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Virtual Dynamic Grid Impedance and Its Impacts
on Harmonics and Stability of Inverter
Based Resources Plant

Himadry Shekhar Das
and Jing Wang

Abstract—Nowadays, a large number of inverter-based re-
sources (IBRs) are integrated into the grid at a single connection
point as an IBR plant. In this article, a virtual dynamic grid
impedance concept is introduced to evaluate the harmonics and
stability for grid integration of an IBR plant containing multiple
IBRs. First, a detailed theoretical study is conducted to build
a foundation of the virtual grid impedance concept, which is a
dynamic impedance that changes with the number of IBRs added
into an IBR plant. Then, based on the new virtual dynamic grid
impedance concept, frequency spectrum analysis is performed
to explore harmonic impact at the interconnection point for an
IBR plant with IBRs having L, LC, and LCL filters, respectively.
An electromagnetic transient (EMT) simulation model of a grid-
connected IBR plant is developed to explore the harmonics and
stability of the IBR plant connected to the grid as well as the reliable
operation of IBRs within the plant from the novel virtual equivalent
dynamic grid impedance point of view. Hardware experiments are
conducted to validate the EMT simulation evaluation. The results
show that the number of IBRs added into an IBR plant influences
the grid impedance, i.e., grid strength, and the grid impedance
variation has multiple impacts on the IBR plant and IBRs within
the plant depending on the grid-connected filters of the IBRs.

Index Terms—Grid-connected filters, grid impedance,
harmonics, inverter-based resources (IBRs), stability, vector
control, weak grid.

1. INTRODUCTION

HE modern electric power grid is going through rapid
T changes due to the introduction of different renewable
energy-based sources, such as solar photovoltaic (PV) and
wind power plants (WPP). Typically, they are connected to the
grid through inverters as well as grid-connected filters associ-
ated with the inverters and thus called inverter-based resources
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(IBRs) [1]. The three most common filtering topologies are L,
LC, and LCL filters. Each filter type has its own advantages and
shortcomings [2].

In most of the cases for PV and wind farms, IBRs are set up
in multiple numbers, possibly in hundreds to generate a larger
amount of power, which is called an IBR plant [3]. In this setup,
the IBRs are joined together via a collector system, and then the
cumulative power is transferred to the grid via a transmission
line. When hundreds of IBRs operate in the plant structure, the
operation becomes even more complicated, and their impact can
vary as the current supplied by the IBRs within the IBR plant
increases or decreases [4].

A. Problem Description and Literature Review

The dynamic nature of the grid impedance influences the
individual IBR operating performance and can lead to increased
harmonic and stability issues in the power system and abnormal
operations of IBRs within a plant. A number of incidents have
been reported, where undesired harmonics, interharmonics, or
resonances caused disruption to the power supply [5]-[9]. Sev-
eral works of literature investigated the cause and impact of
harmonics on IBR power plants [10]-[12], where they found
that either the passive elements in the system and IBR plant
[13], or the dynamic impedance induced by power converter
controllers may affect the harmonics [14]. The impacts of har-
monics include instability problems due to low frequency [15]
and high-frequency oscillations [11], and poor power quality
injection to the grid [16]. To identify the reasons for harmonics
and instability, grid impedance based analysis is a key approach
[17], where the concept of short circuit ratio (SCR) at the point
of common coupling (PCC) is applied. But, this approach is
implemented on small scale, and only a specific filter type (LCL)
[18] with or without the consideration of a transmission line
[19], [20].

B. Understand Dynamic Grid Impedance

On April 22,2022, anew IEEE standard, IEEE Std 2800-2022
[21], was published. Unlike IEEE Std 1547 which focuses pri-
marily on individual IBRs [22], IEEE Std 2800 focuses mainly
on IBR plants. The main reason for developing the new standard
is that there is a significant difference between individual IBR
and IBRs in a plant structure. For a large-scale IBR plant which
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includes hundreds of IBRs, grid-connected filters, transformers,
collector lines, etc., the SCR concept should be replaced by com-
posite SCR (CSCR). To investigate the influence of harmonics
and stability on the system, a dynamic IBR plant model as well as
related theories is necessary. In this article, such amodel is devel-
oped and a detailed theoretical analysis of grid interaction with
the IBR plant is presented. In particular, this article introduces a
novel concept of virtual equivalent dynamic grid impedance that
is affected by the number of IBRs connected online within an
IBR plant to investigate harmonics and stability for the IBR and
grid integration. The virtual equivalent grid impedance varies as
the number of IBRs added to the plant changes, and its impact
on the grid is analyzed from the perspectives of the IBR control
mechanism, filter design, and IBR numbers in the plant, all of
which could affect the harmonics and resonances of the grid as
well as IBR stability within an IBR plant. The virtual impedance
study presented in this article would reveal unique characteristics
associated with an IBR plant.

Overall, the special contributions of this article include:

1) developing a theoretical foundation for a virtual equivalent
dynamic grid impedance concept that depends on the
number of IBRs connected to the grid;

2) performing a comprehensive harmonic distortion study
based on the virtual grid impedance to provide insights
on harmonics and stability of IBRs within an IBR plant;

3) carrying out electromagnetic transient (EMT) simulation
to study the transient performance of an IBR plant con-
taining IBRs equipped with L, LC, and LCL filters, re-
spectively;

4) performing hardware experiment to validate the proposed
study and further consolidate the findings on virtual grid
impedance impact;

5) shedding light on the stability of IBR plants based on the
virtual dynamic grid impedance concept and evaluate the
application of using this concept for IBR plant design and
development.

