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Abstract

With an ever increasing percentage of distributed energy resources (DERs) con-
nected behind the meter in the distribution system, it is becoming increasingly impor-
tant to equip transmission planners with the visibility of DER dynamic performance
in distribution system. Not having visibility of the disconnection of DERs with the
occurrence of transmission events, could result in an erroneous view of the stability of
bulk power system.In this paper, a parameterized aggregated model (DER A) serves
as a representation of the distribution-level dynamics of real residential feeders, which
is used for analysis of bulk power system stability. The parameters are obtained by
executing dynamic Monte Carlo simulations. Faults are then induced at the substation
level causing the DERs to trip which subsequently enables the parameterization of the
low and high voltage breakpoints (vl0,vl1,vh0,and vh1) of the DER A model’s partial
voltage trip block. These parameters are then utilized to study the effectiveness of the
DER A model to represent the behavior of the aggregated DERs’ response and their
impact on the bulk power system. The case study shows the ability of the positive-
sequence DER A model to provide an accurate estimation of DERs that are susceptible
to trip due to 3-φ and 1-φ faults of transmission.
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1. Introduction

Visibility of the response of distributed energy resources (DERs) to a transmission
system event is critical to the observability of bulk power system stability. Presently,
while conducting transmission system studies, the entire load downstream from the
substation is usually represented as a single lumped load behind an equivalent feeder
[1]. However, there are hundreds of ”legacy” DERs already in service along distribution
feeders. These inverters have a logic-based voltage trip functionality and thus, there is
a possibility of wide-spread trip of DERs for transmission events. In North America,
most DER installed to date are required to trip for abnormal voltage and frequency.
Only recently have there been adoption of standards that would require ride-through.
In this context, a model that represents the aggregated dynamic behavior of a mix of
legacy and advanced DERs (named as DER A) has been previously developed [2], with
active participation from EPRI.

This positive sequence model was subsequently incorporated in the updated dynamic
composite load model of positive sequence simulation software in order to perform dy-
namic studies. The results can provide a transmission planner/operator with visibility
of the behavior of DERs in a distribution system regardless of their location or type
[3]. Recent but ample research has been conducted in the area of active distribution
networks (ADN). The aggregated dynamic behavior of a distribution system due to
inverter-based DERs can be captured through the analysis of ADNs [4, 5, 6, 7, 8]. In
any aggregated model, the values of parameters need to be identified, which is cru-
cial for the successful performance of the model. Due to various forms of uncertainty,
the parameterization of the aggregated model can be achieved through Monte Carlo
simulations, extracted from randomized dynamic responses. The literature shows the
consideration of uncertainties of parameters and other elements that might affect the
dynamics of a distribution system components, such as dynamic loads and induction
motors. Furthermore, ADNs have been developed considering transmission system op-
erators. However, so far, parameterization and usage of ADNs for dynamic studies to
evaluate the impact on bulk power system is limited by the assumption of absolute
knowledge of distribution system. In reality, a transmission planner would not have
this total observability of the distribution system in all its details.

In literature, model order reduction has been used for system stability studies in [5],
but the focus is on controller behavior and TSO-DSO power flow solutions. Further-
more, extensive knowledge of the system is still required for parameterization of the
reduced model. Thus, the purpose of the parameterization of DER A positive sequence
model is to obtain general parameters that are capable of providing the aggregated
dynamic response of DERs in any given distribution system with limited knowledge.

Moreover, this positive sequence model is able to represent the aggregated tripping
response of DERs under unbalanced events, as the developed process to ensure this is
discussed in reference [9]. While parameterization of the model was discussed in past
work [9, 10], neither used actual real world distribution feeders, nor were a systematic
large system study conducted. To the authors’ knowledge, a provision of a view within
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positive sequence simulations of DERs that could trip for unbalanced transmission
events has not been previously discussed in neither academia nor industry.

In this paper, results of detailed dynamic simulations on three distribution feeders
in Arizona with widespread addition of DERs will be first discussed. These feeders
serve a combination of residential and commercial load. The impact of both balanced
and unbalanced voltage events (sags/swells) on the tripping and transient behavior of
DERs along the feeder will be analysed and utilized to parameterize the high and low
voltage break-point that pertain to the partial voltage tripping block of the aggregated
DER A model. Using these results in the DER A model, the impact on bulk power
system stability will be investigated by conducting dynamic analysis of identified crit-
ical contingencies in bulk power system. Furthermore, the impact of inverter-based
resources on the tripping behavior of DERs will be demonstrated.

