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Abstract—With the increased inverter-based resources (IB™ ~
connected to the grid, IBR P-Q capability charts are need
proposed, and developed by the power industry to assure I
operation efficiency and reliability. This paper presents a cc
prehensive P-Q capability evaluation for an IBR plant interc
nected with the transmission grid. The proposed study consid
the impact of different IBR grid-connected filters, IBR vec
control implementation in the dq reference frame, and spe:
interconnection nature of IBRs in a plant structure. The moc
and algorithms developed for the IBR P-Q capability analysis
have considered specific IBR constraints that are different from
those of a synchronous generator. The paper especially focuses
on exploring the P-Q capability characteristics of IBRs and IBR
plant at different interconnection points that are important for
managing, designing, and controlling IBRs within an IBR plant,
and for the development of international standards, such as IEEE
P2800, for connecting IBRs to the transmission and distribution
grids in a plant structure.

Index Terms—Inverter-based resources, P-Q capability charts,
vector control, grid-connected filters.

I. INTRODUCTION

The worldwide acceptance of renewable energy resources
such as solar and wind has led to the emergence of a new set of
generators. These resources are either completely or partially
connected to the grid through power electronic inverters, hence
referred to as inverter-based resources (IBRs) [1]. Not long
ago, the development of solar and wind farms was typically
driven by small regional players, and the cost was significantly
higher than that of a coal plant. Today, the cost of renewables
has significantly plummeted, many solar and wind projects are
undertaken by large multinational companies, and the scale
of the solar and wind farms has also reached from MW
scale around the year 2000 to GW scale now. This trend
of growth has driven the rapid development of a new IEEE
standard, IEEE Std. 2800-2022 [2], which focuses on IBR
interconnection to the transmission and distribution grid in
plant structures.

Nowadays, an IBR plant, such as a wind or solar photo-
voltaic power plant, could consist of hundreds to thousands of
MW-scale wind turbines or MW-scale PV arrays to generate
a large amount of power. Traditionally, for a synchronous
generator, a boundary within which the machine can operate
safely is defined via the P-Q Capability Curve and is used
to guide the control of the generator [3], [4]. Similarly, the
IBR P-Q capability is becoming one of the most important
specifications of international standards [2], [S]. Various IBR
P-Q capability charts have been developed. The NERC (North
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Fig. 1: P-Q capability charts provided by (a) NERC [6] and (b)
ERCOT [7], and (c) IEEE Std. 2800 [2].

America Electric Reliability Corp.) Reliability Guideline in [6]
presented a near semi-circle P-Q capability curve for nominal
voltage with fixed reactive capability at around 0.95 p.u. active
power output levels (Fig. 1a). The Electric Reliability Council
of Texas (ERCOT) presented a D-shape P-Q capability curve
(Fig. 1b) that needs to meet at the Point of Interconnection
(POD) [7]. IEEE Std. 2800-2022 specifies a P-Q capability
chart (Fig. lc) that is similar to ERCOT’s P-Q capability
chart except the maximum reactive power injection/absorption
limit. However, an IBR has a highly complex control system
that is different from a synchronous generator. Also, the IBR
operation is constrained by several factors, some of which are
similar to the synchronous generator while others are quite
different. In addition, for IBR interconnection to the grid in a
plant structure, there is a need for a detailed P-Q capability
characteristic study at different interconnection points in order
to ensure proper operation of IBRs withing a plant and IBR
plant and grid integration. All these factors affect the safe and
reliable operation of IBRs within a plant. These issues need
to be addressed to enhance the development of international
standards as more and more IBRs are interconnected to the
grid in plant configurations.

