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Abstract: Open source software such as OpenDSS has given a lot of help to distribution network
researchers and educators. With high penetration of distributed renewable energy resources into
distribution network, tradition distribution steady state analysis software such as OpenDSS is faced
with difficulty in handling distributed generators. Three-phase distributed generators are often
modeled in sequence frame while unbalanced distribution network are usually modeled in phase
frame. So a load flow in sequence-phase coupled frame is proposed to handle models described in
both frames. Voltage controlled DGs which are difficult to cope with in OpenDSS are handled in
proposed program. The steady state analysis platform is programmed with open source Modelica
language and the main aim of this paper is to introduce an open source platform for active
distribution network steady analysis include load flow and short circuit analysis which can be easily
adopted and improved by other educators and researchers.
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1. Introduction

Open source software has given a lot of help to power system researchers. As commercial
software is closed source, algorithms of which are not easily to be improved for research. From the
point of education, commercial software does not show clear flowchart of power system analysis
such as load flow, transient simulation etc.

Power System Analysis Toolbox [1] presented by Federico Milano has provides a huge support
to students and researchers of electrical engineering. This software is mainly used for transmission
network while unbalanced distribution network analysis is not supported.

Matpower [2] proposed by Ray Daniel Zimmerman provides quick algorithm of load flow with
the help of fast matrix and vector computation ability of Matlab.

OpenDSS [3] presented by Roger C. Dugan helps a lot on unbalanced distribution network
analysis. As fixed point iteration method is deployed in OpenDSS, constant power distributed
generators can be well coped with while voltage controlled distributed generators (DGs) may
encounter severe convergence problem [4]. Load flow algorithm of Gridlab-D[5] encounters the
similar problem. So fixed point iteration is not a suitable method to handle voltage controlled DGs, a
newton approach proposed is presented in [6] to cope with this. Other open source work [7] has given
a introduction on using Modelica language to analyze AC circuits while it can not cope with
unbalanced distribution system.

As distributed generators are usually modelled in sequence-frame [8], while distribution
network is usually modelled in phase-frame [9]. An sequence-phase frame adaptor is proposed to
cope with sequence-phase coupled active distribution network analysis. This is a novel software that
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can handle sequence-phase frame models simultaneously compared with other commercial
distribution analysis software.

Open source software gives a lot of help to power system analysis. The main aim of this paper
is to provide an open source platform which can be easily modified by other researchers.

2. Three-phase Modeling of Distribution Network

There are mainly two kinds of constraints to describe electric network. KCL and KVL belong to
topology constraints and other constraints such as ohm’s constraints, PQ constraints belong to branch
constraints. Firstly, KVL and KCL can be written as

U,. =AU, (1)
Ub.im = AUn,im’ 2)
0=A"L (3)
0=A"T,,. (4)

where subscript b denotes branch quantities, subscript n denotes node quantities, subscript re
and subscript im denote real and imagine quantities, matrix A represents node-branch incidence

matrix. U and I represent voltage and current vector respectively.

Modelica is an equation-based simulator [10]. KCL and KVL constraints are naturally supported
by Modelica, with definition of connector and flow. Node voltage quantities in network analysis is
defined as connector while current is defined as flow variables.

Other branch constraints are generally expressed as

f(U U . I Ibﬁim):o (5)

b,re? ¥ b,im’ “bre’
which represents relationship between branch voltage and branch current. The detail of various

branch constraints in steady state analysis are described as followings.

2.1. One-phase Impedance Branch

Single phase branch is frequently existed in low voltage distribution network. Denoting
resistance and reactance of branch as R and X respectively, the branch voltage and branch
current relationship can be written as

Ub,re = RIb,re - XIb,im7 (6)
Uy = BRI+ X, 7)

b,im b,im

The branch constraints’ equations are described with Modelica language as follows.

model OnePhaseImpedance

extends Interfaces.OnePhaseBranch;

parameter SI.Resistance R = 1;

parameter SI.Reactance X=1;

equation

vRe = R * iRe - X*ilIm;

vIim = R * iIm +X*iRe;

end OnePhaseImpedance;

It can be seen from above that Modelica is equation-based simulator. So the branch constraints
in the following section will be all described with equations clearly.