Arizona already has a large amount of distribution systems connected with DERs,
whose percentage is expected to further increase. The parameterization of DER A
model based on these feeders and its effect on bulk power system provides significant
insight for a transmission planner of Arizona’s power network (and by extension the
entire power network of Western Electricity Coordinating Council (WECC)) in terms
of necessary planning decisions needed to be made. There have been few preliminary
studies [11, 12, 13] that explore the effect of DERs on bulk power system, however
none of these studies considered the application of unbalanced events on the transmis-
sion system. Thus, the contribution of this paper is from the perspective of practical
use, wherein distribution utility engineers could accurately parameterize the aggre-
gated model and subsequently transmission utility engineers could use the model for
their studies. It should be emphasized that a new parameterization process is not being
described in this paper. Instead, by making use of a previously derived process by the
co-authors [10], the impact on real world feeders and bulk power system is studied.

2. Parameterization Methodology and Study Setup

Figure 1 illustrates the methodology used to parameterize the DER A Model as well
as the steps followed for its implementation in the bulk power system simulation. The
parameterization methodology follows the procedure in [9] with DERs placed through-
out the feeder at random 3-φ and 1-φ nodes. The transient ride through of individual
DERs were ascertained for various balanced and unbalanced voltage sag/swell events
at the substation node along with combinations of 3-φ and 1-φ DERs. To simulate un-
balanced voltage events, the voltage source at the substation was modeled with three
1-φ voltage sources (equivalent to one 3-φ 12.47kV voltage source). These were placed
at each phase of the substation node with a base phase voltage of 6.928kV and phase
angle of 0 for phase A, 240 for phase B, and 120 for phase C. A voltage event (sag/swell)
with a duration of 8 cycles was applied to the substation and dynamic simulations were
performed with a time step of 4ms for a total duration of 5s. Once steady-state was
reached, the ratio of DERs that rode through the event was recorded. These ratios
were then utilized to find the voltage parameters for the DER A model. In case of the
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Figure 1: Methodology

bulk power system simulation, the overall system is analyzed in order to determine the
percentage of load to assign to DERs and the types of loads in the system. A contin-
gency analysis is executed in order to determine the bus location that would experience
a voltage below the threshold in the event of a fault. The loads are modeled following
the characteristics listed, in which the composite load model comprised of 3 -φ and 1-φ
induction motors is utilized for modeling loads over 40MW. Detail of the parameters
used can be seen in the Appendix. Furthermore, the aggregated response of DERs
at the substation were modeled using the DER A model with the identified parame-
ters (other parameters can be seen in the Appendix). Finally, the dynamic analysis of
identified contingencies was executed.

2.1. Modeling of individual DER

As modeled in [10] previously, each individual DER’s dynamic characteristic was
represented as a modified synchronous machine with a large value of inertia constant
and high value of sub-transient and transient reactance. The DERs possess an over-
voltage Time Current Characteristic Curve (TCC Curve) of 1.1 pu for 1s and 1.2 pu
for 0.1s, and an under-voltage TCC of 0.5 pu for 0.1s and 0.9 pu for 2s. These voltage
trip settings correspond to the latest IEEE Std 1547™ recommendation. The relays
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are set to trip whenever any these voltages are experienced at the node at which the
DERs are connected to for the specified period of time. While the representation of
an individual DER by an synchronous machine is not the most ideal representation,
OpenDSS generator model 7 is current limited with constant P and Q. In the case of
dynamic simulation generator model 7 consists of a transient reactance (X ′

d) (for the
positive sequence network) followed by a voltage source in parallel with a specified sub-
transient reactance (X ′′

d ) (negative sequence network) [14]. The inertia of the machine
is set to 100s to guarantee no change in the phase angle. It provides a suitable proxy
for “legacy” DERs by limiting the short circuit current to 1.0 pu and eliminating the
rotor dynamics of the machine.

2.2. Aggregated DER A Model

Figure 2: DER A Model [2]

The DER A model [2] in figure 2 has been used to represent the aggregated behavior
of DERs in distribution system. This model was designed as an addition to the WECC
composite load model [3] in order to provide the representation of DERs connected to
distribution feeders. DER A model has various functionalities such as: reactive power
control based on power factor (denoted green), dynamic voltage support (denoted navy),
frequency control (denoted blue), post fault real power recovery (denoted brown), and
partial tripping and re-connection (denoted purple), with a voltage source network
interface (denoted green). These functionalities also bring a total of 48 parameters and
10 states. However, due to its primary use as an aggregated representation of DERs,
parameters such as voltage break-point for low and high voltage cut-out of inverters (vl0,
vl1, vh0, and vh1) which pertain to the partial voltage trip block are of main interest
for the parameterization process. vl0 and vh0 pertain to the substation voltage that
causes all the DERs to trip, while vl1 and vh1 are the last voltage level at which all
the DERs remained online after the disturbance. Additionally, for a mix of different
legacies of inverters, the parameter vrfrac represents fraction of DERs that would be
able to successfully ride through the voltage event. The partial tripping block shows
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the tripping characteristic followed by the DER A model with respect to the assigned
parameters.

