-based method is ex-
methods have primarily looked at static power flow analysploited and illustrated for different situations. The adaptive com-
for planning studies. When these methods are used in dynampénsation-based method is developed and several improvements
simulations, they tend to be neither fast nor robust enougire shown in Section V. Conclusions are given in Section VI.
This paper develops a load flow algorithm appropriate for the

simulation of slow dynamics in the distribution system. Il. SYSTEM MODELING
The traditional distribution system differs from the transmis- =~ o )
sion system in the following aspects. Distribution system is viewed as a network of lines, shunt ca-

pacitors, dispersed generators, loads, and transformers. Com-

 Itis typically radial or weakly meshed, prehensive modeling issues are addressed in this section.

* Distribution lines usually have a largét/ X ratio.
» There may be significant 3-phase unbalance including un-
balanced loads and single-phase or 2-phase lines. A LInes
As in [4], the series impedance of a line sectiois repre-
sented by a X% 3 matrix
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B. Loads

Loads can be a combination of constant power, constant cur-

Y

Z, <I’—‘

rent, and constant impedance. They may be eitheonnected | I
or A connected. Suppose lo&d is connected to bus V; is the l—_—_}{f—_—l
3-phase voltage in bus I;; is 3-phase load current, then there

are the following load models:

» GroundedY: All groundedY connected loads can be
modeled as a combination of the following:

1) constant power
Sri\"
I = < ‘2 )

Sa,Li 0 0
Spi=1| 0 sy O
0 0 s

where

2) constant current
Ii=[Ileri Inw Ic,Li]T
3) constant impedance
I, =YLV,
where

Yari 0 O
Yei=| 0 wri O
0 0 yer:

» UngroundedA: All Ungrounded-A connected loads can
be modeled as a combination of the following:

1) constant power
I =TV [Spppi(TV;) ™ %

where
1 -1 0
T = 0 1 -1
-1 0 1
Sab, i 0 0
Stppi = 0 Spe,ri 0

0 0 Sca,Li

2) constant current

Ini =T Iy

wherelr,,i = [Las,zi Ive,Li Lea,Lil”

3) constant impedance
Ii = T Yrppi Vipi

where
You i 0 0
Yippi = 0 Yarri 0O
0 0 Yoo, Li
Vav i
Vzppi = ‘/bc,i
Veayi

C. Shunt Capacitors

Shunt capacitors can be modeledrasonnected oA con-

nected constant impedance loads.

Fig. 1. General form of 3-phase transformer model.

D. Dispersed Generators

) Dispersed generators are classified as condt&hior PV
nodes. ForPQ units, the models are identical with constant
power load models, except that the current is injected into the
bus. ForPV units, the connected bus is modeled @&\enode.

If the computed reactive power generati@h, is out of the
reactive generation limits, then the reactive power generation is
set to that limit and the unit acts a$§ node. Some dispersed
storage units may also act as a constant current node but for

(3) burposes of the load flow theQ model is adequate.

E. Distribution Transformers

4

The general form of the 3-phase transformer model is shown
in Fig. 1, where shunt admittan&g, represents core losses; se-
ries impedance’, represents leakage impedantgrepresents
primary voltage; and’, represents secondaty voltage.

All types of 3-phase transformers, such B8-Y 0 trans-
former, A — Y0 transformer, and” — A transformer, can be
modeled in this framework [6].

I1l. COMPENSATIONBASED METHOD

)
The compensation-based method for 3-phase power flow cal-
culation was developed in [4]. The main procedure is as follows.

