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A B S T R A C T

The growing use of renewable energy sources such as wind and solar in distribution networks (DNs) poses a
challenge for DN protection. Inverter-based resources (IBRs) have fault responses that differ from conventional
generators, which can have a significant impact on how the DN is protected and lead to misoperations, such
as blinding. Use of simplified inverter models may result in incorrect relay settings and relay misoperations.
This paper leverages a comprehensive grid-following inverter with dynamic reactive current (DRC) limiting
model. The inverter with DRC model is combined with distribution system equations, to form a nonlinear
differential and algebraic equations (NDAE) model, in which the fault response is verified. The grid-following
inverter with DRC limiting is then implemented in a distribution system with protection elements and compared
with a simplified fault response model based on frozen control. The system is tested under varying irradiance
conditions, as well as varying dynamic factor 𝐾 of the DRC limiting model. The effect of the DRC current
limiting model on protection blinding is investigated as well. The case study reveals that precise modeling of
the PV inverter including the DRC limiter is indeed required to properly identify and predict blinding scenarios
in the DN.
1. Introduction

Modeling of power electronics inverters with current limiting strate-
gies is important for understanding the transient fault response of
the network, ensure system protection, and avoid relay misoperations.
With the recent integration of inverter-based resources (IBRs) into
the distribution network (DN), traditional protection systems can face
challenges in maintaining safe and reliable operation of the grid. IBR
integration affects the fault currents of the system due to limited
inverter current contribution during faults [1], and causes bidirectional
urrent flows that impact the protection system. In addition, if there
s a large number of inverters integrated into the DNs, the increase
n fault current may cause misoperation of the protective devices [2],
articularly overcurrent relays (OCR), which are typically used in DNs
o protect from faults [3]. The OCR continuously monitors the current
nd if the current exceeds the specified setpoint, called pickup setting,
he relay sends a trip signal to the circuit breaker. Greater penetration
f IBRs can reduce upstream fault currents below the pickup setting,
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causing blinding misoperations [4], which is the focus of the present
study. In addition to greater IBR penetration, PV irradiance, which
varies throughout the day, may also cause significant changes in fault
currents and this effect is also investigated in this work. Accurate fault
analysis is required to determine OCR settings, thus modeling of the
inverter and its fault response, is of great importance for protection
studies considering distribution networks with IBRs.

Modeling of grid-following inverter controls includes the phase-
locked loop (PLL), LCL filter, power controller, and current controller
generally designed in the 𝑑𝑞 (direct-quadrature or synchronous) ref-
erence frame [5–8]. The works in [5–8] do not include fault studies,
however they focus on the dynamical models of inverter control and
the response to step disturbances resulting from inverter power com-
mands. Model nonlinearities are bypassed by linearizing the nonlinear
equations around an equilibrium point. Also, the aforementioned works
do not place particular emphasis on the distribution network and how
the bus voltages, which amount to algebraic states of the network,
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vary when IBRs are integrated. In [9], although the nonlinearities
in the IBRs integrated DN are considered, the developed model only
studies dynamic stability under relatively small disturbances, such as a
trip of lines, and step change in loads. In addition, the work in [9]
entions that the proposed model cannot be used to perform short
ircuit analysis. The short circuit response of inverters and their current
imiting capability have been previously studied; see e.g., [1,10–15].
The fault current contribution from inverters is typically limited to 1.2–
1.5 times the rated current. Although studies on inverter short circuit
contribution exist, such as the ones mentioned previously, most of these
works lack in standardizing the inverter model and current limiting
strategies for fault studies. In general, during faults, the inverter must
provide fault current as a function of the terminal voltage at the point
of common coupling (PCC). Specifically, the dynamic reactive current
(DRC) limiting model for the inverter postulates reactive current injec-
tion which is proportional to the voltage deviation from the nominal
voltage during the fault [16]. The proportionality between the inverter
eactive current injection and the voltage deviation at the PCC is
efined by the dynamic factor 𝐾. While the current limiting of inverters
as been modeled and studied, the applicability of such models for
ault studies, and by extension for protection studies, are recently
eceiving wider attention. For example, the optimization based solver
eveloped in [12] performs short-circuit analysis of inverter-integrated
Ns but only considers a constant current source model for the inverter.
YME distribution analysis software, recently introduced a nonlinear
nverter fault response model in version 9.3, whereas previous versions
ontained only constant current and voltage source behind impedance
odels. Studying the effect of inverter nonlinear models on protection
ystems is a growing area of interest, explained more in the next
aragraph.
There are studies which investigate phenomena such as harmonic

