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Abstract 
Although most utility-scale wind turbines in the United States are added at the transmission level 
in large wind power plants, distributed wind power offers an alternative that could increase the 
overall wind power penetration without the need for additional transmission. This report 
examines the distribution feeder-level voltage issues that can arise when adding utility-scale 
wind turbines to the distribution system. Four of the Pacific Northwest National Laboratory 
taxonomy feeders were examined in detail to study the voltage issues associated with adding 
wind turbines at different distances from the sub-station. General rules relating feeder resistance 
up to the point of turbine interconnection to the expected maximum voltage change levels were 
developed. Additional analysis examined line and transformer overvoltage conditions. 
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1 Introduction 
The need for transmission lines to connect remote wind power plants to major load centers is a 
barrier to increasing the wind power penetration level in North American interconnections. By 
adding utility-sized megawatt-scale wind turbines to existing distribution networks, the amount 
of wind power supplied to consumers can be increased without the associated political 
difficulties and additional cost of building transmission lines. The focus of this work is to assess 
the limitations on the amount of wind power that can be added to the distribution system without 
adversely impacting distribution system operations. Although this report gauges the amount of 
wind power that can be installed within a distribution circuit, the impacts of distributed wind on 
bulk system operations has been studied in a companion report [1]. The focus of the research 
presented in this report is to determine where and the number of megawatt-scale wind turbine 
generators (WTGs) that can be placed within a distribution system without causing sustained 
overvoltage conditions or exceeding equipment ratings. Similar impact studies and distribution 
analyses have been performed but instead examined the impact of rooftop photovoltaic (PV) on 
feeder voltage profiles [2-7]. However, distributed wind differs from rooftop photovoltaic in 
terms of scale and distribution of the resource. Traditionally, the power available from a 
distribution-connected wind power plant is fed in at one bus in the distribution circuit, compared 
to the many locations of distributed rooftop solar power. Other case studies have examined a 
specific distribution circuit and did not provide general results. The research presented here aims 
to provide general guidelines for use on a wide array of distribution circuits.  

The integration of distributed wind presents some unique issues. Unlike distributed PV, 
distributed wind is typically concentrated at one location in a feeder. Also, the installations under 
study in this report are multi-megawatt wind power plants that differ vastly in size and behavior 
from the multi-kilowatt PV installations more typically installed in a distribution system. This 
single point of injection for megawatts of power leads to some unique challenges that 
distribution planners may not foresee. Also, distributed wind has been studied less, because 
many of the best wind resources in the United States are located far from large population 
centers [7]. However, many rural areas in the United States have sufficient wind resources to 
make distributed wind a potential generation option.  

Considerable work has been done on the integration of distributed generation (DG) in general [8-
12], including work on planning [13] and cost-effectiveness [14]. Reference [8] provided an 
overview of both the positive and negative impacts that (DG) has on radial distribution systems. 
The paper focuses on issues of distribution voltage quality, reduction in power loss, and 
reliability when DG is introduced to an existing system. Reference [9] studied the positive and 
negative impacts DG has on system reliability and on power quality by using an example feeder 
and different power quality indices defined in the paper. The paper also described the negative 
impact DG has on overcurrent protection coordination. Other reliability indices are also 
suggested to better show the positive impacts DG can have on the frequency and duration of 
system interruption. The work in [10] considered impacts on reliability and power quality when 
DG is connected to a medium-voltage system. The impacts are measured using several indices 
for different network configurations when considering DG, and they can be used to determine 
the location of the most beneficial DG sites within a feeder. Reference [11] provided a checklist 
to help engineers quickly evaluate potential DG projects.  
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There is also a body of prior work in the field of integrating distributed wind into the distribution 
system in various countries. Some worldwide experiences with real feeders are worthy of note 
[15-18]. Reference [15] is a German case study that investigated the impact on voltage that 
occurs when an additional wind turbine is added to an actual medium-voltage distribution 
network with existing wind turbines. A range of system voltages were identified when one year 
of measured wind data and simulated low-voltage household load profiles were included in the 
simulation. Three case studies were included in [17] to examine the system impacts of 
distribution-connected wind turbines. The cases were completed for National Grid feeders 
located in the northeastern part of the United States. In [18], case studies within Turkey were 
examined. Conclusions from this work suggested that multiple wind turbines at a single location 
could be considered a single plant; hence, the same approach has been taken in this report. 
Additionally, numerous system studies have been performed on distributed wind integration 
using simulated test feeders (though some of these have been targeted toward controlling other 
devices rather than wind turbines) [19, 20]. In this report, simulated test feeders based on 
taxonomy feeders made available by the Pacific Northwest National Laboratory [21] have been 
studied.  

There are also specific studies that look at one aspect of distributed wind integration, such as 
impacts on system protection [22, 23]. In this report, quasi-steady-state voltage impacts have 
been predominantly considered; however, current and transient voltages can also be primary 
limiting factors. Power quality impacts of DG (wind, PV, and others) have received attention 
[24-26]. Studies on faults have also been conducted for systems with DG [27-29]. These papers 
have been mostly concerned with voltage sag during a fault event; however, in this report the 
main concern is steady-state voltage rise. Voltage rise as a result of DG has been studied before 
and has been identified as an issue for the integration of DG [30-35]. In [32], real distribution 
system data was used to show that the introduction of embedded generation to a weak feeder will 
cause the voltage to rise above the allowable range. The paper also examined using embedded 
generation to control voltage. Reference [35] considered how varying system conditions—such 
as conductor size, wind power output, and voltage compensation techniques—impact feeder 
voltages. The paper also showed that an extremely weak and a lightly loaded feeder with smaller 
conductor sizes creates difficult conditions to control voltage magnitude on the feeder. The 
research in [30, 31, 33, 34] also recognize the impact DG has on voltage rise in distribution 
feeders and provided a variety of solutions to mitigate voltage rise. 

However, none of these papers provided a generalized quantitative rule describing system 
conditions that impact voltage rise. The research presented in this report describes the 
measurement and estimation of voltage rise and provides a general quantitative rule for the 
placement of distributed wind turbines within a feeder based on American National Standards 
Institute (ANSI) voltage rise limits. The rule presents a straightforward relation between the 
amount of wind power that can be connected to a radial distribution system at a particular bus 
and the resistance between that bus and the substation, assuming that steady-state voltage is the 
limiting factor. A novel feature of the work presented in this report is that we consider Type 3 
(doubly-fed induction generator) and Type 4 (full-power-converter) wind turbines for inclusion 
in the distribution feeders; however, we currently consider only a unity power factor. These 
machines are typically used for transmission-connected wind power plants. These machines offer 
more flexibility with respect to power factor control than the Type 1 (fixed-speed, directly 
connected) and Type 2 (variable-rotor-resistance) machines that have been included in 
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distribution systems in the past. Additionally, in this work we study the single-point injection of 
power rather than the injection of power by wind turbines at multiple locations along a feeder. 

Megawatt-scale wind turbines connected to the distribution circuit are generally located away 
from heavily-populated areas; therefore the impact that megawatt-scale wind turbines will have 
on rural distribution feeders in particular is studied. Characteristics of rural distribution feeders 
differ from more-heavily-populated and -loaded urban and suburban areas. Rural distribution 
feeders tend to be radial, have longer feeder lengths, and are relatively lightly loaded; therefore, 
the steps taken to determine general guidelines require that limits be established for a few select 
distribution feeders located in rural areas. Common limits that occur in these feeders are used to 
provide general guidelines for the placement and amount of wind power that can be connected to 
a distribution circuit. The distribution feeders studied come from 24 Pacific Northwest National 
Laboratory distribution taxonomy feeders available in GridLAB-D.  
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2 Technical Background 
2.1 Software and Feeder Information 
Open Distribution System Software (OpenDSS) [36] and MATLAB [37] were used to conduct 
the research presented in this report. OpenDSS is an electric power distribution system simulator 
used extensively for distributed resource integration studies. The COM interface [38] is used to 
run OpenDSS commands using MATLAB and allows for looping and automation. It is more 
efficient to run hundreds of simulations sequentially in batch mode using the COM interface than 
it is to execute the OpenDSS script in the stand-alone graphical user interface. For example, for 
each loop iteration a wind turbine can be placed at a selected bus within the distribution circuit, 
the circuit power flow solution solved, and the voltage information extracted. For the next loop 
iteration, the same process is repeated with the wind turbine located at a different bus, and so on, 
until all desired wind turbine locations have been analyzed.  

The analysis described is applied to a variety of feeders from the 24 Pacific Northwest National 
Laboratory distribution taxonomy feeders [21] available in GridLAB-D [39]. However, the 
taxonomy feeders were first converted to OpenDSS format. A software tool that converts the 
electrical distribution system model data from GridLAB-D format to OpenDSS format was 
created for this project and will soon be publically available for download. The software is 
structured such that properties for each instance of a GridLAB-D object are collected for all 
objects in the taxonomy feeder file and then operated on via syntax or mathematical conversions 
to create a corresponding OpenDSS element, associated DSS file, and master circuit file. For 
example, many GridLAB-D power system objects have exact equivalents in OpenDSS, such as 
power delivery elements (overhead and underground lines and transformers) and power 
conversion elements (loads, generators, and capacitor banks). Other objects in GridLAB-D, such 
as triplex loads and split-phase transformers, are not unique elements in OpenDSS and had to be 
created using the load and transformer elements. The converted models were run and the results 
were validated against the GridLAB-D model power flows. The voltage profiles, total loads from 
each phase, and line impedances from each model were compared, and the converted OpenDSS 
feeders were found to accurately represent the GridLAB-D models.  

2.2 Taxonomy Feeder Bus Coordinates 
The taxonomy feeders [21] did not include bus coordinates used to visualize the layout of the 
feeders. The bus coordinates were taken from [40], which provided an arbitrary spatial layout. A 
MATLAB subroutine was written to extract the coordinates (located in DOT files that contain 
the “Attributed DOT Format” text) and rewritten to a text file containing the bus name, the x-
coordinate of the bus, and the y-coordinate of the bus. This text file format is used by OpenDSS 
to define bus x, y coordinates. Plots of the circuits within the report were generated using 
subroutines written in MATLAB. 

2.3 Wind Turbine Details 
Four typical WTG model types are used for power flow representations of wind power plants, as 
described in [41]. The Western Electricity Coordinating Council standard Type 1 and Type 2 
models, also known as fixed-speed and variable-slip WTGs, respectively, represent WTGs with 
capacitor bank controls to supply reactive power to the WTG. Western Electricity Coordinating 
Council standard Type 3 and Type 4 WTGs, also known as doubly-fed asynchronous and full-
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power-converter generators, respectively, have power electronic controls that allow for power 
factor control or voltage control at the terminals. In this paper, a combined Type 3/Type 4 WTG 
model was used, because most megawatt-scale modern WTGs are either Type 3 or Type 4. For 
the research presented here, the active power factor controls for the generator models 
representing the Type 3/Type 4 WTGs were set so that the power factor at the WTG terminals 
was held at unity (i.e., the power factor is equal to 1.0). The three-phase rating of the wind 
turbine used is 1.5 MW. 

Possible WTG locations considered for all distribution circuits studied in this report are selected 
based on two conditions: the first is that the wind turbine must be connected to a bus that is 
connected to three-phase lines, and the second is that the wind turbine must be at least 0.1 km 
from the substation. All buses in the circuit that meet these conditions are studied as possible 
wind turbine locations. 

2.4 Feeder Hosting Capacity 
The hosting capacity of the circuit will be determined by a variety of factors, including transient 
voltage issues, current limitations, and protection and coordination issues. The central factor 
considered in this report is sustained overvoltage. When generation is added to distribution 
circuits, the voltage magnitude can increase for end users and could result in sustained 
overvoltages that exceed overvoltage limits. The national standards for utilization voltage ratings 
are described in the American National Standard for Electric Power System and Equipment—
Voltage Ratings (60 Hertz) (ANSI C84.1-2011) [42] and establish voltage tolerances for end 
users. From the standard, the Range A utilization voltage is used as the overvoltage limit. For 
this voltage range, 125 V on a 120-V base is permitted and is an approximate 0.042 per-unit 
increase from nominal voltage. For the current research, the hosting capacity for distribution 
circuits will limit wind power so that voltage rise does not exceed this rating. 

Equipment ratings are other factors that are considered when determining the location and 
maximum amount of wind power that can be connected to each distribution feeder. The 
equipment ratings that are considered are the line ratings for overhead and underground lines and 
voltage-regulating transformer MVA ratings. The ratings are for continuous operation and do not 
consider momentary overcurrents caused by system conditions such as faults.  
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3 Taxonomy Feeder Analysis Results 
This report describes the analysis as applied to all of the taxonomy feeders under study. For the 
analysis, the solution mode for OpenDSS is set to snapshot. Static or single steady-state snapshot 
mode calculates voltages and currents at every point in the distribution system based on a 
specified loading condition [43], i.e., time series data such as load profiles are not used in 
snapshot solution mode. This provides a conservative view of hosting capacity, because adding 
load will serve to increase the hosting capacity. In this mode, a single power flow solution at the 
selected load level is calculated, and the voltages from all buses in the circuit are extracted. An 
initial base case is run before a wind turbine is placed on the distribution circuit. For this initial 
power flow solution, the circuit characteristic data are extracted and the bus voltages are saved. 
The circuit characteristics do not change between each case except for the addition of a wind 
turbine or wind turbines. 

The next step is to place a wind turbine at each of the selected wind turbine locations and to find 
the power flow solutions for each location. As described earlier in Section 2.3, the COM 
interface using MATLAB is used. After a wind turbine is placed at a three-phase bus within the 
circuit, the power flow solution is found and the bus voltages, power, and current are recorded. 
This is done for every possible wind turbine location. The bus voltages for the base case with no 
wind turbines can now be compared to bus voltages at different wind turbine locations. In the 
analysis, the wind power output is set to multiples of 1.5 MW, and the controls for all voltage-
regulating devices are turned off. The capacitor bank controls are turned off and the capacitor 
banks are switched open so that sustained system conditions could be studied under different 
load and wind power conditions. When overvoltage conditions are studied, low-load conditions 
(33% of peak load) are used to create a worst-case scenario. During low-load conditions, the 
voltage drop would be low and capacitor banks would already be in their open state. Setting the 
capacitor banks open ensures consistency throughout the entire study. The voltage-regulator 
controls are also turned off for changes in voltage calculations. Changes in feeder bus voltages 
may be exaggerated if the tap position of the voltage regulator is different among cases without 
wind and with wind. Another reason for not including voltage-regulator controls is that the 
taxonomy feeder data did not include line-drop compensation, which would allow for better 
regulation of bus voltages.  

The analyzed feeders were selected based on shared feeder characteristics and on feeder 
characteristics that are representative of feeders to which wind turbines would be connected. An 
overview of the taxonomy feeders analyzed and the feeder characteristics are given in Section 
3.1. The results of the analysis for each of the taxonomy feeders are presented in Sections 3.1 to 
3.4.  

3.1 Taxonomy Feeder Selection 
The Pacific Northwest National Laboratory created 24 taxonomy feeders that represent typical 
radial distribution feeders found in 5 different climate regions located within the contiguous 
United States. The representative feeders for each of the climate regions were selected based on 
common characteristics obtained from actual distribution feeder data. The feeder data was taken 
from 575 feeder models from 17 utilities. A detailed description of how the taxonomy feeder 
classification was accomplished can be found in [21].  
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It is likely that wind turbines connected to distribution feeders will be located in rural regions; 
therefore, the feeders that were first analyzed are feeders described as either containing a rural 
area or representing a rural area. Seven feeders fit this description. A summary of these feeders is 
given in Table 1, along with the feeder climate region, voltage level, and load size in megawatts 
according to the taxonomy report. The majority of the taxonomy feeders are at a voltage level of 
12.47 kV; however, because some of the representative feeders serve a lightly populated region 
that covers a wide geographical area, the voltage level is higher (either at 34.5 kV or 24.9 kV) 
[21].  

Table 1. Summary of the Examined Taxonomy Feeders*  

Feeder Climate  
Region 

Feeder Voltage 
(kV) Load MW [22] Description 

R1-12.47-2 1 12.47 2.83 Moderate suburban and light 
rural 

R1-12.47-1 1 12.47 7.15 Moderate suburban and rural 
R1-25.00-1 1 24.9 2.1 Light rural 
R2-35.00-1 2 34.5 8.9 Light rural 
R4-12.47-1 4 12.47 5.5 Heavy urban with rural spur 
R4-25.00-1 4 24.9 0.95 Light rural 
R5-12.47-3 5 12.47 9.2 Moderate rural 

*Results of the analysis are presented for the feeders shown in bold. 
 
