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bstract

he connection of large inverter based resources (IBR) in transmission systems is ofte
cated geographically and electrically far away from load centers. This, coupled wit
e displacement of synchronous machine plants, results in a reduction of the networ
ort circuit strength at the point of connection. Under these conditions, state-of-the
t positive sequence simulation platforms and models can have difficulties maintainin
merical stability and/or providing an accurate representation of IBR plant dynami
havior. As a result, computationally heavy time domain electromagnetic transien
MT) simulations may be required to evaluate these systems. In this paper, a re
ntly developed improved generic positive sequence model is parameterized to provid
representation of IBR behavior in low short circuit networks. Comparisons agains
neric and detailed EMT models demonstrate the suitability of the improved positiv
quence model to study practical stability issues experienced with presently in-servic
ants. Such a model can provide some of the accuracy of an EMT representation wit
much lower computational burden. The performance of the positive sequence mode
validated against the behavior shown by both open white box and closed black bo

MT domain models from around the world.

eywords: Generic inverter model, numerical robustness, oscillations, weak grids

Introduction

The increase in inverter based resources (IBRs) (or inverter based generation (IBG)
transmission systems has brought to the forefront the need for accurate and validate
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athematical models that represent the dynamic behavior of these power plants [1
a strong power system, such as one with a low equivalent Thévenin impedance, IBR

ntrols can be programmed to operate with strict control of current injected into th
twork. Conventionally, IBR plants operate on a fixed power reference that is hel
nstant in the transient time frame. To bring about such an operation, the contro
gorithm for current injection from IBR can be generally defined from first principle
shown in Fig. 1.

Figure 1: Mechanism of inverter operation defined from first principles based on Kirchhoff’s laws

Here, |EIBG|∠δIBG is the phasor representation of the sinusoidal voltage generate
the inverter (on its ac side), |Vt|∠φt is the phasor representation of the voltage at th
int of synchronization, and Rf +jωLf is the impedance between the inverter’s ac sid
d the point of synchronization. The overall objective of the controls of an inverter i
ensure that (I∠φ)injected (whose value is influenced by Ohm’s and Kirchhoff’s Law
d thus influenced by the grid) is almost equal to (I∠φ)ref . The angle derived by th
ase locked loop (PLL) is ψPLL. In order to meet this objective with a low time delay

t|∠φt must not be overly sensitive to change in current injections, while ψPLL ≈ φt an

IBG|∠δIBG should be defined with minimal delay. If these requirements are met, a
verter can inject Pref and Qref (often determined by a fixed power factor) successfully

In a strong grid, such a control objective can be met with very low phase lag an
me delay. However, as the proportion of IBRs increases in local areas of the existin
stem with low short circuit strength, there is a possibility of increased sensitivity o

t|∠φt to changes in both magnitude and phase of the injected current. The contro
ructure of conventional IBR plants, if not appropriately tuned, can have difficultie
aintaining stability in these circumstances [2]. This phenomenon appears both i
mulation results and real networks with a high proportion of IBR. While there is
nge of challenges that arises when connecting IBR in networks with low short circui
rength, this paper is focused on the interactions of IBR controls and high serie
twork impedance.
As a reference, a 4 Hz oscillation event was captured in South Texas in 2011. Whe
2
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e wind farm was weakly connected to the ERCOT system, poorly damped and un
mped oscillations were observed for low and high dispatch levels respectively. Pos
ent analysis demonstrated that wind plant controller needed to be tuned or the sys
m strength increased in order to improve damping of the oscillations [3]. Simila
ents and observations have also been made in Australia [4].
Until relatively recently, use of positive sequence simulation platforms has been th

andard practice for bulk power system planning studies around the world. Sinc
R control algorithms are proprietary in nature, ‘black box’ or ‘user-defined’ simu

tion models are generally provided by the original equipment manufacturer (OEM
r studies in positive sequence. While these models do have the advantage of highe
curacy, there can be computational challenges, compatibility, and intellectual prop
ty difficulties associated with the use of many of these models when studying a larg
stem [5]. While there are generic models developed for use in EMT tools [6], there i
need in industry for generic positive sequence models. To facilitate planning studie
ith large numbers of IBR, under the aegis of the Western Electricity Coordinatin
ouncil (WECC) Modeling and Validation Subcommittee (MVS), a suite of generi
R models have been developed and improved over time [5]. These models are struc
red in a way (as shown in [5]) that enables them to represent the trend of the dynami
sponse of inverters from many different IBR vendors.