3. Arizona Distribution Feeders

Three Arizona distribution feeders were analyzed for the purpose of this study.
Different percentages of DER levels were determined for each individual feeder with
respect to their total peak load. Monte Carlo simulations were then performed on the
circuits under lightly loaded conditions (minimum load levels) in order to emulate the
behavior of DERs under various voltage events during a week day afternoon (when the
DER penetration would be much higher than the total load). High penetration levels
during lightly loaded conditions increases the shifts the voltage profile. As a result, the
voltage threshold is often reached causing DERs to trip under normal conditions before
an fault event is induced. Furthermore, these scenarios also allowed for observing the
impact of reverse power flow on the ride through of DERs. Fig. 3 displays the topology
of each feeder with locations of their capacitors denoted by red dots.

3.1. Feeder I

Feeder I is entirely urban residential and slightly unbalanced with a gross peak
load of 9.69 MW and minimum load of 1.71 MW. It is about 11km long with a total
of 5 capacitors. Fig. 4 shows the voltage profile of the circuit under minimum load
conditions without the presence of any DER and the highest penetration level studied.
Under minimum load, the rise in the voltage magnitude towards the tail end of the feeder
is observable. Due to the purely residential nature of the feeder, only 1-φ DERs were
used for the studies. Two DER levels were studied: 4.8 MW (50% of peak load, 282%
of minimum load) and 7.2 MW (75% of peak load, 423% of minimum load). A total
of 1,000 DERs out of the total 1,193 available 1-φ nodes, were placed throughout the
feeder. Therefore, individual DERs were rated at 4.8kW and 7.2 kW for 4.8 MW and 7.2
MW penetration levels, respectively. At 423% penetration the voltage is significantly
raised but it is still under the 1.05 Vpu threshold.

3.2. Feeder II

Feeder II is urban with mixed customer classes, unbalanced (specially during mini-
mum load condition) with a gross peak and minimum load of 9.69 MW and 2.45 MW
respectively. The feeder is about 6 km long with 5 capacitors and Fig. 5 shows the
voltage profile. As commercial loads constitute only about 25% of the total load, only
1-φ DERs were used for simulation studies with penetration levels: 2.42 MW (25% of
peak load, 100% of minimum load) and 7.27 MW (75% of peak load, 300% of mini-
mum load). A total of 400 DERs out of the total 440 available 1-φ nodes, were placed
throughout the feeder. Therefore, individual DERs were rated at 6.05 kW and 18.78
kW for 2.42 MW and 7.27 MW penetration levels, respectively. At 300% penetration
the voltage threshold is reached before the occurrence of any disturbance, therefore
premature tripping occurs. This behavior can be observed later in in the summary of
tripping characteristics image in section 4.
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a Feeder I b Feeder II c Feeder III

Figure 3: Circuit Layout Power Plots

Figure 4: Feeder I: Voltage Profile for Minimum Load and 423% Penetration

Figure 5: Feeder II: Voltage Profile for Minimum Load and 300% Penetration
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Figure 6: Feeder III: Voltage Profile for Minimum Load and 193% Penetration

3.3. Feeder III

Feeder III is rural with mixed customer classes, has a gross peak load of 5.27 MW
and minimum load of 2.05 MW. The feeder is about 21 km long with 4 capacitors. Fig.
6 shows the voltage profile. Even without DERs, at minimum loading conditions, the
circuit’s middle to end voltages are at about 1.05 pu. As commercial loads constitute
about 60% of the total load both 3-φ and 1-φ DERs were used for simulation studies
with levels: 2.63 MW (50% of peak load, 128% of minimum load) and 3.95 MW (75%
of peak load, 193% of minimum load). A total of 400 1-φ and 500 3-φ DERs were
placed throughout the feeder out of the total 446 available 1-φ nodes and 542 available
3-φ nodes. Therefore, individual 1-φ DERs were rated at 6.6 kW and 9.89 kW, and
3-φ DERs were rated at 5.27 kW and 7.9 kW for 2.63 MW and 3.95 MW penetration
levels, respectively.