C. Effect and Applications of the Proposed Study

The virtual grid impedance nature presented in this article has
notbeen reported in the literature and realized and/or accepted by
professionals in the IBR industry. Presently, many electric utility
companies are facing deteriorated harmonic problems as more
IBRs are connected to the distribution or transmission grid in a
plant structure [23]. Without the proposed study, the industry
still does not know what the cause is for the problems and
what direction to investigate to get solutions for these problems.
Researchers at NREL have also got similar findings many times
during the hardware-in-the-loop experiments and field trials
[24]. Traditionally, the virtual grid impedance characteristics as
reported in this article were not addressed and considered in the
development of an IBR system and/or IBR controller. The study
of this article indicates that the virtual grid impedance concept
and model should be considered in developing IBRs and IBR
controllers for a plant configuration. This will be increasingly
important as more and more IBR and hybrid IBR plants are
rapidly emerging.
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Fig. 1. IBRs with a full-scale dc/ac inverter. (a) Solar PV generator. (b) Type
4 wind turbine. (c) Battery energy storage.

The organization of this article is as follows. The characteris-
tics of IBRs as an individual unit and as a plant and the control
structure of both are presented in Section II. Section III develops
a novel concept of virtual equivalent dynamic grid impedance
of an IBR plant. The impacts of virtual equivalent dynamic grid
impedance on the harmonic spectrum from both the plant and
IBR view points are studied in Section IV. An EMT simulation
model is built and a comprehensive EMT simulation analysis is
given in Section V about harmonics, resonances, and stability
as the number of IBRs connected to the plant increases for
IBRs with different filtering schemes. Section VI gives hardware
experiment results. Finally, this article concludes with summary
remarks in Section VII.

II. IBRS AND IBR PLANT
A. Inverter-Based Resources

The IBR family includes a doubly-fed induction generator
wind turbine (WT) (Type 3), permanent magnet synchronous
generator WT (Type 4), solar PV generator, and battery energy
storage [25]. Except for the Type 3 WT, others are usually
interconnected to the power grid via a full-scale dc/ac inverter as
shown in Fig. 1, which is the focus of this article. For a solar PV
generator and Type-4 WT, the active power is unidirectional
from an IBR to the grid, but for a battery energy storage,
the active power is bidirectional. For all, the reactive power
is bidirectional. When a large number of IBRs are connected
together, an IBR plant can be formulated to provide power to
the electric power grid.

B. IBR Plant

An IBR plant is a group of IBRs in the same location
connected together to produce electricity. Typical IBR plants
include solar PV plants and WPP. As the cost of solar and wind
electricity has continued to fall, the number of grid-connected
wind and solar PV plants has grown rapidly. Utility-scale solar
PV plants and WPP with hundreds of megawatts have been
built worldwide. A WPP can comprise of hundreds to thousands
of MW-scale WTs interconnected through a medium-voltage
(MV) collector system (typically 34.5 kV), a step-up electrical
substation (e.g., 34.5/120 kV) connected at the POM (point
of measurement) to a subtransmission system, a transmission
line up to hundred miles, and an interconnection substation
that is connected to a much larger bulk power system (BPS)
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Fig. 3. Control of full inverter interfaced IBRs: plant level control and IBR
inverter level control.

at the POI (point of interconnection). The output terminal of
each WT generator is generally 690 V and is connected by a
step-up transformer to the MV collector system. Fig. 2 presents
a generalized grid-connected onshore WPP layout.

Similarly, large solar power plants have been developed
around the globe too. A typical string-inverter-based solar PV
plant consists of hundreds or thousands of strings of PV panels
with each string is connected to the collector system via a
string-inverter that is equivalent to a WT shown in Fig. 2.
Likewise, all the PV strings are connected to a step-up collector
transformer and then interconnected to the transmission grid
at the POI through the transmission line and another step-up
interconnection transformer.

C. Control of a Full Inverter Interfaced IBR and IBR Plant

As shown in Fig. 1, a full-inverter interfaced IBR has a com-
mon configuration consisting of an IBR-side converter, a dc-link
capacitor, and a grid-side converter. The IBR-side converter
is generally an ac/dc converter for a Type-4 WT and a dc/dc
converter for solar and battery; the grid-side converter is a dc/ac
inverter. The task of the controller applied to the IBR-side con-
verter is for power capture from wind/solar or for battery energy
management; the task of the controller applied to the grid-side
inverter is to maintain a constant dc-link voltage and regulate
reactive power to the grid. For an IBR as a whole to the IBR plant,
it is equivalent to assume that the dc-link voltage is constant
while the controller of the grid-side inverter has a cascaded
inner-loop current controller plus an outer-loop active/reactive
power controller, usually designed in the dg reference frame as
shown in Fig. 3.

The reference power commands to the outer-loop controller
of an IBR are typically generated by a plant-level control system
according to the grid requirement at the POI or POM (Fig. 3).
The outer-loop controller generates d/g-axis reference currents
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Fig. 4. LCL-filter-based grid-connected converter schematic.

that are presented to the inner-loop current controller, and the
current controller generates d/g-axis control voltages, v* i inys
and v*, ;n,. The voltage injected to the grid at the inverter
terminal v 44 4, is related to the control voltage as follows [22]:

*
Vdq_inv — kPWM *Vdg_inv (M

where kpyys represents the ratio of the IBR terminal voltage
to the controller output voltage resulted from the pulsewidth
modulation (PWM) [26]. The purpose of the outer-loop power
controller is to adjust the IBR output active and reactive powers
at the PCC to follow the reference active and reactive power
commands, P* pcc and QF poe from the plant-level controller,
at the steady state.