The present state-of-the-art generic positive sequence inverter model (named a
EGC A in WECC nomenclature) represents an IBR as a current source without ex
icit representation of the dynamics of fast inner current control loops and phase locke
op (PLL)[5]. Until recently, as the system strength of many large power systems wa
nsidered to be sufficiently strong for IBR current injection these generic positive se
ence models were suitable for use in planning studies. However, as the short circui

rength of the system reduces, not only do IBR plants have an increased probabilit
experiencing instability but, as described above, state-of-the-art positive sequenc

odels may lose numerical stability and fidelity. As a result, a system planner is hin
red in the use of positive sequence simulation tools to obtain a picture of the system
namic behavior and may in-fact unknowingly base decisions on non-conservative
erly optimistic simulation results.
Presently, detailed EMT simulation studies which use black box models provide
IBR OEM are being performed in systems where low system strength issues hav

en observed either in simulation or in the field. However for large systems, runnin
ability and contingency analysis on EMT simulation platforms can bring about
gnificant case preparation & computational burden [7]. The industry would benefi
eatly from a model that can provide an improved indication of realistic IBR behavio
low short circuit conditions. A model which remains numerically stable in low shor

rcuit conditions where the real plant can operate and then itself becomes unstabl
der the same conditions that the real plant becomes unstable would be such a
provement.
A generic positive sequence model has been previously developed specifically t

present IBR dynamic behavior under low short circuit conditions [8]. This pape
3
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ovides practical application examples and insight into the parameterization of thi
proved model. First, a comparison of the model’s positive sequence behavior to
neric white box EMT model is provided. The positive sequence model is then param
erized to represent the behavior of black box EMT models and comparison results ar
ovided. It should be noted that the use of these advanced positive sequence model
not meant to replace EMT studies, but is rather meant to improve the accuracy o
sitive sequence studies relative to the existing state-of-the-art REGC A model.
Further, the use of these improved positive sequence models should be accompanie
detailed model validation exercises [9, 10, 11]. However, such an exercise require

rticipation from the OEMs as without their inputs, control parameters from a blac
x model (without block diagrams) can have little use. The objective of this pape
not to completely parameterize a generic model to replace an OEM provided blac
x model. However, the objective is to show that positive sequence domain platform
e indeed capable of capturing oscillations around 5 – 10 Hz that have been observe
systems around the world, provided the IBR model is structured and parameterize
propriately. One recommendation from this paper is to provide guidance to OEM
garding methods in which positive sequence models could be constructed for low shor
rcuit scenarios such that these oscillation modes could be captured. Examples show
at the improved model exhibits voltage instability under the same network condition
EMT models and that it remains numerically stable in low short circuit condition

here existing state-of-the-art models failed.
The rest of the paper is structured as follows: Section 2 provides a high level overview

the newly developed REGC C positive sequence generic model. Section 3 uses generi
MT models to showcase the ability of the REGC C positive sequence model to provid
representation of IBR behavior in low short circuit scenarios. Providing an exampl
black box EMT models, Section 4 shows potential parameterization options to us
e REGC C model to represent behavior observed in the EMT domain. Concludin
marks are provided in Section 5.

The REGC C Model for low short circuit strength scenarios

Positive sequence simulations are based on a phasor simulation approach. At ever
me step of a transient simulation the angle of the grid voltage is directly obtaine
om the algebraic solution of the network. This approach thereby ignores the complet
namic characteristics and any control interactions of the PLL. The recently develope

EGC C generic model [8], under the suite of WECC generic models for IBR plants
cludes a representation of the PLL dynamics while maintaining numerical stability.