So far, no research has been found in the literature that
explores the dynamic P-Q capability from the IBR-grid
interconnection perspective in an IBR plant configuration.
Therefore, this paper focuses on investigating dynamic P-Q
capability of IBRs considering characteristics and constraints
that are unique from the IBR-grid integration perspectives,
especially in a plant structure. Overall, the results of this paper
may guide the power community to identify the root cause
of many abnormalities associated with grid-connected IBR
plants, and help legislators to improve the industry guidelines
and introduce new control methods (e.g. a neural network
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based vector controller [8]). Based on this pathway, the main
contributions of this paper are as follows:

1) Active and reactive power models of a grid-tied IBR unit
and IBR plant are developed by considering IBR control in the
dq reference frame.

2) Algorithms are developed to explore the dynamic PQ
capability characteristics from a grid-tied IBR unit to an IBR
plant by considering constraints that are unique from IBR-grid
integration perspectives.

3) Dynamic P-Q capability charts from a grid-tied IBR unit
to an IBR plant are studied at different grid interconnection
points.

The rest of the paper is structured as follows. Output power
model of a grid-tied IBR and algorithms to determine P-Q ca-
pability charts are presented in Section II. Section III presents
a study of P-Q capability characteristics of an individual IBR
at different interconnection points. Section IV develops the
output power model and theoretical P-Q capability study for
multiple IBRs connected to the transmission grid in a plant
structure. Section V presents a P-Q capability study for the
IBR plant at different interconnection points as the number of
IBRs added to the plant increases/decreases. Finally, the paper
concludes with summary remarks.

II. DETERMINE P-Q CAPABILITY OF A GRID-TIED IBR AT
DIFFERENT INTERCONNECTION POINTS

A. Output power model of a grid-tied IBR

IBRs are typically connected to the grid through an inter-
connection system as shown in Fig. 2a. The point where an
IBR unit is electrically connected to a collector system refers
to as the point of connection (PCC), the point between the high
voltage bus of the IBRs and the interconnection system refers
to as the point of measurement (POM), and the point where the
interconnection system connects an IBR to the transmission
system refers to as the point of interconnection (POI). An IBR
is generally connected at the PCC through a grid-connected
filter. The three typical grid filters are L, LC and LCL filters.
The IBR output power to the grid can be evaluated at the PCC,
POM and POLI.

Without losing generality, the output power model develop-
ment of an L-filter IBR is presented below. Fig. 2b shows the
schematic of an IBR with an L-filter, in which R; and Ly
are the resistance and inductance of the L-filter inductor. R;;
and L;; represent the resistance and inductance between the
PCC and POM, and R;» and L;s represent the resistance and
inductance of the interconnection system between the POM
and POL In the dq reference frame [9], the voltage balance
equation of the L-filter inductor is

. dig . .
Vdq_inv = Rdeq + Lfditq -‘r-]wstqu + Vaq_PcC (D

The voltage balance equations between the POM and PCC
and between the POI and POM are (2) and (3), respectively,

. dig . .

Vaq_Pcc = Rittag + Luditq + JwsLitiqq + vag_pom  (2)
. didq . .

Viq_PoMm = Ri2iqq + Ll?ﬂ + JjwsLigiqq + vaq_por (3)

PCC POM
—eo——3
690V/25kV 25kV/120kV
()
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(b)

Fig. 2: Connecting IBRs to the transmission grid. (a) IBR intercon-
nection via an interconnection system and (b) L-filter-based grid-
connected IBR schematic.

where vg, in, Tepresents the inverter terminal voltage, i4q
is the current flowing through the L-filter into the grid at the
PCC, and v4q_pcc, Vaq_pom and vgq_por are the PCC, POM,
and POI voltages, respectively. In the steady-state condition,
(1) - (3) become (4) - (6) as

Vag_inv = Rylaq + jwsLplaq + Vag_pcc €]
Vag_pcc = Rinlag + jwsLinlag + Vag_pom &)

Vag_pom = Rialgq + jwsLiolyq + Vag_por (6)

where qu_imn qu, qu_pcc, qu_POM and qu_PO[ denote
the steady-state dq vectors of inverter output voltage, current
in the L-filter, and PCC, POM and POI voltages. Thus, the
complex power flowing from the IBR to the grid at the PCC,
POM, and POI can be achieved as

Ppcc + jQpcc = Vag_pccly, (7
Ppou +jQpom = Vag_pomly, 8
Ppor + jQpor = Vag_rorly, 9

Similarly, output power model of an IBR with an LC or
LCL filter can be developed.