III. EQUIVALENT CIRCUIT AND DYNAMIC GRID IMPEDANCE OF
GRID CONNECTED IBR PLANT

To reduce the harmonic impact, an IBR must be connected to
the collector system via a grid filter. The three typical grid filters
are L, LC, and LCL filters. Fig. 4 shows the schematic of an
IBR with an LCL-filter, in which Ry; and Lj; are the resistance
and inductance of the inverter-side inductor, C stands for the
capacitance of the filter capacitor, Ry and Ly¢ are the resistance
and inductance of the grid-side inductor, and R, and L, denote
the equivalent resistance and inductance looking into the grid at
the PCC. The LC and L filters can be considered as special cases
of the LCL-filter.

In Fig. 4, v4p,c inv and vg 4 in, represent the inverter ter-
minal voltage in the 3-phase and dg-reference frame, respec-
tively. Similarly, vo 5 . pcc/Va,q pcc are the PCC voltage;
ia,b,c_invlid,q invare the current flowing through the inverter-side
inductor; i, . /14,4 are the current flowing through the grid-side
inductor and into the BPS at the PCC; v, 44,c/Vc_q,q are the
capacitor voltage; V4 p,./vq,q are the grid voltage. Thus, the
voltage balance equation across the inverter-side inductor is

[Vab.c inv] = Rinv [ta.b.cinv] + Linv% [ia.b.cinv)
+ [VC_abe] - (2)
The current equation of the LCL capacitor is
faine] = lone + O booand . )

The voltage balance equation across the grid-side inductor is

) d ..
[vo_abel = Byc liape] + Lic— llapel + [Vap.e_pecl.
4
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Fig. 5. Schematic of IBRs within an IBR plant connected to the grid.

The voltage balance equation across the grid impedance is

d ..
g% ['La,b,c] + [Ua,b,c] . (5)

For an IBR plant (Fig. 2), the equivalent circuit of the IBRs
connected to the grid via the collector system is shown in Fig. 5,
which can be categorized into the following three cases:

1) Neglect the impedance of the collector system. Each IBR
within the IBR plant has the same filter parameters and
each outputs the same voltage to the ac system at the
inverter terminal. For this case, all the inverters are syn-
chronized.

2) Neglect the impedance of the collector system. Each IBR
within the IBR plant has the same filter parameters and
each outputs a different voltage to the three-phase ac
system at the inverter terminal. For this case, all the
inverters are not synchronized and output different voltage
and current.

3) Consider the impedance of the collector system. Each
IBR within the IBR plant has different filter parameters
and each outputs different voltages to the three-phase ac
system at the inverter terminal.

Let us use superscript k (k =1, 2, ..., N) to distinguish each
individual IBR within an IBR plant, where N represents the
number of IBRs connected online within an IBR plant. In the
following, we will present a theoretical analysis with Case 2 as
arepresentative, in which the voltage at the POM is taken as the
reference.

Theorem 1: 1If each IBR within an IBR plant has the same
filter parameters but outputs different voltages to the grid at the
inverter terminal, then, from the grid perspective, an IBR plant
can be considered as being connected to the grid via a virtually
variable filter impedance, that equals to the filter impedance
divided by the number of IBRs connected online within an IBR
plant, with an output voltage that equals to the average output
voltage of all IBRs.

Proof: Since each IBR outputs different voltages but has the
same filter parameters, (2)—(5) can be rewritten as follows:

[Vab,e_Pcc] = Ry [iap.c] + L

: . d -4
[Us,b,c,inv} = R’i’ﬂv [Z’;,b,c,inv] + Linv% [le;,b,c,in'u]
+ [Uéﬁa b 6] (6)
[ilg,b,c,inv} = [ a,b c] + C [UC a,b c] (7)
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d
[véla,b,c} RfG [ a,b c] + LjG di [ a,b c] + [’Ua,b,c,PCC]
(3)
n d n
UabcPCC RQZ abc CTZ abc ’Ua,b,c]'
k=1 k=1
)]
Sum (6)—(8), respectively, for all IBRs, we have
N N
Z [Ua,b,c,im) = RmU a b,c_ mv
k=1 k:l
d N N
zn'udiz abc inv +Z UC abc
k=1 k=1
(10)
N N d N
Z [ii,b,c,inv] = Z [Zﬁ,b,c] + C% Z [Ué’,a,b,c] (11)
k=1 k=1 k=1
N N
Z [’Ué’,a,b,c] = RfG Z [is,b,c]
k=1 k=1
d N
+ LfG% ; [ vl ¥ N - [ape pec]-
(12)
Rewrite (9)—(12) as follows:
N R, N
Z abc7.nv/ ]74\7;0 abcznv
k=1 k=1
43
a a b,c_ znv
k=1
N
+ > [0 ape] / (13)
k=1
N N
Z ab(’ww :Z[Z‘]Zbc] (N C)dt
k=1 k=1
N
X <Z (V6 abe) / N) (14)
k=1
N
Ry Lic d
z:: e abc :TG[Zabc gl +%%[labcg]
+ [Vap,c.PeC] (15)

) d .
rUa,b,c,PCC] :Rg [Za,b,c_g}‘i“Lg% [Za,b,c_g]+[va,b,c] .
(16)

From (13) to (16), the grid equivalent circuit of an IBR plant
with N IBRs is obtained as shown in Fig. 6, which can be



DAS et al.: VIRTUAL DYNAMIC GRID IMPEDANCE AND ITS IMPACTS ON HARMONICS AND STABILITY OF INVERTER BASED RESOURCES PLANT

Ve im RN LN vea L/G/N RG/N|j, Lg Re Va
" > PN MO
Vi inv Veb ib Vb
_| F———MWWA—"" g YL_ANA—]
Ve iny Vee ic Ve
bl = J P AM—
NxC R
POM

Fig. 6. Grid equivalent circuit of an IBR plant with N LCL-filter-based IBRs.