To include these characteristics, the phase locked loop controller’s dynamics an
e inverter’s inner current control loop dynamics are included in the positive sequenc
odel as shown in Fig. 2. Here, Vtreal, Vtimag, Ireal and Iimag are the real and imaginar
mponents of the terminal voltage and injected current obtained from the algebraic so
tion of the network solution. The variables Vtd and Vtq denote the dq axis component
the terminal voltage while the variables ip and iq denote the dq axis components o
4
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gure 2: Complete block diagram of newly developed REGC C positive sequence converter model [8

e terminal current. The PLL control gains are denoted by KPLLp and KPLLi
whil

e inner current control loop gains are denoted by Kip and Kii. The inverter ac sid
ter is represented by its fundamental frequency representation re + jxe while the in
rter generated voltage is denoted by the dq axis components Ed and Eq. Curren
mmands Ipcmd and Iqcmd are generated by outer loop controllers. While inclusion o
ese individual real and reactive components in each time step is standard practice i
tailed EMT simulation models of power electronic converters, it has not been state
-the-art for positive sequence simulation of the bulk power system. Their combine
presentation in the REGC C model serves to narrow the gap between the two simula
on platforms without a drastic increase in computation time. Note that the objectiv
this paper is not propose this new REGC C model. The development of the mode
d its verification is available to the interested reader at [8]. Instead, the objective o
is paper is to provide practical applications of use of this model, including an insigh
to parameterization of the model.

While increased numerical stability is brought about by the voltage source interface
critical feature of this model is the current limiting block that sits in between th
lution of the differential equations of the model and the algebraic equations of th
twork. Due to its voltage source interface representation, and the sequential solutio
proach used by positive sequence simulation platforms to solve differential algebrai
uations, the current injection from the model during large system events (such a
currence of a fault) can be greater than the current limit specified for the inverter. I
der to maintain the current within its limits, at each time step, iterations between th
lue of injected current and the network voltage have to converge to obtain a converge
twork solution. Detailed explanation of the working of this block is provided in [8
d [12].
Since this model has representation of the dynamics of the inner current contro

op and PLL, if appropriately parameterized, it can provide a representation of IBR
havior in low short circuit environments in a robust manner. Further, if oscillator
5
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stability is likely to occur, the model can also provide a representation of this behavior
his improved capability can enable system planners to carry out their studies mor
curately and efficiently.

gure 3: Single line diagram of IBR with constant current reference commands connected to a
uivalent source

Performance validation against generic EMT model

A comparison using generic and open EMT IBR models allows for assessment o
uivalence of control loops and control parameter values across the two simulatio
mains.

1. IBR operating in constant current mode
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Figure 4: Layout of control topology for IBR operating with constant current reference values

The first performance validation is carried out with a 200 MVA IBR model operatin
ith constant current reference values. The one-line diagram of the network setup i
own in Fig. 3 with the IBR connected at bus 1 and the system equivalent represente
bus 3. The control topology of the IBR is shown in Fig. 4. The variables vd and v
note the dq axis components of the terminal voltage while the variables id and iq de
te the dq axis components of the terminal current. The PLL control gains are denote
6
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Kppll and Kipll while the inner current control loop gains are denoted by Kpi and Ki

he inverter ac side filter is represented by its fundamental frequency representatio

f while the inverter generated voltage is denoted by the dq axis components Ed an

q. Current commands Irefd and Irefq are generally provided by outer loop controllers
t will be kept at fixed constant values in this section of study. These reference value
current are selected to represent an operating condition of 195 MW active power a
power factor of 0.98, which results in approximately 40 Mvar of reactive power. A
is operating condition, the IBR is fully loaded at 200 MVA. In the EMT domain
e value of the control gains are: Kpi = 0.5, Kii = 20.0, Kppll = 60.0, Kipll = 700.0
he inputs and outputs of the current control loop are in per unit (pu) on the MVA
se of the IBR. The input voltage to the PLL is in pu while the output frequency i
rad/s. The filter inductance Lf has a value of 0.15 pu. The dynamic behavior o