2.2. Two-phase Impedance Branch

Two-phase impedance branch can be seen as two branches with coupled impedance. The
impedance matrix of branch 1 and branch 2 is given by

By, RLZ]
Ry Ryl

two—pha

(8)
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X, X
X, o= |on )
ot \le Aoy
where subscript 1 and 2 denote branch 1 and 2 respectively.
The coupled branch voltage and current relationship can be written as
Uy : Iy,
Ub/z = [Rtwofpha + -]thofpha jbyz ’ (]‘O)
where symbols with dot above represent complex quantities.
The complex variable form of (10) can be unfolded to four equations as follows.
blre R’ll blre+R’12 b,2,re X Ibllm X Ib21m’ (11)
Ub,?,re = R21 b,1re + R22 b,2,re X Ib 1,im X ]meN (12)
Ub,l,ilxl X Ib 1,re + X Ib 2,re + R’ll b,1,im + R’l? b,2,im? (13)
Ub,2,i = XQIIb,l,re + X22‘[b,2,re + R?l b,1,im + RZQ b,2,im* (]‘4)

2.3. Three-phase Impedance Branch

Three-phase impedance branch can be seen as three branches with coupled impedance. The
impedance matrix is given by

By Ry Ry
Rthree—pha = RZl R22 R23 ’ (15)

R31 R32 R33

Xll XlZ Xl3
Xthreefpha =Xy Xy Xo3l; (16)

X31 X32 X33

where subscript 1, 2, 3 denote branch 1, 2,3 respectively.
The three phase impedance branch constraints can be unfolded to six equations.

Ub Jre = R’ll‘[b,l,re + R’IQIb,Z,re + R13Ib,3,re X Ib 1,im X12Ib,2,im X Ib31m7 (17)
Ub 2,re R?l‘[b,l,re + RZ?‘Ib,Q,re + RZBIb,S,re - X21]b A1im X221b,2,im - X23Ib,3,im’ (]‘8)
Ub 3.re RSIIb,l,rc + R32‘[b,2,rc + R33Ib,3,rc X Ib 1,im X32Ib,2,im - X331b,3,im’ (19)
Ub,Lim = Xlljb.l,re + XIZIb,Q,re + X13[b,3,re + R’ll b,1,im + R’IZIb,Q,im + R’ISIb,S,im’ (20)
Ub,2,im X Ib 1re + X22[b 2,re + XZSIb 3re + RZIIb 1,im + RZZIb 2,im + R23Ib ,3,im? (21)
Ub737im - X ]b 1re + X Ib 2.re + X Ib3re + R31]b 1,im + R32Ib2 im + R33 b,3,im " (22)

2.4. One-phase Admittance Branch

Shunt admittance of distribution line, capacitors are model as admittance branch. The branch
voltage and branch current relationship can be written as

I, =GU,, — BU

b,re b,im?

= GU,,, + BU,

b,im

(23)
(24)

b,im e’

where G represents conductance and B represents susceptance. For capacitor branch, G = 0.

2.5. Two-phase Admittance Branch

Two-phase admittance branch can be seen as two branches with coupled admittance. The
admittance matrix of branch 1 and branch 2 is given by
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G, G
G pha = | | (25)
ot \Gm Gy
B, B
B, . =| " "if (26)
oot By By,
where subscript 1 and 2 denote branch 1 and 2 respectively.
The coupled branch voltage and current relationship can be written as
I U
bl | _ ; b1
jbz - [Gtwofpha + JBtwofpha] Ub2 7 (27)
where symbols with dot above represent complex quantities.
The complex variable form of (27) can be unfolded to four equations as follows.
Ib,1,rc = G11Ub,1,rc + G12Ub,2,rc - B11Ub,1,im - BIZUb,Z,im’ (28)
Ib,z,re = G21Ub,1,re + G22Ub,2,re - BQlUb,l,im - 322Ub,2,imv (29)
]b,l,irrl = BllUb,l,re + B12Ub,2,re + GllUb,l,im + Gl2Ub,2,im’ (30)
Ib,?,im = B?lUb,l,re + B22Ub,2,re + G?lUb,l,iIn + G22Ub,2,im' (31)

