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Abstract

This paper presents unbalanced active distribution system analysis with renewable distributed
Energy Resources (DER). The renewable DER models have been considered are photovoltaic (PV) and
Wind Turbine generation (WTG). The three-phase distribution load flow on the basis of the symmetrical
components has been used in the analysis. The unbalanced active distribution system has been analized
using IEEE 13 node feeder and IEEE 8500 node feeder with renewable DER units. The center-tapped
(CT) transformer load model has been included in program. The variation of wind speed (m/s) for WTG,
solar radiation (W/m2) and temperature (°C) for PV have been simulated. The simulation results show that
the proposed DER model can be used to analysis renewable DER impacts in unbalanced distribution
system. The integration of renewable DER units into an existing distribution network can improve the
voltage profile and reduce total system losses. The simulation results show that DERs size and location
are important factors to improve voltage profile and line loss reduction.

Keywords: distributed energy resources, photovoltaic, wind turbine, active distribution system and
unbalanced load flow

1. Introduction

Rising public awareness for environmental protection, increasing fuel price and energy
consumption, have created interest in green (renewable) power generation systems [1]. The
development of renewable-energy resources has become increasingly attractive and
competitive and economically feasible. These facts have led towards the increase penetration of
distributed energy resources (DER) using renewable-energy sources into the electrical grid.
Distributed energy resources (DER), including distributed generation (DG) and distributed
storage (DS), are sources of energy located in the distribution networks that can provide a
variety of benefits, including improved reliability and reduce transmission and distribution losses

[2].

Distributed generation using renewable-energy sources, such as wind, solar
photovoltaic and hydro power has received considerable attention in recent years. Distributed
storage is an integral part of a hybrid renewable-energy power generation system [3]. Different
renewable-energy power generation technologies use different energy storage schemes, which
may be used in hybrid systems. Renewable-energy technologies and its energy storage can be
used battery for solar PV and biomass, flywheel for mini and micro hydro, superconducting
magnetic energy storage (SMES) for wind turbine and supercapacitor for fuel cell. Simulations
show that the proposed energy storage system can meet the real-time power demand and save
money [4].

2. Unbalanced Active Distribution Analysis

The DER installations has changed distribution systems from a passive system to be an
active network [5]. The power generations are built in areas with sufficient cooling water and
where fuel supply routes are available. Therefore, in the previous power system operation, most
power generations are located at specific remote sites and are connected to an extended
transmission grid which transfers bulk electrical power to the distribution grids. The distribution
grid takes part of the transmitted power and serves the connected loads. This way of power
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system operation is often called a ‘vertically-operated power system’ [6] illustrated in Figure 1

(@).

The future power system grid will have been increasing implementation of distributed
energy resources. The DER are mainly connected to the distribution grid. The integration of
distributed generators in power systems may cause a transition from the current ‘vertically-
operated power system’, which is supported mainly by several large centralized synchronous
generators, into a future ‘horizontally-operated power system’, with large number distributed
energy resources.
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Figure 1. Impact of DER Integration in power system grid
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The implementation of DER in the distribution grid closer to the load which will affect the
local power flow [7]. The increasing penetration level of DER is expected and the total amount
of generated electric power can exceed the total connected load. As a consequence the
distribution grid can start exporting electric power to neighbouring distribution grids what
converts the power system into a horizontally operated power system. This is shown in Figure 1

(b).

2.1. Renewable DER Model
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Figure 2 Object-Oriented Power System Model Including DER Model

The object oriented programming has been used in this research. By using object
oriented programming, updating or adding new algorithm can be done to any specific object
without affecting or escalating the modification to other object inside the software. The DER
models have been developed using the state-of-the art of object component based approach, so
the models can be integrated with existing object component software previously developed in
[8]. The new class library to model DER has been added in object oriented power system model
[8] using visual C++ programming. The extended classes for DER model follow the model in [9]
as shown in Figure 2. The DER are generally modelled as PV or PQ nodes in power flow
studies for unbalanced active distribution system. However, the specified P,Q and V values
depend on the type of DER.

2.2. Impact of RDER in power system operation

Large-scale integration of DG in distribution grids can have a significant impact on
power system operation. Therefore, many research projects are defined and numerous studies
on integration issues of DER are carried out. For instance, the effect of DG on voltage profile
studied in [10]-[11], and system losses studied in [12]. In general, it is necessary to keep the
voltage of a transmission or distribution grid within specified limits for all possible loading
conditions and minimize system losses.