e system equivalent is represented using a round rotor synchronous machine mode
ith H = 9999.0s and X ′′d = 0.1217pu. The current rating of the machine is varied t
present different system strength conditions. Additionally, a simple static excitatio
stem model (SCRX) is also used to maintain voltage at the terminals of the machine
he entire simulation is run at a 5µs time step.

In the positive sequence domain, the IBR is represented using only the REGC C
odel. As can be seen from Fig. 2, the model accepts current reference commands an
ocesses them through an inner current control loop and PLL before generating a
tput voltage. However, the value of control gains used in the positive sequence domai
ffer from those used in the EMT domain. In order to represent similar performance
e current control loop gains in the REGC C model were kept as 0.5 and 20.0, whil
e PLL gains were set to 20.0 and 400.0 respectively for the proportional and integra
I) components. All other parameters such as filter inductance, MVA rating, and p
presentation are the same between positive sequence and EMT models.

With this setup, the dynamic behavior of the system for both short circuit ratio
CR) of 5.0 to 3.0 are shown in Fig. 5. SCR is defined as the ratio between the shor
rcuit MVA capacity at the point of interconnection with the rating of the device. Fo
ample, if short circuit MVA capacity at the bus is 300 MVA and the rating of th
R device is 100, then SCR is 300/100 = 3.0. The value of the SCR is modified b
odifying the rating of the synchronous machine source at bus 3. Because positiv
quence simulations are initialized from a steady-state power flow solution, a sma
gnal disturbance is applied at bus 2 in the form of a high impedance fault. It can b
served from the figure that even at SCR = 5.0, there is poor damping in the networ
d when SCR changes to 3.0, the system exhibits sustained oscillations. Here, bot
e EMT model behavior and the behavior of the positive sequence REGC C mode
e comparable in terms of trend of response. In contrast, the behavior of the presen
ate-of-the-art REGC A model shows a stable response. The REGC A model wa
rameterized consistent with industry recommendations.
At this point it may be helpful to provide an explanation for the reduced value o

ntrol gains in the positive sequence REGC C model as compared to the values in th
MT model. Consider a simple integral controller with an ideal unity plant as show
7



Journal Pre-proof

Fi e
se

in
si p
of

)

T

)

gure 5: With reduction in SCR, comparison of dynamic response between EMT model and positiv
quence generic models of IBR operating with constant current reference values
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Figure 6: Simple integral controller with ideal unity plant

Fig. 6. While carrying out numerical integration (as is done in all power system
mulation software), the value of output y at time step t with an integration time ste
∆t can be obtained as,

yt = yt−1 +Ki (u− yt−1) ∆t

⇒ yt = yt−1 (1−Ki∆t) +Kiu∆t.
(1

he value of output y at time step t− 1 can be obtained as,

yt−1 = yt−2 (1−Ki∆t) +Kiu∆t. (2
8
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gure 7: Layout of control topology for PV plant operating with point of connection P and V contro

bstituting from (2) into (1) results in,

yt = yt−2 (1−Ki∆t)
2 +Kiu∆t (1 + (1−Ki∆t)) . (3

we now track back in time, using the expression for sum of terms of a geometri
ogression, we can obtain the value of output y at time step t from any starting tim
stant n written as,

yt = yt−n (1−Ki∆t)
n + u (1− (1−Ki∆t)

n) . (4

onsider a step change in input u is applied, and if we consider yt−n = 0 to be th
lue of output y just before the application of the step, then (4) simplifies into yt =
(1− (1−Ki∆t)

n) with u = 1. As the aim of the integral controller is to reduce erro
zero while bringing output yt to a value of 1.0, as the numerical integration progresse
−Ki∆t)