2.6. Three-phase Admittance Branch

Three-phase admittance branch can be seen as three branches with coupled admittance. The
admittance matrix is given by

G, G, Gy
Gthreefpha = |Gy Gy sz ) (32)

Gy Gy Gy

By, B, By
Bthreefpha = BQI BZZ BZ?) ’ (33)

By, Bj, By

where subscript 1, 2, 3 denote branch 1, 2,3 respectively.
The three phase admittance branch constraints can be unfolded to six equations.

IbA,l,re = GllUb,l,re + 012Ub,2,re + GlSUb,B,re - BllUbA,l,im - Bl2Ub727im - Bl3Ub737im7 (34)
Ib,?,re = G21Ub,1,re + G22Ub,2,re + G23Ub,3,re - B21Ub,1,im - BQQUb,Q,im - B23Ub,3,im7 (35)
Ib,3,re = G31Ub,1,re + G32Ub,2,re + G33Ub,3,re - leUb,Lim - B32Ub,2,im - BS3Ub,3,im’ (36)
Ib,l,im = BllUb,l,rc + BIZUb,Q,rc + BISUb‘ii,rc + GllUb,l,im + GlQUb,Z,im + Gl3Ub,3,im7 (37)
Ib,Q,im = BZlUb,l,re + BQZUb,Q,re + BQSUbﬁ,re + GQlUb,l,im + G22Ub,2,im + GQSUb,3,im’ (38)
Ib,S,im = BSlUb,l,re + BSQUb,2,re + BB3Ub,3,re + G?)lUb,l,im + GBZUb,Zim + G33Ub,3,im' (39)

2.6. Transformer

Distribution transformer is composed of one-phase ideal transformer and one-phase impedance.
Firstly, we give the model of one- phase ideal transformer.
2.6.1. One-phase Ideal Transformer

The ideal transformer is depicted in Figure 1. It can be seen as two coupled branches.

I, ) I,
. F6+
Uyy Usps


http://dx.doi.org/10.20944/preprints201609.0059.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2016 doi:10.20944/preprints201609.0059.v1

50f12
Figure 1. One-phase Ideal Transformer
The coupled branch constraints can be written as
Uy, = KU, (40)
by, =~ . (1)
where k denotes transformer ratio. Subscript 1 and 2 denotes branch 1 and 2 respectively.
The equations can be written in real field
Ub,l,re = kUb,?,re’ (42)
b,Lim — kU b,2,im"> (43)
Mb,Lre = _Ib,Q,re7 (44)
k‘lb,l,im = _Ib,2,im' (45)

2.6.2. Three-phase Transformer

There are various connection type for three-phase transformer such as GrY/GrY, GrY/D, D/GrY
etc. All of them can be formed with one-phase impedance branch and ideal transformer branch which
are depicted in Figure 2.

3 e 3E T
3F 1
I 3

(@) (b)

Figure 2. Two typical two-winding transformer connection: (a) GrY/GrY; (b) GrY/D

2.6.3. Network Anti-Floating Method

The network at secondary side of GrY/D transformer in the Figure 2(b) is floating which will
result in convergence problem for load flow analysis. With adding anti-floating voltage reference
such as ground to floating network as depicted in Figure 3, this convergence problem is handled. The
node voltage for floating network is meaningless. So only line-to-line voltage is used in floating
network load flow results which will be detailed in the following section about results..

i

anti floating reference

Figure 3. Anti-floating Method
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2.7. Distributed Generator

There are many kinds of distributed generator. We only consider the typical synchronous
generator. It is usually modeled in sequence frame and the detail derivation can refer to work in [8].
As distributed generator is modelled in sequence frame while other components of distribution
network are modelled in phase frame. A sequence-phase frame adaptor is needed to connect these
two frames.

2.7.1. Sequence-Phase Frame Adaptor

The sequence-phase frame adaptor is depicted in Figure 4.