B. Algorithms to determine IBR P-Q capability charts

The IBR P-Q capability region represents the permissible
output power region considering the physical constraints of
the IBR, i.e., 1) rated power/current constraint and 2) PWM
saturation constraint.

Firstly, an IBR is very sensitive to current. The rated current
constraint requires that the magnitude of IBR dq current should
be less than the rated dq current as follows

(I:;)Q + (13)2 S Irated (10)

Based on (10), the P-Q capability curve considering the
IBR rated current constraint is determined as follows: (i) pick
the voltage reference Vd*q (1 p.u.) at PCC, POM, or POI, (ii)
start with an IBR dq current Ij, whose magnitude equals to
the rated current I,.,¢¢4, (iii) calculate the voltage at the PCC,
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Fig. 3: P-Q capability charts of an IBR unit (considering POI as the
reference).

POM, or POI based on (4) - (6), (iv) calculate the active and
reactive power at the PCC, POM, or POI based on (7)-(9)
and store the results, (v) get another rated IBR current [ :;q
and repeat (iii) to (v). The process continues till all the rated
IBR current samples are swept once and then draw the P-Q
capability curve at the PCC, POM, or POL

Secondly, besides the rated current constraint, the output
power of an IBR is also limited by the PWM saturation
constraint [10]. This paper mainly focuses on sinusoidal PWM
(SPWM) that is widely used in IBRs. Overall, the IBR d-
and g-axis voltages, vVq_iny and v _jny, at the inverter output
terminal should satisfy the following equation:

V@i + (Vi) < Vitg_mas (11)

where Vi, ma. 1S the maximum allowable inverter output
terminal voltage calculated for SPWM [10], [11]. Thus, the
algorithm to determine the P-Q capability chart considering
the PWM saturation constraint involves the following steps:
(1) pick the voltage reference Vd*q (1 p.u.) at PCC, POM, or
POI, (ii) start with an IBR dq output voltage Vy, in, Whose
magnitude equals to Vg maz; (iii) calculate 14, based on (4) -
(6); (iv) calculate the active/reactive power at the PCC, POM,
or POI based on (7)-(9) and store the results; (v) repeat (ii) to
(iv) for other dq output voltages whose magnitude equals to
Vdg_maz- The process continues till all the Vgq ;. samples,
whose magnitude equals to Vg maa, are swept once and then
draw the P-Q capability charts at the PCC, POM, or POIL.

ITII. P-Q CAPABILITY ANALYSIS OF A GRID-TIED IBR

The following parameters are used as the nominal values
of an IBR unit. 1) The rated power is 1.5SMVA. 2) The dc-
link voltage is 1500V. 3) The grid-connected filter parameters
are as follows: For the L filter, the inductance is 0.4mH and
the resistance of the inductor is 0.003€2. For the LC filter,
the inductor remains the same, and the capacitance is 25uF.
For the LCL filter, the capacitance remains unchanged while
the inductance is 0.2mH and the resistance of the inductor is
0.001592 for both the inverter- and grid-side inductors. 4) The
nominal grid line voltage referred to the PCC is 690V rms.
The IBR unit is connected to a 690V/25kV step-up transformer
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(Fig. 2a). 5) The grid line voltage is 120kV, which is connected
to the IBR via a transmission line and a 120kV/25kV step-
down transformer. 6) The CSCR of the interconnection system
is 2.5 that is calculated based on the maximum capacity of the
IBR plant (600 1.5MW IBR units).