n should tend towards a value of 0.0. Here, n is the number of time step
eded by the integral controller to achieve this target. Since an absolute value of 0.
not practical in numerical computing domain (due to precision and round off error)

e can assume that the target is achieved if,

(1−Ki∆t)
n = 0.002. (5

lving for n from the above equation, and subsequently solving for the time to reac
eady state error using an integral gain of Ki = 700 as an example, then in th
ntinuous domain setting time (ts) can be evaluated as,

ts =
ln(0.002) ∗ dt

ln (1− 700 ∗ dt) ≈ 8.865ms. (6
9
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owever, when using the REGC C model in positive sequence simulations, it is rec
mended to use a numerical integration time step of 1ms due to the representatio
the inner current control loop and PLL. As a result, in order to achieve the sam

ttling time of 8.865 ms, the integral gain can be evaluated as,

Ki =
1− exp(ln(0.002) 1∗10−3

8.865∗10−3 )

1 ∗ 10−3
≈ 500. (7

he simulation time step in positive sequence domain is a factor of 20 to 200 times large
an a typical EMT time step. This difference in the time step is large enough tha
en with an identical control structure differences in performance would be noticeable
hanging the values of the control parameters between the EMT and the positiv
quence implementations is therefore unavoidable. This thus provides a conceptua
ckground for the lower value of gains used in the generic positive sequence mode

EGC C. However, the derivation above was carried out with a single integral controlle
d an ideal plant with gain of 1.0 and zero phase angle. When the complete contro
pology is considered along with the electrical network, the mapping of controlle
rameters across the two software domains can be significantly more involved. Further
e dynamics of the electrical network are represented differently across the two softwar
mains. Thus, while the same concept holds and it is reflected in Fig. 5, derivatio
an exact analytical mapping of all the controller parameter values between the tw

mulation domains is future work.

2. PV plant with point of connection P and V control

gure 8: Single line diagram of PV plant with point of connection control connected to an equivalen
urce

With the previous section considering only the representation of inner current con
ol loop and PLL, here, the control topology is extended to include outer loop activ
d reactive power controllers. Consider a PV plant connected at bus 1 (point of con
ction, POC) in Fig. 8 to an equivalent source at bus 3 through parallel lines wit
fferent values of impedance. The PV plant is assumed to have 110 individual 2.
W inverters with an overall controller topology as shown in Fig. 7[13]. A plant con
oller aims to maintain a fixed value of active power injection (PPOC with referenc
ref
OC) at bus 1 while also controlling the voltage at bus 1 (vPOC with reference V ref

POC)
meet this objective, the plant controller issues active and reactive power referenc

mmands which are transmitted to the inverter through a time delay of T = 0.1s t
10
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SC ,
present the update frequency and communication delay of the plant level controlle
rdware. The controller gains for plant level active power and voltage control ar
poc
pp , K

poc
ip ) and (Kpoc

pv , K
poc
iv ) respectively. At the inverter level (bus 16), current re

ence commands are generated to satisfy the active and reactive commands from th
ant controller. The controller gains for inverter level active power and reactive powe
ntrol are (Kinv

pp , K
inv
ip ) and (Kinv

pq , K
inv
iq ) respectively. Two different sets of controlle

ins were evaluated, one with the time delay between plant controller and inverte
presented as a dead time delay as in Fig. 7 and the other with the time delay be
een the plant controller and inverter represented as a first order transfer functio
1
Ts

. The value of controller gains in the EMT domain common to both evaluated set

e Kpoc
pp = 0.1, Kpoc

ip = 1.0, Kpoc
pv = 1.0, Kpoc

iv = 10.0, Kinv
pq = 1.0, Kinv

iq = 100.0, Kpi =
2, Kii = 20.0.

The values that are different between both sets are:

• Set 1: Kinv
pp = 0.25, Kinv

ip = 10.0, Kppll = 50.0, Kipll = 2000.0 (dead time dela
model as in Fig. 7).

