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Abstract—As distributed energy resource (DER) projects grow GCOHtrol
. ) : f . enerator
in popularity, there has been little focus on their potential to
influence the dynamic stability of a transmission system. If imple-
mented in large enough numbers, DER equipment may feasibly be
leveraged to provide ancillary services such as spinning reserve, Swing Bus
system inertia, or system stabilization. To determine the potential ~
impacts of DER on future transmission grid stability, dynamic e
models of DER load combinations were created, reduced in order, 4
and scattered throughout Central and Southern California within \
an existing Western Systems Coordinating Council (WSCC) dy- / \
namic model. Evaluation of the composite WSCC-DER dynamic !
model allows correlations to be drawn between various DER |
properties and the transmission grid stability. Key findings show \

that increasing DER inertia tends to destabilize the transmission \ I
system. The cause of this counterintuitive relationship requires \ /
further study but likely is related to the high impedance separating N Y, \
the DER from the transmission grid. N ’
o o N - DER System

Index Terms—Distributed energy resources, distributed gen- ~ _ _ - Modeled
eration, dynamic performance, small-signal stability, transient - -7
stability.

Fig. 1. System for obtaining model signals.
|. INTRODUCTION

YNAMIC MODELING of distributed energy resources General Electric (GE) positive sequence load flow/positive se-
D (DERS) provides a unique challenge because most DEIRENCE dynamic simulation (PSLF/PSDS) transient simulation
devices are power electronics based, and manufacturers doRftkage [1] (see Fig. 1). Use of these models supports the con-
readily provide model data, if any exist at all. The analysis pr¥€nient manipulation of properties such as inertia constants,
sented in this paper does not attempt to identify transmissikCiter gain values, and various other control parameters. Al-
system response to DER but rather to show how specific prdfoUgh properties such as inertia and exciter gain do not apply to
erties of DER change the stability of the transmission systenPOWer electronic DER devices, their concepts do apply because
For the given problem, identifying the precise dynamiQER controllers can be designed to react in many different ways
response of a real DER device becomes less important. TA&oltage and frequency d'StUTba_”CE'_S-
DER model response simply can be assumed and implementedfter the DER-penetrated distribution system models were
into a larger Western System Coordinating Council (WSCCyeated, they were reduced in order using Prony analysis and
model, and the overall composite system then can be analyZ&@n converted to transfer functions; thus, the transfer function
When one property of DER (such as inertia) is changed, a néigduced-order model) exhibited the same dynamic response as
composite model is evaluated, and changes to the WSCC-DHR original DER-penetrated distribution system model shown
system response become meaningful. in Fig. 1. Copies of the reduced-order model were scaled and at-
The cases discussed in this paper have initially modeled DERched to a large 10 000 bus WSCC model for further dynamic
penetrated distribution systems with round-rotor synchrono@galysis using GE's PSLF/PSDS software. The reduced-order

generators attached to IEEE type-ST1 static exciters usingn@dels represent the dynamics of DER-load combinations and
do not change the steady-state load-flow conditions of the grid.

Therefore, each DER reduced-order model influences the grid
Manuscript received February 22, 2002; revised May 6, 2002. This work wis the same manner as several matched DER sources and loads
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0885-8950/02$17.00 © 2002 IEEE