Increasing the number of DER units in a local distribution grid can lead to a violation of
the allowable voltage level due to voltage rise, disturb the classical way of voltage control or
deteriorate the power quality. In this reference [11] has been discussed and quantified voltage
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profile improvement for a simple case of distributed wind turbine generation. Simulation results
clearly show that distributed generations can improve voltage profile at a load point. The
distribution grid with cables, the X/R ratio is less than 1. This means that the resistance cannot
be neglected anymore, and hence the voltage drop depends on active and reactive power [13].
Cables with a small conductor size have a X/R ratio between 0.25 and 0.5 and for these cables,
the voltage drop dominantly depends on active power [13].

Installing DER units along power distribution feeders may effect on voltage stability due
to excessive active and reactive power injection [10]. The voltage level in a distribution network
must be kept within a certain range, as power system and customer equipment functions only
properly if the voltage is maintained within this range. The voltage range for normal operation is
defined within £10% based on IEC 61000-2-2 standard for low voltage level [14].

The impact of DG on system losses strongly depends on the injected power and
location of DG in the distribution network. Moreover, intermittent generation sources with a weak
correlation with the load, such as wind turbines, can have a negative impact on system losses.
Especially during the night-time there is low demand and in a high wind situation, the distribution
grid can start to export power which increases the line losses. In this case, local storage
systems can have a positive effect on the line losses because the storage system can locally
balance the power flow and prevents the export of power. In [12] it is demonstrated that the grid
losses increase for remotely connected wind turbines. It is also demonstrated that wind turbines
connected sufficiently close to the load have a positive effect on grid losses.

3. Description of the Test System
The impact of RDER in unbalanced distribution system simulated and analyzed using
standard IEEE data 13 node and 8500 node feeder.

3.1. IEEE data 13 node test feeder.

Radial distribution network IEEE 13 node test feeder used to simulate and analyze the
impact of RDER in unbalanced distribution system. The IEEE 13 test feeder contains the most
common features in a distribution network such as: single-phase, two-phase, and three-phase
power system elements for lines and transformers and unbalanced load also present in this
system. For unbalanced distribution system simulation and anylisis carry out two cases
system.The first system is a modified IEEE 13 node feeder with two units of photovoltaic DG
connected at node ID 634 and node ID 672 as shown in Figure 3a. The second system is a
modified IEEE 13 node feeder with two units of WTG DG connected at node ID 634 and node
ID 672 as shown in Figure 3b.

The KC200GT solar array data [15] have been used in the unbalanced there-phase
power flow simulation. By assuming, number of arrays equal to 10 used and number of modules
equal to 100 per array, each PV generation produced 165.283 kW electrical power generation.
The WTG unit considered here is a unit with 500kW output power rating. The power curve for
this WTG used Vistas V39 rating 500 kW [16]. The induction generator circuit parameters for the
same unit are given in [15] with the following parameters given in p.u. values: R1=0.005986,
X1=0.08212, R2=0.01690, X2=0.107225, Xm= 2.5561 and Xc=2.5561. The wind speed input for
power flow analysis is varied from 11 to 15m /s. The cases presented WTG model as PQ node
and PV node. The load flow analysis was performed by using per-unit values on a base 100
kVA and was solved for 0.0001 phase voltage mismatch.
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Figure 3. IEEE 13 node test feeder

3.2. The IEEE 8500-Node Test Feeder

The 8500-node test feeder is a radial distribution feeder consisting of 1177 CT
distribution transformer. All the services from the distribution transformer to the load have been
simplified to be identical runs of 4/0 triplex, 50 ft in lengh. Thus, it is a moderately large circuit
that should be sufficient to exercise most distribution system analysis algorithms and prove the
ability to handle large scale problems. The simplified circuits summerized in Figure 4.
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Figure. 4 IEEE 8500 node unbalance distribution feeder

The large unbalanced load connected to the 120/240V center-tapped transformer via
50ft service lines solved using an iterative forward and backward sweep analysis method based
on voltage drop analysis of Figure 5. The voltage drop analysis using Kirchhoff's voltage and
current laws are repeated until convergence is achieved. The method extended in the sequence
component based methodes.
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Figure. 5. Center tap transformer model