Ua 1, 1° [0
— ] |e——
Ug fB ViRt
. —
LC I'C jn L}n
R ——

Figure 4. Sequence-Phase Frame Adaptor

The adaptor equation is given by

U’ 11 1o,

=11 a2 Ug |, (46)

. 3 ) .

u" 1 a* al|Ugs

I° L1 1\,

= L 1 a a fB , (47)
3 .

I 1 a2 a ||l

27/3.j
where a = ¢ /J.

The negative symbol in (47) is because injecting is the positive direction for the current flow in
Modelica Language.
2.7.2. Distributed Generator Sequence Frame Model

The synchronous generator modeled in sequence frame consist of three part as shown in Figure
5. This model can be connected to phase-frame model with sequence-phase frame adaptor presented
in2.7.1.

| |
| | |
RY 4| jx° R HjX™

positive 2€r0 negative

Figure 5. Synchronous Generator Mode in Sequence Frame

DG can work in PQ or PV mode. The constraints’ equations of DG in PQ operating mode are

written as
Urlve + Ui = Fy (48)
—Unth, + UL IR = @ (49)
INR" + I X" =Up, (50)
X" + 12 R" =Ug, (51)
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LR + I, X0 = Uy, (52)

I’X°+ 10 RY =0 . (53)

where PP and @f are positive sequence active and reactive power control target.
The constraints” equations of DG in PV operating mode are written as
Urlie + Unlin = By, (54)
2 2 2

(On) +(vh) =(05) 5)

LR + I,X" = UL, (56)

IrI:eXn + IiI;an = UiIrlm (57)

LR + X" = Uy, (58)

LX + IR = U, (59)

where Ul is positive sequence voltage magnitude control target. As Modelica uses Newton

algorithm to solve equations, voltage controlled equation (55) are easy to be coped with while

OpenDSS has difficulty which uses fixed point iteration method.

2.8. Step Voltage Regulator

One-phase step voltage regulator can be seen as a modified ideal transformer. The detail model
can refer to kersting’s book [11]. The constraints equation are given by

Ub,l,re = kUb,?,re’ (60)
Ub,l,im = kUb,Q,im’ (61)
ka,l,re = _I‘b,2,re7 (62)
k‘lb,l,im = _Ib,2,im' (63)
. Ub2re+jUb21m . Ib2re+j]b2im
relay re + Urclay,im = PT + (Rcomp + JXcomp )C—T’ (64)
k=1—0.0065 - tap, (65)
Ur2elay = UrZelay,re + Ur2elay,im’ (66)
Ul w,sp Ur 1 .
: %75 = ’ Zf Urelay < Ulow,sp
wp =1, 0T , (©7)
high,sp = “relay .
0.75 ’ Zf Urelay > Uhigh,sp
where PT 1is potential transformer ratio, CT is current transformer ratio, (Rcomp + chomp)

denotes compensator impedance in Ohms which can be derived from compensator impedance in

Voltage. U

relay is minimum and maximum voltage of relay.

is relay voltage. U, and Uy o

tap represents tap position of step voltage regulator.

2.9. Load

There are mainly three kinds of load branch include constant impedance, constant current and
constant real and reactive power load. Constant impedance load belongs to one-phase impedance
branch, which has been discussed. Three-phase load can be composed with three one-phase loads.
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2.9.1. Constant Current Load

The power factor and current magnitude are constant for constant current load. The equations
are given by

[g,re + IIQ).,im = I€2p (68)
<_Ub7relb,im + Ub,imIb,re )P = (Ub,relb,re + Ub,imlb,im )Q (69)

where P and @ are given active and reactive power. I is specified current magnitude.

2.9.2. Constant Active and Reactive Power Load

The active and reactive power are constant for constant power load. The equations are given by

P = Ub‘rc]b,rc + Ul),im]b,im (70)
Q= _Ub,rc‘[b,im + Ub,imIb (71)

re

where P and @ are given active and reactive power.

2.10. Circuit Breaker

The open circuit breaker is modeled with zero current source while the closed circuit breaker is
modeled with zero voltage source. This model is more accurate than small impedance branch model
used in OpenDSS.