GUTTROMSON: MODELING ENERGY RESOURCE DYNAMICS ON TRANSMISSION SYSTEM 1149

WSCC model was used with the new reduced-order model toUsing GE’s PSLF/PSDS transient simulation package [1], a
determine the influence on the WSCC transmission system. dynamic model of a DER-penetrated distribution system was
created as described in the Appendix. This system was con-
nected to a control generator, representing an infinite bus as
shown in Fig. 1. Real and reactive power oscillations between
Two different approaches were employed to find the impadiise distribution system and the control generator were captured
on WSCC dynamic stability from the DER. Both methods arand converted into a state-space model using the Prony method.
based on DER system data as described in Appendix A. A significant reduction in the model order was achieved because
The first method was based on analyzing the dynamic modeany of the poles embedded in the signals were composed of
of a composite WSCC-DER system. A sensitivity study wéesequencies not relevant to power system dynamic interactions
conducted that involved changing the inertia constants of thad, thus, were discarded.
DER and then analyzing the composite WSCC-DER ringdown The first controlled transient was a clean step in voltage at the
response to a 0.5-s 1400-MW Chief Jo Brake event. Six kewint of connection of the distribution system. The step change
signals in California were captured from each dynamic simular voltage was made by changing the base voltage of the swing
tion result. Prony analysis was then used to identify the commbuos, which was attached to the control generator residing outside
modes of these signals between 0 and 1 Hz. The analysis of thefsghe distribution system, while holding frequency of the con-
signals quickly revealed that each mode’s residue had a greateFgenerator constant. Since the control generator was attached
impact on stability than did its decay factor. Therefore, residugsthe swing bus, it did not see the step change to the swing bus
for each signal were used as the benchmark for stability. ~ base voltage and, therefore, did not react to the voltage step tran-
A second method was based on observing changes to exisignt. During the voltage step, the frequency was held constant
stability limits resulting from changes to DER properties. Onigy making the inertia of the control generator much greater than
of these stability limits restricts the imported power flow intahe total inertia contained within the distribution system. There-
Southern California. This Southern California Import Transmigere, the distribution system frequency was allowed to swing
sion (SCIT) nomogram requires a minimum amount of localgainst the control generator but was essentially unable to in-
system inertia to safely import power. As the amount of localljuence its rotor speed.
dispatched generation (hence inertia) increases, Southern CaliFhe resulting real power signdtv(t) had its initial condi-
fornia power imports may safely be increased as well. Violatidions removed and was used to extract a linear matel(s),
of the limit results in a partial WSCC system breakup afterwhich is the relationship of real power transfer with respect to a
worst-caseV —1 casualty. Therefore, when a DER property washange in voltage. The reactive power-to-voltage maodgl(s)
changed, the new SCIT limit for the composite WSCC-DERas made in the same manner.
system was identified and used as a benchmark for system staFhe second controlled transient was a step in frequency of
bility. An increase in the SCIT limit indicates a benefit to systerthe control generator while voltage was held constant. The step
stability, whereas a decrease in the SCIT limit indicates a detthange was made by raising the mechanical power of the con-
ment to system stability. trol generator during one time step of the dynamic simulation.
Thus, a precise change in frequency was implemented on the
control generator in the span of a one-quarter cycle. This tran-
sient produced signalB f(t) and Q f(¢), which were used to
Exhibiting the dynamic influences of DER on the transmisreate linear model§'pf(s) andGqf(s).
sion grid requires the use of a very large dynamic model. Sincelnertia was shown to be high enough to keep frequency rel-
DER models were to be proliferated throughout an alreadyively stable during each transient. This was verified by cap-
massive WSCC dynamic model, it was necessary to redugeing the frequency signal during the voltage step transient,
the model order of each DER system to enable computatiopglich varied less than 10 per unit (pu) and entering it into
analysis. the frequency model§pf(s) andGqf(s). The results showed
The Prony method was selected to reduce the model ord@at P and@ were influenced by the undesired frequency tran-
The numerical advantages of Prony analysis make it well suitgi@nt on the order of I0' pu.
for approximating higher order signals with an optimum low- Prony analysis was performed on each signal. Poles and
order model. Applications of the Prony method to power sygesidues were selected based on their relative energy, damping,

Il. DER IMPACTS ONSYSTEM STABILITY

I1l. M ODEL REDUCTION

tems are shown in [2]-[4]. and frequency content so that the sampled signal was repro-
Consider a general continuous signél) that is to be mod- duced to a tenth-order system or less. After a transfer function
eled by for each signal was created, the input sigiiék) was removed

from it by removing the visible pole near zero. The resulting
model is described by

Ap] [yl GpIT rp,
AQ — | Gqu(s) G(X‘;s) : Af :

i)=Y B @)
i1=1
2)

whereB; € C'is the output residue for the continuous-time pole
Ai € C,and); # ); is the output residue for # <. The Prony
method identifies the residues, poles, anthat force (1) to be  Making the reduced-order model with zero initial real or re-
the least-squares fit tg(t). active power transfers ensures that it would influence only the
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A voltage step X
was initiated _ - T T =T
here. P Model is ~
,” attached here, and then 1 P and Q V. SITING AND SCALING THE DER MODELS
replaced with the full-order fransients were
N distributi 7 measured here - . .
~ distribution system. - Deciding where to site each DER model within the WSCC
model involved several considerations. One would expect DER
Fig. 3. Two-area test system used to validate model response. equipment to be dispersed deep within the distribution systems.