Feeder R1-25.00-1 was the first higher voltage feeder examined. The feeder consists of many 
underground cables, and the reactive power supplied by these cables boosts the voltage levels, 
especially during low-load conditions, because the reactive power supplied by these cables stays 
the same whether the system is at full load or lightly loaded. In the case of this feeder, the 
voltage rise is especially pronounced in phases A and C. As a result, the power factor at the 
substation for Phase A is -0.5, and for Phase C it is -0.3 (strongly capacitive); whereas for Phase 
B it is -0.96 (mildly capacitive). For Phase C, the phase with the most extreme capacitive power 
factor, the voltage rise exceeds ANSI overvoltage limits even without wind in the system; 
therefore, wind cannot be added. Thus, this feeder has not been included in the analysis for 
deriving general rules. Similar conditions were observed for feeders R2-35.00-1 and R4-25.00-1; 
therefore, the feeders that are used in the overall results section are at a voltage level of 12.47 
kV. Results for each of the feeders shown in bold in Table 1 are provided in the sections below.  

3.2 Results for Feeder R1-12.47-2 
The first taxonomy feeder that is analyzed is feeder R1-12.47-2. The taxonomy feeder is located 
in a mix of suburban and rural populated areas and consists of approximately 70% overhead lines 
and 30% underground lines [44]. The following sections provide circuit details and steady-state 
analysis results for feeder R1-12.47-2. 

3.2.1 Circuit Load Description 
This section describes the load for feeder R1-12.47-2. Table 2 below shows the real, reactive, 
and apparent power through the substation bus for each phase. From [42], the feeder is located in 
a moderately populated suburban and lightly populated rural area. The total circuit loading is low 
because of the sparse rural loading, and it has 272 customers.  
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Table 2. Real and Reactive Power of Each Phase Through the Substation 

Phase kW kVar kVA 
Phase A 874.22 22.50 874.51 
Phase B 817.82 15.81 817.97 
Phase C 1,163.08 36.08 1,163.64 

Total 2,855.12 74.39 2,856.09 
 
The rural load is fed through a long primary circuit in which the majority of the load is located 
far from the substation, as shown in Figure 1 to Figure 3. The solid lines represent the three-
phase primary circuit, and the dashed line represents single- or two-phase laterals. Load 
distributions for each phase are also shown in Figure 1 to Figure 3. The substation location is 
indicated in Figure 1 to Figure 3. 

 

 

Figure 1. 
Feeder R1-12.47-2. Phase A load distribution 

 

Figure 2. 
Feeder R1-12.47-2. Phase B load distribution 
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B phase

Substation
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Figure 3. 
Feeder R1-12.47-2. Phase C load distribution 

 
To create low-load conditions, all loads attached to the circuit will be uniformly scaled to a 
fraction (33%) of the total load. This is done using the LoadMulti command in OpenDSS.  

3.2.2 Circuit Voltage-Regulation Devices 
The circuit has one capacitor bank and one step-voltage regulator located at the substation. The 
locations of these devices are shown in Figure 4. The capacitor bank is switched to its open 
position for all of the analysis, because overvoltage rather than undervoltage is being examined.  

 

 

C phase

Substation
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Figure 4. 
Feeder R1-12.47-2. Substation and capacitor bank locations 

 
The step-voltage-regulator controls provided do not implement line-drop compensation and only 
utilize the voltage across the controlled winding. This type of voltage regulation does not change 
with varying load. Therefore, the only influence the system has on tap changes is the change in 
voltage at the bus of the controlled winding. Because this regulator is located near the substation, 
the monitored voltage does not change and the variation in load and wind power outputs do not 
have an influence. By including line-drop compensation, the current through the substation is 
monitored and the regulator taps are adjusted according to the current. The controls for a line-
drop compensator (which would need input from a current transformer as well as impedance 
settings) were not included in the original GridLab-D (.glm) file. Therefore, regulator controls 
with line-drop compensation are added to the circuit. The new regulator controls are given 
below: 

New regcontrol.feeder_reg_cfg transformer=R1-12-47-2_reg_1 winding=2 
vreg=123.0 band=3.0 ptratio=60 CTprim=200 R=2 X=0 delay=5 

The values for CTprim, R, and X are selected from another circuit and may be changed in the 
future. For now, these new controls are used in the analysis.  

Substation

 

 
3-ph Line 1- or 2-ph Line Capacitors
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3.2.3 Wind Turbine Location Impact—Steady-State Analysis  
Steady-state analysis or snapshot mode is used for the analysis in this section. The impacts that 
wind power from each possible wind turbine location have on the bus voltages, current flows, 
and power flows are examined. If these values exceed ANSI C84.1-2011 Range A, then either 
the number of wind turbines must be reduced or the location of a wind turbine must be altered.  

Figure 5 shows each of the possible wind turbine locations for the circuit and the bus number for 
feeder R1-12.47-2. The method used to describe the selection of possible wind turbine locations 
is described in Section 2.3. 

  

 

Figure 5. 
Possible wind turbine connections for feeder R1-12.47-2 

 
Two different scenarios are studied for this circuit. In both cases, the controls for all voltage-
regulation devices are turned off. The capacitor banks are left open, and all voltage regulators are 
set to tap position 0. For the first case, the load is left at full load; for the second case, the load is 
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dropped to 33% of full load. The low-load level of 33% was selected based on the lowest 
normalized value taken from an example distribution system load profile.  

3.2.3.1 Steady-State Analysis I—Overvoltage Limits 
The steady-state voltage analysis compares the voltages at every bus in the circuit to two 
scenarios: before wind turbines are added to the circuit and after wind turbines are added to the 
circuit. The changes that occur to bus voltages are shown below. Because the distribution feeder 
consists of three phases with some single-phase laterals, the bus voltages are separated by phase. 
The changes in Phase A voltages are shown below. Phases B and Phase C voltages are shown in 
the appendix. 

Figure 6 shows the per-unit bus voltages for Phase A during full-load and zero wind power 
conditions. Each Phase A bus voltage is displayed on the circuit; the color indicates its per-unit 
voltage according to the color bar on the right. In this figure, the voltage is higher near the 
substation and drops along the feeder the farther the bus is from the substation. 
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Figure 6. 
Feeder R1-12.47-2. Heat map of Phase A per-unit bus voltages with 0 kW of wind power 

 
Next, the bus voltages are calculated for each possible wind turbine location indicated in Figure 
5. The wind turbine locations that caused the largest change in voltage and the smallest change in 
voltage are identified. The largest change occurs when wind turbines are added to Bus 183, and 
the smallest changed occurs when wind turbines are added to Bus 17. Figure 7 and Figure 8 
show Phase A bus voltages when two 1.5-MW wind turbines are added to the feeder at these 
buses. Figure 7 shows the wind turbines connected to Bus 17, located near the substation. Figure 
8 shows the wind turbines connected to Bus 183, located farthest from the substation. The 
voltage profile for each case is shown in Figure 9 and Figure 10. The voltage profiles for the 
cases with wind turbines connected to Bus 17 and with wind turbines connected to Bus 183 
(shown in black) are compared to the voltage profile when no wind turbines are connected to the 
feeder (shown in blue). The larger change in voltage occurs when the wind turbines are located 
farthest from the substation at Bus 183, as shown in Figure 10.   
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Figure 7. 
Feeder R1-12.47-2. Heat map of Phase A per-

unit bus voltages with 3,000 kW of wind 
power connected to Bus 17 

   

Figure 8. 
Feeder R1-12.47-2. Heat map of Phase A per-

unit bus voltages with 3,000 kW of wind 
power connected to Bus 183 
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Figure 9. 
Feeder R1-12.47-2. Phase A voltage profiles 

without wind and with 3,000 kW of wind 
power connected to Bus 17 

 

 

Figure 10. 
Feeder R1-12.47-2. Phase A voltage profiles 

without wind and with 3,000 kW of wind 
power connected to Bus 183 

 

The next step is to examine the change in voltage that occurs at each bus in the feeder when a 
wind turbine or turbines are connected to the feeder. The percent change in voltage for each bus 
is calculated using the equation below. 

∆𝑉𝐵𝑢𝑠𝑋 = (𝑉𝑊𝑖𝑛𝑑𝐵𝑢𝑠𝑋 − 𝑉𝑛𝑜𝑊𝑖𝑛𝑑𝐵𝑢𝑠𝑋)/(𝑉𝑛𝑜𝑊𝑖𝑛𝑑𝐵𝑢𝑠𝑋) ∗ 100 

In the equation, ΔVBusX is the percent change in voltage for Bus X, VWindBusX is the voltage at 
Bus X when a wind turbine or wind turbines are connected to the circuit, and VnoWindBusX is the 
voltage at Bus X before a wind turbine or wind turbines are connected to the circuit. The percent 
change in voltage is calculated for all buses in the circuit. 

The percent change in voltage when wind turbines are added to Bus 17 is shown in the heat map 
in Figure 11, and the change in voltage when wind turbines are added to Bus 183 is shown in the 
heat map in Figure 12. The figures again show that the voltage change is greater when the wind 
turbines are located farther from the substation. Figure 12 also shows that the greatest change in 
voltage occurs downstream from the wind turbine location at Bus 183, or along the single-phase 
laterals. Similar patterns occurred in Phase B and Phase C voltages.   
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Figure 11. 
Feeder R1-12.47-2. Heat map of Phase A 

change in bus voltage with 3,000 kW of wind 
power connected to Bus 17  

  

Figure 12. 
Feeder R1-12.47-2. Heat map of Phase A 

change in bus voltage with 3,000 kW of wind 
power connected to Bus 183  

 
The same analysis is applied when the load is uniformly reduced to 33% of full load. Figure 13 
shows the Phase A per-unit bus voltages without wind turbines connected to the feeder. The per-
unit voltage is much higher when the load is reduced, and there is less voltage drop across the 
feeders and laterals. When the load is reduced, the voltage at the end of the laterals is at 0.995 
per unit, compared to below 0.98 per unit with full load. Wind turbines are now added to the 
circuit to test if bus voltages will increases above the full-load cases.    
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Figure 13. 
Feeder R1-12.47-2. Heat map of Phase A per-unit bus voltages with 33% of full load and with 0 kW 

of wind power  

 
Again, wind turbines are added to Bus 17, with the Phase A per-unit bus voltages shown in 
Figure 14, and to Bus 183, with the per-unit bus voltages shown in Figure 15. When the wind 
turbines are connected to Bus 183, the bus voltages at the end of the single-phase laterals rise 
above voltages of 1.02 per unit. The voltage profiles in Figure 16 and Figure 17 also show that 
the bus voltages are much larger when the wind turbines are connected to Bus 183.  
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Figure 14. 
Feeder R1-12.47-2. Heat map of Phase A per-
unit bus voltages with 33% of full-load and 

with 3,000 kW of wind power 

 

Figure 15. 
Feeder R1-12.47-2. Heat map of Phase A per-
unit bus voltages with 33% of full load and 

with 3,000 kW of wind power 

 

 

Figure 16. 
Feeder R1-12.47-2. Phase A voltage profiles 
with 33% of full load without wind and with 

3,000 kW of wind power connected to Bus 17 
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Figure 17. 
Feeder R1-12.47-2. Phase A voltage profiles 
with 33% of full load without wind and with 
3,000 kW of wind power connected to Bus 

183 

 
The change in voltage for Phase A buses when wind turbines are connected to Bus 17 is shown 
in Figure 18 and when wind turbines are connected to Bus 183 in Figure 19. The percent change 
in voltage for wind turbines at Bus 183 is about the same for both the case with a full load 
(Figure 12) and the case with 33% of full load (Figure 19). However, when the load is reduced, 
the per-unit voltages at the ends of the laterals are higher, and connecting wind power increases 
the voltage even more. The results from this analysis show that low-load conditions and 
including wind farther away from the substation increase voltages at the ends of the feeders and 
laterals. The same results are shown for Phase B and Phase C in Appendix A.  
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Figure 18. 
Feeder R1-12.47-2. Heat map of Phase A 

change in bus voltage with 33% of full load 
and with 3,000 kW of wind power connected 

to Bus 17  

 

Figure 19. 
Feeder R1-12.47-2. Heat map of Phase A 

change in bus voltage with 33% of full load 
and with 3,000 kW of wind power connected 

to Bus 183  

 
3.2.3.1.1 Overvoltage Limits 
ANSI C84.1-2011 [42] provides a description of maximum voltage tolerances but does not 
include voltage transients or temporary overvoltages caused by system conditions such as faults 
or load shedding. From the standard, 125 V is the lowest acceptable maximum voltage on a 120-
V base. This is an approximate 0.042 per-unit increase from nominal voltage. In the simulations, 
the voltages do not reach above this limit—the voltages do not exceed 1.015 per unit with a full 
load and 1.023 per unit with a low load when the wind power output is 3,000 kW. The maximum 
per-unit voltage for each phase for all possible wind turbine locations is given in Table 3. The 
voltage rise is larger when the load is lower; therefore, the maximum voltages for the low-load 
cases are examined when the wind power output is 4,500 kW and 6,000 kW. The ANSI 
maximum voltage limits are exceeded when the wind power output is at 6,000 kW and phases A 
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and B experience maximum voltages of 1.043 per unit; therefore, 6,000 kW should not be added 
to the circuit when considering overvoltage limits. 

Table 3. Maximum Per-Unit Voltages Anywhere on the Feeder with Different Amounts of Wind 
Power 

 Wind (kW) 3,000 4,500 6,000 
Load (%) 100 33 33 33 

Phase Voltage (pu) 
A 1.015 1.023 1.033 1.043 
B 1.015 1.023 1.033 1.043 
C 1.001 1.016 1.027 1.036 

 
3.2.3.1.2 Quantitative Relationship—Is Distance or Impedance Better Correlated to 

Voltage Rise? 
The placement of WTGs within the circuit impacts the amount of voltage rise. The previous 
section showed that the farther away a WTG is located from a substation, the larger the 
maximum voltage rise in the circuit will be. Also, the largest rise in voltage occurs downstream 
(with feeder and lateral buses located opposite the substation side of the WTG bus) from the 
WTG location.  

The comparison of voltage rise to the impedance between the wind turbine bus and the feeder 
substation has been studied in previous work, when another circuit was used to study the impact 
of wind power on distribution voltage rise [45]. In the cited study, the distance of the wind 
turbine from the substation did not always correctly predict the rise in voltage and instead 
resulted in a bifurcation (due to feeder branching) that provided two different possible voltage 
rises for a single wind turbine distance. When examining the impedance rather than the distance, 
the bifurcation disappears or is significantly reduced. 

Therefore, the relationships examined in this section are among the physical parameters of the 
circuit (distance, impedance) and the voltage rise caused by the addition of wind power. In the 
first case, the maximum bus voltage rise for a selected wind turbine location is compared to the 
distance of the wind turbine bus from the circuit substation bus. An example for Phase A is 
shown in Figure 20. 
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Figure 20. 
Feeder R1-12.47-2. Relationship between maximum change in voltage and distance in km 

 
Figure 20 shows the maximum voltage rise for Phase A buses extracted for each possible wind 
turbine location. The distance of the wind turbine to the substation along overhead and 
underground lines (not based on geographic information system data) is also extracted and 
compared to each maximum voltage rise for that WTG. Unlike the line resistance, for each phase 
the distance of each bus from the substation can be easily extracted in OpenDSS using the circuit 
class properties AllNodeDistancesByPhase and AllNodeNamesByPhase. The index of the circuit 
bus connected to the WTG can be found in the list of node names and used to determine the 
distance in the list of node distances. The linear fit correlation coefficient between the two 
variables is 0.987. Thus, the correlation between the WTG distance and the maximum voltage 
rise is close to linear.  

Figure 21 shows the impedance from the WTG to the substation bus along the x-axis. The phase 
resistance from a specified bus to the substation is not extracted using the same interface as the 
node distance. Instead, the impedance from each line is extracted and saved in a tree format as 
described in Section 2.1. The sum of all the line impedances from the WTG bus to the substation 
is then calculated and saved. The results comparing the phase impedance to the maximum 
change in voltage is shown in the figure below. The linear fit correlation coefficient between 
these two variables is 0.99994—nearly perfectly linear.  

0 0.5 1 1.5 2 2.5 3
0

0.2

0.4

0.6

0.8

1

1.2

1.4

WTG to Substation Distance in km

m
ax

 ∆
V

 in
 p

er
ce

nt

Corr Coeff is 0.987 (wind power=1500 kW, load at 33%, ph A)



23 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

 

Figure 21. 
Feeder R1-12.47-2. Relationship between maximum change in voltage and impedance 

 
The correlation coefficient (r1) between the maximum voltage rise and the distance in kilometers 
and the correlation coefficient (r2) between the maximum voltage rise and the impedance for all 
three phases and different loading and wind power scenarios is provided in Table 4 below. The 
results show that r1 and r2 are similar for all wind power and load scenarios; however, the visual 
distinction shown in the figures above is more exaggerated for other more-complex feeders, as is 
the difference between r1 and r2. Also, r2 indicates a closer linear relationship between impedance 
and maximum voltage rise. The quantitative relationship between impedance and maximum 
voltage rise will be further explored later in this section. Even though there is a close linear 
relationship between the WTG distance in kilometers and the max voltage rise in feeder R1-
12.47-2, this is not always true for other taxonomy feeders. The same analysis will be repeated 
on another feeder to illustrate the better linear relationship between the impedance and voltage 
rise. 