• Set 2: Kinv
pp = 0.5, Kinv

ip = 13.0, Kppll = 2.5, Kipll = 1000.0 (a first order transfe
function 1

1+Ts
).

he structure and pu value of filter inductance remains the same as in the previou
ction. Here the equivalent source is represented as an ideal voltage source. Th
mulations were run in EMT domain with a 50µs time step. A reduction in SCR from
5 to 2.0 is brought about by tripping the higher impedance line between buses 2 an

In the positive sequence domain, the REGC C generic model is parameterized wit
e same current controller gains of 0.2 and 20.0 respectively for the PI components
r set 1, the PLL PI gains were set to 44 and 2000 and for set 2, they were 4.
d 500.0 for the PI components. Since the model in the EMT domain also has
presentation of the outer loop controllers, the REEC A and REPC A generic model
ere also used in the positive sequence domain. In the plant controller REPC A mode
e voltage and active power controller gains were kept the same as in the EMT mode
rther, the time delay of 0.1s in the reactive power path was represented as a firs
der Padé approximation of 1−0.05s

1+0.05s
and represented as 1

1+0.05s
in the active powe

th for Set 1. For Set 2, 1
1+0.1s

was used in both reactive and active power paths
he REEC A model does not have explicit representation of a PI controller loop fo
verter level active and reactive power control. Although it has a coordinated reactiv
wer-voltage control loop, it was determined that this path would not be appropriate

s a result, the REEC A model is configured to generate current reference command
Irefd = Pref/|V | and Irefq = Qref/|V |. It is again observed that most of the controlle
in values are the same across both the EMT and positive sequence domains. Th
uivalent source is represented by a classical generator model with H = 9999.0s.
The dynamic response of the network for a reduction and subsequent increase i
R is shown in Figs. 9 and 11. It is observed that although not a perfect match
11
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useful agreement in the general behavior of the response is obtained by using th
EGC C generic positive sequence generic model while the present state-of-the-ar
EGC A model is unable to capture the response. Further, as shown in Fig. 10 a goo
atch of the trend of response is also obtained when a three phase solid to ground faul
applied at bus 2 followed by lowering of the SCR from 2.5 to 2.0 along with clearanc
the fault. These examples demonstrate that the new developed REGC C generi

gure 9: With parameter set 1, comparison of dynamic response between EMT model and positiv
quence generic models of PV plant for SCR reduction (left) and SCR increase (right)

sitive sequence model can provide useful results under low short circuit condition
at in general agreement with EMT domain simulations. This ability may be of benefi
system planners and industry in general by improving the accuracy and reliabilit
positive sequence domain system planning and operation analyses performed in low
ort circuit conditions.

Performance validation against black box EMT model

In the previous section, the generic positive sequence REGC C model was param
erized using full knowledge of the EMT model, which in turn was generic in nature
owever in practice, due to the proprietary nature of the IBR control algorithms, EMT
odels are generally black boxed. In such a scenario, the control structure that i
ployed is unknown to the user. As a result, there could potentially be significan

fferences between the control structure used in the REGC C model and the contro
ructure used in the black box model. However, values of control gains from the blac
x model need not translate in the same manner to the corresponding control gain
the REGC C model. It is recommended that the OEM and plant developer alway
rameterize the generic positive sequence models such as the REGC C, REGC A, an
12
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gure 10: With parameter set 1, comparison of dynamic response between EMT model and positiv
quence generic models of PV plant for three phase fault and reduction in SCR

e suite of REEC * and REPC * models. In the absence of this OEM parameterize
odel, while it is possible to parameterize the REGC C model based on simulatio
sults, it must be kept in mind that such a parameterization must be validated by th
EM and plant developer for accuracy.

Three examples of parameterizing the REGC C model and comparison of the dy
mic model behavior against EMT simulations using black box models of actual IBR
ants from around the world are described in the subsections below.