However, WSCC load-flow cases do not model distribution

. : . . lines and model very little subtransmission infrastructure.
dynamic response. In reality, the magnitude of the dynamlcdrg-

sponse will be larger or smaller. depending on the size of the iting decisions are complicated further by the fact that the
P 9 , aep 9 ?quting WSCC case contains more than 10 000 buses, making

IS-
tribution system. For this reason, a scaling factor is muItlpI|e| extremely difficult to add distribution and subtransmission

to the output of the reduced-order model, scaling the dynamic

response of the model with respect to the size of the DER mogQFs to the WSCC model. Therefore, loads within WSCC

that it represents. Details concerning the scaling factor are Oﬁ)é)_wer-ﬂow cases were aggregated at the transmission level,

cussed in Section V. and the DER models were sited at existing WSCC load buses.
Next, the model was converted into state-space form and pro/t Was aiso decided that the size of each DER model should
grammed into a custom PSDS dynamic model using GE’s EP@ in proportion to the size of the existing loads at each load bus.

programming language [1]. It was implemented to create tH is does not imply that a DER model exhibits the dynamics of
composite dynamic model, as shown in Fig. 2. existing loads but, rather, that the aggregate rating of DERs will

be in proportion to the amount of existing load.

For consistency in evaluation, it was essential that the same
DER model be implemented throughout the WSCC but not at

The next step was to validate the model. A test system thadt the same rating. For this reason, it was necessary to scale
would represent the dynamics of a large power system, yetthe model output to account for larger or smaller DER installa-
as small as possible, was desired. For that reason, the test systens. One could apply linear scaling so that models representing
was modeled using a four-generator, ten-bus power system, sBi0 MW of DER and load simply provided a response that was
ilar to that used in [6]. The 3600-MVA test system supportetegn times that of a 20-MW model. However, it was found that
two-area power system dynamics and included dynamic modalfinearly scaled response was so exaggerated that the WSCC
for each steam turbine, round rotor generator, static exciter, aswnposite model solution diverged shortly after a minor distur-
one power system stabilizer (see Fig. 3). bance was initiated. Therefore, a nonlinear scaling factor was

After the real and reactive power transients between the twdroduced, which scaled the dynamics of extremely large loads
connected systems were captured, the full-order distributitma realistic value. Scaling factors were obtained by modeling
system model was removed from the four-generator test systarsubtransmission system and placing it between a DER-pene-
and replaced with the reduced-order model (see Fig. 3). Tiated distribution system and a control generator. Controlled
same disturbance was initiated, and agairand Q transients voltage and frequency-step transients were initiated, and the
were measured between the four-generator system and riegnitudes of the resulting and @ transients were recorded.
reduced-order model. The results are shown in Fig. 4. As c&his process was repeated several times with different values
be seen, the model appears to do a very good job at simulatofdoad and generation assumed in the DER-penetrated distribu-
the dynamic response of the original distribution system.  tion system until several data points were obtained. Curves fits

IV. M ODEL VALIDATION
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of the data points are shown in Fig. 5 and were used to scale dH P
each reduced-order model within the WSCC composite model. 0.311 -0.0028
0.408 +0.078
0.455 -0.0091
VI. MODEL APPROXIMATIONS 0.633 011
0.729 -0.11

The major approximations to the model, which are known,
have been listed here.
) _ generator. However, the model inherently includes some char-
A. System Nonlinearity acteristics of the control generator. These effects are undesirable
Issues such as magnetic saturation, discrete-tap changeus, unfortunately, will always be present in this type of model.
load shedding, and over and undervoltage tripping are examples
of nonlinearities that cannot be modeled with a linear modeling
technigue, such as the Prony method.
» Nonlinearities with respect to model size were approxi-

mated. DER models were scaled to exhibit the character- . . i i
istics of larger or smaller installations. As described in Section Il, two different approaches were em-