The secondary line losses calculated after Van and Vbn obtained for both CT
transformer node and load node using:

Slossesfaa’ = Iaa’ Van+ ('Iaa’)va'n (1)
Siosses_bb= lbo' Vont (-lbb)Vin 2

Where: Sissses_aa IS power losses along line a to @', Sgsses pw IS pOWer losses along line a to a’
Therefore the total secondary line losses is:

SIosses = Slosses_aa' + Slosses_bb’ (3)

4. Results and Analysis
4.1. Unbalanced distribution system IEEE 13 node

This section studies the system performance by connecting DER of cogeneration, PV,
wind turbine, and hybrid generation units in the unbalanced distribution networks. The IEEE 13
node feeder and the large scala IEEE 8500 node are used for active distribution system
analysis. The variation of wind speed (m/s) for WTG, solar radiation (W/m2) and temperature
(°C) for PV are carried in the simulation.

The simulation was performed by varying the temperature and sun irradiance. Based on
the PV model have been developed in [9], the maximum output power of PV generation can be
calculated. The results at various module temperatures are given in Table 1.
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Table 1. Maximum power output at various temperature
Temperature (°C)

Value

25 50 75
Vmav (Volt) 21.417 19 16.641
Imax (Ampere) 7.717 7.692 7.637
Pmax (Watt) 165.283 146.149 127.094

The PV module temperature is varied in unbalanced power flow simulation. The power
flow results from this simulation are shown in Figure 6. The results show that, the voltage is
increased by PV units installed in the network. However the voltages in phase A for all nodes of
the network present a reduction in their amplitude because of the increase PV module
temperatures. This is due to the increase of PV temperature decreased in maximum PV power
generation as shown in Table 1.

Voltage Phase_A, pu under different Temperature
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Figure. 6 Voltage phase A results of PV model under different temperature

The power flows have been changed, when PV temperatures are changed. The power
flow in some lines or transformers have been increased and others decreased by increased PV
temperature. The direction and amount of power flow are depends on PV size and location.

The reactive power flow for line 671 to 680 equal to zero, because there is no load
connected to this node. The lines which its phase connected to dummy node also have a zero
power flow due to both end node voltage are the same. For example, the line from node ID 632
to node ID 645 is two-phase line without phase ‘a’, so the line flows in phase ‘a’ equal to zero.
Actually, this line is dummy line does not exist in the real network.

The results at various module irradiance levels are given in Table 2. The sun irradiance
is varied in unbalanced power flow simulation. The power flow results from this simulation are
shown in Figure 7. It can be observed that the voltages in phase A for all nodes of the network
present are increased in their amplitude because of the increase irradiance level. This is due to
the increase of PV irradiace made the increased of maximum PV power generation as shown in
Table 2.
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Table 2. Maximum power output at various irradiance level
Irradiance Level (W/m?)

Value

600 800 1000
Vmax (Volt) 20.816 21.155 21.417
Imax (Ampere) 4.606 6.16 7.717
Pmax (Watt) 95.887 130.317 165.283

The active power flows have been changed, when irradiance level changed. The power
flow in some lines or transformers have been increased and others decreased by increased PV
irradiance level. The direction and amount of power flow are also depends on PV size and
location.

Voltage Phase_A, pu under different Irradian
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Figure. 7 Power flow results of PV model under different irradiance

The second system is a modified IEEE 13 node feeder with two units of WTG DG
connected at node ID 634 and node ID 672. The WTG unit considered here is a unit with 500kW
output power rating. The wind speed input for power flow analysis is varied from 11 to 15 m /s.
The power flow results are given in Figure 8 which shows the node voltage magnitude have
been increased by an increase in wind speed. This is because the increase in wind speed made
the increase in wind power generation as shown in Table 3. The Reactive power consumed by
wind turbune varies for every test case, and its value also depends on node voltage at WTG
connection, which varied during power flow iteration process.