2.11. Short-circuit Analysis

Line to line or line to ground faults can be modeled as two node connected with zero voltage
source. Taking one-phase to ground fault as example, the fault point branch equations are given by

Upre =0 (72)
Upjm = 0 (73)

In fact, the open circuit fault can be modelled with fault points connected with zero current
source and equations are given by
=0 (74)

(75)

b,re

b,m T

3. Steady state analysis of Distribution Network

According to section 2, load flow and short circuit analysis can be both realized with Modelica.
As Newton method is used to solve equations, the steady state analysis initialization is very
important. Linear component such as voltage source, impedance branch, transformer are not needed
to be initialized. While nonlinear components such as constant power load, constant current load,
and distributed generators.

3.1. Constant Power Load Initialization

To assure convergence of steady state initialization, the constant power load is modelled as zero
current source at initialization step.

=0 (76)
=0 (77)

3.2. Constant Current Load Initialization

Similar to constant power load, the constant current load is modelled as zero current source and
equations are given by


http://dx.doi.org/10.20944/preprints201609.0059.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2016 doi:10.20944/preprints201609.0059.v1

90f 12
bre = 0 (78)
b,im =0 (79)

3.3. PQ mode Synchronous Generator Initialization

Similar to constant power load, the synchronous generator is modelled as zero current source in
positive sequence and equations are given by

X =0 (80)
=0 (81)

3.4. PV mode Synchronous Generator Initialization

Considering the voltage control target, the synchronous generator is modelled as constant
voltage source and equations are given by

Uk =0 (82)
Ur =0 (83)

4. Results

The proposed program has been implemented on IEEE 4-bus, 13-bus test feeders. The load flow
results are illustrated in Table 1, 2 and 3 and they are close to the IEEE given results. IEEE Distribution
Test Feeder Task Force do not give the load flow program and the authors believe that the open
source distribution steady state analysis platform is a supplement for active distribution system
analysis. The IEEE 13-bus test feeder with 1-10 voltage controlled distributed generators are
illustrated in Table 4. It can be seen that Newton-based ADN_Modelica has better ability of coping
with PV mode DG than OpenDSS.

Table 1. The Load-Flow Results of IEEE 4 Node Test Feeder(GrY/GrY connection type for three-
phase transformer).

OpenDSS  OpenDSS ADN_Modelica ADN_Modelica

Re Im Re Im

V1 7164.0 125 7163.73 17.42
Node2 V2  -35765 -6145.0 -3575.18 -6146.54
v3 346538 6176.0 -3462.43 6178.46

V1 2303.1 925 2303.73 -90.82
Node3 V2  -12479 -1878.2 -124855 -1877.54
v3  -924.05 1999.8 -923.00 2000.20

V1 2169.4 15551 2169.50 -156.07
Node4 V2  -1156.1 15454 1156.37 -1546.07
V3 -406.1 1787 4 -409.24 1788.33

cument 18 186.39 -134.92 186.35 -134.91
) b -306.92 -159.09 -306.91 -158.84

-2 Ic 42,04 45315 42.03 452.65
cumene 18 558.69 -404.42 558.60 -404.41
u3 : b -919.78 -476.77 -919.99 -476.14

Ic 125.99 1358.2 126.00 1356.89
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Table 2. The Load-Flow Results of IEEE 4 Node Test Feeder(GrY/D connection type for three-phase
transformer).

OpenDSS OpenDSS ADN_Modelica ADN_Modelica

Re Im Re Im
Vi1 7113.0 -24.83 7119.15 -28.79
Node 2 V2 -3615.1 -6161.8 -3617.91 -6164.75
V3 -3501.6 -6189.1 -3506.11 6193.38
A% 3891.3 -190.32 4047.52 -76.34
Node 3 V2 -2209.6 -3300.70 -2132.30 -3481.80
V3 -1680.4 3491.70 -1915.18 3557.81
Vi1 3407.5 -346.12 3595.30 -243.94
Node 4 V2 -2358.2 -2780.70 -2293.40 -2996.40
V3 -1051.9 3125.70 -1301.80 3240.40
Ia 231.05 -204.42 229.72 -182.15
Currentl-2 b -259.27 -178.19 -239.21 -179.64
Ic 27.81 388.0 7.68 370.90
Ia 352.85 -1024.8 384.28 -957.14
Current3-4 b -848.74 44.48 -811.56 434
Ic 497.09 979.82 427.28 952.8

Table 3. The Load-Flow Results of IEEE 13 Node Test Feeder.