Step 1) Read network data and perform network indexing.
Step 2) Construct breakpoint impedance maffixandPV
node sensitivity matrixZy-. The weakly meshed
system is converted to a radial network by breaking
all loops at breakpoints. ¥z, the diagonal ele-
ments are the sum of the impedance of lines which
form the loop connecting the two buses of a break-
point, and the off-diagonal elements are the sum of
(6) the impedance in common lines for two breakpoint
loops. Zy can be formed from th@V node to the
feeder node in a similar way witd ;.
Step 3) Perform backward current and forward voltage
(7) sweep iterations. If the maximum power mismatch
in each node for all phases is less than the power
convergence criterion,,, then proceed to the next
step.
Step 4) Calculate breakpoint voltage mismafkts. For a
breakpointj, which is separated into two end nodes,
j1 andj2, we have

AVBJ’ = Vi1 — V;Q (8)

Step 5) If the maximum breakpoint voltage mismatch is
greater than the breakpoint voltage convergence
criterion ¢, update breakpoint current injectioh
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Fig. 2.  Kumamoto 15-bus distribution system diagram. nat
1]
using (9) and (10), return to Step 3. Otherwise, go 12 Lfnbalaﬁnced Pacmi R 8 10
to the next step
ZsAJ =AVg (9) Fig. 3. Effect of unbalanced load.
J=J+AJ (10) - wand
For a breakpoing, current compensation./; is in- '
jected into end nodg1, and current compensation - 1
J; is injected into end nodg2. 8 08
Step 6) Calculat®V node voltage mismatchV,,. For PV -
nodes € 06
(15}
AVy = Vieri — Vi (11) §. 04
where V; ; is the magnitude of positive sequence u,z/
voltage in node, andV;.. ; is the voltage set value 5
in PV node:. 1 15 loadfactor 2 25

Step 7) Ifthe maximur®Vnode voltage mismatch is greater
than thePV node voltage convergence criterier, Fig. 4. Effect of large 1-phase load.
updatePV node current injectior?, using (12) —
(15), return to Step 3. Otherwise, the final poweand G11 are constant PQ generators. For SectionlV-SectionVl,

flow has been obtained the following convergence criterions are always chosen:
Zy Al = AVy (12) e =5x10"Y g =1x10""4e, =1x10""%
Bige; = Ay | IO+
Niog s = | Do y] 700"+ (13) A. Unbalanced Loads
Adge i = |Ady ;| 7O F0vei), Unbalanced loads are more common in a distribution system.

- . . . To simulate the effect of 3-phase unbalanced loads, first
This is 90 leading current, which will decrease re- . '

; . -~ 3-phase balanced loads are assumed. Then, while holding the
active power generation. lAVy,, < 0 ( Vi, is

reater tharv/,., ) total 3-phase load constant at each node, the load in phase
9 setsd increasedU I’ represents the unbalanced factor.
I =1+ A1 (14) Fig. 3 shows the maximum power mismatches after three it-

. . . . erations of backward/forward sweep calculation whéh is
so that less reactive power generation will be in-

; . . : increased from 1.0 to 10.0. It can be seen that the maximum
{Egﬁg |ntgPV nodes. If AVy; > 0 (Vi s less power mismatch is increasing nearly linearly as 3-phase loads
setyd become more unbalanced.
I,=1,—Al; 15
- q’_ - _ _( ) ~ B. Large 1-Phase Load
S0 that_ more react|ye power generation will be in- In the distribution system, there are 1-phase loads that may be
jected intoPV nodes.

large. Here, we want to analyze the convergence property of the
backward/forward method given a large load in a single phase. A
scalar load factoL F is applied to phase A loads while keeping
Good power flow algorithms should have fast and consisteplhase B and phase C loads constant. Fig. 4 shows the maximum
convergence rate under diverse operating conditions. In this seower mismatches after three iterations of backward/forward
tion, numerical simulations on the convergence properties @feep when the load factor is increased from 1.0 to 2.5.
compensation-based power flow method are performed on thén Fig. 4, when thd_ F' is less than two, the maximum power
system in Fig. 2 based on a distribution feeder in the Kumamatdsmatch is increasing nearly linearly with¥' increasing. This
area of Japan. The network parameters can be found in [7]. §2nainly because of the unbalance loads. Whénis larger