We evaluated the IBR P-Q capability at the PCC, POM, and
POI using two different reference points, i.e., from the IBR
perspective by taking PCC as the reference and from the grid
interconnection perspective by taking POI as the reference.
Fig. 3 shows the evaluation by taking POI as the reference. In
general, the P-Q capability for the IBR with L, LC, and LCL
filters are almost the same. Also, considering just one IBR
in the transmission system, the difference between the P-Q
capability obtained by using the PCC and POI as the reference
point is very small. Fig. 3 shows the P-Q capability at the PCC,
POM, and POI by taking POI as the reference, in which the
circles with the center at the point [0, O] represents the IBR
rated current circle (RIC) while the other circles signify the
IBR PWM saturation constraint circles. The P-Q capability
region is the area enclosed by both the RIC and the PWM
saturation constraint circle. As shown in Fig. 3, when just one
IBR is considered, the P-Q capability regions looking at the
PCC, POM, and POI are almost the same and is different from
that of a synchronous generator and from the existing IBR P-Q
capability charts used in the industry [6], [7], [12].

IV. DETERMINE P-Q CAPABILITY OF AN IBR PLANT AT
DIFFERENT INTERCONNECTION POINTS

A. Output Power Model of an IBR Plant

An IBR plant is a group of IBRs in the same location con-
nected together to produce electricity. Utility-scale wind and
solar PV power plants with hundreds of megawatts have been
built worldwide. If omitting the impedance of the collector
system, a generalized grid-connected IBR plant can be shown
in Fig. 4a and the equivalent circuit is shown in Fig. 4b in
which all the IBRs have the same PCC voltage.

Without losing generality, let’s assume all the IBRs have
the same parameters. Then, the steady-state equations of each
individual IBR j (j=1, ..., N) can be obtained from (4) as

qu_inv,j - Rfqu,j + jwstqu,j + qu_PCC (12)

The voltage balance equations between the POM and PCC
and between the POI and POM are (13) and (14), respectively,

N N
Vaq_pcc = R Z Lag;+jwsLin Z lag,j +Vag_pom (13)

Jj=1 Jj=1

N N
Vag_pom = B2 Z Laq,j+jwsLio Z Laq,j +Viq por (14)

j=1 =1

For all IBRs, (12) can be written as

N N N
Z qu_inv,j - Rf Z qu,j + jwst Z qu,j + Nqu_PCC
=1

j=1 j=1

5)
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Fig. 4: A generalized grid connected IBR plant. (a) IBR plant
schematic and (b) IBR plant equivalent circuit.

Assume that the grid current is Ig,. From Fig. 4b, we have

N
Iqq = Y Iaqq; - Rewrite (15), (13), and (14) as
j=1

Ry & Ly &
f . f
TV E quJ + Jwg TV E qu,j + qu_PCC

J=1 Jj=1

1 N
N Z qu_inv,j =
j=1

(16)
Vag_pco = Rinlaq + jwsLinlag + Vag_pPom (17)
Vag_pom = Rialyq + jwsLiolyq + Vag_por (18)

From (16)-(18), the grid equivalent circuit of an IBR plant
with N IBRs is similar to Fig. 5, where the equivalent circuit
can be considered as an IBR plant being connected to the grid
via a virtually variable grid-filter impedance that is equivalent
to the parallel filter impedance of N IBRs connected online
within an IBR plant. The IBR plant output voltage is the
average of all N IBR output voltages and the IBR plant output
current is the sum of all the IBR output currents. Then, based
on Fig. 5 and algorithms developed in Section II.B, the IBR
plant power at the PCC, POM, and POI can be obtained.

Fig. 5: Equivalent circuit of an IBR plant looking from the grid at
the POM and POL

B. Theoretical study of IBR plant P-Q capability

The plant P-Q capability at the POI, POM, and PCC should
be obtained by considering 1) rated current and 2) PWM
saturation constraints of IBRs within an IBR plant. We assume
that all the IBRs within the plant have the same rating. Let’s
first define the IBR plant output power capability at the POI,
POM, and PCC corresponding to the rated current and PWM
saturation constraints of IBRs within an IBR plant.