1. Solar plant in the Texas Panhandle

While conducting model validation tests of a solar plant using an EMT black bo
odel under varying SCR values [14, 15], high frequency oscillations (≈ 55 Hz) wer
served under low SCR conditions. The equivalent system representation used to carr
t these tests is similar to Fig. 3. In this case, the OEM provided a parameterized se
generic models represented by the REGC A + REEC B + REPC A models. Th

gh frequency oscillations from the EMT model can be seen in Fig. 12. Additionally
en with the present state-of-the-art generic REGC A model, oscillatory behavior ca
observed with the reduction in SCR. However, these oscillations are low frequenc

d ≈ 7 Hz.
13
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gure 11: With parameter set 2, comparison of dynamic response between EMT model and positiv
quence generic models of PV plant for SCR reduction (left) and SCR increase (right)

Since no further information regarding the control structure is available from th
ack box model, the REGC C generic model is parameterized with current controlle
ins of 0.05 and 700.0, while the PLL gains were set to 20.0 and 7000.0 respectivel
r the PI components. The parameterization of REEC B + REPC B models were un
anged. With this parameterization, the response obtained from the REGC C mode
as shown in Fig. 12.
A commentary on the results is warranted. From a system planner’s perspective, i

possible that in this example use of the REGC A model is sufficient as the reductio
damping with reduction in SCR is visible. With use of the REGC C model, althoug
ere is a dominant mode of ≈ 7 Hz, there is also a superimposed mode of ≈ 65 Hz
he magnitude of this superimposed mode is however low. As there is no visibilit
to the black box model, it is not possible to comment on the appropriateness of th
lues of REGC C control gains. However, an increased accuracy of the oscillatio

equency is observable. The figure successfully shows that the REGC C model can b
rameterized with no OEM involvement and still successfully indicate at which poin
stability will occur.

2. IBR plant in Australia

Detailed EMT studies carried out on a large scale system model with black box IBR
odels have shown the presence of 7 - 10 Hz oscillations from a IBR plant following
ult and subsequent line outage [4]. The IBR plant has a plant controller with droo
sed voltage control. Additionally, there are two static var compensators (SVC) i
eration in the vicinity.
To study the system in the positive sequence domain, the IBR plant is represente
14
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gure 12: With reduction in SCR, comparison of response between black box EMT model and positiv
quence generic models of solar plant in Texas panhandle

ing the REGC C + REEC A + REPC B generic models. The SVCs are represente
ing user defined models. The REGC C generic model is parameterized with curren
ntroller gains of 0.25 and 20.0, while the PLL gains were set to 20.0 and 1600.
spectively for the PI components. For the fault and line outage, the response from
th simulation domains is shown in Fig. 13. Here again a commentary on the result
justified. The pre-disturbance difference in the reactive power output between bot
ftware domains is due to the fact that positive sequence models initialize from a powe
w solution while EMT simulations achieve steady state after an extended time domai

mulation. Here, while modeling network quantities, in EMT domain saturation an
her non-linearities related to reactive power are modeled while these non-linearitie
e not modeled in a positive sequence power flow solution. As a result, there is
ight mismatch in the reactive power output. However, this mismatch does not hav
significant impact on the observed oscillations. In the EMT domain simulations, th
R plant and the SVCs were all represented using black box models. In the positiv
quence domain, although the various OEMs (including the IBR plant) provided use
fined models, the lowest SCR value for which their positive sequence models wer
entioned to be accurate was higher than the SCR value at the device terminals afte
15
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gure 13: For a fault and subsequent line outage, comparison of response between black box EM
odel and REGC C generic positive sequence model of IBR plant in Australia

e outage of the line. As a result, for this outage, the dynamic behavior from the OEM
ovided positive sequence user defined model of the IBR plant is unable to represen
e observed oscillatory response. However, with parameterization of the REGC C
neric model, a system planner can obtain an indication of instability.