IV. CONVERGENCERATE ANALYSIS
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TABLE | TABLE 1l
ITERATION COUNT FORINCREASINGLF WHEN €, = le — 4 ITERATION NUMBER WITH ny EFFECT
LF 10 120 | 30| 40 |50 |60 70 8.0 case 1 2 3
iteration | 3 3 4 6 7 10 17 diverge n, 1 2 3
iteration 3 4 5
TABLE 1l
ﬁ CONVERGENCECOMPARISON
E
= Original Adaptive
._g LF outer middle inner outer middle inner
E 1.0 5 11 14 6 8 8
’ 3.0 7 16 23 7 9 9
5.0 8 21 42 9 13 13
8.0 Diverges 11 23 27
7 8 9 10 12 13 14 -
breakpoint selection 20 Diverges 12 32 38
outer: number of outer-loop iterations which is PV compensation loop.
Fig. 5. Effect of breakpoint selection. middle: number of middle-loop iterations which is breakpoint compensation
loop.
inner: number of inner-loop iterations which is backward/forward sweep
4 loop.

35

E. Number of Meshed Loops

29 Proceeding from the earlier modification to the radial

Kumamoto system, case 1 will have a single loop if bus 10 is
directly connected to bus 15. We allow for case 2, bus 6 to be
connected to bus 8 to provide two loops, and then for case 3
05 to have three loops with bus 7 connected to bus 14. If bus 8,
0 2 34567 8 910 1112 131415 bus 10, and bus 14 are chosen as breakpoints, there are four
PV node position breakpoint compensation iterations needed to obtain solutions
in all these three cases. The breakpoint compensation iterations
tend to be independent of the number of meshed loops.

15

iteration number
N

Fig. 6. Effect ofPV node position.

th_an two, the maximl_Jm power mismatch becqmes rapidly Iarqgr Number of PV Nodes

with phase A loads increase. Table | further illustrates that the )

iteration number of backward/forward sweep increases rapidly'n ¢@se 1, there is only orféV node, bus 6. For case 2, we
with large LF". This is primarily a function of heavy loading as@/loW bus 8 to be &V node as well, and then additionally, in

opposed to the impact of unbalance. case 3 to have bus 4 a®¥ node. Table Il illustrates the number
of PV compensation iterations in these three cases (s the
C. Breakpoint Selections number ofPV nodes).

Assume bus 15 is directly connected to bus 10 in Fig. 2, 50 The PV compensation iterations tend to slowly increase with

the

radial Kumamoto distribution system becomes weakly mesh(ﬁa(.a number oPVnodes.
In a weakly meshed distribution system, every node in each
single loop can be selected as a breakpoint to break the Ioopgn
this system, the single loop is 10-9-8-7-4-3-12-13-14-15 (10) Based on the simulations discussed thus far, the convergence
Different breakpoints are selected and the compensation-bapsaperty of compensation-based power flow method is summa-
method is run to obtain the power flow solutions. Fig. 5 showgzed as follows.
the effect on the required breakpoint compensation iterations « Compared with Figs. 3 and 4, it is clear that the conver-
with different breakpoint selections. gence rate is much more sensitive to large single-phase

loads than load unbalance.
« Sectionsll-V show that the convergence rate is insensi-

Summary of Analysis

D. PV Node Locations

In the original Kumamoto radial system, differéd¥ node tive to breakpoint selection, dispersed generation installa-
locations are chosen (voltage controlled dispersed generation tion position and number of meshed loops. The simulation
units are installed at different buses) whéte, = 0.99. Fig. 6 in Section VI shows that increased numbe nodes
shows the effect on the requird® compensation iterations has a minor effect on the convergence rate.

with different PV node positions (reactive power limits are not ¢ During a slow dynamic simulation, because the power
considered). flow calculation can use the power solution obtained in
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Fig. 7. Comparison of dynamic minimum voltage. (a) Time stepfixed at 0.5 s. (b)
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10
time (s)

(b)
Time stept varies between [0.1, 2.5] s.

the previous time step as initialization, it will converge Step 4) Calculat®V node voltage mismatch and compensa-

quickly, typically in one or two iterations.
During the first iterations of the power flow calculation,
the calculated breakpoint voltage mismatfygz or PV

tion current. Repeat Steps 2, 3, and 4 iterations until
convergence is obtained.