Table 4. Correlation Coefficients r1 and r2 for Different Wind and Load Scenarios 

Wind Power  
(kw) 

Fraction of  
Load Online Phase Correlation  

Coefficient r1 
Correlation  

Coefficient r2 

1,500 

0.33 
1 0.987 1.000 
2 0.987 1.000 
3 0.987 1.000 

0.66 
1 0.987 1.000 
2 0.987 1.000 
3 0.987 1.000 

0.99 
1 0.987 1.000 
2 0.987 1.000 
3 0.987 1.000 

3,000 

0.33 
1 0.988 1.000 
2 0.988 1.000 
3 0.988 1.000 

0.66 
1 0.987 1.000 
2 0.987 1.000 
3 0.987 1.000 

0.99 1 0.987 1.000 
2 0.987 1.000 
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3 0.987 1.000 

4,500 

0.33 
1 0.988 1.000 
2 0.988 1.000 
3 0.988 1.000 

0.66 
1 0.988 1.000 
2 0.988 1.000 
3 0.988 1.000 

0.99 
1 0.987 1.000 
2 0.987 1.000 
3 0.987 1.000 

 
The relationship between wind turbine location and voltage rise is further explored below. As 
shown in Figure 22 and Figure 23, the circuit is at full load, and the wind power output is 3,000 
kW. The red circle indicates the bus that experiences the maximum Phase A voltage change for 
all the wind turbine locations shown in blue. The figure on the left shows that Bus 163 
experiences the largest change in voltage when wind turbines are placed at all possible WTG 
buses except Bus 183. The largest voltage change shown in the left figure occurs when a WTG is 
located at Bus 118. In this case, the pre-wind per-unit voltage at Bus 163 is 0.982, and the per-
unit voltage when the WTG is connected to the circuit is 1.004—a 2.25% increase in voltage. 
When a WTG is placed at Bus 183, the same bus experiences the largest change in voltage. The 
pre-wind per-unit voltage at Bus 183 is 0.992, and the per-unit voltage when the WTG is 
connected to the circuit is 1.015—a 2.27% increase in voltage. 
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Figure 22. 
Bus 163, which experiences the maximum 

voltage change, and the wind turbine 
locations that cause it—Phase A 

 

Figure 23. 
Bus 183, which experiences the maximum 

voltage change, and the wind turbine 
locations that cause it—Phase A 

Figure 24 and Figure 25 show the results for Phase B. The figure on the left shows that Bus 110 
experiences the largest change in voltage when WTGs are placed at buses 17, 18, 21, 24, 28, 54, 
55, 293, 56, 57, and 111. The largest voltage change in the left figure occurs when a WTG is 
located at Bus 111. The pre-wind per-unit voltage at Bus 110 is 0.956, and the per-unit voltage 
when the WTG is connected to the circuit is 0.971—a 1.57% increase in voltage. When WTGs 
are placed at buses 114, 116, 118, and 183, Bus 292 experiences the largest change in voltage, as 
shown in the figure on the right. The largest voltage change of these possible WTG locations 
occurs when a wind turbine is located at Bus 183; the pre-wind per-unit voltage is 0.959, and the 
per-unit voltage when the WTG is connected to the circuit is 0.982—a 2.47% increase in voltage. 
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Figure 24. 
Bus 110, which experiences the maximum 

voltage change, and the wind turbine 
locations that cause it—Phase B 

 

Figure 25. 
Bus 292, which experiences the maximum 

voltage change, and the wind turbine 
locations that cause it—Phase B 

 
Figure 26 shows the results for Phase C. Bus 248 experiences the largest change in voltage for 
any of the possible WTG locations. The largest voltage change in the figure occurs when a WTG 
is located at Bus 183. The pre-wind per-unit voltage at Bus 278 is 0.962, and the per-unit voltage 
when the WTG is connected to the circuit is 0.986—a 2.52% increase in voltage.  
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Figure 26. 
Bus 248, which experiences the maximum voltage change, and the wind turbine locations that 

cause it—Phase C 

 
The results show that for the same load conditions, each phase is impacted differently, such that 
the largest voltage rises are experienced by buses located in different parts of the circuit. Also, 
the largest rises in voltage tend to occur at the ends of very long, single-phase feeders, where the 
voltage drop is also very large. The rise in voltage may be large, but because the voltage at the 
ends of feeders tends to be low, the resulting voltage when WTGs are added is not very large and 
definitely not above the ANSI limits described in Section 3.2.3.1.1.  

As previously mentioned, the maximum voltage rise is related to the phase resistance between 
the WTG bus and the substation. The relationship between voltage rise and phase resistance is 
very linear, as shown in Figure 27. The correlation coefficient between the two variables is 
nearly exactly 1—indicating a near perfect linear fit. 
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Figure 27. 
Feeder R1-12.47-2. Relationship between max change in voltage and impedance to WTG 

 
Using linear regression (polyfit function in MATLAB with degree n set to one), the regression 
coefficients (p1 = 0.764, p2 = -0.007) for the example in the figure above are given in the 
equation below. 

∆𝑉𝑚𝑎𝑥 = 0.764 ∗ 𝑅 − 0.007 

In the equation, ΔVmax is the maximum voltage change within the circuit for the WTG location, 
and R is the impedance from the WTG location to the substation. The equation reveals that (for 
circuit R1-12.47-2 with 1,500 kW of wind connected and during full load) for each 1 Ω increase 
between the WTG location and the substation, the maximum voltage rise will be 0.764%. The 
residual sum of squares (RSS) between the data in the figure and the model from the equation is 
4.5641e-08, indicating a very good fit. It is important to note that this relationship would be more 
complex if a non-unity power factor were to be utilized. 

The same analysis is applied to all three phases for 1,500 kW, 3,000 kW, and 4,500 kW of wind 
power and 33%, 67%, and 100% of full load. The total power measured at the substation is 2.86 
MW (the total load is 2.83 MW [44]. The wind penetration, correlation coefficient between 
resistance and voltage change, regression coefficients, and RSS for each case is shown in Table 
5.  

Table 5. Relationship Between Max Change in Voltage and Impedance to WTG for Varying 
Amounts of Load and Wind Power 

Wind Power  
(kw) 

Fraction of  
Load Online  

Instantaneous Wind  
Penetration  

(%) 
Phase Correlation  

Coefficient P1 P2 RSS 

1,500 

0.33 
162.0 1 0.9999 0.764 -0.007 0.0002 
162.0 2 0.9999 0.764 -0.007 0.0002 
162.0 3 0.9999 0.760 -0.007 0.0002 

0.66 
80.3 1 0.9999 0.804 -0.010 0.0003 
80.3 2 0.9999 0.804 -0.010 0.0003 
80.3 3 0.9999 0.794 -0.010 0.0003 

0.99 53.1 1 0.9999 0.850 -0.014 0.0004 
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53.1 2 0.9999 0.850 -0.014 0.0004 
53.1 3 0.9999 0.833 -0.013 0.0004 

3,000 

0.33 
324.0 1 1.0000 1.485 -0.010 0.0005 
324.0 2 1.0000 1.485 -0.010 0.0005 
324.0 3 1.0000 1.477 -0.010 0.0005 

0.66 
160.7 1 1.0000 1.562 -0.015 0.0007 
160.7 2 1.0000 1.562 -0.015 0.0007 
160.7 3 0.9999 1.543 -0.015 0.0007 

0.99 
106.2 1 0.9999 1.649 -0.020 0.0011 
106.2 2 0.9999 1.649 -0.020 0.0011 
106.2 3 0.9999 1.618 -0.020 0.0010 

4,500 

0.33 
485.9 1 1.0000 2.168 -0.008 0.0007 
485.9 2 1.0000 2.168 -0.008 0.0007 
485.9 3 1.0000 2.155 -0.008 0.0007 

0.66 
241.0 1 1.0000 2.279 -0.015 0.0010 
241.0 2 1.0000 2.279 -0.015 0.0010 
241.0 3 1.0000 2.251 -0.015 0.0010 

0.99 
159.2 1 1.0000 2.403 -0.022 0.0014 
159.2 2 1.0000 2.403 -0.022 0.0014 
159.2 3 1.0000 2.358 -0.022 0.0014 

 
The results show that the steepness of the slope (indicated by the regression coefficient p1) 
increases as both load increases and wind power increases, and it is not related to the penetration 
of wind power in the circuit. This means that for full load and 4,500 kW of wind power, the 
maximum voltage rise will be 2.4% per 1 Ω increase between the WTG and the substation.  

As shown in the results presented in Figure 27 and Table 5, the largest rise in voltage occurs for 
the wind turbine located farthest from the substation. When a wind turbine is placed at this bus, 
Bus 183, the maximum amount of wind power that the circuit can tolerate without exceeding 
ANSI overvoltage limits is 4,500 MW of wind power, or three 1.5-MW wind turbines.  

The next step is to determine the maximum amount of wind power that can be connected to the 
circuit at each of the other possible wind turbine locations without exceeding ANSI overvoltage 
limits. Each possible wind turbine location will be connected to an increasing amount of wind 
power, starting with 4,500 MW, until overvoltage limits are reached. The entire circuit load is 
reduced to 33% of full load. Figure 28 gives the results of this analysis for each phase. The x-
axis is the resistance from the wind turbine bus to the substation, and the y-axis is the maximum 
wind power that is connected to that bus location that does not exceed overvoltage limits. Figure 
28 shows that the farther the wind turbines are from the substation, the lower the amount of wind 
power the circuit can tolerate when voltage rise is the only factor taken into consideration.  
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Figure 28. 
Maximum wind power that can be tolerated for wind turbine resistance to the substation when 

only overvoltage limits are considered  

 
The results are also given in Table 6. The overvoltage limits are tested for up to 30,000 kW, or 
20 1.5-MW turbines. Even with this large amount of wind power possible, wind turbine buses 
located closest to the substation never exceeded the overvoltage limits. However, other factors 
such as current limits and transient voltage limits could potentially be prohibitive at these high 
levels of wind power installation. 

Table 6. Maximum Wind Power That Can Be Tolerated for Wind Turbine Resistance to the 
Substation When Only Overvoltage Limits Are Considered 

 Wind Power  
(kW) 

Bus  
Name 

Bus  
Resistance 

Phase A Phase B Phase C 
Max Allowable  

(kW) 
24 0.476 22,500 24,000 24,000 22,500 
28 0.655 15,000 16,500 16,500 15,000 
54 0.682 15,000 15,000 15,000 15,000 
55 0.682 15,000 15,000 15,000 15,000 
56 0.725 13,500 13,500 15,000 13,500 

293 0.725 13,500 13,500 15,000 13,500 
57 0.991 9,000 9,000 9,000 9,000 

111 0.991 9,000 9,000 9,000 9,000 
114 1.225 7,500 7,500 7,500 7,500 
116 1.288 6,000 7,500 7,500 6,000 
118 1.508 6,000 6,000 6,000 6,000 
183 1.559 6,000 6,000 6,000 6,000 

 
3.2.3.2 Steady-State Analysis II—Line and Transformer Ratings 
This section considers the ratings of equipment within the distribution system, particularly line 
and transformer ratings. Care must be taken to ensure that these ratings are not exceeded by too 
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much when installing wind turbines. The line ratings are provided with the taxonomy feeder 
data. For this circuit, the ratings for the substation voltage regulator are not provided by the 
taxonomy feeder and thus needed to be approximated. The MVA rating will be calculated based 
on the total real and reactive power through the transformer during full load. Three different 
cases when the transformer is rated at 10%, 20%, and 30% above full load apparent power are 
examined.  

First, the proximity of the current through the lines to the line ratings defined in the taxonomy 
feeder conductor data is examined for different wind power scenarios. Previously, the ANSI 
overvoltage limits were exceeded for cases when the wind turbine output was 6,000 kW. When 
the line ratings are examined for these same conditions, they are also exceeded, as shown in the 
figures below. In Figure 29 to Figure 31, the green indicates buses in which current flow through 
the connected lines is equal to or less than 75% of the rating.  

 

Figure 29. 
Line rating exceeded for 

Phase A 

 

Figure 30. 
Line rating exceeded for 

Phase B 

 

Figure 31. 
Line rating exceeded for 

Phase C 

 
The portions of the three-phase lines in which the current limits are exceeded (shown in red) 
have a continuous current rating of 230 A when the three-phase portions of the line have a 
continuous current rating of 334 A. The line ratings were selected based on power flows of load 
distribution and without considering the placement of DG in the circuit. If the largest amount of 
wind power is added to the circuit without replacing any equipment in the circuit, 6,000 kW of 
wind power is not possible.  
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Next, the nearness of the current to the line rating when 4,500 kW of wind power is added to the 
circuit is shown in the figures below. The figures show that the worst-case scenario—the wind 
turbine location at Bus 183 causes the highest number of lines near its line rating—results for all 
three phases. 

In Figure 32 to Figure 34, yellow indicates buses in which the current flow through the 
connected line is between 75% and 100% of the rating, and red indicates buses in which the 
current flow through the connected line exceeds 100% of the rating. 

 

Figure 32. 
Line rating not exceeded 

for Phase A 

 

Figure 33. 
Line rating not exceeded 

for Phase B 

 

Figure 34. 
Line rating not exceeded 

for Phase C 

 
For the case with 4,500 kW, the line ratings are not exceeded. A few lines along the three-phase 
feeder have a rating of 230 A, and the current through the lines is above 75% of the rating. For 
the Phase C current, some points along the feeder do not exceed 75% of the rating because of the 
distribution of Phase C loads along that portion of the feeder. Based on these observations, the 
maximum amount of wind power that can be added without exceeding the line ratings is 4,500 
kW, or three 1.5-MW wind turbines.   

Next, the power rating for the regulator located at the substation of the circuit is examined. The 
taxonomy feeder data does not include ratings for the transformer; instead, three different ratings 
will be created to determine if the power through the transformer is near these possible ratings. 
The ratings are calculated using the total apparent power through the transformer during full load 
rounded up to the nearest MVA. The three ratings are set to 10%, 20%, and 30% above the full-
load MVA.  
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Figure 35. 
Transformer MVA ratings for Phase A 

 

Figure 36. 
Transformer MVA ratings for Phase B 

 

  

Figure 37. 
Transformer MVA ratings for Phase C 

 
For the cases shown here, the load is 33% full and the wind power output is 4,500 kW. The 
substation transformer rating set to 20% above 3 MVA (for each phase, it is 1.2 MVA) is 
exceeded when the wind power output is 4,500 kW. Also, the closer the wind turbine is located 
to the substation, the larger the power flow is through the substation transformer. This report 
assumes that the transformer rating is 30% above full load. Only if the total power through the 
transformer exceeds this rating will the number of wind turbines in the circuit be reduced. 

The maximum amount of wind power and the location of the wind turbine that exceeded voltage 
rise limits, line ratings, and substation transformer rating are identified for this circuit. If a wind 
turbine or wind turbines are placed farther from the substation, voltage rise and line ratings 
should be checked. If a wind turbine is located closer to the substation, the substation 
transformer rating should be checked.  
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3.2.3.3 Steady-State Analysis III—Regulation Devices Examined 
As stated previously, the original circuit did not contain a line-drop compensator in its regulator 
controls and therefore was not influenced by changes in load and wind power output. Line-drop 
compensation was included, and the R setting on the line-drop compensator was set to 2 V and 
the X setting to 0 V. With these changes, the tap positions for different levels of wind power 
output are shown in Figure 38 and Figure 39. Cases with full load and low load are also included. 
The wind turbine is located at Bus 17 for both cases. It is important to note that the high levels of 
back feeding seen the in analysis would likely exceed transformer rating limitations. 

 

Figure 38. 
Tap position for different wind power levels during full load 

 

 

Figure 39. 
Tap position for different wind power levels during 33% of full load 
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The figures indicate that the tap position starts closer to zero when the load is low. Future work 
will examine the impacts that adding varying amounts of wind power have on the number of tap 
changes that occur. A base case with varying load will be set up. The number of tap changes that 
occur for the base case will be compared to the number of tap changes that occur when a WTG is 
connected.  