ollution [17], fault impedance [18], and transformer inrush [19], and
heir effects on overcurrent protection. Similarly, the effect of IBRs
n network protection is a growing research area, but with respect to
ynamic current limiting and OCR-based protection, it is not yet very
ell studied. The work in [11] studies the impact of IBRs on protection
ut lacks insight on the impact to OCRs and blinding misoperations.
he fault response of solar DERs is explored in [10], but very little focus
s placed on the protection. The work in [20] investigates the effect
f negative sequence current injection on impedance-based protection,
ompared to conventional generators. The effect of nonlinear IBR fault
odels on incremental quantities-based protection is studied in [21].
he aforementioned papers study the effect of nonlinear IBR models
n certain protection elements, however, the effects of the PV inverter
ynamic current limiter on OCRs for DN, considering varying solar
rradiance, as well as varying dynamic factor 𝐾, remains a desired study
opic.
This paper develops a detailed nonlinear differential and algebraic

quation (NDAE) model of a grid-following inverter interacting with a
istribution system. Commercial simulation tools are usually limited to
ne inverter model with a few control types, as well current limiting
trategies which cannot be modified by the user. When compared to
ommercial simulation, the NDAE model allows any different inverter
odel and control, as well as fault limiting strategies and can be tested
n different distribution networks. A detailed DRC control and limiter
odel is incorporated together with legacy short-circuit response char-
cterized by frozen control for comparison purposes. The grid-following
nverter model also includes a PLL, LCL filter, power controller, and
urrent controller. Subsequently, this paper leverages the detailed grid-
ollowing inverter model, which is extended to include a PV system, to
resent an analysis of blinding misoperations in protection systems.
The contributions of this work are summarized as follows:

• Development of a comprehensive NDAE model that includes dis-
tribution system dynamics and a grid-following inverter with DRC
limiting.
2

Fig. 1. Grid following inverter schematic.

• Simulation of balanced faults with the NDAE model on a 5-bus
distribution system using MATLAB’s ordinary differential equa-
tions (ODE) solver and comparison with the Simulink model.

• Simulink implementation of grid-following inverter for a solar PV
system, connected to 5-bus distribution system with protection
elements.

• Study of the effect of DRC limiting model on protection blinding
while considering varying solar irradiance and different 𝐾-factor
of the DRC limiter.

2. NDAE modeling of the inverter-integrated distribution system

Consider an 𝑛-bus, 3-phase distribution system modeled as a tree
network with set of edges denoted by  . Bus-1 (root node) is the slack
bus. The inverter is connected to a bus designated as the point of com-
mon coupling (PCC) through an LCL filter. In this work, we leverage
the dynamics of the grid-following inverter model depicted in Fig. 1
represented in a local 𝑑𝑞 synchronous reference frame. The dynamics of
the rest of the system (that generically includes loads, transformers, and
lines) are represented in a global synchronous reference frame 𝐷𝑄. The
transformation angles the define the respective synchronous reference
frames are given in the sequel. The overall system dynamics depend
on the dynamics of the inverter combined with the current limiting
strategy, as well as the connected load, transformer, and distribution
lines between them. The various elements of the NDAE model are
presented next.

2.1. Inverter

In this section, the detailed analytical model of the inverter and its
controls including the current limiting strategies are developed.

2.1.1. Phase-Locked Loop (PLL)
The PLL is necessary to measure the actual frequency of the system.

This work adopts a 𝑑𝑞-based PLL [5]. The PLL synchronizes the esti-
mated frequency 𝜔PLL to the grid synchronous frequency and produces
the angle 𝛿 for the 𝑑𝑞 transformation. The PLL aligns the 𝑑 or 𝑞 axis to
the measured voltage and correspondingly sets 𝑣𝑜𝑞 or 𝑣𝑜𝑑 to zero upon
synchronization. In this paper, it is assumed that the PLL will set 𝑣𝑜𝑑 = 0
at steady-state. The equations pertaining to the PLL block are

𝑣̇𝑜𝑑,𝑓 = 𝜔𝑐,PLL𝑣𝑜𝑑 − 𝜔𝑐,PLL𝑣𝑜𝑑,𝑓 (1a)

𝛷̇PLL = −𝑣𝑜𝑑,𝑓 (1b)

𝜔PLL = 𝜔𝑛 − 𝑘𝑝,PLL𝑣𝑜𝑑,𝑓 + 𝑘𝑖,PLL𝛷PLL (1c)

𝛿̇ = 𝜔PLL − 𝜔𝑛 (1d)

where 𝑣𝑜𝑑,𝑓 is the filtered 𝑑-axis voltage component; 𝜔𝑐,PLL is the cut-off
frequency of the PLL low-pass filter; 𝛷 is an auxiliary state; 𝜔 is
PLL PLL
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the estimated PLL frequency; 𝜔𝑛 is the nominal grid synchronous fre-
uency; 𝑘𝑝,PLL and 𝑘𝑖,PLL are the gains of the PI controller. The dynamic
tate vector corresponding to the PLL block is 𝒙PLL =

[

𝑣𝑜𝑑,𝑓 , 𝛷PLL, 𝛿
]𝑇 .