node voltage mismatciAVy- is usually relatively large p  computational Analysis

(e.g., more than ten times the corresponding convergence

criteria). In these iterations, it is unnecessary to pursue ' € original radial system is modified to be weakly meshed

inner-loop convergence criterions. A single iteration ofyStem with three voltage constant dispersed generations (bus
the backward/forward sweep is sufficient if the previoud0 is directly connected with bus 15, bus 4, 6, and 8FRve

breakpoint mismatch is more than ten times its conve_'F-OdeS)- Comparison of convergence property bet_ween the orig-
gence criterion. Also, a single iteration of breakpoin'Pal compensated-based method and the adaptive method has

current compensation is enough if the previ®inode been made. Table Il shows the comparison results when a scalar

voltage mismatch is more than ten times its convergenlt@@d factorLF" is applied to all phase A loads.

criterion.

V. ADAPTIVE COMPENSATION-BASED METHOD

Based on the previous analysis, our adaptive compensation-
based power flow method for use in dynamic simulations is as
follows.

Step 1) Time stepAt; is varied based on the previous

number of iterations,;_; of power flow calculation
as follows:

If n,—1 = 1, thenAti = 1.5A¢_1.

If n,_1 = 2, thenAt; = Ati_1/1.2.

If ni_1 > 3, thenAti = tmin-

At; is restricted tdtmin, tmax]-

Step 2) For backward/forward sweep iterations, if the pre-
vious calculated breakpoint voltage mismatskz
or PV node voltage mismatchhVy, is more than
ten times the corresponding convergence criteria,
perform only one backward/forward iteration. Oth-
erwise, continue the iteration until the maximum
power mismatch is less than the power convergence
criterione,,.

Step 3) Calculate breakpoint voltage mismatch and compen-
sation current. If the previous calculat®V/ node
voltage mismatchAVy, is more than ten times theB
PV convergence criterion, perform only one iteratiorn -

From the simulation results, the following can be noted.

» During iterations, if thePV node voltage mismatch is
large, there is no need to pursue small breakpoint voltage
mismatch and power mismatch. Furthermore, if the
breakpoint voltage mismatch is large, there is no need to
pursue small power mismatch. Thus, compared with the
original method, although the outer iterations are roughly
the same in the adaptive method, the middle and inner
iterations are far fewer. Thus, the power flow calculation
with the adaptive method is much faster than the original
method.

When LF is equal to 8.0 or 9.0, the power flow solu-
tion using the original method diverges. This is mainly
because the backward/forward sweep algorithm will di-
verge with very heavy loads. In the adaptive method, be-
fore the breakpoint voltage mismatekVz or PV node
voltage mismatchAVy, is less than ten times the cor-
responding convergence criteria, only one backward/for-
ward iteration needs to be performed. Therefore, the back-
ward/forward sweep loop, breakpoint compensation loop,
and PV compensation loop are running simultaneously
and the compensation current is adjusted continuously.
Thus, our adaptive method is more robust.

Dynamic Analysis

of the breakpoint compensation and proceed to nextWhen the power flow calculation is used in dynamic simu-
step. Otherwise, perform iterations between Stepdation, a variable time step allows more robust and faster com-

and 3 until convergence is obtained.

putations. Fig. 7 shows the comparison of minimum voltage in
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the Kumamoto system (Fig. 2) when there is a sudden large in-

crease of the loads.
From the simulation results, the following can be noted.

Before the large increase of the loads< 3.78 s ), much
larger time steps are taken for the variable step method
than for the fixed step. "
After the large increase of the loads ¢ 3.78 s), much
smaller time steps are taken than for the fixed step. With
the system approaching the new steady state, time steprcé]
again increase.

In dynamic simulations, using the adaptive step method,[3]
more accurate and smooth results can be obtained WheE4 |
a large change occurs in the system, and results can b
obtained quickly without losing accuracy when the system
is nearly steady.

In terms of computations, although the adaptive method
takes much smaller time steps than the fixed step methods]
immediately after the large increase of the loads, the
overall number of floating point operations is fewer [,
(19.88 Mops) than in the original method (22.33 Mops).
This is simply due to large time steps once the distur-
bance has settled out. Note these variable time steps are
independent of the integration time step.

(5]
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