3.2.4 Conclusions for Feeder R1-12.47-2 
Wind turbine locations and maximum wind power output for each of these locations were tested 
against consumer voltage tolerances and equipment ratings for feeder R1-12.47-2. The first step 
was to determine the maximum amount of wind power that each wind turbine location could 
tolerate without exceeding the ANSI overvoltage limits. When wind turbines are located farther 
from the substation, or when there is larger resistance between the wind turbine bus and the 
substation, the circuit could tolerate lower amounts of wind power than when wind turbines are 
located closer to the substation. The lines are the first equipment type that was examined. The 
overhead and underground lines have different line ratings for different sections of the circuit. 
The results show that the line ratings limit the amount of power that can be added without 
damaging or replacing the feeder equipment. The next equipment rating that was examined was 
the voltage-regulating transformer. Similar limits were reached, except that the transformer 
ratings place tighter constraints on the amount of power from wind turbines located closer to the 
substation. The relationship between the resistance from the wind turbine bus to the substation 
and the maximum voltage rise was also quantified and will be compared to the other taxonomy 
feeder resistance and voltage rise relationships to determine a generalized guideline for circuit-
based wind turbine siting. The voltage-regulating transformer controls were also tested when 
line-drop compensation was included. The voltage-regulation device controls will be tested in 
future work. Load profiles and wind power profiles will be applied to the circuit, and the number 
of tap changes that occur will be compared to the number of tap changes that happen when 
varying amounts of wind power are added to the circuit.  

The same analysis that was used for this taxonomy feeder is applied to the feeders in the 
following sections. The conclusion of this report provides general observations and guidelines 
for wind turbine placement and power output within a distribution circuit. 

3.3 Results for Feeder R1-12.47-1 
Feeder R1-12.47-1 is located in a moderately populated suburban and rural area that consists of 
approximately 60% overhead lines and 40% underground lines [21]. Some inconsistencies that 
were present in the original taxonomy feeder data were corrected before the analysis began. The 
taxonomy feeder report states that the total load of the feeder is 7,150 kW [21], but the sum of 
the loads in the data was short of the reported amount. Also, load on the distribution system is 
typically balanced at the substation, but load data showed that the Phase A load was only a 
fraction of the Phase B load and Phase C load. All loads connected to Phase A were uniformly 
adjusted so that all three phases were more closely balanced and the total kilowatt load was 
closer to the reported 7,150 kW. 

Errors also appeared when Capacitor Bank 3 was switched open and power flow results were 
incorrect. Because the capacitor banks will be switched open for feeder R1-12.47-1 analysis, 
Capacitor Bank 3 was removed from the circuit and the analysis. The following sections provide 
circuit details and steady-state analysis results for feeder R1-12.47-1. 
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3.3.1 Circuit Load Description 
This section describes the load for feeder R1-12.47-1. Table 7 shows the real, reactive, and 
apparent power through the substation bus for each phase. Figure 40, Figure 41, and Figure 42 
show the distributions of load throughout the feeder for phases A, B, and C, respectively. 

Table 7. Total Real and Reactive Power for Each Phase 

Phase kW kVar kVA 
Phase A 2,258.45 948.133 2,449.398 
Phase B 2,415.68 1,018.82 2,621.737 
Phase C 2,628.19 1,170.84 2,877.195 

Total 7,302.32 3,137.793 7,948.33 
 

 

 

Figure 40. 
Feeder R1-12.47-1. Phase A load distribution 

 

Figure 41. 
Feeder R1-12.47-1. Phase B load distribution 
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Figure 42. 
Feeder R1-12.47-1. Phase C load distribution 

 
To create low-load conditions, all loads attached to the circuit are uniformly scaled to a fraction 
of the total load.  

3.3.2 Circuit Voltage-Regulation Devices 
The circuit has two three-phase capacitor banks and one single-phase capacitor bank that have 
been removed from the circuit. Also, one step-voltage regulator is located at the substation. The 
locations of these devices are shown in Figure 43. The regulator controls are not altered for this 
circuit. For the analysis of this feeder, the control mode is turned off for the power flow solution 
so that the regulator tap position will not change.  
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Figure 43. 
Feeder R1-12.47-1. Substation and capacitor bank locations 

 
3.3.3 Wind Turbine Location Impact—Steady-State Analysis 
Similar analysis that was used to determine the maximum wind power for possible feeder wind 
turbine locations is applied to feeder R1-12.47-1. First, the overvoltage limits are used to 
determine the maximum amount of wind power that can be added to the feeder. Also, the 
relationship between the maximum rise in voltage and the resistance from the wind turbine bus is 
identified. Next, the line and transformer ratings are used to determine if the maximum wind 
power connected to the circuit is further limited. 

For feeder R1-12.47-1, all 175 possible wind turbine connections are shown in Figure 44. A 
wind turbine connection to a feeder bus is considered in the analysis if the feeder bus is 
connected to a three-phase line. 

Substation

 

 
3-ph Line 1- or 2-ph Line Capacitors
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Figure 44. 
Possible wind turbine connections for feeder R1-12.47-1 

 
3.3.3.1 Steady-State Analysis I—Overvoltage Limits 
The steady-state voltage analysis compares the voltages at every bus in the circuit to two 
scenarios: before wind turbines are added to the circuit and after wind turbines are added to the 
circuit. The changes that occur to bus voltages in Phase A are shown below.  

Examples in the figures below show the best and worst wind turbine locations in terms of change 
in voltage. For the power flow solution, the capacitor banks are switched open, the voltage-
regulation device controls are turned off, and the circuit is at full load. The wind power output 
for the cases shown below is set to 4,500 kW. 

First, the voltage profiles are shown in Figure 45 for the feeder when wind turbines are located 
near the substation at Bus 3 and in Figure 46 when wind turbines are located near the end of the 
feeder away from the substation at Bus 594. The distances of the wind turbines from the 
substation are indicated in the figures. In both figures, the voltage profiles when wind turbines 
are connected (black) to the feeder are compared to the voltage profile of the feeder without wind 
turbines (blue).  
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Figure 45. 
Feeder R1-12.47-1. Phase A voltage profiles 

without wind and with 4,500 kW of wind 
power connected to Bus 3 

 

Figure 46. 
Feeder R1-12.47-1. Phase A voltage profiles 

without wind and with 4,500 kW of wind 
power connected to Bus 594

 
Figure 45 and Figure 46 show that the ends of the laterals experience low per-unit voltage before 
wind turbines are added to Bus 594 and Bus 3. Figure 47 shows that when wind turbines are 
connected to Bus 3, the bus voltages experience a low increase in voltage, Figure 48 shows that 
when wind turbines are added to Bus 594, the bus voltages near the wind turbine connection 
experience a larger increase. 
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Figure 47. 
Feeder R1-12.47-1. Heat map of Phase A 

change in bus voltage with 4,500 kW of wind 
power connected to Bus 3 

 

Figure 48. 
Feeder R1-12.47-1 Heat map of Phase A 

change in bus voltage with 4,500 kW of wind 
power connected to Bus 594

A worst-case scenario is explored when the capacitor banks are closed so that low-voltage 
conditions are improved. Initially, the wind turbine output is 0 kW. Next, the wind turbine output 
reaches the maximum before the delay for the capacitor bank controls is reached. The maximum 
voltage is reached when the wind turbine is placed at Bus 3 and Bus 594, as shown in Figure 49 
and Figure 50, respectively. When the wind turbine is at Bus 594, the maximum per-unit voltage 
is 1.021, which is still below overvoltage conditions.  

 

% change in voltages for phase A

 

 

3     Substation

MW

0

0.5

1

1.5

2

2.5
% change in voltages for phase A

 

 

2

    Substation

MW

0

0.5

1

1.5

2

2.5



42 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

 

Figure 49. 
Feeder R1-12.47-1 with capacitor bank 

switches closed. Phase A voltage profiles 
without wind and with 4,500 kW of wind 

power connected to Bus 3 

 

Figure 50. 
Feeder R1-12.47-1 with capacitor bank 

switches closed. Phase A voltage profiles 
without wind and with 4,500 kW of wind 

power connected to Bus 594 

 
The capacitor controls for feeder R1-12.47-1 have a delay of 30 s, with an on setting of 7,100 V 
line-to-neutral and an off setting of 7,300 V line-to-neutral. If the voltages at the lines to the 
capacitor banks stay above 7,300 for 30 s, the capacitor banks will switch off. Another case is 
run in which the capacitor controls are turned on for a power flow solution (for the analysis, all 
voltage-regulation controls are typically turned off), and the voltage profiles for the case without 
wind are compared to the voltage profiles for the cases with wind connected to Bus 3 and Bus 
594. For the case without wind, both Capacitor Bank 1 and Capacitor Bank 2 are closed. When a 
wind turbine is added to Bus 3, the capacitor banks remain closed; a comparison of the voltage 
profiles is shown in Figure 51. When a wind turbine is added to Bus 594, Capacitor Bank 1 
remains closed, but Capacitor Bank 2 opens, and the voltage profile for the case with wind is 
lower than it is for the case without wind. The voltage profile is shown in Figure 52. The 
changing status of the capacitor bank produces this result. This is the only circuit in which this 
control mode has been tested and the results observed. It should be noted that capacitor banks 
can only raise the voltage in a distribution system; hence, the effect shown here cannot be 
thought of as a mitigation strategy for voltage rise.   
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Figure 51. 
Feeder R1-12.47-1 with control mode set to 
“static.” Phase A voltage profiles without 

wind and with 4,500 kW of wind power 
connected to Bus 3 

 

Figure 52. 
Feeder R1-12.47-1 with control mode set to 
“static.” Phase A voltage profiles without 

wind and with 4,500 kW of wind power 
connected to Bus 594 

 
Results are similar for Phase B and Phase C, as shown by the voltage profiles given in Figure 53 
to Figure 56. 

 

 

Figure 53. 
Feeder R1-12.47-1 with control mode set to 
“static.” Phase B voltage profiles without 

wind and with 4,500 kW of wind power 
connected to Bus 3 

 

Figure 54. 
Feeder R1-12.47-1 with control mode set to 
“static.” Phase B voltage profiles without 

wind and with 4,500 kW of wind power 
connected to Bus 594 
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Figure 55. 
Feeder R1-12.47-1 with control mode set to 
“static.” Phase C voltage profiles without 

wind and with 4,500 kW of wind power 
connected to Bus 3 

 

Figure 56. 
Feeder R1-12.47-1 with control mode set to 
“static.” Phase C voltage profiles without 

wind and with 4,500 kW of wind power 
connected to Bus 594 

 
When the load is reduced to 33% of full load, both capacitor banks 1 and 2 are switched open. 
Figure 57 shows the voltage rise in the voltage profiles for Phase A when the wind turbine is 
connected to Bus 3. Figure 58 shows the voltage rise in the voltage profiles for Phase A when the 
wind turbine is connected to Bus 594. 

 

 

Figure 57. 
Feeder R1-12.47-1 with control mode set to 

“static” and low load. Phase A voltage 
profiles without wind and with 4,500 kW of 

wind power connected to Bus 3 

 

Figure 58. 
Feeder R1-12.47-1 with control mode set to 

“static” and low load. Phase A voltage 
profiles without wind and with 4,500 kW of 

wind power connected to Bus 594 

 
The results indicate that when wind power increases dramatically, the voltages could temporarily 
increase above overvoltage limits, but the duration of the overvoltage is limited to the delay 
settings of the voltage-regulation devices. For this circuit, the capacitor controls are left on when 
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wind turbines are added and bus voltages are compared to overvoltage limits. The delay of the 
capacitor bank should not be adjusted to less than 30 s or the utility’s preferred setting, because 
switching the banks more often will create unwanted transients that will increase the wear and 
tear on the equipment and may cause the equipment to be operated incorrectly. 

3.3.3.1.1 Voltage Rise Quantified and Feeder Overvoltage Limits 
As previously mentioned, the maximum voltage rise is related to the phase resistance between 
the WTG bus and the substation. The relationship between the maximum change in voltage for 
each possible wind turbine location in the feeder and the resistance between the wind turbine bus 
and the substation is shown in Figure 59 and Figure 60. The correlation coefficient between the 
two variables shown in Figure 59 is 0.996 and is the best fit for wind power output and load 
levels. The correlation coefficient shown in Figure 60 is 0.992 and represents the worst fit for 
wind power output and load levels. Even though this is the worst fit in the analysis, the 
correlation coefficient is still nearly 1.  

 

Figure 59. 
Relationship between Phase C max change 

in voltage and phase resistance to WTG with 
6,000 kW of wind power and 66% load 

 

 

Figure 60. 
Relationship between Phase A max change 

in voltage and phase resistance to WTG with 
3,000 kW of wind power and 33% load 

Using linear regression (polyfit function in MATLAB with degree n set to one), the regression 
coefficients (p1 and p2) are given in Table 8. The same analysis is applied to all three phases for 
3,000 kW, 4,500 kW, and 6,000 kW of wind power and 33%, 67%, and 100% of full load. The 
RSS between the power flow data and the model from the equation is given in the table for each 
wind power and load scenario. These results will be used in the final analysis to determine a 
generalized relationship between the placement of wind turbines and voltage rise. 
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Table 8. Relationship Between Max Change in Voltage and Phase Resistance to WTG for Varying 
Amounts of Load and Wind Power 

Wind Power  
(kw) 

Fraction of  
Load Online  

Instantaneous Wind  
Penetration  

(%) 
Phase Correlation  

Coefficient P1 P2 RSS 

3,000 

0.33 
125.9 1 0.9992 1.300 0.008 0.0293 
125.9 2 0.9980 1.288 0.022 0.0671 
125.9 3 0.9976 1.338 0.003 0.0896 

0.66 
62.3 1 0.9983 1.373 -0.001 0.0671 
62.3 2 0.9945 1.360 0.026 0.2068 
62.3 3 0.9945 1.469 -0.016 0.2445 

0.99 
41.5 1 0.9952 1.513 -0.019 0.2283 
41.5 2 0.9987 1.413 0.001 0.0529 
41.5 3 0.9972 1.456 -0.026 0.1199 

4,500 

0.33 
188.9 1 0.9986 1.852 0.024 0.1016 
188.9 2 0.9971 1.834 0.045 0.1974 
188.9 3 0.9966 1.905 0.019 0.2539 

0.66 
93.4 1 0.9977 1.956 0.012 0.1779 
93.4 2 0.9934 1.935 0.052 0.5104 
93.4 3 0.9932 2.089 -0.006 0.6149 

0.99 
62.2 1 0.9945 2.150 -0.010 0.5210 
62.2 2 0.9973 2.023 0.017 0.2239 
62.2 3 0.9958 2.087 -0.028 0.3713 

6,000 

0.33 
251.9 1 0.9976 2.345 0.048 0.2689 
251.9 2 0.9959 2.320 0.076 0.4555 
251.9 3 0.9952 2.409 0.043 0.5681 

0.66 
124.5 1 0.9969 2.477 0.033 0.3935 
124.5 2 0.9918 2.446 0.086 1.0113 
124.5 3 0.9914 2.639 0.013 1.2337 

0.99 
83.0 1 0.9936 2.712 0.011 0.9667 
83.0 2 0.9957 2.564 0.045 0.5844 
83.0 3 0.9938 2.667 -0.024 0.9119 

 
The next step is to determine the maximum amount of wind power that can be connected to the 
circuit at each possible wind turbine location without exceeding ANSI overvoltage limits. Each 
possible wind turbine location will be connected to an increasing amount of wind power, starting 
with 1,500 kW, until overvoltage limits are reached. Wind power output is tested up to 27,500 
kW. The entire circuit load is reduced to 33% of full load. The results of this analysis are given 
for each phase in Figure 61. The x-axis is the resistance from the wind turbine bus to the 
substation, and the y-axis is the maximum wind power that is connected to that bus location that 
does not exceed overvoltage limits. Figure 61 shows that the larger the resistance between the 
wind turbine location and the substation, the lower the amount of wind power the circuit can 
tolerate when voltage rise is the only factor taken into consideration.  



47 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

 

Figure 61. 
Maximum wind power that can be tolerated for wind turbine resistance to substation when only 

overvoltage limits are considered 

 
The bus locations and the maximum amount of wind power that can be placed at the bus without 
exceeding overvoltage limits are given in Table 9. A large amount of wind power can be 
connected to this circuit without exceeding overvoltage limits. The minimum amount of wind 
power that the circuit can tolerate when only overvoltage limits are considered is 14 MW, and 
the maximum is 26 MW. 