.1.2. LCL filter
The LCL filter in Fig. 1 consists of the filter inductance 𝐿𝑓 , filter

apacitance 𝐶𝑓 , filter resistance 𝑅𝑓 , the coupling inductance 𝐿𝑐 and
esistance 𝑅𝑐 , and a damping resistor 𝑅𝑑 . The differential equations
re obtained by applying Kirchoff’s voltage law (KVL) between nodes
t the input, output, and filter capacitor branches of the LCL filter in
ig. 1. The KVL equations in phase domain (𝑎𝑏𝑐) are converted to 𝑑𝑞
rame using the transformation discussed in [22, Ch. 3] to yield the
quations pertaining to the LCL filter as follows [5]

𝑖̇𝑖𝑑 = 1
𝐿𝑓

(𝑣𝑖𝑑 − 𝑣𝑜𝑑 − 𝑅𝑓 𝑖𝑖𝑑 ) + 𝜔𝑃𝐿𝐿𝑖𝑖𝑞 (2a)

𝑖̇𝑖𝑞 =
1
𝐿𝑓

(𝑣𝑖𝑞 − 𝑣𝑜𝑞 − 𝑅𝑓 𝑖𝑖𝑞) − 𝜔𝑃𝐿𝐿𝑖𝑖𝑑 (2b)

𝑖̇𝑜𝑑 = 1
𝐿𝑐

(𝑣𝑜𝑑 − 𝑣PCC,𝑑 − 𝑅𝑐 𝑖𝑜𝑑 ) + 𝜔𝑃𝐿𝐿𝑖𝑜𝑞 (2c)

𝑖̇𝑜𝑞 =
1
𝐿𝑐

(𝑣𝑜𝑞 − 𝑣PCC,𝑞 − 𝑅𝑐 𝑖𝑜𝑞) − 𝜔𝑃𝐿𝐿𝑖𝑜𝑑 (2d)

𝑣̇𝑜𝑑 = 1
𝐶𝑓

(𝑖𝑖𝑑 − 𝑖𝑜𝑑 ) + 𝜔𝑃𝐿𝐿𝑣𝑜𝑞 + 𝑅𝑑 (𝑖̇𝑖𝑑 − 𝑖̇𝑜𝑑 ) (2e)

𝑣̇𝑜𝑞 =
1
𝐶𝑓

(𝑖𝑖𝑞 − 𝑖𝑜𝑞) − 𝜔𝑃𝐿𝐿𝑣𝑜𝑑 + 𝑅𝑑 (𝑖̇𝑖𝑞 − 𝑖̇𝑜𝑞) (2f)

where 𝑖𝑖𝑑𝑞 are the 𝑑𝑞 frame input currents of the filter. Assuming that
the system is lossless, we consider that the commanded voltages 𝑣∗𝑖𝑑𝑞—
depicted as outputs of the current controller in Fig. 1 and discussed
in Section 2.1.5—appear at the input of the filter inductor, that is,
𝑣∗𝑖𝑑𝑞 = 𝑣𝑖𝑑𝑞 . The output currents and the output voltages of the inverter
in 𝑑𝑞 frame are denoted as 𝑖𝑜𝑑𝑞 and 𝑣𝑜𝑑𝑞 , respectively. The voltages
𝑣𝑜𝑑𝑞 are fed back to the power controller for the reference currents
calculations (cf. the next section). The bus voltages at PCC are defined
as 𝑣PCC,𝑑𝑞 . The PCC will be any bus 𝑗 = 2,… , 𝑛 of the network where an
IBR is connected to. The dynamic state vector for the LCL filter block
is defined as 𝒙LCL =

[

𝑖𝑖𝑑 , 𝑖𝑖𝑞 , 𝑖𝑜𝑑 , 𝑖𝑜𝑞 , 𝑣𝑜𝑑 , 𝑣𝑜𝑞
]𝑇 .