Definition 1. The output power capability of an IBR plant
at the IBR rated current condition represents the output power
of the plant when the plant outputs the maximum current to
the grid as all the IBRs within the plant operate at the rated
current condition.

It is needed to determine how the maximum current passing
through POM and POl is related to the rated current constraints
of a group of IBRs that are tied to the PCC as shown in Fig. 4
which is proved below through Theorems 1 and 2.

Theorem 1. The maximum current passing through the
POM and POI for two parallel IBRs tied together at the
PCC can be obtained when both IBRs have their rated current
amplitudes and the same angle.

Proof: Assume the current injected to the grid by the two
parallel IBRs are Ig,1 and g2 with angle of 6; and 6,
respectively. Then, the resultant current flowing through POM
and POI is

Tag = Iaqn + Lag2
= |Igq1] cos 01 + j|Iagqi|sin 01 + |Igq2| cos B2 + j|Llaga| sin Oo
(19)

From (19), the amplitude of the current passing through
POM and POI is

Lagl = \/1Lig1[2 + [Luga]? + 21 Taq1 || Tagz] cos (61 — 62)
(20)
from which the maximum amplitude of I;, appear when
0y =02=10, qul = Irated1 and qu2 = Irated2 and is

|qu_ma:c| = |Irated1| + |Irated2| (21)

Thus, the maximum resultant current flowing through POM
and POI can be expressed as

qu_maa: = (Iratedl + IratedZ)Ze (22)

Theorem 2. The maximum current passing through the
POM and POI for N parallel IBRs tied together at the PCC can
be obtained when all IBRs have their rated current amplitudes
and the same rotating angle in the dq reference frame.
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Proof. If N=2, the proof has been obtained as shown in
Theorem 1.
Let’s assume Theorem 2 is correct for N-1 IBRs tied
together in parallel, i.e.,
N-1
qu_max = (Z Irated,k)ée (23)
k=1
Then, for N IBRs tied together in parallel, the following
can be obtained by applying Theorem 1 and (23) as

2

-1
Irated,k)éo + Iratcd,Nle
1

- (Z Irated,k:)le
k=1

Based on the Definition 1 and Theorem 2, we have

Lemma 1. The maximum output power capability of an IBR
plant at the IBR rated current condition is the output power
of the plant when each IBR within the plant outputs the rated
current to the grid and has the same rotating angle.

Definition 2. The output power capability of an IBR plant
at the IBR PWM saturation constraint condition represents the
output power of the plant when the plant outputs the maximum
voltage to the grid as all the IBRs within the plant operate at
the PWM saturation limitation boundary.

Theorem 3. The maximum output voltage of an IBR plant
for computing the output power capability of the plant can
be obtained when all IBRs have the amplitudes of the output
voltages at their PWM saturation boundary and all have the
same angle.

Proof: According to Section IV.A, we get (25) for the j'"
IBR

qu_maz = (

el
I

(24)

Vag_inv,j = Ztlag,; + Vag_pcc (25)

where Z; stands for the L filter impedance. For the IBRs
within the plant, we have

N N
Z Vag_inv,j = 2y Z lig; + NVyq_pcc 26)

j=1 j=1
= Z¢lgq + NVyq_pcc
From (26), the output current at the PCC is
N
+ 2 Vag_inv.j — Vag_pcc
L= —"= 27)

Z;IN

which means that the plant equivalent output voltage is
N

>~ Vig_inv,j/N and the plant equivalent impedance is Z;/N.
=1

JBased on Theorem 2, the plant outputs the maximum voltage
when all the IBRs within the plant reach their PWM saturation
limits and have the same angle.

Lemma 2. The maximum output power capability of an
IBR plant at the IBR PWM saturation constraint boundary is
the output power of the plant when each IBR within the plant
outputs the PWM saturation voltage to the grid and has the
same rotating angle.
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Fig. 6: IBR plant P-Q capability charts at the PCC, POM and
POI when taking the POI as the reference: al), a2), a3) P-Q
capability charts corresponding to IBR rated current,; bl), b2), b3) P-
Q capability charts corresponding to IBR PWM saturation constraint.