Table 9. Maximum Wind Power at a Bus That Does Not Exceed Overvoltage Limits 

 Wind Power  
(kW) 

Bus  
Name 

Bus  
Resistance 

Phase A Phase B Phase C 
Max Allowable  

(kW) 
594 1.034 14,000 15,500 17,000 14,000 

2 1.044 14,000 14,000 17,000 14,000 
593 1.019 14,000 15,500 17,000 14,000 
592 1.005 14,000 15,500 17,000 14,000 
591 0.991 14,000 15,500 18,500 14,000 
249 1.013 14,000 17,000 - 14,000 
290 1.047 14,000 - - 14,000 
293 1.049 14,000 - - 14,000 
289 1.027 14,000 - - 14,000 
273 1.015 14,000 - - 14,000 
590 0.962 15,500 17,000 18,500 15,500 
576 0.929 15,500 17,000 20,000 15,500 
244 0.963 15,500 20,000 - 15,500 
246 0.978 15,500 18,500 - 15,500 
245 0.979 15,500 18,500 - 15,500 
560 0.877 17,000 20,000 23,000 17,000 
562 0.900 17,000 18,500 21,500 17,000 
561 0.888 17,000 18,500 23,000 17,000 
272 0.945 17,000   - 17,000 
559 0.859 18,500 20,000 - 18,500 
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552 0.841 18,500 21,500 - 18,500 
551 0.829 18,500 21,500 - 18,500 
242 0.893 18,500 - - 18,500 
243 0.903 18,500 - - 18,500 
550 0.818 20,000 23,000 - 20,000 
547 0.805 20,000 24,500 - 20,000 
546 0.797 20,000 24,500 - 20,000 
269 0.916 20,000 - - 20,000 

1 0.917 20,000 - - 20,000 
270 0.918 20,000 - - 20,000 
271 0.918 20,000 - - 20,000 
540 0.776 21,500 - - 21,500 
539 0.767 21,500 - - 21,500 
538 0.750 23,000 - - 23,000 
536 0.737 24,500 - - 24,500 
535 0.727 24,500 - - 24,500 
217 0.727 24,500 - - 24,500 
227 0.731 24,500 - - 24,500 
334 0.727 24,500 - - 24,500 
228 0.731 24,500 - - 24,500 
216 0.727 24,500 - - 24,500 
329 0.736 26,000 - - 26,000 

 
The results are also given in Figure 62. The color bar on the right of the figure shows the amount 
of wind power, and the location of the wind turbine bus connection is shown on the circuit. 
Feeder R1-12.47-1 is able to tolerate large amounts of wind power when only overvoltage limits 
are considered. Many of the possible wind turbine buses did not exceed overvoltage limits when 
26 MW of wind power were connected to these locations.  
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Figure 62. 
Maximum wind power at a bus that does not exceed overvoltage limits 

 
3.3.3.2 Steady-State Analysis II—Line and Transformer Ratings 
Total wind power outputs of up to 18 MW are used to test the amount of wind power at each 
possible wind turbine location that would not exceed any line ratings within the circuit. Figure 63 
to Figure 65 show the results for each phase. The color bar indicates the maximum wind power 
that can be connected to that bus without exceeding line ratings. The lowest amount of wind 
power that can be tolerated is 4,500 kW for connections located farther from the substation. 
Because of the different line ratings, a relationship between the maximum wind power and 
resistance between the wind turbine location and the substation cannot be established in the same 
way as that shown in the previous section for voltage change. However, the results shown in the 
figures indicate that the line ratings are exceeded for lower levels of wind power compared to 
when only overvoltage limits were considered. Some buses located close to the substation never 
exceed line ratings when the wind power output is up to 18 MW. These results are expected, 
because power flow from wind turbines located near the substation to loads located downstream 
would be similar to power flow from the substation to loads located downstream.  
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Figure 63. 
Maximum wind power at a bus that does not 

exceed line ratings for Phase A 

 

Figure 64. 
Maximum wind power at a bus that does not 

exceed line ratings for Phase B 
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Figure 65. 
Maximum wind power at a bus that does not exceed line ratings for Phase C 

 
Next, the amounts of wind power that can be tolerated based on the regulator transformer ratings 
are tested. Feeder R1-12.47-1 has only one voltage regulator located at the substation. The total 
wind power output is set to 1,500 kW for each possible wind turbine location, and the apparent 
power through the regulator is extracted. The wind power output for each wind turbine location 
is increased by 1,500 kW, until the regulator transformer ratings (set to 30% above full load for 
the base case without wind power) are exceeded. Figure 66 to Figure 68 show the phase power 
through the substation regulator and the ratings of the regulator when the wind power is at 12 
MW. 
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Figure 66. 
Transformer MVA ratings and apparent 

power for Phase A 

 

Figure 67. 
Transformer MVA ratings and apparent 

power for Phase B 

 

 

Figure 68. 
Transformer MVA ratings and apparent power for Phase C 

 
Feeder R1-12.47-1 is able to tolerate 12 MW of wind power at all possible wind turbine 
locations without exceeding the regulator transformer ratings.  

The maximum amounts of wind power that can be placed within feeder R1-12.47-1 are given in 
Figure 69. The maximum wind power that this particular circuit can tolerate for each possible 
location is limited by the line ratings or the substation regulator transformer rating. The amount 
of wind power that can be connected to the circuit without exceeding overvoltage limits is very 
high compared to limits set by equipment ratings. Note that this is not necessarily true for all 
feeders and cannot be considered a general conclusion. 
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Figure 69. 
Maximum wind power for each wind turbine location that does not exceed line ratings, substation 

regulator transformer ratings, and overvoltage limits 

 
3.3.4 Conclusions for Feeder R1-12.47-1 
Wind turbine locations and maximum wind power output for each of these locations were tested 
against consumer voltage tolerances and equipment ratings for feeder R1-12.47-1. The first step 
was to determine the maximum amount of wind power that each wind turbine location could 
tolerate without exceeding the ANSI overvoltage limits. When wind turbines are located farther 
from the substation, or when there is larger resistance between the wind turbine bus and the 
substation, the circuit could tolerate lower amounts of wind power than when wind turbines are 
located closer to the substation. Also, feeder R1-12.47-1 is able to tolerate large amounts of wind 
power in most locations throughout the circuit without exceeding any overvoltage limits. Line 
ratings were the first type of equipment that was examined. The overhead and underground lines 
have different line ratings for different sections of the circuit. Different wind turbine locations 
and wind power outputs were tested. The results show that the line ratings further limit the 
amount of power that can be added. Next, the regulator transformer rating was examined. The 
line and transformer ratings combined limit the amount of wind power that can be added to the 
feeder. The relationship between the resistance from the wind turbine bus to the substation and 
the maximum voltage rise was also quantified and will be compared to the other taxonomy 
feeder resistance and voltage rise relationships to determine a generalized guideline for circuit-
based wind turbine siting.  
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3.4 Results for Feeder R4-12.47-1 
Taxonomy feeder R4-12.47-1 is analyzed in this section. The taxonomy feeder serves a heavily 
populated urban area and a lightly populated rural area connected through the primary feeder. 
The urban load is located near the substation, and the rural load is located farther from it. The 
feeder consists of approximately 92% overhead lines and 8% underground lines [21]. The 
following sections provide circuit details and steady-state analysis results for feeder R4-12.47-1. 

3.4.1 Circuit Load Description 
This section describes the load for feeder R4-12.47-1. Table 10 shows the real, reactive, and 
apparent power through the substation bus for each phase when the capacitor banks are switched 
open and the control mode is turned off for the power flow solution. 

Table 10. Real and Reactive Power for Each Phase Through the Substation 

Phase kW kVar kVA 
Phase A 1,870.4 1,019.1 2,130.1 
Phase B 1,637.9 9,01.8 1,869.7 
Phase C 1,846.3 998.6 2,099.0 

Total 5,354.6 2,919.5 6,098.8 
 
The distributions of load throughout the feeder for phases A, B, and C are shown in Figure 70, 
Figure 71, and Figure 72, respectively. The diameter of the circles representing the loads is 
proportional to the size of each kilowatt load for each phase. As stated earlier, the majority of the 
load is in a heavily populated urban area. The more heavily loaded urban area is near the 
substation in all three phases.  
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Figure 70. 
Feeder R4-12.47-1. Phase A load distribution 

 

Figure 71. 
Feeder R4-12.47-1. Phase B load distribution 
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Figure 72. 
Feeder R4-12.47-1. Phase C load distribution 

 
To create low-load conditions, all loads attached to the circuit are uniformly scaled to a fraction 
of the total load. 

3.4.2 Circuit Voltage-Regulation Devices 
The circuit has four three-phase capacitor banks and two single-phase capacitor banks. One step-
voltage regulator is located at the substation. The locations of these devices are shown in Figure 
73.  
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Figure 73. 
Feeder R4-12.47-1. Substation and capacitor bank locations 

 
3.4.3 Wind Turbine Location Impact—Steady-State Analysis 
A similar analysis to what was used to determine the maximum wind power for possible feeder 
wind turbine locations is applied to feeder R4-12.47-1. First, the overvoltage limits are used to 
determine the maximum amount of wind power that can be added to the feeder. Also, the 
relationship between the maximum rise in voltage and the resistance from the wind turbine bus is 
identified. Next, the line and transformer ratings are used to determine if the maximum wind 
power connected to the circuit is further limited. 

For feeder R4-12.47-1, all 130 possible wind turbine connections are shown in Figure 44. A 
wind turbine connection to a feeder bus is considered in the analysis if the feeder bus is 
connected to a three-phase line. 

Substation
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Figure 74. 
Possible wind turbine connections for feeder R4-12.47-1 

 
3.4.3.1 Steady-State Analysis I—Overvoltage Limits 
The steady-state voltage analysis compares the voltages at every bus in the circuit to two 
scenarios: before wind turbines are added to the circuit and after wind turbines are added to the 
circuit. The changes that occur to bus voltages in Phase A are shown below.  

Examples in the figures below show the best and worst wind turbine locations in terms of 
changes in voltage. For the power flow solution, the capacitor banks are switched open, the 
voltage-regulation device controls are turned off, and the circuit is at full load. The wind power 
output for the cases shown below is set to 4,500 kW. 

Figure 75 shows the voltage profiles for the feeder when wind turbines are located near the 
substation at Bus 381. Figure 76 shows the voltage profiles for the feeder when wind turbines are 
located near the end of the feeder away from the substation at Bus 46. The distances of the wind 
turbines from the substation are indicated in the figures. In both figures, the voltage profiles 
when wind turbines are connected (black) to the feeder are compared to the voltage profile of the 
feeder without wind turbines (blue). 

 

Substation
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Figure 75. 
Feeder R4-12.47-1. Phase A voltage profiles 

without wind and with 4,500 kW of wind 
power connected to Bus 381 

 

Figure 76. 
Feeder R4-12.47-1. Phase A voltage profiles 

without wind and with 4,500 kW of wind 
power connected to Bus 46 

 

Figure 75 and Figure 76 show that the ends of the laterals experience low per-unit voltage before 
wind turbines are added to Bus 381 and Bus 46. When wind turbines are connected to Bus 381, 
the bus voltages experience a low increase in voltage, as shown in Figure 77. When wind 
turbines are added to Bus 46, the bus voltages near the wind turbine connection experience a 
larger increase, as shown in Figure 78. 
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Figure 77. 
Feeder R4-12.47-1. Heat map of Phase A 

change in bus voltage with 4,500 kW of wind 
power connected to Bus 381 

 

Figure 78. 
Feeder R4-12.47-1. Heat map of Phase A 

change in bus voltage with 4,500 kW of wind 
power connected to Bus 46 

Figure 79 shows the same voltage profiles but for 33% of full load when wind turbines are 
connected to Bus 381, and Figure 80 shows the same voltage profiles for 33% of full load when 
wind turbines are connected to Bus 46. When load is lower, the bus voltages at the end of the 
feeder do not experience as high of a voltage drop compared to that of the case with full load. 
The changes in voltage when wind turbines are added to Bus 381 and Bus 46 are shown in 
Figure 81 and Figure 82, respectively. 
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Figure 79. 
Feeder R4-12.47-1. Phase A voltage profiles 
with 33% of full load without wind and with 
4,500 kW of wind power connected to Bus 

381 

 

Figure 80. 
Feeder R4-12.47-1. Phase A voltage profiles 
with 33% of full load without wind and with 

4,500 kW of wind power connected to Bus 46 

 

 

Figure 81. 
Feeder R4-12.47-1. Heat map of Phase A 

change in bus voltage with 33% of full load 
with 4,500 kW of wind power connected to 

Bus 381 

 

Figure 82. 
Feeder R4-12.47-1. Heat map of Phase A 

change in bus voltage with 33% of full load 
with 4,500 kW of wind power connected to 

Bus 46 
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3.4.3.1.1 Voltage Rise Quantified and Feeder Overvoltage Limits 
As previously mentioned, the maximum voltage rise is related to the phase resistance between 
the WTG bus and the substation. The relationship between the maximum change in voltage for 
each possible wind turbine location in the feeder and the resistance between the wind turbine bus 
and the substation is shown in Figure 83 and Figure 84 for different wind power outputs and 
during full load. The correlation coefficient between the two variables in Figure 83 is 0.994, and 
it is the worst fit for wind power output and load levels. Even though this is the worst fit in the 
analysis for this feeder, the correlation coefficient is still nearly 1. The correlation coefficient in 
Figure 84 is 0.999, and it represents the best fit for wind power output and load levels. The 
flattening at the end is caused by very small loads near the ends of the single-phase laterals. 

 

 

Figure 83. 
Relationship between Phase A max change 

in voltage and phase resistance to WTG with 
6,000 kW of wind power and 100% load 

 

Figure 84. 
Relationship between Phase B max change 

in voltage and phase resistance to WTG with 
3,000 kW of wind power and 100% load 

 
Using linear regression (polyfit function in MATLAB with degree n set to one), the regression 
coefficients (p1 and p2) are given in Table 11. The same analysis is applied to all three phases for 
3,000 kW, 4,500 kW, and 6,000 kW of wind power and 33%, 67%, and 100% of full load. The 
RSS between the power flow data and the model from the equation is given in the table for each 
wind power and load scenario. These results will be used in the final analysis to determine a 
generalized relationship between the placement of wind turbines and voltage rise. 

Table 11. Relationship Between Max Change in Voltage and Phase Resistance to WTG for Varying 
Amounts of Load and Wind Power 

Wind Power  
(kw) 

Fraction of  
Load Online  

Instantaneous Wind  
Penetration  

(%) 
Phase Correlation  

Coefficient P1 P2 RSS 

3,000 
0.33 

164.4 1 0.9986 1.225 0.061 0.4849 
164.4 2 0.9988 1.217 0.060 0.4279 
164.4 3 0.9988 1.258 0.049 0.4573 

0.66 83.5 1 0.9986 1.257 0.058 0.5208 
83.5 2 0.9989 1.241 0.054 0.4044 
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83.5 3 0.9988 1.322 0.032 0.4728 

0.99 
56.6 1 0.9985 1.289 0.054 0.5609 
56.6 2 0.9990 1.266 0.049 0.3812 
56.6 3 0.9989 1.386 0.015 0.4988 

4,500 

0.33 
246.6 1 0.9969 1.691 0.144 2.0959 
246.6 2 0.9971 1.680 0.141 1.9137 
246.6 3 0.9970 1.734 0.128 2.0671 

0.66 
125.3 1 0.9968 1.734 0.141 2.2553 
125.3 2 0.9973 1.712 0.135 1.8665 
125.3 3 0.9971 1.819 0.108 2.1997 

0.99 
84.8 1 0.9967 1.777 0.137 2.4243 
84.8 2 0.9974 1.745 0.128 1.8254 
84.8 3 0.9972 1.904 0.088 2.3572 

6,000 

0.33 
328.9 1 0.9941 2.071 0.255 5.9315 
328.9 2 0.9944 2.057 0.251 5.5205 
328.9 3 0.9943 2.122 0.238 5.9919 

0.66 
167.1 1 0.9939 2.123 0.253 6.3806 
167.1 2 0.9947 2.096 0.244 5.4791 
167.1 3 0.9944 2.222 0.218 6.5118 

0.99 
113.1 1 0.9938 2.174 0.251 6.8641 
113.1 2 0.9949 2.135 0.237 5.4452 
113.1 3 0.9944 2.322 0.197 7.0975 

 
The next step is to determine the maximum amount of wind power that can be connected to the 
circuit at each possible wind turbine location without exceeding ANSI overvoltage limits. Each 
possible wind turbine location will be connected to an increasing amount of wind power, starting 
with 1,500 kW, until overvoltage limits are reached. Wind power output is tested up to 16,500 
kW. The entire circuit load is reduced to 33% of full load. The results of this analysis are given 
for each phase in Figure 85. The x-axis is the resistance from the wind turbine bus to the 
substation, and the y-axis is the maximum wind power that is connected to that bus location that 
does not exceed overvoltage limits. Figure 85 shows that the larger the resistance between the 
wind turbine location and the substation, the lower the amount of wind power the circuit can 
tolerate when voltage rise is the only factor taken into consideration.  

 

Figure 85. 
Maximum wind power that can be tolerated for wind turbine resistance to substation when only 

overvoltage limits are considered 
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Figure 86 shows the bus locations and the maximum amount of wind power that can be placed at 
the bus without exceeding overvoltage limits. Wind turbines located near the substation are able 
to tolerate high amounts of wind power exceeding the 16,500 kW that were tested in this 
analysis. 