4. Distribution Systems’ Tripping Characteristics

All distribution systems’ simulations were performed in OpenDSS [15]. Monte Carlo
dynamic simulations of various ranges of voltage sags and swells were carried out in order
to obtain the tripping characteristics of each circuit under minimum load conditions
while randomizing the locations of the individual DERs throughout the distribution
system. The range of sags and swells were then extracted based on the thresholds in
which all DERs remained online, started to trip and all tripped. While several DER
penetration levels were studied, the detailed results of only one feeder are discussed in
this paper for brevity. However, the summary of the results of one penetration level for
all three feeders are shown. The detailed results on the other two feeders follow the same
trend as Feeder I. The results in this section present the circuits’ tripping characteristics
at penetration levels that maintained the pre-disturbance steady-state voltage profile
to stay within thresholds (0.95 Vpu-1.05 Vpu). Thus, ensuring no pre-disturbance
tripping occurs due to the change in voltage levels caused by the placement of DERs
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Figure 7: Feeder I: 4.8MW 1φ DER Penetration - Balanced Events Tripping Curves

Figure 8: Feeder I: 4.8MW 1φ DER Penetration Unbalanced Sags Tripping Curve

throughout the feeder. Placing DERs at the load nodes services the loads directly, thus
increasing the voltage at that node exceeding the tripping threshold. This causes the
DERs to trip at steady state before a voltage event is induced at the substation. The
wide variation in the tripping characteristics is due to the random locations at which
the DERs are placed.

4.1. Balanced voltage events

With 1-φ DERs, Fig. 7 shows the tripping characteristics for balanced voltage
sags and swells in the range from 0.50-0.45 pu and 1.17-1.21 pu respectively, at the
substation. During voltage sags, individual DERs start to trip at 0.49 pu and all trip
after 0.48 pu sag at the substation. During swell events, in some simulations DERs
start to trip at 1.18 pu or after after 1.19 pu. However, all DERs trip after a voltage
swell of 1.20 pu.
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Figure 9: Feeder I: 4.8MW 1φ DER Penetration Unbalanced Swells Tripping Curve

4.2. Unbalanced voltage events

Fig. 8 shows the tripping characteristics of 1-φ DERs when unbalanced sags in
the range 0.21-0 Vln pu (0.75-0.68 pu positive sequence voltage at the substation) are
applied sequentially on each A, B, and C phase. For all penetration levels of all the
simulated circuits during unbalanced voltage sags, all 1-φ DERs are able to ride through
even with a voltage of 0 pu on either phase. Invariably individual DERs may go into
either a momentary cessation mode or ride through mode during the sag. However, all
DERs were able to recover with the recovery of the voltage. Fig. 9 shows the tripping
characteristics when unbalanced swells in the range 1.32-2.05 pu (1.12-1.37 pu positive
sequence voltage at the substation) are applied on each phase. DERs start to trip after
1.13 pu swell, however, from 1.14-1.37 pu swell the response plateaus with about 35%
DERs completely riding through.

4.3. Summary of Dynamic Simulation Results

Fig. 10 displays a summary of all three feeder’s DER tripping behavior: 4.8 MW and
7.2MW penetration for Feeder I (red), 2.42 MW and 7.27MW for Feeder II (green) and
2.63MW and 3.95MW for Feeder III (blue/purple). Each individual value corresponds
to the average of all the simulations done for each individual feeder at a specific sub-
station per unit voltage. With the occurrence of balanced events, 3-φ and 1-φ DERs of
all feeders exhibit the same behavior. Nonetheless, under the occurrence of unbalanced
events, all 1-φ DERs are able to ride-through any given voltage sag. However, during
voltage swells, they plateau at different ratios but at the same voltage level. The differ-
ent ratios pertain to each circuits’ characteristics. For both balanced and unbalanced
events, 3-φ DERs in Feeder III have very similar response. As previously mentioned
Feeder II at 100% penetration experiences premature tripping which can be observed
from the green tripping responses.This response correlates to that observed in IEEE
8500-node circuit in [10]. These results allowed for the identification of parameters vl0,
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Figure 10: Summary of Tripping Characteristics

vl1, vh0, and vh1 of the DER A model for balanced (3-φ) and unbalanced (1-φ) events
1. The black dash lines represent the tripping trend due to the voltage thresholds of
DER A model that were extracted by evaluating the positive sequence per unit voltage
range at the substation during voltage sags. For balanced events vl0 was identified as
0.45 pu and vl1 as 0.55 pu. For unbalanced events vl0 and vl1 were identified as 0.72
pu and 0.8 pu respectively. The parameters vl0 and vl1 cover a wider range than the
average trends in order to account the positive sequence model’s response to unbalanced
faults. Parameters vh0, and vh1 remained the same for both types of faults since the
focus of the bulk power system analysis is on the low voltage breakpoints. Although
Fig. 10 shows all 1-φ DERs riding through an unbalanced event, these values were
chosen taking into consideration that there could be large number of 3-φ DERs on the
feeder. Additionally, if the duration of the sag is extended, then the 1-φ DER would
also not be able to ride through, and the initiating voltage level would be around the
same value as the initiating voltage level for a 3-φ DER. Section 5 studies the impact
of the parameterized DER A model in a bulk power system during 3-φ and 1-φ faults
using positive sequence simulation.