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 v, . _iny 1S the average
of all IBR output voltages and the plant output current is the sum
of all the IBR output currents. (|

Theorem 2: 1If each IBR within the IBR plant has the same
filter parameters but outputs different voltage to the grid at
the inverter terminal, then, from the IBR perspective, it can
be considered that an average IBR is connected to the grid
via a virtually variable grid impedance that equals to the grid
impedance multiplied by the number of IBRs connected online
within an IBR plant and the injected voltage of the average IBR
is the average of the output voltages of all N IBRs.

Proof: Let us rewrite(9)—(12) as follows:

N N
[Us,b,c,inv:l /N = Riny [isﬁb,c,inv] /N
k=1 k=1
d N N
+LGv%2 [Z’I;,b,c inv] /N+ Z [’Uév a,b,c] /N (17)
k=1 k=1
N n
Z [ig,b,c,inv] /N = Z [ilg,b,c} /N

k=1

N .
Zk:l [vg,a,b,c} ZZ:l ZZ,b,c:|

N A N
I d ZZ:I [ig,b,c} n
thieg N [Va,b,c.PCC]
(19)
22:1 |:i§,b,c:|
[’Ua,lxc,PCC] = NRQT
d ZZ:I |:i§7b,c:|
+ NLgaiN + [Ua,b,c] . (20)

From (17) to (20), the average equivalent circuit of an IBR
within an IBR plant is obtained as shown Fig. 7, in which the
average IBR can be considered as being connected to the grid
via a variable transmission line impedance that equals to the
grid impedance multiplying by the number of IBRs connected
online within an IBR plant. The output voltage and current,
Va,b,c_inv_avg a0 g b ¢ inv_avg Of the average IBR represents
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IBR plant.

the average of the output voltages and currents of all the
IBRs. O

From Theorems 1 and 2, the following two lemmas can also
be obtained for Case 1.

Lemma 1: If each IBR within an IBR plant has the same filter
parameters and injects or outputs the same voltage to the grid at
the inverter terminal, then, an IBR can be considered as being
connected to the grid via a virtually variable grid impedance that
equals to the grid impedance multiplied by the number of IBRs
connected online within an IBR plant.

Lemma 2: If each IBR within an IBR plant has the same
filter parameters and injects or outputs the same voltage to the
grid at the inverter terminal, then, from the grid perspective,
an IBR plant can be considered as being connected to the grid
via a virtually variable filter impedance that equals to the filter
impedance divided by the number of IBRs connected online
within an IBR plant.

However, Case 3 is much more complicated than Cases 1 and
2. To develop an analytical IBR plant model for Case 3, either
the time domain, such as those shown in (6)—(20), or Laplace
transform approach should be utilized. Both will result in very
complex state-space system equations, making the developed
model extremely difficult to evaluate or simulate. Hence, an
approximate model of an IBR plant, based on Theorems 1 and
2 and Lemmas 1 and 2, is proposed for Case 3 as explained in
the following:

1) The IBR within the IBR plant is represented by an average

IBR whose output voltage represents the average of the
output voltages of all N IBRs as follows:

N
V; = E ok N
inv_avg — inv :
k=1

2) The filter parameters of the average IBR are the average
of the filter parameters of all IBRs as follows:

N N
Rf[_avg:ZR?I/NvaI_avg:ZLI}I/chavg
k=1 k=1
N
= ZC’“/N
k=1

N N
Ric avg = Y _ R / N, LG avg = Y _ Lia / N.
k=1 k=1
(22)

3) Regarding the collector system as shown in Fig. 2, assume
there are K parallel feeders in the IBR plant and each

2n
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parallel feeder has Nj, series paths. Then, based on the
series and parallel natures proved for Cases 1 and 2, the
approximate and aggregated average parameters of each
feeder of the collector system are obtained as (23a) and the
approximate and aggregated average parameters of whole
collector system with K parallel feeders are obtained as

(23b).
Nk Nk—l
Riavg= Y iR Liavg= Y i L, (23a)
=1 =1
K K
RCS avg — ZRk avg ZNkaLCS avg
k=1 k=1
K K
= Liavg | > Ni (23b)
k=1 k=1

where R}, and L, represent the resistance and inductance
of the ith series path within the kth parallel feeder, and
R};_avg and Lj;_,,, represent the approximate and aggre-
gated average resistance and inductance of the kth parallel
feeder.

4) With the parameters obtained in (21)—(23), the approxi-
mate equivalent circuit model is obtained in Fig. 8.

IV. IMPACTS OF VIRTUAL DYNAMIC GRID IMPEDANCE

An IBR controller is generally developed based on the IBR
dynamic equations as shown in (2)—(4) in the d-q reference
frame. Usually, the impact of the capacitor (for LCL and LC
filters) is omitted when designing the IBR controller [27] so that
the dynamic equation of an IBR in the d-q reference frame can
be obtained from (2) to (4) as follows:

Vd_inv Z‘d d id —i
=Rs|. Li—|. sL A
[”qinv} ! [’q] MRl [ZQ] Tl [ ld ]

+[QLPCC}
Vq_PCC

where, Ry = R;ny + Ryg and Ly = L;p, + Ly, According to
(4) and (24), the grid impact is applied to an IBR at the PCC
via the grid impedance R,+j-L, in Fig. 6. Basically, the PCC
voltage magnitude, distortion, and unbalance can all affect the
operation and control of an IBR. The grid impedance is typically
determined in terms of the system strength. For an IBR plant,
the CSCR is used to determine the relative strength of the grid
[25]. The CSCR at the POM for an IBR plant is calculated as
follows:

CSCRpom = SCMV Apon/MWiBR Plant

(24)

(25)
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where SCMVApop is the short circuit MVA level at the
POM without the current contribution of the IBR plant, and
MW BR_piant 1s the total nominal power rating of the IBR plant
at the POM. A low CSCR poas (“weak system”) indicates a high
sensitivity of the POM voltage to changes in power injections
at the POM. A high CSCR po) (“stiff”’) has a low sensitivity of
the POM voltage to IBR output.