 

Figure 86. 
Maximum wind power at a bus that does not exceed overvoltage limits 

 
3.4.3.2 Steady-State Analysis II—Line and Transformer Ratings 
Total wind power outputs of up to 16.5 MW are used to test the amount of wind power at each 
possible wind turbine location that would exceed any line ratings within the circuit. Figure 87 to 
Figure 89 show the results for each phase. The color bar indicates the maximum wind power that 
can be connected to that bus without exceeding line ratings. The lowest amount of wind power 
that can be tolerated is 3,000 kW for connections located farther from the substation. Because of 
the different line ratings, a relationship between the maximum wind power and resistance 
between the wind turbine location and the substation cannot be established in the same way as 
that shown in the previous section for voltage change. However, the results shown in the figures 
indicate that the line ratings are exceeded for lower levels of wind power compared to when only 
overvoltage limits are considered.  
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Figure 87. 
Maximum wind power at each bus that does 

not exceed line ratings for Phase A 

 

Figure 88. 
Maximum wind power at each bus that does 

not exceed line ratings for Phase B 
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Figure 89. 
Maximum wind power at each bus that does not exceed line ratings for Phase C 

 
Next, the amounts of wind power that can be tolerated based on the regulator transformer ratings 
are tested. Feeder R4-12.47-1 has only one voltage regulator located at the substation. The total 
wind power output is set to 1,500 kW for each possible wind turbine location, and the apparent 
power through each regulator is extracted. The ratings (set to 30% above full load for the base 
case without wind power) are also included to indicate conditions when the ratings are exceeded. 
The wind power output for each wind turbine location is increased by 1,500 kW, until the 
regulator transformer ratings are exceeded. Figure 90 to Figure 92 show the phase power through 
the substation regulator and the ratings of the regulator when the wind power is at 10.5 MW. 
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Figure 90. 
Transformer MVA ratings and apparent 

powerr flows for Phase A 

 

Figure 91. 
Transformer MVA ratings and apparent 

powerr flows for Phase B 

 

Figure 92. 
Transformer MVA ratings and apparent powerr flows for Phase C 

 
The maximum amounts of wind power that can be placed within feeder R4-12.47-1 are given in 
Figure 93. The maximum wind power that the circuit can tolerate for each possible location is 
limited by the line ratings or the substation regulator transformer rating. The amount of wind 
power that can be connected to the circuit without exceeding overvoltage limits is higher than the 
limits set by the equipment ratings. 
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Figure 93. 
Maximum wind power for each wind turbine location that does not exceed line ratings, substation 

regulator transformer ratings, and overvoltage limits 

 
In Figure 93, it appears that wind turbines connected to buses located near the substation are 
limited to 4,500 kW of wind power output. A magnified view given in Figure 94 of the buses 
located near the substation shows that they are actually feeders that branch off the primary 
feeder. The line ratings for these branches are lower than the line ratings of the primary feeder—
placing a lower limit on the amount of wind power that can be added to these locations.  
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Figure 94. 
Magnified view of the maximum wind power for each wind turbine location that does not exceed 

line ratings, substation regulator transformer ratings, and overvoltage limits  

 
Table 12. Penetration for Each Level of Wind Power When Feeder R4-12.47-1 Is at Full Load 

Wind Power  
(kW) 

Penetration  
(% of Full Load) 

1,500 24.59 
3,000 49.19 
4,500 73.78 
6,000 98.38 
7,500 122.97 
9,000 147.57 

 
3.4.4 Conclusions for Feeder R4-12.47-1 
Wind turbine locations and maximum wind power output for each of these locations were tested 
against consumer voltage tolerances and equipment ratings for feeder R4-12.47-1. The first step 
was to determine the maximum amount of wind power that each wind turbine location could 
tolerate without exceeding the ANSI overvoltage limits. When wind turbines are located farther 
from the substation, or when there is larger resistance between the wind turbine bus and the 
substation, the circuit could tolerate lower amounts of wind power than when wind turbines are 
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located closer to the substation. Also, feeder R4-12.47-1 is able to tolerate large amounts of wind 
power in most locations throughout the circuit without exceeding any overvoltage limits. Line 
ratings were the first type of equipment that was examined. The overhead and underground lines 
have different line ratings for different sections of the circuit. Different wind turbine locations 
and wind power outputs were tested. The results show that the line ratings further limit the 
amount of power that can be added. Next, the regulator transformer rating was examined. The 
line and transformer ratings combined limit the amount of wind power that can be added to the 
feeder. The relationship between the resistance from the wind turbine bus to the substation and 
the maximum voltage rise was also quantified and will be compared to the other taxonomy 
feeder resistance and voltage rise relationships to determine a generalized guideline for circuit-
based wind turbine siting.  

3.5 Results for Feeder R5-12.47-3 
Taxonomy feeder R5-12.47-3 is analyzed in this section. The taxonomy feeder serves a 
moderately populated rural area and consists of approximately 92% overhead lines and 8% 
underground lines [44].  

The following sections provide circuit details and steady-state analysis results for feeder R5-
12.47-3. 

3.5.1 Circuit Load Description 
This section describes the load distribution for feeder R5-12.47-3. From [42], the feeder has a 
low-load density spread throughout a large rural area, with most of the load located far from the 
substation. Load distributions for each phase are shown in Figure 95 to 97. The figures also 
indicate the substation locations. 
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Figure 95. 
Feeder R5-12.47-3. Phase A load distribution 

 

Figure 96. 
Feeder R5-12.47-3. Phase B load distribution 
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Figure 97. 
Feeder R5-12.47-3. Phase C load distribution 

 
Table 13 shows the real, reactive, and apparent power through the substation bus for each phase. 
The power flow solution for the circuit is solved when the regulator control mode is turned off 
and all capacitor banks are switched open. With the control mode turned off, the regulator tap 
changes do not occur for any regulators in the circuit. The circuit voltage-regulation devices are 
described in the next subsection. 

Table 13. Real and Reactive Power for the Feeder When Capacitor Banks Are Switched Open and 
When Regulator Controls Are Turned Off 

Phase kW kVar kVA 
Phase A 1,498.5 1,129.7 1,876.6 
Phase B 1,798.8 1,475.8 2,326.7 
Phase C 1,637.6 1,458.2 2,192.7 

Total 4,934.8 4,063.7 6,392.7 
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The total kilowatt load in the feeder, equal to 6,392 kW, does not match the taxonomy feeder 
report kilowatt load of 9,200 kW. The total load in the feeder is calculated by summing all load 
objects from the original GLM file. However, for this particular feeder, the load is not altered to 
match the report. To create low-load conditions, all loads attached to the circuit are uniformly 
scaled to a fraction of the total load.  

3.5.2 Circuit Voltage-Regulation Devices 
The circuit has 13 capacitor banks and 4 step-voltage regulators located throughout. Capacitor 
banks 1, 2, and 5 are three-phase, and the remaining 8 capacitor banks are single-phase. 
Regulator 1 is located at the substation, and regulators 2, 3, and 4 are located along the primary 
feeder of the circuit. The locations of these devices are shown in Figure 98. The state of all 
voltage-regulation devices, such as the switch position of all capacitor banks and the control 
mode setting for regulators, is indicated for all analysis completed for this feeder. 

 
Figure 98. 

Location of regulators and capacitor banks for feeder R5-12.47-3  

 
3.5.3 Wind Turbine Location Impact—Steady-State Analysis  
Steady-state analysis or snapshot mode is used for the analysis in this section. The impacts that 
wind power from each possible wind turbine location have on the bus voltages, current flows, and 
power flows are examined. If these values exceed ANSI C84.1-2011 Range A, then either the 
number of wind turbines must be reduced or the location of the wind turbines must be altered.  

   Substation

 

 
3-ph Line
1- or 2-ph Line
Capacitors 3ph
Capacitors 1ph
Regulators



74 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

Figure 99 shows each of the possible wind turbine locations for the circuit for feeder R5-12.47-3. 
A total of 216 possible wind turbine locations are analyzed for this feeder. The method used to 
describe the selection of possible wind turbine locations is described in Section 2.3.  

 

Figure 99. 
Possible wind turbine connections for feeder R5-12.47-3 

 
The following sections will determine the maximum amount of wind power that can be added to 
each of the possible locations shown above without exceeding the ANSI overvoltage limits, the 
feeder line ratings, and transformer ratings. Also, the quantitative relationship between the phase 
resistance between the wind turbine bus and the substation to the maximum change in voltage 
caused by wind power at each location is provided. 

3.5.3.1 Steady-State Analysis I—Overvoltage limits 
The steady-state voltage analysis compares the voltages at every bus in the circuit to two 
scenarios: before wind turbines are added to the circuit and after wind turbines are added to the 
circuit. The changes in bus voltages are shown below. Because the distribution feeder consists of 
three phases with some single-phase laterals, the bus voltages are separated by phase. The 
changes in Phase B voltages are shown. Results are similar for Phase A and Phase C. For the 

Substation
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power flow solution, capacitor banks 1, 2, and 5 are switched closed, and the control mode is 
turned off so that the regulator controls do not adjust the regulator tap positions. The wind power 
output for each wind turbine location is set to 4,500 kW during full-load conditions. 

Figure 100 shows the voltage profiles for the feeder when wind turbines are located near the 
substation at Bus 907. Figure 101 shows the voltage profiles for the feeder when wind turbines 
are located near the end of the feeder away from the substation at Bus 1,054. The distances of the 
wind turbines from the substation are indicated. In both figures, the voltage profiles when wind 
turbines are connected (black) to the feeder are compared to the voltage profile of the feeder 
without wind turbines (blue). Obviously, feeder voltage levels would not be allowed to reach the 
levels shown in Figure 100 and Figure 101, which is why the regulators and capacitors are 
installed. Nonetheless, this analysis provides some indication of the feeder limits and possible 
benefits of WTGs when no voltage support equipment is available. 

 

 

Figure 100. 
Feeder R5-12.47-3. Phase B voltage profiles 

without wind and with 4,500 kW of wind 
power connected to Bus 907 

 

Figure 101. 
Feeder R5-12.47-3. Phase B voltage profiles 

without wind and with 4,500 kW of wind 
power connected to Bus 1,054

 
Figure 100 shows that the wind turbine is located near the end of the feeder at Bus 1,054. When 
the wind turbine is located near the substation, the difference between the bus voltages before 
and after wind turbines are connected is very small. The percent change in each bus voltage is 
shown in the circuit in Figure 102. A heat map of the feeder is used to show the small percent 
change in voltage (approximately 0.03%) and to show that the change in voltage is uniform 
across the entire feeder for Phase B.  

Figure 103 shows the percent change in each bus voltage when wind turbines are added to Bus 
1,054. Both Figure 101 and Figure 103 show that the change in voltage is greatest near the wind 
turbine connection. When 4,500 kW of wind power is connected to this bus, the maximum 
voltage increase for Phase B is approximately 15%.  

 

0 5 10 15 20

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

For phase B with WTG at Bus 907

Distance (km)

V
ol

ta
ge

 (p
u)

 

 

With wind
Without wind
Wind Turbine Distance

0 5 10 15 20

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

For phase B with WTG at Bus 1054

Distance (km)

V
ol

ta
ge

 (p
u)

 

 

With wind
Without wind
Wind Turbine Distance



76 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

 

Figure 102. 
Feeder R5-12.47-3. Heat map of Phase B 

change in bus voltage with 4,500 kW of wind 
power connected to Bus 907 

 

Figure 103. 
Feeder R5-12.47-3. Heat map of Phase B 

change in bus voltage with 4,500 kW of wind 
power connected to Bus 1,054 

 
The same analysis is done when the load is set to 33% of full load and the voltage-regulation 
device settings are not altered. The change in voltage for both wind turbine locations, shown in 
Figure 106 for Bus 907 and Figure 107 for Bus 1,054, is approximately the same when the load 
is 33% full. However, as shown in Figure 105, when the wind turbine is located at Bus 1,054, the 
bus voltages are near 1.15 per unit—much higher than the ANSI overvoltage limits. The voltage 
limits will be further explored in the next section.  
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Figure 104. 
Feeder R5-12.47-3. Phase B voltage profiles 
with 33% of full load without wind and with 
4,500 kW of wind power connected to Bus 

907  

 

Figure 105. 
Feeder R5-12.47-3. Phase B voltage profiles 
with 33% of full load without wind and with 
4,500 kW of wind power connected to Bus 

1,054  
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Figure 106. 
Feeder R5-12.47-3. Heat map of Phase B 

change in bus voltage with 33% of full load 
and with 4,500 kW of wind power connected 

to Bus 907  

 

 

Figure 107. 
Feeder R5-12.47-3. Heat map of Phase B 

change in bus voltage with 33% of full load 
and with 4,500 kW of wind power connected 

to Bus 1,054  

 

 
3.5.3.1.1 Overvoltage Limits/Quantitative Relationship 
As previously mentioned, the maximum voltage rise is related to the phase resistance between 
the WTG bus and the substation. The relationship between the maximum change in voltage for 
each possible wind turbine location in the feeder and the resistance between the wind turbine bus 
and the substation is shown in Figure 108 and Figure 109. The correlation coefficient between 
the two variables in Figure 108 is 0.996, and it is the best fit for wind power output and load 
levels. The correlation coefficient in Figure 109 is 0.992, and it represents the worst fit for wind 
power output and load levels. Even though this is the worst fit in the analysis, the correlation 
coefficient is still nearly 1.  
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Figure 108. 
Relationship between Phase B max change 

in voltage and phase resistance to WTG with 
33% load and 1,500 kW of wind power  

 

Figure 109. 
Relationship between Phase B max change 

in voltage and phase resistance to WTG with 
33% load and 4,500 kW of wind power  

 
Using linear regression (polyfit function in MATLAB with degree n set to one), the regression 
coefficients (p1 and p2) are given in Table 14. The same analysis is applied to all three phases for 
1,500 kW, 3,000 kW, and 4,500 kW of wind power and 33%, 67%, and 100% of full load. The 
RSS between the power flow data and the model from the equation is given in the table for each 
wind power and load scenario.  

Table 14. Relationship Between Max Change in Voltage and Phase Resistance to WTG for Varying 
Amounts of Load and Wind Power 

Wind Power  
(kw) 

Fraction of  
Load Online  

Instantaneous Wind  
Penetration  

(%) 
Phase Correlation  

Coefficient P1 P2 RSS 

1,500 

0.33 
83.4 1 0.9950 0.737 -0.051 2.9348 
83.4 2 0.9959 0.796 -0.065 2.8233 
83.4 3 0.9956 0.763 -0.046 2.7834 

0.66 
43.8 1 0.9952 0.767 -0.055 3.0452 
43.8 2 0.9958 0.886 -0.091 3.5764 
43.8 3 0.9958 0.821 -0.050 3.0560 

0.99 
30.7 1 0.9951 0.794 -0.058 3.3663 
30.7 2 0.9953 0.965 -0.117 4.7623 
30.7 3 0.9956 0.888 -0.057 3.7302 

3,000 

0.33 
166.8 1 0.9936 1.360 -0.079 12.7779 
166.8 2 0.9953 1.461 -0.097 10.9440 
166.8 3 0.9946 1.406 -0.068 11.5964 

0.66 
87.7 1 0.9940 1.413 -0.082 12.9695 
87.7 2 0.9959 1.616 -0.132 11.6936 
87.7 3 0.9952 1.508 -0.068 11.7563 

0.99 
61.3 1 0.9944 1.471 -0.087 13.2422 
61.3 2 0.9957 1.771 -0.176 14.4849 
61.3 3 0.9954 1.613 -0.074 12.9189 

4,500 0.33 
250.2 1 0.9916 1.905 -0.119 33.2892 
250.2 2 0.9940 2.029 -0.124 27.0292 
250.2 3 0.9929 1.989 -0.132 30.3750 
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0.66 
131.5 1 0.9921 1.970 -0.111 33.4007 
131.5 2 0.9952 2.229 -0.157 25.6812 
131.5 3 0.9940 2.094 -0.085 28.6591 

0.99 
92.0 1 0.9926 2.048 -0.111 33.6537 
92.0 2 0.9957 2.431 -0.206 27.5901 
92.0 3 0.9945 2.233 -0.086 29.5759 

 
The results show that the steepness of the slope (indicated by the regression coefficient p1) 
increases as both load increases and wind power increases and is not related to the penetration of 
wind power in the circuit. This means that for full load and 4,500 kW of wind power, the 
maximum voltage rise will be 2.23% per 1 Ω increase between the WTG and the substation.  