5. Impact of DERs on Bulk Power System

The generic parameters of the voltage trip characteristic obtained previously pro-
vide a transmission planner an insight into the impacts due to the trip of DERs for
transmission system faults. Additionally, as most DER are either 1-φ or trip on least

Table 1: Tripping Block Parameters

Types of Fault vl0 vl1 vh0 vh1

3-φ Balanced Faults 0.45pu 0.55pu 1.15pu 1.25pu
1-φ Unbalanced Faults 0.72pu 0.8pu 1.15pu 1.25pu
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phase voltage, it is important to parameterize the aggregated model accurately in order
to capture the tripping of DERs for unbalanced faults while using a positive sequence
simulation tool. The DER A model’s ability to represent distribution systems’ inverters
during unbalanced faults is studied in [9].

5.1. Snapshot of the system under study

To observe the system wide impact of DER on the bulk power system, a 433-machine
and 2,000-bus system has been used [16, 17]. This system has a total generation of 69
GW and net load of 67 GW/19 Gvar and is split into 8 areas. The breakdown of
generation, gross load, DER and net load (Pnet = Pg − Pload + PDER) in these 8 areas
are tabulated as in Table 2. For the purpose of this study, DERs were spread across
the system at every bus that previously had a net load greater than 40 MW. At these
buses, 20% of the net load was assigned as DERs and the gross load was subsequently
increased by 20% to maintain the same value of the net load. This results in the gross
load increasing to 81.5 GW with 14.4 GW of DER. The positive sequence simulations
were carried out in the large-scale grid simulation program GE - PSLFTM [18].

5.2. Identification of critical contingencies

In large systems with numerous combinations of element outages, carrying out a
dynamic analysis on an individual combination basis would be very time consuming.
To reduce the search space for contingencies that may impact the operation of DERs, a
steady-state short circuit analysis was conducted to identify bus locations wherein, the
voltage magnitude would be below a certain threshold during the fault. This voltage
threshold was set to be representative of the voltage threshold at which DERs on a feeder
would start tripping. It is ensured that the sub-transient reactance of all generators
were accurately represented. Additionally, for accurate representation of the impact of
load, equivalent load step down transformers and equivalent feeders were represented
at the load buses (see figure 11) [3].

At the center of every line in the system (a total of 2,341 lines), sequentially a
3-φ bolted fault and a 1-φ line to ground fault were applied. The terminal voltage
magnitudes at all load buses in the system during the fault were checked against the
threshold (0.5 pu for 3-φ fault and 0.77 pu for a 1-φ fault). The total MW of load and
DER at buses whose voltage magnitude is lower than the threshold was then tabulated.

Table 2: Breakdown of generation, gross load, and DER in the system

Area Generation (MW) Gross Load (MW) DER (MW) Pg −Pload + PDER

1 3009 1538 230 1701
2 3011 1636 163 1538
3 4041 1920 280 2401
4 6874 8200 1414 88
5 12719 27257 4993 -9545
6 11990 14812 2551 -271
7 23698 22461 4272 5509
8 3719 3685 498 532
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Figure 11: Equivalent load step-down transformer and feeder representation

Most bulk power system grids around the world are presently experiencing an in-
crease in percentage of large-scale inverter based resources (IBRs) being interconnected
to the transmission level. This results in the reduction of overall short circuit current in
the system directly resulting in a larger decrease in voltage magnitude at the load buses
as compared to the corresponding decrease in voltage at the load bus with synchronous
machines. To observe the impact of increase in percentage of IBR on DER tripping,
the short circuit analysis was also conducted with 80% of the synchronous generation
fleet replaced with IBRs that could provide a maximum current of only 1.1 pu.

For all line faults, Fig. 12 compares the amount of DER impacted, split by size of
DER in increments of 50 MW. It must be mentioned that this steady-state analysis is
only meant to screen potential fault locations rather than accurately capture the entire
amount of DER that may trip due to the fault. This is because the tripping of DER
has an associated time component for every voltage level threshold. While the fault-on
voltage magnitude does play a role in the activation of this time component, it is not
the sole factor which decides the trip of DER. Other factors such as duration of fault
and dynamics of the rest of the system also play a role. Thus, the actual MW of DER
that may trip for a fault could be greater or lower than the value from the steady-state
analysis. The steady-state analysis only provides the initial value of MW affected by
the fault.