Nonlinearities with respect to input were ignored. Theloyed to find the impacts of DER properties on WSCC dy-

models were created from the response to a specific sfggnic stability. The first method was based on analyzing the
change in frequency and voltage. The linear nature of tf¥namic modes of the composite WSCC-DER system, with re-

model dictates that if the input is twice as large, the réUlts shown in Table I and Fig. 6. . .
sponse will also be twice as large. However, this assump-The data points shown in Fig. 6 were obtained by analyzing
tion is clearly not true in power systems. S|x_key California power signals no'Fe_d in the Appe_ndlx. The
residues of each signal were per-unitized, grouped into modes,
B. Direct Voltage Control and plotted against their corresponding vglug.of DER inertia.
o . The process was repeated for all other significant modes be-
In a distribution system penetrated by DER equipment, ttf\ﬁeen 0 and 1 Hz. with results shown in Table I.
§ystem's feedback t_o the transmission grid provides more thanl'he second method was based on observing changes to SCIT
]C;J.St aﬂrealﬂand reactll\t/e power reﬁponse. IAn 3ctual ﬁystem n:<l,?z§{bility limits, resulting from changes to DER properties such
Irectly influence voftage as well as real and reactive powefy inertia, exciter gain, or load type. Fig. 7 explains the concept
This is especially evident in cases of voltage instability, Whefﬁrther
increasing the reactive power injection contrbuies tq a VOItageThe SCIT stability limits can be expanded or contracted by
f:ollapse [7). AI_thqugh t_he Injection c.)f rgal a_nd reactive pOW%’hanging the amount of inertia in Southern California (i.e., the
into the transmission grid causes an indirect mfluenpe onsystem | \nt of dispatched generation). As the amount of inertia in
volttagte, thdehreducig-order modelff[jr?es ngt Iprowde ('j}l volta% uthern California increases, the SCIT nomogram expands,
output, and hence, tn€ response of the model never wi eX"J‘ct.lié(rmitting more power imports into Southern California. When

VII. SIMULATION RESULTS

match that of the system. models of DER are placed in the Southern California region,
) an “X"” denotes how DER models affect the SCIT nomogram
C. Dynamics of the Control Generator limits, exhibiting benefits or detriments to the system stability.

The reduced-order model was designed to represent the DHIRe results of the SCIT analyzes are shown in Fig. 7 and
penetrated distribution system only and not that of the contrthbles I1-IV.
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VIIl. CONCLUSION AND FURTHER STUDY

A. Effects of DER Inertia

As can be seen from Table I, increasing the DER inertia ben-
efits the transmission system stability for this WSCC load-flow
case at the 0.311-, 0.455-, 0.633-, and 0.727-Hz modes but is a
detriment at the 0.408-Hz mode.

Results shown in Table Il confirm this counterintuitive con-
clusion that DER inertia may not be providing any benefit to the
WSCC system stability.

A new WSCC case was obtained from the California Indepen-
dent System Operator (ISO), with power-flow conditions sub-

Fig. 7. Changes to Southern California Import Transmission (SCIT) limits &antially different from those of the previous cases. For this new

DER models are added.

TABLE

IMPACTS OF DER INERTIA ON WSCC &STEM STABILITY
BY CHANGES TOSCIT LIMITS

DER - Inertia Sensitivity Studies from
SCIT
(Ka = 200; loads as in Appendix I)

DER Inertia H, sec Change in SCIT
Imports, MW
H=6.0 +318
H=3.0 +637
H=0.1 +702

TABLE 1l
IMPACTS OF DER EXCITER RESPONSE ONWSCC SSTEM STABILITY
BY CHANGES TOSCIT LIMITS

DER - Exciter Gain Sensitivity Studies
from SCIT
(H = 6; loads as in Appendix I)

Exciter Gain KA, Change in SCIT
p-u. Imports, MW
Ka =200 +318
Ka=20 +567
Ka=5 +454
Q Regulation +417
TABLE IV

IMPACTS OF DER LOAD TYPE ON WSCC &STEM STABILITY
BY CHANGES TOSCIT LimMITS

DER - Load Type Sensitivity Studies from SCIT
(DER = Constant P + jQ)