An IBR inverter, as shown in Section I and (1), is typically a
voltage source inverter (VSI), meaning that the inverter outputs
a voltage signal to the ac system. Hence, the impact study here
is built as follows:

1) The IBR is considered as a voltage source containing

fundamental and harmonic components.

2) The IBRs are connected to the grid as an IBR plant as
shown in Fig. 2.

3) The system strength is determined based on the CSCR
discussed earlier.

4) A new dynamic grid impedance concept, as discussed in
Section III, is employed for the impact study.

5) The harmonic spectrum analysis can be done based on
either Figs. 6 or 7. Note: the CSCR is calculated based
on the maximum capacity of the IBR plant that is 600
1.5MW IBR units. All three IBR filtering schemes (L,
LC, and LCL) are considered.

The LCL filter has the grid-side and inverter-side inductance
of 0.28 mH and the capacitance of 55.7 uF. Detailed design
steps of an LCL filter are available in [27] and [28]. For the
comparison purpose, we used the same total inductance and
capacitance values for the LC and L filters, i.e., the induc-
tance and capacitance values for the LC filter are 0.56 mH and
55.7 uF, respectively, and the inductance value of the L filter is
0.56 mH.

PSpice is used for the harmonic spectrum evaluation based
on the plant equivalent circuit of Fig. 6 and the average IBR
equivalent circuit of Fig. 7, in which the ac sweep simulation
is employed to investigate the impact of different harmonic
voltages and currents at the POM and how they are affected
by IBR injected harmonic voltages and virtually dynamic grid
impedance. In terms of Fig. 6, the current spectrum represents
the total harmonic current spectrum of all the IBRs within the
plant while in terms of Fig. 7, the current spectrum represents
the average inverter harmonic current spectrum. Note: the same
POM harmonic voltage spectrum can be obtained from either
Figs. 6 or 7. Fig. 9 shows the results of the harmonic spectrums of
inverter current, plant current at the POM, and the POM voltage
corresponding to a CSCR value of 2.5 (moderate grid) as the
number of the IBRs connected to the grid is 1, 100, 300, and
600, respectively. From the figure as well as other results, the
following remarks are obtained:

1) Asthe number of the IBRs connected online increases, the

POM voltage impact becomes more evident.

2) For an IBR with an L filter, the POM voltage in-
creases evenly at high order harmonics as the number
of IBRs increases. It is also needed to point out that
IBR higher order harmonic contents are typically small
though.

3) For an IBR with an LC or LCL filter, the impact becomes
critical around the resonant frequencies that could be near
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the IBR current controller crossover frequency and thus
affect the IBR control stability.

4) The POM voltage stability and harmonics depend not only
the system strength but also are affected by the number of
IBRs connected to the grid or the virtually grid impedance.

5) As the number of IBRs increases, the plant harmonic
current spectrum at the POM increases while the inverter
harmonic current spectrum decreases a little.

6) According to [29], [30], an IBR with a LCL or LC filter
can only tolerate the grid impedance variation within
10%. But the study indicates that from the standpoint of
multiple IBRs connected to the grid via a transmission
line, the virtually grid impedance could shift far beyond
the toleration range and thus affect the operation of the
IBRs if this is not considered in the IBR design.

V. VIRTUAL GRID IMPEDANCE IMPACT ON HARMONICS AND
STABILITY OF IBR PLANT VIA EMT SIMULATION

To evaluate the transient impact of the virtually equivalent
dynamic grid impedance on the harmonics and stability of an
IBR plant, an EMT simulation of a grid-connected IBR plant
was implemented by using MATLAB as shown in Fig. 10, in which
each IBR unit is connected to a 690 V/25 kV step-up transformer
via an LCL filter, which can be easily modified as an LC or L
filter by removing the grid-side inductor Ly and the capacitor
C. Each IBR unit consists of a renewable energy source (RES)
on the left (such as a WT or PV array) and the RES controller
controls the active power extracted from the RES and sent to the
grid based on a reference power command P*, and the inverter
controller controls the interconnection of the IBR with the grid.
Each IBR unit, after the step-up transformer, is connected to
the grid via the collector system and the transmission line. The
grid line voltage at the POl is 120 kV, which is connected to the
IBR plant (with up to hundreds of IBR units) via an RL element
representing the transmission line and a step-down transformer
(120 kV/25 kV) [Fig. 10(b)].
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The detailed configuration of the inverter controller is shown
in Fig. 10(c), which consists of an inner current controller and
an outer dc-link voltage controller and a PCC voltage or reactive
power controller. The conventional dq control frame [27], [31]
was applied to the controller design of each IBR based on the
frequency response design technique. The switching frequency
of the inverter is 9000 Hz and the PCC voltage is considered to
be fixed at the nominal value. For the current-loop controller, the
transfer function is 1/(R¢+s-L¢) (Note: the filter capacitor of an
LC or LCL filter is typically omitted in the controller design in
the literature [27], [31]), the crossover frequency is 500 Hz, and
the phase margin is 60°. For the dc-link voltage controller, the
transfer function is v/3 - m1 /(2\/5 - C' - s) [32], the crossover
frequency is 50 Hz, and the phase margin is 60°, where m1 is
the modulation index and was selected as 0.75 in the design.
The designed controller parameters were then tuned for the best
performance. The reactive power controller and the PCC bus
voltage controller were tuned until a satisfactory performance
was achieved.