The results shown in Table 14 indicate that the largest rise in voltage will occur for the wind 
turbine location with the greatest resistance between the wind turbine bus and the substation. The 
next step is to determine the maximum amount of wind power that can be connected to the 
circuit at each possible wind turbine location without exceeding ANSI overvoltage limits. Each 
possible wind turbine location will be connected to an increasing amount of wind power, starting 
with 1,500 kW, until overvoltage limits are reached. Wind power output is tested up to 15,000 
kW. The entire circuit load is reduced to 33% of full load, and all three phase capacitor banks are 
switched open with voltage-regulator controls turned off. The results of this analysis are given 
for each phase in Figure 110. The x-axis is the resistance from the wind turbine bus to the 
substation, and the y-axis is the maximum wind power that is connected to that bus location that 
does not exceed overvoltage limits. Figure 110 shows that the larger the resistance between the 
wind turbine location and the substation, the lower the amount of wind power the circuit can 
tolerate when voltage rise is the only factor taken into consideration.  

 

Figure 110. 
Maximum wind power that can be tolerated for wind turbine resistance to substation when only 

overvoltage limits are considered 

 
The bus locations and the maximum amount of wind power that can be placed at the bus without 
exceeding overvoltage limits are given in Figure 111. The color bar on the right of the figure 
show the amount of wind power, and the location of the wind turbine bus connection is shown on 
the circuit. For feeder R5-12.47-3, the wind turbines connected to buses located farthest from the 
substation tolerate the least amount of wind power (shown in dark red).  
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Figure 111. 
Maximum wind power at a bus that does not exceed overvoltage limits 

 
Only 66 buses exceeded the overvoltage limits when 15,000 kW or less of wind power was 
connected. Wind power above 15,000 kW can be added to the 150 remaining three-phase buses 
located along the primary feeder without exceeding overvoltage limits, but the exact amount of 
wind power that can be tolerated by these wind turbine locations is not tested here. The next 
subsection shows that other circuit elements further limit the amount of wind power that can be 
connected. 

3.5.3.2 Steady-State Analysis II—Line and Transformer Ratings 
The ratings of equipment within the distribution system are considered in this section, 
particularly line and transformer ratings. For feeder R5-12.47-3, the ratings for the substation 
voltage regulator are not given and are approximated. The MVA rating is calculated based on the 
total real and reactive power through the transformer during full load and without wind power. 
Three cases in which the transformer is rated at 10%, 20%, and 30% above full load apparent 
power are examined.  

First, the maximum amount of wind power that can be connected to the feeder without exceeding 
line ratings is examined. Previously, the ANSI overvoltage limits were exceeded for cases when 
the wind turbine output was 1,500 kW to 15,000 kW—depending on the location of the wind 
turbine within the circuit. The maximum amount of wind power that can be added to each 
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possible location without exceeding line ratings for each phase is shown in Figure 112 to Figure 
114.  

 

 

Figure 112. 
Maximum wind power at a bus that does not 

exceed line ratings for Phase A 

 

Figure 113. 
Maximum wind power at a bus that does not 

exceed line ratings for Phase B 
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Figure 114. 
Maximum wind power at a bus that does not exceed line ratings for Phase C 

 
Some of the wind turbine locations along the primary feeder near the substation do not exceed 
any of the line ratings when up to 15,000 kW of wind power are added. Other wind turbines 
located off the primary feeder are only able to tolerate lower amounts of wind power without 
exceeding line ratings. The portions of the circuit that are able to tolerate the largest amount of 
wind power based on line ratings are along the main primary feeder; these are able to have 6,000 
kW or 4,500 kW of wind power connected. Figure 114 shows the limits for Phase C, in which 
this portion of the circuit is indicated by light green. Figure 113 and Figure 112 show the limits 
for Phase A and Phase B, respectively, in which this portion of the circuit is indicated by yellow.  

Next, the amounts of wind power that can be tolerated based on the regulator transformer ratings 
are tested. Feeder R5-12.47-3 is different from the previous circuits analyzed, because a total of 
four voltage regulators are connected to the circuit. The ratings of all four regulators are 
considered in this analysis. The locations of these regulators are shown in Figure 115.  
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Figure 115. 
Locations of voltage regulators in feeder R5-12.47-3 

 
The total wind power output is set to 1,500 kW for each possible wind turbine location, and the 
apparent power through each regulator is extracted. The ratings (set to 30% above full load for 
the base case without wind power) are also included to indicate conditions when the ratings are 
exceeded. The wind power output for each wind turbine location is increased by 1,500 kW until 
the regulator transformer ratings are exceeded. Figure 116 to Figure 119 show Phase A power 
through all four regulators and the ratings of each regulator when the wind power is 3,000 kW. 
The discontinuity shown in Figure 117 is caused by wind turbine locations downstream and 
upstream from a regulator that is not at the substation but rather in the middle of the circuit. 
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Figure 116. 
Transformer 1 MVA ratings for Phase A 

 

Figure 117. 
Transformer 2 MVA ratings for Phase A 

  

 

Figure 118. 
Transformer 3 MVA ratings for Phase A 

 

Figure 119. 
Transformer 4 MVA ratings for Phase A 

 
Figure 116, Figure 118, and Figure 119 show that the regulator transformer ratings are not 
exceeded for regulators 1, 3, and 4, respectively. Figure 117 shows that the ratings are exceeded 
for Regulator 2, but that not all wind turbine locations exceed the transformer ratings. When 
wind turbines are connected to a certain branch downstream from Regulator 2, the ratings are 
exceeded for Phase A, because the power flow to loads located downstream is relatively low 
(376.8 kW at 33% load for all three phases). The same analysis is repeated until the maximum 
amount of wind power that can be connected to each possible wind turbine bus without 
exceeding any of the transformer ratings for all three phases is found.  

When results from the overvoltage analysis and equipment ratings are combined, the maximum 
amount of wind power that can be tolerated at each possible location is calculated. The results 
are shown in Figure 121 below. Buses that are located directly downstream from the substation 
do not exceed any of the limits tested for wind power output of up to 15,000 kW—these buses 
are able to tolerate the highest amount of wind power for feeder R5-12.47-3. 
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Figure 120. 
Feeder R5-12.47-3. Maximum amount of wind power that can be tolerated at each bus without 

exceeding overvoltage limits, line ratings, and regulator transformer ratings 

 
3.5.4 Conclusions for Feeder R5-12.47-3 
Wind turbine locations and maximum wind power output for each of these locations were tested 
against consumer voltage tolerances and equipment ratings for feeder R5-12.47-3. The first step 
was to determine the maximum amount of wind power that each wind turbine location could 
tolerate without exceeding the ANSI overvoltage limits. When wind turbines are located farther 
from the substation, or when there is larger resistance between the wind turbine bus and the 
substation, the circuit could tolerate lower amounts of wind power than when wind turbines are 
located closer to the substation. Next, the feeder line ratings were used to determine the largest 
amount of wind power that the circuit could tolerate at different locations. The overhead and 
underground lines have different line ratings for different sections of the circuit. Different wind 
turbine locations and wind power outputs were tested. The results show that the line ratings 
further limit the amount of power that can be connected. The next equipment rating that was 
examined was the voltage-regulating transformer. Feeder R5-12.47-3 has four regulating 
transformers, which put stricter constraints on the amount of wind power that can be added 
without exceeding any transformer ratings. Wind turbines connected directly downstream from 
Regulator 2 tolerate the lowest amount of wind power because of the low transformer rating for 
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Regulator 2 (as calculated according to the load through the transformer during no-wind 
conditions). The relationship between the resistance from the wind turbine bus to the substation 
and the maximum voltage rise was also quantified and will be compared to the other taxonomy 
feeder resistance and voltage rise relationships to determine a generalized guideline for circuit-
based wind turbine siting. The final concluding section provides general observations and 
guidelines for wind turbine placement and power output within a distribution circuit. 
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4 Overall Observations: Combining Results From All 
Feeders 

This section combines the results from the four taxonomy feeders analyzed (R1-12.47-2, R1-
12.47-1, R4-12.47-1, and R5-12.47-3) to provide a generalized relationship between the 
placement of wind turbines in a distribution feeder and the corresponding amount of wind power 
that can be tolerated without exceeding overvoltage limits. Even though other factors were 
considered in determining the amount of power and the location of wind turbines in a 
distribution feeder (feeder line and transformer ratings), these limits tend to be specific to each 
feeder and are more difficult to generalize; therefore, the results for the analysis on overvoltage 
alone are provided and analyzed further.  

4.1 Overvoltage Limits 
The data analyzed here is taken from the analysis of the maximum wind power that can be 
connected to each possible wind turbine bus without exceeding ANSI Range A overvoltage 
limits. The voltage limit that was used in this analysis was set to 1.04 per unit, and the power 
factor for the wind turbines was set to unity. When any bus voltage within the circuit exceeds 
this limit for the amount of wind power being analyzed, that amount of wind power is marked as 
exceeding the limits for that particular wind turbine location.  

The results from all four taxonomy feeders are shown in Figure 122. The x-axis is the location of 
the wind turbine measured as the phase resistance from the feeder substation to the bus to which 
the wind turbine is connected. The y-axis is the maximum wind power that does not cause any 
bus voltages within the feeder to exceed overvoltage limits. For all of these circuits, the load was 
set to 33% of full load. 

 

Figure 121. 
Summary of the relationship between resistance and max wind power when only overvoltage is 

considered 
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The final results show that after approximately 4.8 Ω between the wind turbine bus and the 
substation, the connection of a 1.5-MW turbine could cause overvoltage conditions during low-
load conditions. Buses that have a “distance” of less than 0.5 Ω from the substation could 
tolerate more than approximately 24.5 MW of wind power. (Again, note that transformer limits, 
line limits, and other factors are not considered here. At locations near the substation, it is likely 
that transformer ratings will be the limiting factor for wind power, at least when only steady-state 
voltage and current constraints are considered. This is explained in greater detail in Subsection 
4.2.) 

When all the data from the taxonomy feeders are combined, as shown in Figure 122, the 
relationship between the resistance and the maximum wind power has an exponential shape. The 
next step is to fit an exponential curve to the data using a curve-fitting MATLAB toolbox [46]. 
The data from all the feeders analyzed and the curve that best fits the data is shown in Figure 
123.  

 

Figure 122. 
Exponential curve fit to the relationship between resistance and max wind power when only 

overvoltage is considered 

 
The equation for the fitted curve is given below. In the equation, Pwind is the maximum wind 
power that can be added without exceeding overvoltage limits, and Ω is the resistance between 
the bus to which the wind turbine is connected and the feeder substation. 

𝑃𝑤𝑖𝑛𝑑 =  39.6 𝑒−1.08𝛺 

The exponential curve from the equation above has been extrapolated for a wider range of 
resistance values and is shown in Figure 124. The minimum number of wind turbines with a 
rated power output of 1.5 MW is also marked in the figure below. The intersection of these two 
curves indicates the maximum resistance between the WTG bus and the feeder substation that 
can be tolerated without exceeding overvoltage limits as identified in the analysis from previous 
sections. Figure 124 shows that for one 1.5-MW turbine, a single wind turbine can be connected 
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up to 3.03 Ω away from the feeder substation, and that during the worst-case scenario with low-
load conditions, the bus voltages will not exceed ANSI overvoltage limits.  

 

Figure 123. 
Intersection of different megawatt wind power output levels and the exponential equation 

describing the relationship between the resistance between the WTG and the substation and the 
maximum wind power that can be interconnected to the feeder when only overvoltage limits are 

considered 

The same process is repeated to identify the maximum resistance from the feeder substation at 
which wind turbines can be connected without exceeding overvoltage limits identified in the 
analysis in previous sections. The different wind turbine power outputs for an integer number of 
wind turbines alongside the exponential curve is shown in Figure 125. Up to six 1.5-MW 
turbines are considered in the figure. As wind turbines are located closer to the feeder substation, 
the feeder is able to tolerate higher amounts of wind power without exceeding the overvoltage 
limits. The maximum resistance for each of these wind power output levels is identified in Table 
15. 
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Figure 124. 
Intersection of different megawatt wind power output levels and the exponential equation 

describing the relationship between the resistance between the WTG and the substation and the 
maximum wind power that can be interconnected to the feeder when only overvoltage limits are 

considered 

 
Table 15. Maximum Resistance Between the WTG and the Substation That a Radial Distribution 

Feeder Can Tolerate Without Exceeding Overvoltage Limits for Each Megawatt Wind Power 
Output Level  

Wind Power  
(MW) 

No. of 1.5-MW  
Turbines 

Maximum  
Resistance  

(Ω) 
1.5 1 3.03 
3.0 2 2.39 
4.5 3 2.01 
6.0 4 1.73 
7.5 5 1.55 
9.0 6 1.39 

 
The results in Table 15 indicate that larger amounts of wind power or a larger number of wind 
turbines can be connected closer to the substation or with conductors that are larger and have a 
lower resistance. Also, the amount of wind power that can be connected increases exponentially 
with inverse impedance. The table also shows that if a 1.5-MW wind turbine is connected more 
than 3.03 Ω from the substation, full wind power output and low-load conditions could cause the 
voltage to rise above ANSI overvoltage limits. These guidelines can be used to determine the 
best placement of a wind turbine within a distribution feeder as well as the size and number of 
wind turbines that can be added to a feeder without exceeding ANSI overvoltage limits.  

4.2 Line and Transformer Ratings 
The maximum amount of wind power that can be added to a feeder bus without exceeding the 
feeder’s line ratings for all four studied feeders is provided in this section. The results for Phase 

0 2 4 6 8
0

5

10

15

20

25

Resistance from WTG bus to substation (Ω)

M
ax

 W
in

d 
P

ow
er

 (M
W

)

 

 

Exp Fit
1x1.5 MW
2x1.5 MW
3x1.5 MW
4x1.5 MW
4x1.5 MW
6x1.5 MW



92 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

C of these four feeders are shown in Figure 126. The figure shows the resistance from the WTG 
bus to the substation and the maximum amount of wind power that can be placed at that bus 
without exceeding the line ratings for the feeder. There is no clear relationship between the 
placement of wind turbines when considering line ratings alone. This can be expected, because 
the ratings of the feeder lines are not proportional to the distance of the line from the substation 
and are decided based on loading on that feeder.  

 

Figure 125. 
Relationship between the resistance from the WTG bus to the feeder substation and the maximum 

wind power that can be placed at that bus; no generalization possible 

 
From the feeders analyzed, a generalized rule cannot be extracted with respect to transformer 
ratings either. Each transformer rating will depend on the load and does not depend on the circuit 
parameters, such as resistance. The rating will also depend on how the utility decides to size the 
transformer for future load growth. Additionally, some feeders contain multiple transformers, 
which makes finding general rules for relating transformer ratings to circuit parameters even 
more challenging. Ultimately, transformer and line ratings arise from utility decisions based on 
optimality and not from any innate characteristics of the circuit [47]. 
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5 Conclusions 
This report studied the power system impact that megawatt-scale (1.5-MW Type 3 and Type 4) 
wind turbines have when connected to rural distribution feeders, with emphasis on the voltage 
impacts. Megawatt-scale wind turbines connected to the distribution circuit are generally located 
away from heavily-populated areas; therefore, the impact that megawatt-scale wind turbines will 
have on rural distribution feeders in particular has been studied.  

Rural distribution feeders differ from those in more-heavily-populated and -loaded urban and 
suburban areas. Rural distribution feeders tend to be radial, have longer feeder lengths, and are 
relatively lightly loaded. In this report, we have examined a few select distribution feeders to 
establish the limits on inclusion of wind generation. The limiting factors observed in this study 
can be used to establish general guidelines for the inclusion of wind turbines in other rural 
distribution circuits, particularly regarding the placement and ratings of wind turbines that can be 
connected to a distribution circuit. The rural distribution feeders studied come from the 24 
Pacific Northwest National Laboratory distribution taxonomy feeders available in GridLAB-D. 
The analysis is applied to taxonomy feeders R1-12.47-2, R1-12.47-1, R4-12.47-1, and R5-12.47-
3, all of which contain rural areas.   

To perform this analysis, first, a single power flow solution at the selected load level was 
calculated, and the voltages from all buses in the circuit were extracted. An initial base case was 
run before a wind turbine was placed on the distribution circuit. For this initial power flow 
solution, the circuit characteristic data were extracted, and the bus voltages were saved. The 
circuit characteristics did not change between each case, except when a wind turbine or wind 
turbines were added. 

The next step was to place a wind turbine at each of the selected wind turbine locations and to 
find the power flow solutions for each location. After a wind turbine was placed at a three-phase 
bus within the circuit, the power flow solution was found, and the bus voltage, power, and 
current were saved. This analysis was done for every possible wind turbine location within the 
feeder. The bus voltages for the base case without any wind turbines could then be compared to 
the bus voltages for cases with different wind turbine locations. The amount of wind power that 
could be added without exceeding ANSI Range A overvoltage limits was found and saved. The 
amount of wind power that could be added without exceeding line ratings and regulator 
transformer ratings was also found. Based on the overvoltage and equipment ratings analysis, the 
overall wind power and location of the wind turbines in the circuit was given.  