Of the 2,341 lines analyzed, the 900 locations that impact less than 50 MW of DER
can be ignored from the analysis as this low level impact would be almost negligible for
the size of this system. Of more interest is the second and third set of values wherein
it can be seen that there is a significantly larger number of 1-φ faults that have the
capability to cause voltage magnitude to go below the threshold resulting in larger MW
of DER that may possibly trip. Further, for the faults where only about 100-200 MW of
DER are impacted, the presence of IBR (denoted as converter in the figure’s legend) has
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Figure 12: Number of DER buses with significant voltage dips due to line faults

a marginally larger impact on the overall DER MW that may trip. However, when 80%
of the generation fleet is IBR, there are a couple of 1-φ faults that have the potential
to impact around 500 MW of DER at the inception of the fault. Extrapolating for
dynamic transient behavior and duration of fault, it is possible that the final amount
of DER that would not be able to ride through system wide could be around 700 - 800
MW. For this particular bulk power system, the usual generation resource loss that is
studied for maintenance of frequency responsive reserves is a trip of around 2,500 MW
of generation [19]. It is usually not expected that a 1-φ fault would cause a large loss
of generation. Thus, a trip of close to 700 MW of generation for a 1-φ fault can be a
cause of concern especially if this trip was to occur during a lightly loaded condition
such as midday. A full dynamic analysis for these few faults that cause a large impact
on DER ride through will be discussed in the next section.

5.3. Dynamic analysis on selected contingencies

While conducting the dynamic analysis, the synchronous machines were represented
by a standard round rotor generator model (GENROU), standard thermal governor
model (TGOV), and standard static exciter model (SEXS). Every load with an active
power level greater than 20 MW but lower than 40 MW was represented by a three
phase induction motor model while every load greater than 40 MW was represented by a
composite load model comprising of both three phase and single phase induction motors
with single stage stalling and re-connection enabled. All loads below 20 MW were
represented as constant impedance static loads. All DER connected at each substation
was aggregated and the behavior was represented by a single DER A model.

From the steady-state analysis discussed in the previous section, four lines were
identified as potential critical contingencies and the pre-contingency loading of these
lines is tabulated in Table 3. The loading on these lines are not the largest values of
line loading in the system and neither are the voltages at both ends the lowest in the
network.
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Table 3: Pre-contingency loading on critical contingency lines

Line From bus To bus Loading (%) Vfrom(pu) Vto(pu)
1 4088 4042 64 1.034 1.024
2 4070 4192 25.4 1.013 1.020
3 4056 4181 39.2 1.020 1.024
4 4073 4039 26.3 1.018 1.018

With all synchronous machines, the impact on DER ride through for a normally
cleared 6 cycle fault in the middle of line 1 is shown in Fig. 13. The impact of a
3-φ fault is rather nominal and can also be assumed to be negligible as roughly about
200 MW of DER were unable to ride through the event. Here, it is assumed that each
inverter on the distribution feeders has its voltage trip thresholds set to 0.5 pu for 0.16s.
Additionally a voltage measurement transducer time constant of 0.02s is also assumed.
However, under this assumption the impact of a 1-φ fault is more significant. Positive
sequence simulations platforms that are widely used for bulk power system analysis
by their very structure have limited capability to show the complete picture for an
unbalanced fault. When a 1-φ fault occurs on the transmission system, depending on
the transformer winding configuration of the substation step down transformer, the
impact of this fault could be felt either on only the faulted phase (if transformer is Y-Y
connected) or on two phases (if the transformer is ∆-Y connected). In both scenarios,
a positive sequence equivalent voltage would still have a magnitude that is larger than
the actual faulted phase voltage.

This large amount of DER trip would however not be captured by the voltage trip
settings of the aggregated positive sequence model if the trip threshold values remain
the same as the values used for evaluating the impact of a 3-φ fault. This can be
observed from Fig. 13 wherein if the same voltage threshold as used for a 3-φ fault
(vl0 = 0.45pu, vl1 = 0.55pu) was used for the 1-φ fault, then the model provides an
almost equal estimate of DER trip. However, as derived in the previous section from the
detailed three phase distribution feeder analysis, the voltage threshold in the positive
sequence aggregated model has to be increased in order to evaluate the impact of 1-φ
events. An increase in the threshold to vl0 = 0.72pu, vl1 = 0.8pu, results in the portrayal
of a much larger MW of DER trip totaling close to 600 MW.

The impact of these faults and voltage thresholds on the ride through of gross
load and trajectory of average system electrical frequency is shown in Figs. 14 and
15 respectively. Although the magnitude of gross load also reduces during the fault
and in the immediate aftermath of the fault, the magnitude of load reduction is larger
than the magnitude of DER reduction. Thus, transiently in the first couple of seconds
following the clearance of the fault, the system has more generation than load causing
the frequency to rise over 60.0 Hz. Subsequently, as the voltage recovers, the load
also recovers while DER remains tripped. This results in the frequency reducing and
following a trajectory that is similar to a generation loss trajectory.