Table 3. Maximum power output at various wind speed
Voltage Phase_A, pu

s=11 s=12 s =13 s=14 s=15
P (kW) 381 440 478 494 499

Node
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The power flow results from this simulation are shown in Figure 8. The results show
that, the voltage is increased by WTG units installed in the network. The voltages in phase A for
all nodes are increased in their amplitude because of the wind speed increased. The active
power flows also have been changed, when wind speed is changed. The direction and amount
of power flow are also depends on WTG size and location

Voltage Phase_A, pu under different wind speed
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Figure. 8 Power flow results of WTG model under different wind speed

The variation of wind speed (m/s) for WTG, solar radiation (W/m2) and temperature (°C)
for photovoltaic impacts have been simulated. The simulation results show that the proposed
DG model can be used to analysis DG impacts in unbalanced distribution system.

4.2. Test on Large Scale Unbalanced Distribution System

The IEEE 8500-node test feeder is a latest data provided by IEEE PES distribution
system analysis subcommittee used to test the algorithm for large system problem. The 8500-
node test feeder is a radial distribution feeder contains 1177 CT distribution transformer connect
to 1177 loads, one set of regulators at the substation and three sets of voltage regulators along
the line and four capacitors.

The load flow analysis for the IEEE 8500 node was performed using per-unit values on
a basis 100 KVA and solved this system in 9 iterations for 0.001 phase voltage mismatch. The
different on voltage magnitudes result are 0.024 p.u and residue currents are 0.88 Ampere in
average. The Table 4Table shows the selected comparison of sequence component method
and forward/backward based OpenDSS program [17] for IEEE 8500-node test system. The
result are almost same, the difference cause of center-tapped transformer modeling that exist in
for IEEE 8500-node test system.

The effect of DERs penetration on voltage profile and system losses for system 8500-
node is given in Table 5. The result shows that, the minimum magnitude voltage have increased
by increase number and size of DER units installed in the network. The best result for voltage
improvement and loss reduction for this system also for maximum DGs installed case 5. The
variation of DERs location is as shown in case 3a, 3b, 4a and 4b of Table 4 gave impact in
voltage profile improvement and network loss reduction.
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Table 4 Results of IEEE 8500-node test case under 2.66 GHz PC

Cases OpenDSS Program  Sequence component Program
Min p.u Voltage 0.911 0.909
Max p.u Voltage 1.050 1.050
Total Power Generation (MW) 12.045 12.026
Total Reactive Power (MVar) 1.445 1.320
Losses (MW) 1.273 1.251
Mismatch (p.u voltage) 0.001 0.001

Table 5. Result of 8500 Bus ADS test case

Cases DERs Locations Min |V| p.u DER Supply Losses
KW KVar (KW)
1 - 0.9137 0 0 1239.29
2 2623 (Cogen) 0.9255 60 14319  1202.60
3a  2623(C), 3571(PV) 0.9272 10003 131.03  1292.97
3b  2623(C), 2937(PV) 0.9282 100.03 12409  1244.78
4a  2623(C), 3571 (WTG) 0.9294 104 11070  1176.26
4b 2623(C), 2937(WTG) 0.9300 104 110.70 1190.82

5  2623(C). 2937(PV) 3571(WTG) 09296 144,03 = 10755 116748

The variation DG location is studied in this simulation for cases 3a, 3b, 4a and 4b. In the
case 3b which PV generation unit connected to bus ID 2937 have a better result compared to
case 3a in which a PV generation unit is connected to bus ID 3571. The minimum voltage have
been increased from 0.9272 p.u for case 3a to 0.9282 for case 3b as well as losses decreased
from 1292.97 kW for case 3a to 1244.78 kW for case 3b. However, for the case 4a and 4b the
increased of minimum voltage did not make the losses decrease. The case 4b which WTG
connected to bus ID 2937 have a better voltage profile but worse system losses compared to
case 4a which WTG connected to bus ID 3571.

5. Conclusion

The paper has presented renewable distributed energy resourses analysis as three-
phase resource in unbalanced distribution load flow computation. The renewable DER models
that have been considered comprise of photovoltaic (PV) and wind turbine generation (WTG).
The voltage-controlled node and complex power injection node are used in the models. The
center-tapped (CT) transformer load model has been included in program. The variation of wind
speed (m/s) for WTG, solar radiation (W/m2) and temperature (°C) for PV have been simulated.
The simulation results show that the proposed methods can be used to analyse DER impacts in
the unbalanced meshed and radial distribution system. The integration of renewable DER into
an existing distribution network can improve the voltage profile, and reduce total system losses.
The simulation results show that DERs size and location are important factors to improve
voltage profile and line loss reduction.
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