V. P-Q CAPABILITY ANALYSIS OF AN IBR PLANT

Based on the theorems and lemmas developed in Section IV,
IBR plant P-Q capability charts at the PCC, POM, and POI
are investigated in this section. The same IBR parameters used
in Section II-B are utilized in this section for the evaluation.
The P-Q capability study is divided into two parts, i.e., with
and without the consideration of the collector system impact.

A. Without consideration of collector system impact

When neglecting the collector system impact, the IBR plant
P-Q capability corresponding to the rated current and PWM
saturation constraint conditions for the plant are determined
based on Lemmas 1 and 2, respectively, in which the number
of the IBR units connected online changes from 1 to 600.

Fig. 6 shows the plant P-Q capability evaluation by taking
POI as the reference. The figure shows that with the increase
of the number of IBR units connected online, the difference of
the plant P-Q capability at the PCC, POM, and POI becomes
evident. This would have an important impact on the control of
individual IBRs within the plant. Typically, the power control
of an IBR plant at the POI or POM is translated to power
control commands that are distributed to each individual IBR.
The task of each IBR unit is to follow the reference power
commands from the plant level controller. Based on Figs. 6,
the following remarks are obtained.

1) At the POI, the P-Q capability charts corresponding to the
IBR rated current constraint remain the same (Fig. 6(a3)) while
the P-Q capability charts corresponding to the IBR PWM
saturation constraint (Fig. 6(b3)) shrinks as the number of the
IBRs connected online increases. The reason of this is that
for the same injected voltage of an IBR at the PWM satu-
ration boundary, the PCC voltage increases when the current
from more IBRs needs to pass through the interconnection
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(a) IBR plant schematic with collector impedance.
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(b) IBR plant equivalent circuit with collector impedance.

Fig. 7: A generalized grid connected IBR plant with collector
impedance.

system, causing the current that can be delivered by each IBR
decreases. This makes the combined P-Q capability region
smaller at the POI and the per unit power that the IBR
plant can be delivered to the grid reduces as more IBRs are
connected online within the IBR plant.

2) At the PCC, the P-Q capability charts corresponding to
the IBR rated current constraint shifted up as the number of
the IBRs connected online increases because more generat-
ing reactive power is needed due to the impedance of the
interconnection system between the PCC and POI. On the
other hand, the P-Q capability charts corresponding to the IBR
PWM saturation constraint change from a circle to ellipse with
much a smaller region as the number of IBRs connected online
increases. The combination of the two makes the effective IBR
P-Q capability region much smaller at the PCC and the per
unit power that an IBR can be delivered to the grid reduce as
more IBRs are connected online within the IBR plant.

3) From the plant control perspective, the reference power
command presented to the IBR plant at the POI must con-
sider change of the P-Q capability region to ensure the safe
operation of the plant as the number of IBRs connected online
increases according to Remark 1 obtained above.

4) From the control perspective of individual IBR, the
reference power command presented to each IBR can be
significantly affected when more IBRs are connected online
according to Remark 2 obtained above. This factor must be

6

v,
a_inv_avg

b_inv_avg

Fig. 8: Equivalent circuit of an IBR plant looking from the grid
considering collector system impedance.

considered properly. Otherwise, the safe and reliable operation
of an IBR cannot be assured.

B. With consideration of collector system impact

When considering the impedance of the collector system,
the plant P-Q capability study becomes more complicated.
Without losing generality, a grid-connected IBR plant can be
shown in Fig. 7a and the equivalent circuit is shown in Fig. 7b,
in which each IBR will have a different PCC voltage. Assume
all IBRs are connected to the POM via the same collector
system impedance, Rcgs and L¢g. Then, the voltage balance
equation between the POM and PCC of each individual IBR
j G=1,...N) is as follows.