When using the voltage trip characteristics that are more suited for 3-φ events, the
misrepresentation of the magnitude of DER that may be affected by a 1-φ fault could
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Figure 13: Impact on DER ride through for a 6 cycle fault in the middle of line 1
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Figure 14: Impact on gross load ride through for a 6 cycle fault in the middle of line 1

also result in a highly optimistic situation as shown in Fig. 16. For a 1-φ fault in the
middle of line 2, when using the 3-φ event trip characteristic, the simulation suggests
that all DERs would be able to ride through the event. However, while using the
corrected trip characteristic, the actual magnitude of DER trip (which is significantly
different from all DERs riding through) is observable. Therefore, care must be taken to
parameterize the trip characteristic of the aggregated model in an appropriate manner
as it could result in a completely different result. Additionally, the fault location being
studied also plays a role as shown in Fig. 17 wherein for both 3-φ and 1-φ faults,
all DERs were able to ride through the fault even with the corrected characteristic.
However, the steady-state analysis flagged this line as a possible crucial contingency as
the magnitude of DER impact at the inception of the fault is large.

The impact of IBRs on the ride through behavior of DERs is shown for one contin-
gency in Fig. 18. For this particular contingency, when a 1-φ fault occurs, more DERs
are able to ride through if there are IBRs present as compared to the ride through of
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Figure 15: Impact on system average electrical frequency for a 6 cycle fault in the middle of line 1
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Figure 16: Impact on DER ride through for a 6 cycle fault in the middle of line 2

DERs with synchronous machines. While this may at first seem contradictory, it must
be kept in mind that with IBRs, a positive sequence simulation of an unbalanced fault
is more prone to error as the detailed operation of the various control loops within an
IBR during the unbalanced fault is not represented in detail. However, the corrected
trip threshold is still able to provide a fair estimate of the magnitude of DERs that
would be able to ride through.

6. Conclusion

This paper provides a three-step impact analysis of DERs on bulk power system
stability. First, parameters for the DER A model are obtained through conducting
dynamic Monte Carlo simulations of existing Arizona feeders. Then, these identified
parameters are fed into the DER A model paired with the composite load model, which
consists of induction motors and static loads. Next, with loads in bulk power system
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Figure 17: Impact on DER ride through for a 6 cycle fault in the middle of line 3
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Figure 18: Comparison of impact on DER ride through for a 6 cycle fault in the middle of line 4 across
synchronous machines and IBRs

modeled as either composite loads, 3-φ induction motors or static loads, the dynamic
simulation of balanced and unbalanced faults were performed to observe the impact of
DERs on the bulk power system, which also shows the importance of using the appro-
priate trip characteristic. Simulation results on real feeders in Arizona show that during
unbalanced faults in positive sequence studies, the DER A model would not be able to
accurately estimate DER ride through if the same tripping characteristic suitable for
3-φ faults is used. However, when the tripping characteristic is suitably modified,the
model does provide a reasonable estimate of the magnitude of DERs that could be
susceptible to trip as previously studied and demonstrated in [9] and [10]. Recent work
[20] has validated the use of the DER A model to represent the tripping of DER as
observed on a practical power system. The use of this modified characteristic is impor-
tant as the magnitude of DER trip for an unbalanced event could be comparable to the
largest generation resource loss criteria in transmission system. This work showcases
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the ability of the DER A model (a positive sequence model) to provide a representation
of tripping of DERs for unbalanced faults in a positive sequence bulk power systems
planning study. The importance of accurate parametrization of the voltage trip char-
acteristic, in particularly the difference in the voltage trip thresholds used in the model
for balanced v.s. unbalanced fault studies has been highlighted. Furthermore, the ap-
plicability of the model to represent the behavior of DER in real world utility feeders
has been emphasized. Finally, the process and method that transmission planner can
use to observe the impact of large penetration of DER has been discussed on this paper.
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8. Appendix

The names of the parameters denoted here are the names used in the GE-PSLFTM

[18] positive sequence simulation software. Further, the voltage trip parameter values
of the DER A model correspond to the setting used for balanced events.