A generalized rule was created for relating the maximum allowable wind power generation at 
any three-phase bus on the feeder to the resistance to the substation from that bus. The rule has 
been developed considering only the voltage rise criterion, not equipment ratings, though it was 
found that in some cases the equipment ratings will be the limiting factors rather than the voltage 
rise. However, because the equipment ratings are based solely on utility preferences, a 
generalized rule that includes these ratings could not be created and a case-by-case examination 
will have to be performed for a feeder in which wind is considered for inclusion. 

The relationship between voltage rise and the resistance between the wind turbine bus and the 
substation was quantified for all feeders analyzed as well. The results show that there is a nearly 
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perfect linear relationship between the resistance from the substation to the wind turbine bus and 
the voltage rise, at least when WTGs are operated at unity power factor. If we were to use 
distance rather than resistance, the linear relationship would be less obvious because branches of 
the same feeder employ different conductor types with different resistances. Branching would 
lead to multiple voltage rise values for the same feeder distance, obfuscating the linear 
relationship.   

Many other factors were not considered in this report that can be considered in future work. The 
coordination of overcurrent protection (from reclosers, fuses, breakers, and sectionalizers) can be 
included when determining the best placement for wind turbines and the amount of wind power 
that can be easily accommodated in these locations. Other power quality issues were not 
considered—specifically flicker, which is often a concern when connecting wind turbines to the 
distribution system; however, the wind turbines considered in the report are inverter-connected 
and thus not likely to cause flicker if operated properly. Harmonics were also not considered. 
Although harmonics could be introduced into the circuit by wind turbine inverters, modern 
pulse-width modulation inverters produce lower harmonic energy content and higher harmonic 
numbers than have traditionally been a concern in distribution circuits (i.e., very little 3rd and 5th 
harmonic).  

A number of options are available to mitigate voltage rise caused by distributed-connected wind 
turbines. Techniques proposed to reduce voltage rise were described in the literature review and 
can be found in references [30-35]. These references approach the voltage rise problem by 
modifying controls for tap-changing transformers, or by controlling the DG source directly. 
Another mitigation technique would be to include only Type 3 or Type 4 wind turbines, for 
which the power factor can be controlled. During conditions that would cause excessive voltage 
rise, the power factor can be adjusted so that it is lagging. The reactive power consumed by the 
wind turbine would then cause a voltage drop, which would negate the voltage rise.  
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Appendix A 
All of the figures in Appendix A are of taxonomy feeder R1-12.47-2. These figures show the 
results for Phase B and Phase C. Figure 127 uses a heat map to show the per-unit bus voltages in 
the feeder. The voltage profiles shown in Figure 130 and Figure 131 indicate that the voltage 
along the feeder changes when wind turbines are added to the feeder. The voltage profiles for 
two wind turbine locations are provided: one wind turbine location is near the feeder substation, 
and the second wind turbine location is farther from the feeder substation. The wind turbine 
power output is 3,000 kW. The change in voltage for each Phase B bus in the feeder is provided 
in Figure 132 and Figure 133. Figure 134 to Figure 140 show the results for Phase C. The highest 
change in voltage occurs when the wind turbine is located farther from the substation. The results 
for Phase A and the feeder voltage analysis are described in more detail in Section 3.2.3.1.  

 

Figure 126. 
Feeder R1-12.47-2. Heat map of Phase B per-unit bus voltages with 0 kW of wind power 
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Figure 127. 
Feeder R1-12.47-2. Heat map of Phase B per-

unit bus voltages with 3,000 kW of wind 
power connected to Bus 17 

  

Figure 128. 
Feeder R1-12.47-2. Heat map of Phase B per-

unit bus voltages with 3,000 kW of wind 
power connected to Bus 183 

 

Figure 129. 
Feeder R1-12.47-2. Phase B voltage profiles 

without wind and with 3,000 kW of wind 
power connected to Bus 17 

 

Figure 130. 
Feeder R1-12.47-2. Phase B voltage profiles 

without wind and with 3,000 kW of wind 
power connected to Bus 183 
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Figure 131. 
Feeder R1-12.47-2. Heat map of Phase B 

change in bus voltage with 3,000 kW of wind 
power connected to Bus 17  

 

  

Figure 132. 
Feeder R1-12.47-2. Heat map of Phase B 

change in bus voltage with 3,000 kW of wind 
power connected to Bus 183 

% change in voltages for phase B
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Figure 133. 
Feeder R1-12.47-2. Heat map of Phase C per-unit bus voltages with 0 kW of wind power 

No Wind Case C
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Figure 134. 
Feeder R1-12.47-2. Heat map of Phase C per-

unit bus voltages with 3,000 kW of wind 
power connected to Bus 17 

  

 

Figure 135. 
Feeder R1-12.47-2. Heat map of Phase C per-

unit bus voltages with 3,000 kW of wind 
power connected to Bus 183 

 

Figure 136. 
Feeder R1-12.47-2. Phase C voltage profiles 

without wind and with 3,000 kW of wind 
power connected to Bus 17 

 

Figure 137. 
Feeder R1-12.47-2. Phase C voltage profiles 

without wind and with 3,000 kW of wind 
power connected to Bus 17 

per unit bus voltages for phase C
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Figure 138. 
Feeder R1-12.47-2. Heat map of Phase C change in bus voltage with 3,000 kW of wind power 

connected to Bus 17 
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Figure 139. 
Feeder R1-12.47-2. Heat map of Phase C change in bus voltage with 3,000 kW of wind power 

connected to Bus 183 

 
The same analysis is applied to feeder R1-12.47-2, but the total load is uniformly reduced to 33% 
of full load. The results for Phase B and Phase C are shown in Figure 147 to Figure 154. 
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Figure 140. 
Feeder R1-12.47-2. Heat map of Phase B per-unit bus voltages with 33% of full load and 0 kW of 

wind power 
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Figure 141. 
Feeder R1-12.47-2. Heat map of Phase B per-
unit bus voltages with 33% of full load and 

3,000 kW of wind power connected to Bus 17 

  

Figure 142. 
Feeder R1-12.47-2. Heat map of Phase B per-
unit bus voltages with 33% of full load 3,000 

kW of wind power connected to Bus 183 

 

Figure 143. 
Feeder R1-12.47-2. Phase B voltage profiles 
with 33% of full load without wind and 3,000 

kW of wind power connected to Bus 17 

 

Figure 144. 
Feeder R1-12.47-2. Phase B voltage profiles 
with 33% of full load without wind and 3,000 

kW of wind power connected to Bus 183 

per unit bus voltages for phase B
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Figure 145. 
Feeder R1-12.47-2. Heat map of Phase B 

change in bus voltage with 33% of full load 
and 3,000 kW of wind power connected to 

Bus 17 

  

Figure 146. 
Feeder R1-12.47-2. Heat map of Phase B 

change in bus voltage with 33% of full load 
and 3,000 kW of wind power connected to 

Bus 183 

% change in voltages for phase B
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Figure 147. 
Feeder R1-12.47-2. Heat map of Phase C per-unit bus voltages with 33% of full load and 0 kW of 

wind power 

No Wind Case C

 

 

0.985

0.99

0.995

1

1.005

1.01

1.015



110 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

 

Figure 148. 
Feeder R1-12.47-2. Heat map of Phase C per-
unit bus voltages with 33% of full load and 

3,000 kW of wind power connected to Bus 17 

  

Figure 149. 
Feeder R1-12.47-2. Heat map of Phase C per-
unit bus voltages with 33% of full load and 
3,000 kW of wind power connected to Bus 

183 

 

Figure 150. 
Feeder R1-12.47-2. Phase C voltage profiles 
with 33% of full load without wind and with 

3,000 kW of wind power connected to Bus 17 

 

Figure 151. 
Feeder R1-12.47-2. Phase C voltage profiles 
with 33% of full load without wind and with 
3,000 kW of wind power connected to Bus 

183 

per unit bus voltages for phase C
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Figure 152. 
Feeder R1-12.47-2. Heat map of Phase C change in bus voltage with 33% of full load and 3,000 kW 

of wind power connected to Bus 17 
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Figure 153. 
Feeder R1-12.47-2. Heat map of Phase C change in bus voltage with 33% of full load and 3,000 kW 

of wind power connected to Bus 183 
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Appendix B 
Table 16 shows the maximum wind power for each phase that can be added to the three-phase 
buses in feeder R4-12.47-1 without exceeding ANSI Range A overvoltage limits. The last 
column shows the maximum allowable wind power that can be added to the circuit. The analysis 
for this feeder is described in Section 3.4. 

Table 16. Maximum Wind Power for Buses in Feeder R4-12.47-1 

 Wind Power  
(kW) 

Bus  
Name 

Bus  
Resistance 

Phase A Phase B Phase C 
Max Allowable  

(kW) 
396 2.896 4,500 4,500 6,000 4,500 
11 2.928 4,500 4,500 6,000 4,500 
22 2.862 4,500 6,000 6,000 4,500 
19 2.869 4,500 6,000 6,000 4,500 

194 2.831 4,500 6,000 6,000 4,500 
21 2.849 4,500 6,000 6,000 4,500 
23 2.853 4,500 6,000 6,000 4,500 

394 3.295 4,500 4,500 6,000 4,500 
45 3.369 4,500 4,500 6,000 4,500 

121 2.945 4,500 4,500 6,000 4,500 
193 3.153 4,500 4,500 6,000 4,500 
191 3.284 4,500 4,500 6,000 4,500 
395 3.013 4,500 4,500 6,000 4,500 
46 3.369 4,500 4,500 6,000 4,500 

196 2.819 6,000 6,000 6,000 6,000 
203 2.783 6,000 6,000 6,000 6,000 
404 2.679 6,000 6,000 6,000 6,000 
209 2.554 6,000 6,000 7,500 6,000 
205 2.590 6,000 6,000 6,000 6,000 
211 2.408 6,000 6,000 7,500 6,000 
407 2.307 6,000 6,000 7,500 6,000 
217 2.173 6,000 6,000 7,500 6,000 
215 2.247 6,000 6,000 7,500 6,000 
542 2.262 6,000 6,000 7,500 6,000 
532 2.650 6,000 6,000 6,000 6,000 
408 2.278 6,000 6,000 7,500 6,000 
227 1.766 7,500 7,500 9,000 7,500 
139 1.787 7,500 7,500 9,000 7,500 
501 2.154 7,500 7,500 7,500 7,500 
222 2.074 7,500 7,500 9,000 7,500 
219 2.154 7,500 7,500 7,500 7,500 
225 1.863 7,500 7,500 9,000 7,500 
226 1.823 7,500 7,500 9,000 7,500 
228 1.761 7,500 7,500 9,000 7,500 
229 1.748 7,500 7,500 9,000 7,500 
410 1.708 7,500 7,500 9,000 7,500 
230 1.700 7,500 7,500 9,000 7,500 
503 2.077 7,500 7,500 9,000 7,500 
223 2.078 7,500 7,500 9,000 7,500 
551 1.467 9,000 9,000 10,500 9,000 
17 1.530 9,000 9,000 10,500 9,000 
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231 1.654 9,000 7,500 10,500 7,500 
233 1.644 9,000 7,500 10,500 7,500 
235 1.618 9,000 9,000 10,500 9,000 
546 1.549 9,000 9,000 10,500 9,000 
241 1.419 9,000 9,000 10,500 9,000 
239 1.439 9,000 9,000 10,500 9,000 
242 1.226 10,500 10,500 13,500 10,500 
251 1.174 12,000 12,000 13,500 12,000 
252 1.150 12,000 12,000 13,500 12,000 
414 1.104 12,000 12,000 15,000 12,000 
517 1.084 12,000 12,000 13,500 12,000 
537 1.084 12,000 12,000 13,500 12,000 
561 1.112 12,000 12,000 13,500 12,000 
271 1.003 13,500 13,500 15,000 13,500 

5 0.949 15,000 15,000 - 15,000 
8 0.990 15,000 13,500 16,500 13,500 

272 0.946 15,000 15,000 16,500 15,000 
14 0.960 15,000 15,000 16,500 15,000 
9 0.990 15,000 13,500 16,500 13,500 

273 0.912 16,500 15,000 - 15,000 
518 0.908 16,500 15,000 - 15,000 
276 0.894 16,500 16,500 - 16,500 
275 0.908 16,500 15,000 - 15,000 
278 0.876 16,500 16,500 - 16,500 

 
Table 17 shows the maximum wind power for each phase that can be added to the three-phase 
buses in feeder R4-12.47-1 without exceeding ANSI Range A overvoltage limits. The last 
column shows the maximum allowable wind power that can be added to the circuit. The analysis 
for this feeder is described in Section 3.5. 

Table 17. Maximum Wind Power for Buses in Feeder R5-12.47-3 

 Wind Power  
(kW) 

Bus  
Name 

Bus  
Resistance 

Phase A Phase B Phase C 
Max Allowable  

(kW) 
265 7.525 1,500 1,500 1,500 1,500 
203 7.592 1,500 1,500 1,500 1,500 
264 6.659 1,500 3,000 1,500 1,500 
247 7.072 1,500 3,000 1,500 1,500 
266 6.534 1,500 3,000 1,500 1,500 
267 6.258 1,500 3,000 1,500 1,500 
272 6.166 1,500 3,000 1,500 1,500 
878 5.824 1,500 3,000 1,500 1,500 
873 4.868 1,500 4,500 3,000 1,500 
874 5.073 1,500 3,000 3,000 1,500 
883 5.301 1,500 3,000 3,000 1,500 
877 5.472 1,500 3,000 3,000 1,500 

1,414 5.686 1,500 3,000 1,500 1,500 
879 5.130 1,500 3,000 3,000 1,500 
882 5.213 1,500 3,000 3,000 1,500 
881 5.269 1,500 3,000 3,000 1,500 

1,054 7.799 1,500 1,500 1,500 1,500 
749 3.097 3,000 4,500 4,500 3,000 
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220 3.163 3,000 4,500 4,500 3,000 
648 4.018 3,000 4,500 3,000 3,000 
649 4.107 3,000 4,500 3,000 3,000 
659 4.267 3,000 4,500 3,000 3,000 
756 3.498 3,000 4,500 4,500 3,000 
731 3.809 3,000 4,500 3,000 3,000 
742 2.978 3,000 6,000 4,500 3,000 
744 3.048 3,000 4,500 4,500 3,000 
752 3.314 3,000 4,500 4,500 3,000 
754 3.420 3,000 4,500 4,500 3,000 
872 4.445 3,000 4,500 3,000 3,000 
876 4.708 3,000 4,500 3,000 3,000 
889 4.545 3,000 4,500 3,000 3,000 
89 2.459 3,000 4,500 4,500 3,000 
90 2.461 3,000 4,500 4,500 3,000 
93 2.503 3,000 4,500 4,500 3,000 

741 2.814 4,500 6,000 4,500 4,500 
2 2.857 4,500 6,000 4,500 4,500 

1,080 2.032 4,500 4,500 4,500 4,500 
161 2.032 4,500 4,500 4,500 4,500 
374 1.954 4,500 6,000 4,500 4,500 
376 1.969 4,500 6,000 4,500 4,500 
377 1.981 4,500 6,000 4,500 4,500 
379 2.018 4,500 4,500 4,500 4,500 
651 3.534 4,500 6,000 4,500 4,500 
703 3.145 4,500 7,500 6,000 4,500 

1,411 2.693 4,500 6,000 6,000 4,500 
844 2.491 4,500 7,500 6,000 4,500 
841 2.648 4,500 6,000 6,000 4,500 
162 2.033 4,500 4,500 4,500 4,500 
17 2.117 4,500 4,500 4,500 4,500 
18 2.281 4,500 4,500 4,500 4,500 

138 1.600 6,000 7,500 6,000 6,000 
9 1.687 6,000 6,000 6,000 6,000 
27 1.769 6,000 6,000 6,000 6,000 

1,371 2.752 6,000 - 9,000 6,000 
842 2.245 6,000 7,500 7,500 6,000 
840 2.355 6,000 7,500 7,500 6,000 

1,408 2.360 6,000 7,500 7,500 6,000 
913 2.057 6,000 9,000 9,000 6,000 
914 2.245 6,000 7,500 7,500 6,000 

1,151 1.494 7,500 7,500 7,500 7,500 
185 1.357 7,500 9,000 7,500 7,500 

1,141 1.417 7,500 9,000 7,500 7,500 
1,372 2.586 7,500 - - 7,500 
514 1.788 9,000 - 12,000 9,000 
513 1.703 10,500 - - 10,500 
35 0.996 12,000 - 13,500 12,000 
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