3. Solar plant in South Texas

While performing model validation and short circuit strength tests on a 200 MW
lar plant using black box EMT models, it was observed that the plant’s response t
large reduction in SCR was unstable when operated at an active power level greate
an 0.7 pu (on the plant MVA base). The test system setup was similar to the set u
own previously in Fig. 8 wherein reduction of SCR is brought about by opening one o
e two lines connected to the equivalent source. However, when a parameterized state
-the-art REGC A generic model along with associated parameterized REEC A an
EPC A models were used to replicate the behavior in the positive sequence domain
e REGC A model was unable to maintain numerical stability (indicated by repeate
n-convergence messages) upon reduction of the SCR, even when operating at a
tive power level of 0.7 pu. While this in itself might be sufficient to indicate to
16
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stem planner a need for more detailed simulation studies, it doesn’t provide any usefu
formation about the real plant’s expected response to changes in SCR.

gure 14: With reduction in SCR and with pre-disturbance operation at 0.7pu, comparison of respons
tween black box EMT model and positive sequence generic models of solar plant in South Texas

To investigate the possibility of using the REGC C generic model in the same setup
is parameterized with current controller gains of 2.0 and 30.0, while the PLL gain

ere set to 60.0 and 700.0 respectively for the PI components. With this parame
rization, the response of the system is shown in Fig. 14 for pre-disturbance activ
wer operating point of 0.7 pu. It can be seen that the EMT model response is stabl

hile the REGC A model’s response suffers from numerical instability. However, th
sponse from the REGC C model is stable and tracks the transition to steady-stat
own by the EMT model.
The response from the REGC C model at the initial occurrence of the disturbanc

noteworthy and should be discussed. This response is not due to numerical non
nvergence but rather due to the sequential solution approach of differential algebrai
uations in positive sequence simulation platforms [12]. Further, upon increasing th
e-disturbance output of the solar plant to 0.8 pu, the response from both the EMT
d positive sequence domains is shown in Fig. 15. Here it can be seen that th

MT model undergoes control cycling when the SCR reduces. The REGC C positiv
quence model also starts to show control cycling but it is still able to hold onto
able steady state trajectory. Further increasing the per-disturbance operating poin
0.9 pu in the positive sequence model in Fig. 16 shows the sustained presence o

ntrol cycling and more importantly with stable numerical convergence.
In all three comparisons with black box EMT models, there is a degree of uncertaint

sociated with the parameterization of the REGC C model as there is no visibilit
17
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gure 15: With reduction in SCR and with pre-disturbance operation at 0.8pu, comparison of respons
tween black box EMT model and positive sequence generic models of solar plant in South Texas

gure 16: With reduction in SCR and with pre-disturbance operation at 0.9pu in the positive sequenc
odel, comparison of response between black box EMT model and positive sequence REGC C gener
odel of solar plant in South Texas

to the black box model. As a result, the parameter values that are derived must b
lidated by the OEM/plant developer. However, since this model is expected to b
rameterized and provided by the OEM/plant developer at the outset using their bes
actices, it is expected that as the use of the model becomes more common, mor
18
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curate parameter values will be available.

Conclusion

In this paper, using numerous examples, it has been demonstrated that the newl
veloped REGC C generic positive sequence model can provide indication of unsta
e/oscillatory behavior observed when IBRs are connected at locations of low shor
rcuit strength. Once tuned appropriately, the performance of this model is superio

the existing state-of-the-art REGC A model which is unable to provide the sam
vel of fidelity. Further, the paper provides a conceptual approach to translate value
controller gains from the EMT to the positive sequence domain. It must howeve
cautioned that this conceptual approach can be challenging if there are substantia

fferences in control topology across both simulation domains. Validation of this new
odel behavior with respect to actual equipment around the world further shows th
nefit of this model. The development of new and improved positive sequence generi
odels is not intended to replace detailed EMT simulation studies. Rather, improve
sitive sequence models can provide additional insight into the behavior of IBR from
sitive sequence simulations while helping to better focus the scope of detailed EMT

mulations.
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