Before conducting the EMT simulation evaluation of an IBR
plant, we first evaluated and compared the aggregated (Fig. 10)
and detailed IBR plant models. In general, it was found that
if all the IBRs are connected to the POM in parallel, both
the aggregated and detailed models basically have the same
performance at the POM, which is consistent with the proof
shown in Section III for Case 2 condition; if the IBRs are
connected to the POM in a series and parallel combination as
shown in Fig. 2, the detailed and approximate aggregated plant
models are close. Overall, the comparison study shows that the
aggregated model (Fig. 10) is effective in evaluating the impact
of the virtual grid impedance as presented below for an IBR
plant with L, LC, and LCL filters.

A. IBR Plant With L-Filter IBRs

In this study, all the IBRs within an IBR plant use an L-filter
connected to the grid with the number of IBR units within the
plant changing from 1 to 600. Fig. 11 shows the current and
voltage waveforms at the 25 kV bus of the IBR plant corre-
sponding to a strong grid case when each IBR delivers 500 kW
active power and 20 kVAR reactive power to the grid. Fig. 12
shows the results at the same power level corresponding to a
weak grid case. From the figures and other results, the following
remarks are obtained. As the number of the IBRs increases in the
plant, more harmonic distortions are found in both the current
and voltage waveforms. The impact on the current distortion is
less than that on the voltage distortion because the IBR current
controller and its filter tries to maintain the current waveform
as sinusoidal as possible. The harmonic stability is worse in the
weak grid condition especially for the voltage waveform, which
could affect the stability of the controller because of the PLL and
voltage dq transformation that are needed for the IBR controller.

B. IBR Plant With LC-Filter IBRs

In this case, all the IBRs within the IBR plant have an LC filter.
Figs. 13 and 14 show the current and voltage waveforms at the
25 kV bus of the IBR plant corresponding to the strong and weak



15476

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2022

——aA
- — < To IBR Plant
" 3¢ POM POl
BTR-e 7 Cde Bl T \5 . A
° I L Josve : s 35 B oMM
DER-side Grid-side Lf <o) Lg PCC 690 VI25kV  B25kv -
Converter Irverber & % 1.5T MVA " o BRVA20K Grid Line impedance Gid
’ 0 grid —>
0 P & (b)
Vde
DER Controller (@) Inverter Controller
-] ia va  @O(LintLg)iq
Vi -
* - e * i . Ny~ * =
V de ig At Vdiny V d inv_adj
+ + i
(© PI ]
— Omax (,urrcnt Voltage
Reactive Limitation Limitation
+
. Power + ) 5 *
N Powe;
V' pce N Limitation :f/ Vg inv V g inv_adj
Vpce * Omin O(Liny+ L) i
O rcc Opcc g

Fig. 10.
and transmission system. (c) Inverter controller model.

i i (a1) THD = 5.17% ’\(b1) THD = 8.30%
g opomonmosn ATV
5 4
©
= 40 (a2) THD = 4.26% l(bz) THD = 16.06% 1
= 20
;RO R
= 20V
S 20 W

-40

1.5 1.55 1.61.5 1.55 1.6
Time [s] Time [s]

Fig. 11.  Current (al and a2) and voltage (bl and b2) waveforms with 50 (al
and bl) and 300 (a2 and b2) IBR units at a strong (CSCR = 4.5) grid condition.
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= j (a1) THD = 5.21% (b1) THD = 4.93%
g 0 ESESSe s RseIs eSS IS &w&%&w%’xx?c\xy
3
= 40 (a2) THD = 3.04% (b2) THD = 7.81%
=, 20
S R IR
= 20 v
= 0
1.5 1.55 1.61.5 1.55 1.6
Time [s] Time [s]

Fig. 13.  Current (al and a2) and voltage (bl and b2) waveforms with 46 (al
and bl) and 106 (a2 and b2) IBR units at a strong (CSCR = 4.5) grid condition.

grid cases, respectively. The power level is the same as those used
in Figs. 11 and 12. Compared to the results of the L-filter IBR
plant, the current and voltage harmonic distortions are lower

Configuration of individual IBR system within an IBR plant connected to the grid. (a) Individual IBR unit model. (b) EMT simulation model of the grid
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Fig. 14.  Current and voltage waveforms at the 25 kV bus of the IBR plant
with 46 IBR units at a weak (CSCR = 1.5) grid condition.

under the same number of the IBRs within the IBR plant. This
is benefitted by the fact that an LC filter is the second-order
filter, which exhibits better damping behaviors than an L filter
[33]. However, as the IBR number increases, the resonance of
the LC filter causes a significant impact on the stability of the
PCC voltage. Especially, as the capacitor is directly connected
in parallel to the grid, the resonance would cause a high spike in
the PCC voltage (Fig. 13-b2). This situation is even worse for the
weak grid case [Fig. 14(b)] and could cause the IBR controller
failure. In the EMT simulation study, we could only get a stable
result up to 106 IBRs for the strong grid case and 46 IBRs for
the weak grid case.