OpenDSS OpenDSS  ADN_Modelica ADN Modelica

Node Phase vRe vim vRe vim

A 2401.8 0 2280.41 -120.62
650 B -1200.9 -2080 -1241.60 -1958.43
C -1200.9 2080 -1035.14 2030.78

A 2551.9 0 2432 .44 -128.66
RG60 B -1260.9 -2184 -1306.95 -2061.50
C -1283.4 2222.9 -1111.55 2180.71

A 2449.9 -106.54 2309.72 -219.77

632 B -1315.8 -2128.8 -1348.43 -1993.0
C -1140.8 2160.9 -989.48 2087.22

A 2442.6 -109.21 2301.76 -221.95
633 B -1315.3 -2123.8 -1347.52 -1987.96
C -1137.5 2155.6 -986.50 2081.28

A 275.06 -15.522 258.22 -28.35

XFXFM1 B -150.98 -239.56 -154.45 -223.67

C -126.81 245.17 -109.24 236.18

A 275.03 -15.52 258.22 -28.35

634 B -150.98 -239.56 -154.45 -223.67

C -126.77 245.19 -109.24 236.18
645 B -1310.9 -2106.1 -1342.20 -1970.28
C -1139.8 2156.3 -988.55 2083.01
646 B -1311.6 -2100.6 -1342.51 -1965.24
C -1138.9 2151.1 -1988.20 2077.97

671 A 2367.6 -219.64 2210.10 -318.24
B -1352.8 -2136.6 -1372.08 -1985.67
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C -1030.2 2110.4 -899.28 2003.19
A 2367.6 -219.64 2210.10 -318.24
680 B -1352.8 -2136.6 -1372.08 -1985.67
C -1030.2 2110.4 -899.276 2003.19
684 A 2363 -220.04 2209.13 -318.93
C -1024.4 2107.9 -886.42 1999.48
611 C -1017.2 2106.1 -883.05 1996.0
652 A 2349.8 -215.92 2205.11 -317.38
A 2367.6 -220.05 2210.10 -318.25
692 B -1352.8 -2136.6 -1372.08 -1985.67
C -1030.1 2110.2 -889.28 2003.19
A 2351 -228.86 2189.68 -321.95
675 B -1362.6 -2137.2 -1367.78 -1985.68
C -1028.5 2105.9 -889.37 1993.4

Table 4. Load Flow Iteration Number with different number of PV Generator

Platform 1PV 5PV 10 PV
OpenDSS 8 iterations divergence Divergence
ADN_Modelica 5 iterations 5 iterations 5 iterations

5. Discussion

The proposed program can deal with phase-sequence coupled model and can give more accurate
results than OpenDSS when floating network exists. The reason is that OpenDSS adds anti-floating
impedance branch to Delta connection load which breaks the original KCL constraints as depicted in
Figure 6. Another reason is that closed circuit breaker is modelled as small impedance branch in
OpenDSS which will bring small error.

3t -
3
a7

A ﬂ anti floating branch — 3

Figure 6. Anti-floating Method in OpenDSS

6. Conclusions

The proposed open source program can be downloaded from [14] and it has several
contributions:

(DIt can cope with sequence-phase coupled active distribution network. In the future, voltage
source converters, doubly-fed generator will be added to this platform. Open source electromagnetic
transient and electromechanical transient simulation are under development. The steady state
analysis ADN_Modelica will be an initialization program for transient simulation.

(2)An accurate method to cope with floating network is proposed which is better than OpenDSS
with adding many anti-floating impedance branch.
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(3)Newton method is used and PV mode generators can be easily handled in ADN_Modelica.
Finally this is an open source program and it will help researchers and educators to implement
further modelling, optimization and control experiments of active distribution network.
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