Change in SCIT

DER Load Type Imports, MW
100% Induction Motor for P +174
and Q
P=100% IP +787
Q=100%B
P = 31%P(f) + 32%IP(f) +
37%G(f)
Q =100% B(f) +634
(Same as Southern
California)
Standard Load Profile (as +582
shown in Appendix I)

case, no DER models were attached, and an attempt was made
to observe the system instability resulting from operation out-
side the SCIT nomogram. Since rotational inertia is a physical
property of each generating unit, the only way to change the
inertia within an area is to change the dispatch (i.e., put gen-
eration units online or take them offline). However, doing this
changes more than the inertia. It also changes the voltage and
reactive power characteristics at the bus where the generating
unit was connected. Therefore, to verify the relationship of grid
stability versus Southern California inertia (as presented in the
SCIT nomogram), the generator dispatch was not changed in
Southern California. Instead, the inertia constaify (n the
generator models in the Southern California area were scaled.
The results of this exercise showed that system stability could
be maintained when Southern California inertia was reduced by
an amazing 80% below the minimum limits shown on the SCIT
nomogram. This implies that the SCIT nomogram is much less
a function of Southern California inertia and more of a function
of the Southern California generation base dispatched.

Since small changes in inertia were shown to have little influ-
ence on the system’s small-signal stability, it is not overly sur-
prising that DER inertia might not benefit the system stability.
However, why it would hurt the system stability is not obvious.
One possibility is that since the DER units were placed behind
S0 much reactance, their response to a system disturbance was
dramatically phase shifted, causing a destabilizing effect. If this
were the case, it would also appear feasible that a controller
could be designed to compensate for this phase lag and provide
a net benefit to system stability. Perusing this idea is a topic of
future study.

B. Effects of DER Voltage Control

It is well understood that high-gain exciters often introduce
negative damping, causing small-signal instability of the power
system [5], [7]. Therefore, they are often implemented with
power system stabilizers (PSSs) to compensate for this insta-
bility. Although the WSCC model includes many PSSs, not one
was retuned to account for the high-gain excitation within the
DER models.

The results of this sensitivity study exhibited the predictable
phenomena. Increasing DER exciter gain aided the stability of
the system up to a high value é&fa, after which, increasing
values ofK a were detrimental to system stability, attributed by
its introduction of negative damping. The addition of a constant
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reactive-power regulator) regulator) to the DER exciter had The following WSCC signals were used for the Chief Jo Brake
an effect similar to that of lowering the exciter feedforward gaimingdown model analysis:

These results imply that DERs can have a beneficial impact1) Telsla Station voltage magnitude;
on transmission stability by supplying reactive power at the dis- 2) Lugo Station voltage magnitude;

tribution level. 3) Malin-to-Round Mtn real-power transfer;
4) Malin-to-Round Mtn reactive-power transfer;
C. Effects of DER Load Type 5) Devers-to-Palo Verde real-power transfer;
For the load-type sensitivity studies, the DERs themselves) Midway-to-Vincent real-power transfer.
were made without any dynamics. However, the load dynamics
were preserved. Instead of using round-rotor synchronous gen-
erator models with static exciters, the DER sources were mod-
eled as constar® and( injection. When a system disturbance The author extends special thanks to P. Mackin, formerly of
occurs, system Vo|tage typ|Ca||y decreases as a result of the ai@california ISO, L. Szot, and L. Tobias of the California ISO,
turbance. Since the DER sources inject consiaanhd( while and colleagues Dr. J. Hauer and J. Dagle of the Pacific North-
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the loads within a distribution system are voltage dependeiest National Laboratory.
there will be a nef” and@ export from the distribution system
during most disturbances. This nBtand Q) injection appears
to enhance the system’s stability, as can be seen from Table IV[.1]

APPENDIX

WSCC-DER SSTEM DATA [2]

DER models used in the SCIT analysis were constructed asy
shown in the following with impedances obtained from [8]:

We have one 25-MVA, 230/13.8-kV transformer.

There are four 600-A (605-kcmil) distribution feeders
with lengths of 0.5, 1, 1.5, and 2 mi.

There are four 6-MVA, 13.8/0.480-kV XFMRs (one per
feeder). 6
All DERs and loads were connected at the end of their
respective feeders at 480 V;. ]
Each feeder modeled one 5-MVA synchronous generat0|I
with an IEEE-type ST1 exciter (no governor). Hence, there [8]
was one DER per feeder, totaling four DERs within the (9]
model.
Loads were dynamic, sited adjacent to DERs, and charac-
terized by

a) 8% constant power;

b) 42% constant impedance;
¢) 30% induction motored;

d) 20% frequency dependent.

(4]
(5]
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