C. IBR Plant With LCL-Filter IBRs

In this case, all the IBRs within the plant have an LCL filter.
Figs. 15 and 16 show the results at the strong and weak grid
conditions, respectively. Compared to an L- and LC-filter plant,
the current and voltage harmonic distortions are lower. This
is benefitted by the fact that an LCL filter is a third-order
filter, which exhibits better damping behaviors than an L or
LC filter [33]. Compared to the LC-filter plant, the high spike
problem of the PCC voltage is resolved as its capacitor is not
directly connected to the PCC, which benefits the reliability
of the IBR controller. However, as the number of IBRs increases,
the resonance impact of the filter dominates the harmonics of
the plant and the harmonic distortion deteriorates quickly as the
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TABLE I
CURRENT AND VOLTAGE THDS AT POM

Strong grid (CSCR=4.5) Weak grid (CSCR=1.5)

# of

[BRs|_-THD (%) V-THD (%) I-THD (%) V-THD (%)

L [LC|LCL| L |LC |LCL| L |[LC|LCL| L |LC |LCL

1 6.28]5.86]5.16 |0.59] 0.5 | 0.42 [6.26]5.83[5.18] 0.84 |0.61| 0.54

46 16.49(5.21| 5.15 [4.00]3.04 | 3.03 |7.07| 4.9 |5.00| 7.57 [16.26] 6.16

50 |6.52]5.17] 5.15 |4.26[3.29 | 3.19 |7.09|N/A[4.95| 7.93 |N/A| 6.68

100 [6.87[4.95| 4.88 [7.08]|5.92 | 5.84 |7.91|N/A|4.76]13.05|N/A |12.11

200 [7.59|N/A| 4.82 |11.9] N/A |10.67[9.15|N/A [4.86]21.95|N/A |21.27

300 | 8.3 [N/A|4.65 [16.1| N/A |15.16|9.12|N/A |27.2{29.86 | N/A |41.95

500 [9.29|N/A| 5.2 |23.1| N/A |22.92 N/A

IBRs added to the plant increases. This is more evident in the
weak grid condition.

D. Summary of an IBR Plant With L/LC/LCL-Filter IBRs

A more detailed evaluation is given in Table I for the plant
containing IBRs with the three different filters at the strong and
weak grid conditions, respectively. In general, under the same
grid conditions, the L-filter plant can allow more IBRs added
into the plant compared to the LCL- or LC-filter plant. The LCL-
filter plant has a lower harmonic distortion than the L-filter plant
before the resonance starts to dominate as the number of the IBRs
added to the plant increases. The LC-filter plant becomes highly
unreliable as the number of the IBRs added to the plant increases
and is in general not suitable for aggregated interconnection of
IBRs to the grid.

From Table 1, it is evident that the V-THD increases with the
number of IBRs. The reason is that the total harmonics passing
through the transmission line (Fig. 2) increase with the IBR
number, which causes a higher total harmonic voltage at the PCC
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as the IBR number increases while the fundamental voltage at the
PCC, depending on the grid voltage, is unchanged. Therefore,
the V-THD would increase with the number of IBRs connected
online.

Different from the V-THD, the I-THD initially decreases
slightly and then increases as the number of IBRs increases.
The initial drop of the I-THD is consistent with the harmonic
current spectrum analysis, shown in Fig. 9 and Section IV,
from the inverter perspective. Note: the I-THD is calculated as
the total harmonic current RMS over the fundamental current
RMS. Thus, the I-THD at the POM for the IBR plant should
be evaluated in comparison with the inverter harmonic cur-
rent spectrum. However, the spectrum analysis (Fig. 9) does
not contain the impact of the harmonic voltages at the POM.
As the harmonic voltages at the POM become dominant with
a high IBR number, it will affect and increase the inverter
I-THD as shown in Table I and Section IV-A to IV-C as
well.

Fig. 17 shows the waveforms of the active power, reactive
power, and the bus voltage at the POM 25 kV side to show the
transient response characteristics for an IBR plant with LCL-
filter IBRs, in which the active power reference of each IBR
in the plant is kept at 500 kW, the reactive power reference of
each IBR is 100 kVAR, and the number of the operating IBRs is
initially O and changes to 50 from 0.4 to 2 s,200 from 2 to 4 s, and
400 after 4 s. Note: a rate limiter was applied to each IBR power
controller to eliminate the sharp change of the active/reactive
power.

E. Further Discussion of the Case Studies

More case studies show that there could be four ways to reduce
the impacts of the virtual grid impedance on the stability and
THD: increasing the grid strength, adjusting the filter parameters
of the IBRs, improving IBR design, and developing new IBR
control technologies. Also, other research findings and new
approaches could be developed in this field to reduce the impacts
in the future.

First, increasing the grid strength would reduce the virtual grid
impedance under the same number of IBRs connected online
within an IBR plant. This will reduce the PCC voltage THD and
thus reduce the THD of the current injected by an IBR into the
grid. However, increasing the grid strength could be costly or
impractical in some cases.
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Second, regarding the filter parameters, increasing filter in-
ductance generally reduces the harmonics of the current injected
into the grid by an IBR. However, a high inductance value
could push an inverter closer to the PWM saturation boundary.
Therefore, the design of the filter inductance should consider
both the THD and PWM saturation constraint requirements for
all three types of filters. On the other hand, for LC and LCL
filters, reducing the capacitance value of the filters would shift
the resonant frequency to a high frequency region [28], [29] and
reduce the THD impact caused by the resonance of the filters.
However, a too small capacitance value would downgrade an
LC or LCL filter to an L filter.

Third, regarding improved IBR system design, this may in-
volve new design strategies for the IBR system by addressing
virtual grid impedance impact in the design process.

Fourth, regarding IBR control technologies, existing IBR
control methods, such as the current-loop control, are typically
designed based on the transfer function of 1/(R¢+s-L¢) without
considering the PCC voltage impact. The virtual impedance
presented in this article would make it important to develop
new IBR control techniques in the future by considering the
PCC voltage impact caused by the virtual grid impedance. In
our study, we found that the inverter is affected more by the
voltage harmonics at the PCC if the current-loop controller is
slow and the inverter is less affected by the voltage harmonics
at the PCC if the current-loop controller is fast. However, the
design of the controller response speed should also consider the
inverter switching frequency and resonant frequency of the LC
or LCL filter.