Vig_pcc,j = (Res + jwsLes)laq; + (R + jwsLin)Lag + Vag_rom

(28)
Sum (28) for all IBRs, we have

N N
Y Vigrcej = (Res +jwsLes) Y. Lagj + (R + jwsLin)Nlgg + NVig_pou
i=1 j=1

(29)
Assume that the grid current is I4,. From Fig. 7b, we have

N
Iqq = Y Iqq;. Rewrite (29) as
j=1

=

Vig_pec,y = (B2 + jw, 28V 1y, + (Riy + jwsLin)Lag + Vag_roumt

1
N ¢
1
(30)

J

Then, from the grid perspective, the equivalent circuit of the
IBR plant considering collector system impedance is obtained
as shown in Fig. 8, where the plant can be considered as being
connected to the grid via a virtually variable impedance that
is the parallel of the filter and collector system impedance of
N IBRs connected online within an IBR plant. The IBR plant
output voltage is the average of all N IBR output voltages and
the IBR plant output current is the sum of all the IBR output
currents. The IBR plant PCC voltage is the average of all N
IBR PCC voltages.

Note: the dynamic equations of each IBR and its L-filter
are not presented here in developing the plant equivalent
circuit of Fig. 8. For a general IBR plant, a more complicated
plant equivalent circuit can be developed using the same
development strategy.
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Fig. 9: P-Q capability (at PCC) of an IBR plant considering (a) Rated
current boundary and (b) PWM saturation Limit.

Without losing generality, one representative IBR plant
configuration is utilized here to demonstrate the plant P-Q
capability study considering the collector system impact. The
plant contains 5 clusters of wind turbines. Each cluster consists
of 120 wind turbines and wind turbines in each cluster are
tied together via the same collector impedance. Each cluster
is connected to the POM via a different collector impedance.

As all the IBRs share the same POI and POM voltages,
similar remarks can still be obtained for the IBR plant P-Q
capability at the POI and POM, as shown in Fig. 6. However,
at the PCC, it was found that each IBR shows different P-Q
capability charts. Fig. 9 shows the P-Q capability study, by
taking POI as the reference, at the PCC of wind turbines in
each cluster. The figure shows that the P-Q capability charts
at the PCC corresponding to the rated current constraint are
close while the P-Q capability charts corresponding to the
PWM saturation constraint shrinks as the collector system
impedance connecting a cluster to the POM increases, which
makes the effective P-Q capability region smaller at the PCC
as the collector system impedance increases.

Overall, when considering the collector system impedance
impact, the difference of the wind turbine P-Q capability at
the PCC of wind turbines in each cluster also becomes evident
because each cluster is connected to the POM via different
collector system impedance. This factor, if not considered
properly in the control of an IBR plant, can also affect the
safe and reliable operation of IBRs in a plant.

VI. CONCLUSION

P-Q capability analysis of grid-connected IBRs in a plant
structure is an important factor for the stable and reliable
operation of the IBRs within that plant. This paper presents a
comprehensive P-Q capability study for grid interconnection
of an individual IBR and an IBR in plant configuration. The re-
sults show that IBR P-Q capability chart is quite different from
that of a synchronous generator and from the traditional IBR
P-Q capability charts used in the industry. The study indicates
that the design and control of an IBR, such as grid-connected
filter, converter constraints are important to determine IBR
P-Q capability curve that can meet the grid interconnection
requirements. The study also indicates that P-Q capability of

2023-IASAM23-0019

IBRs in a plant structure is different. The results show that
the number of IBRs in a plant connected online, collector
system impedance, and grid interconnection locations could
affect the actual physical IBR plant P-Q capability chart a lot
and significantly shrink the permissible P-Q capability area,
which would affect the safe operation of IBRs if this factor is
not considered in presenting control commands to individual
IBRs. The conventional IBR P-Q capability charts used in the
industry could either cause the abnormal operation of an IBR
or significant waste of the IBR P-Q capability resource. Thus,
the power and energy community should come forward to
develop new international standards for managing, designing,
and controlling IBRs within an IBR plant.
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