8.1. DER A Parameters

”trv” 0.02 ”dbd1” -0.05 ”dbd2” 0.05 ”kqv” 0.0 ”vref0” 0.0 ”tp” 0.02 ”pfflag” 1 ”tiq”
0.02 ”ddn” 0.0 ”dup” 0.0 ”fdbd1” 0.000283 ”fdbd2” 0.000283 ”femax” 99 ”femin” -99
”pmax” 1.1 ”pmin” 0 ”frqflg” 0 ”dPmax” 0.5 ”dPmin” -0.5 ”tpord” 0.02 ”imax” 1.0
”pqflag” 0 ”vl0” 0.45 ”vl1” 0.55 ”vh0” 1.25 ”vh1” 1.15 ”tvl0” 0.16 ”tvl1” 0.16 ”tvh0”
0.16 ”tvh1” 0.16 ”vrfrac” 0.0 ”fltrp” 59.0 ”fhtrp” 61.0 ”tfl” 5.0 ”tfh” 5.0 ”tg” 0.02
”rrpwr” 0.5 ”tv” 0.02 ”kpg” 0.1 ”kig” 10.0 ”xe” 0.2 ”typeflag” 1 ”vfth” 0.8 ”iqh1” 0.5
”iql1” -0.5

8.2. Composite Load Model Parameters

mva=-0.85 ”bss” 0.00 ”rfdr” 0.04 ”xfdr” 0.04 ”fb” 0.0000 ”xxf” 0.0800 ”tfixhs”
1.0000 ”tfixls” 1.0000 ”ltc” 0.0000 ”tmin” 0.9000 ”tmax” 1.1000 ”step” 0.006250 ”vmin”
0.98750 ”vmax” 1.012500 ”tdel” 30.0000 ”ttap” 5.0000 ”rcmp” 0.0000 ”xcmp” 0.0000
”fma” 0.250 ”fmb” 0.15 ”fmc” 0.050 ”fmd” 0.150 ”fel” 0.100 ”pfel” 1.0000 ”vd1” 0.6500
”vd2” 0.5000 ”frcel” 0.8000 ”pfs” -0.990000 ”p1e” 2.0000 ”p1c” 0.300000 ”p2e” 1.0000
”p2c” 0.700000 ”pfrq” 0.0000 ”q1e” 2.0000 ”q1c” -0.500000 ”q2e” 1.0000 ”q2c” 1.500000
”qfrq” -1.0000 ”mtypa” 3.0 ”mtypb” 3.0 ”mtypc” 3.0 ”mtypd” 1.0 ”lfma” 0.7500 ”Rs”
0.0400 ”Ls” 1.8000 ”Lp” 0.1200 ”Lpp” 0.1040 ”Tpo” 0.09500 ”Tppo” 0.0021 ”H” 0.1000
”etrq” 0.0000 ”vtr1” 0.6500 ”ttr1” 0.1000 ”ftr1” 0.2000 ”vrc1” 0.6900 ”trc1” 999.0000
”vtr2” 0.5000 ”ttr2” 0.02000 ”ftr2” 0.7500 ”vrc2” 0.6500 ”trc2” 0.1000 ”LFmb” 0.7500
”Rs” 0.0300 ”Ls” 1.8000 ”Lp” 0.19000 ”Lpp” 0.1400 ”Tpo” 0.200 ”Tppo” 0.0026 ”H”
0.5000 ”etrq” 2.0000 ”vtr1” 0.5500 ”ttr1” 0.0200 ”ftr1” 0.3000 ”vrc1” 0.6500 ”trc1”
0.05000 ”vtr2” 0.5000 ”ttr2” 0.0250 ”ftr2” 0.3000 ”vrc2” 0.6000 ”trc2” 0.05000 ”LFmc”
0.7500 ”Rs” 0.03000 ”Ls” 1.8000 ”Lp” 0.18000 ”Lpp” 0.14000 ”Tpo” 0.2000 ”Tppo”
0.00260 ”H” 0.1000 ”etrq” 2.0000 ”vtr1” 0.5800 ”ttr1” 0.03000 ”ftr1” 0.2000 ”vrc1”
0.68000 ”trc1” 0.0500 ”vtr2” 0.5300 ”ttr2” 0.0300 ”ftr2” 0.3000 ”vrc2” 0.6200 ”trc2”
0.05000 ”LFmd” 1.0000 ”CompPF” 0.98000 ”Vstall” 0.6000 ”Rstall” 0.100 ”Xstall”
0.100 ”Tstall” 0.0330 ”Frst” 0.2000 ”Vrst” 0.9500 ”Trst” 0.3000 ”fuvr” 0.1000 ”vtr1”
0.6000 ”ttr1” 0.0200 ”vtr2” 0.1000 ”ttr2” 999.0000 ”Vc1off” 0.6000 ”Vc2off” 0.4000
”Vc1on” 0.6500 ”Vc2on” 0.5000 ”Tth” 15.0000 ”Th1t” 0.7000 ”Th2t” 1.9000 ”Tv”
0.025000 ”DGtype” 2.0 ”DGdatno” -110 ”DGmbase” -0.95
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