Last, among the three filters, the stable operation of an IBR
with an LC filter is affected more by the virtual grid impedance.
This is due to the fact that the capacitor of an LC filter is
directly connected to the PCC. Thus, any PCC voltage distur-
bance caused by the virtual grid impedance would cause a quick
response of the capacitor and affect the stability of the IBR. To
reduce the impact, an LCL or L filter would be a better option
for IBRs in a plant structure.
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Overall, in designing an IBR in a plant structure, the virtual
impedance of the grid instead of the grid impedance should be
considered in the IBR design process in a plant structure.

VI. HARDWARE EXPERIMENT VALIDATION

To verify the simulation evaluation, a hardware experiment
system was built and a series of experiments were conducted.

A. Experimental Setup

The experiment setup is shown in Fig. 18. The IBRs were
built by using two LabVolt power converter modules. A three-
phase voltage source with a line-line voltage of 208 V RMS
was utilized to represent the ac power grid. The power source
was connected to the two inverters via a 3-phase transformer
with a turn ratio of v/3 /1. Each inverter had an independent dc
power supply, was connected to the grid via an LC filter, and
was controlled by a separate dSPACE DS1103 system [34]. The
two dSPACE control systems were not synchronized.

Each LC filter has Ly= 5.7 mH, Ry = 0.25 Q, C = 5 uF,
and Rc= 0.4 ). The transformer resistance is R;, = 0.4049
and inductance is Ly = 0.483 mH. The three-phase ac system
approximately has an inductance of L, = 2.4 mH and resis-
tance of R, = 0.0452 (considering X/R = 20). Based on the
aforementioned parameter values, the CSCR of the experimental
two-inverter system is calculated as 3.0439 and the simulation
model of the experimental two-inverter system is built as shown
in Fig. 18(a).

B. Simulation Results

Fig. 19 shows the simulation results of the experimental
system. The test sequence is scheduled as follows. Inverter 1 is
connected to the grid att = 1 sec and Inverter 2 is connected to the
grid at about t = 3 sec. The power references of both inverters
are 420 W and 0 VAR, which represents a d-axis current of
3.5 A and a g-axis current of O A. The voltage and current at the
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current. (c) d- and g-axes currents of inverters 1 and 2.

transformer output terminal were measured and harmonic levels
during the operation of single and two inverters were calculated
[Fig. 19(a) and (b)]. The voltage and current THDs were 1.39%
and 5.24% when only one inverter was in operation and changed
to 1.71% and 3.73% when the second inverter was connected to
the grid. This result is consistent with the spectrum analysis
shown in Section IV and EMT simulation shown in Section V
when the added IBR number is small.

C. Hardware Experimental Results

Fig. 20 shows the experiment results. The test sequence is
scheduled as follows, with O sec as the starting point for data
recording. Inverter 1 is connected to the grid at t = 2 sec and
Inverter 2 is connected to the grid at about t = 32 sec. The
power references of both inverters are 480 W and 0 VAR, which
represents a d-axis current of 4 A and a g-axis current of 0 A. The
voltage and current at the transformer output terminal (POM)
were measured and harmonic levels at the POM during the
operation of single and two inverters were calculated [Fig. 20(a)
and (b)]. In general, the V-THD at the POM was about 3.18%
when only one inverter was in operation and changed to 3.86%
when two inverters were connected, which is consistent with the
voltage harmonic spectrum (Section IV) and EMT simulation
(Section V) results. For the I-THD, we found that the I-THD at
the POM was about 7.02% when only one inverter was in opera-
tion and changed to 5.92% when two inverters were connected,
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which is consistent with the current harmonic spectrum (Sec-
tion IV) and EMT simulation (Section V) for low IBR number.
However, we also found that the I-THD at the POM was higher
sometimes when two inverters were connected, which could be
caused by disturbance, noises, and distorted grid voltage that
pre-existed in the system. In addition, it was found that when two
inverters were connected there were more oscillations in the d-
and g-axes currents of the two inverters [Fig. 20(c)], which was
caused by the circulating currents between the two inverters. In
general, the experiment results are consistent with the simulation
results shown in Fig. 19 and Section V.

VII. CONCLUSION

This article presents a harmonic and stability study of IBR
plants based on a new virtually dynamic grid impedance con-
cept developed in this article. The study shows that the virtual
grid impedance varies as the number of IBRs within an IBR
plant increases or decreases. This can affect the harmonics and
stability of the grid and the reliability of the IBR plants too.

The frequency spectrum analysis shows that the change in
virtually equivalent grid impedance can heavily impact the op-
eration, harmonics, and stability of an IBR plant. Especially, for
an IBR plant with IBRs based upon LC and LCL filters, the res-
onance effect could magnify the harmonics and instability and
significantly deteriorate the reliable operation of IBRs within the
plant as the number of IBRs added into an IBR plant increases.
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The EMT simulation further demonstrates that under the same
grid conditions, the plant with L-filter IBRs can allow a higher
equivalent grid impedance value compared to the LCL-filter
plant or LC-filter plant. The LCL-filter plant has lower har-
monic distortion than the L-filter plant. However, as the virtual
grid impedance increases, the resonance impact of the system
becomes dominant for an LCL- or LC-filter plant. Especially,
an LC-filter plant becomes highly unreliable and is in general
not suitable for aggregated interconnection of IBRs to the grid.
The simulation study is validated via hardware experiments.
Overall, the study shows that the new virtually equivalent dy-
namic grid impedance impact is an important factor that needs
to be considered in the design and development of an IBR
plant.
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