2.1.3. Power controller
The power controller regulates the output power by computing

the output current references 𝑖∗𝑜𝑑𝑞 based on feedback from the output
voltages 𝑣𝑜𝑑𝑞 using the instantaneous power theory [1]. The equations
pertaining to the power controller are

𝑖𝑜𝑑 = 2
3

1
𝑣2𝑜𝑑 + 𝑣

2
𝑜𝑞
(𝑣𝑜𝑑𝑃ref + 𝑣𝑜𝑞𝑄ref ) (3a)

𝑖𝑜𝑞 =
2
3

1
𝑣2𝑜𝑑 + 𝑣

2
𝑜𝑞
(𝑣𝑜𝑞𝑃ref − 𝑣𝑜𝑑𝑄ref ) (3b)

here 𝑃ref , 𝑄ref are the real and reactive power reference set points.
he outputs of the power controller are as follows
∗
𝑜𝑑 = 𝑖𝑖𝑑 + 𝑖𝑜𝑑 − 𝑖𝑜𝑑 (4a)

𝑖∗𝑜𝑞 = 𝑖𝑖𝑞 + 𝑖𝑜𝑞 − 𝑖𝑜𝑞 (4b)

nder faulted conditions, the current references 𝑖𝑜𝑑𝑞 need to be ad-
usted, as described next.

.1.4. Current limiter
To protect the power electronics from damage due to over voltage or

ver currents during faults, the inverter output current should be lim-
ted. The current references produced by the power controller [cf. (4)]
are not applied during faults and the inverter acts like a current source
subject to the following current limiting strategies:

• Frozen control: In this current limiting strategy, the inverter re-
mains connected to the system and continues to feed its pre-fault
output current, i.e, 𝑖ref = 𝑖 .
3

𝑜𝑑𝑞 𝑜𝑑𝑞,prefault
Fig. 2. Grid code requirement for reactive current injection during faults.

• Dynamic reactive current control: The inverter remains con-
nected to the network and injects reactive current to the system.

First, the inverter rated current is defined as 𝐼rated =
√

𝑃 2
rated+𝑄

2
rated

√

3𝑉PCC,LL,rated
,

where 𝑉PCC,LL,rated is the rated line-to-line voltage at the PCC.
During faults, the inverter has the capability to provide current
larger than its rated value by a factor typically in the range of 1.2–
1.5. In the present paper, the maximum injected current during
faults is defined as 𝐼limit = 1.2𝐼rated.

Typical grid code requirement for positive-sequence reactive current
(𝑖𝑜𝑑) injection is shown in Fig. 2. The premise is to ensure that inverters
contribute reactive current during faults, with the purpose of providing
voltage support. The per-unit change in terminal voltage at the PCC

is 𝛥𝑣pu =

√

𝑣2PCC,𝑑+𝑣
2
PCC,𝑞−𝑉nom

𝑉nom
, where 𝑉nom = 𝑉PCC,LL,rated

√

3
. When 𝛥𝑣pu is

within ±5% (cf. the deadband in Fig. 2), the inverter does not alter the
current references computed by the power controller, that is, 𝑖ref𝑜𝑑𝑞 will
take the values calculated in (4). When the per-unit voltage deviation
at the PCC 𝛥𝑣pu is outside of the deadband, the inverter injects positive
sequence reactive current proportionally to 𝛥𝑣pu. The slope is denoted
by dynamic factor 𝐾 in Fig. 2. The reactive current injection is

𝑖reactive = 𝑖𝑜𝑑,prefault −𝐾𝛥𝑣pu
√

2𝐼rated (5a)

𝑖ref𝑜𝑑 = min
{

max
{

𝑖reactive,−
√

2𝐼limit

}

,
√

2𝐼limit

}

(5b)

here the factor
√

2 accounts for the transformation from phase frame
uantities (𝐼rated and 𝐼limit) to 𝑑𝑞 frame quantities (𝑖𝑜𝑑) following the 𝑑𝑞
ransformation definition given in [22, Ch. 3]. Eq. (5a) adjusts the pre-
ault reactive current reference (if non-zero) by adding a component
hat follows the requirement of Fig. 2. Eq. (5b) projects the reactive
current reference to respect the limit given by 𝐼limit .

The available active current injection is given by

𝑖ref𝑜𝑞 = sign(𝑖𝑜𝑞) min
{

|𝑖𝑜𝑞|,
√

(
√

2𝐼limit )2 − (𝑖ref𝑜𝑑 )
2
}

(6)

q. (6) prescribes that the active current reference produced by (4b)
either remains unchanged or it is reduced so that together with 𝑖ref𝑜𝑞 the
current limit is respected. The output currents 𝑖ref𝑜𝑑𝑞 are given as the input
to the current controller to calculate the commanded voltages 𝑣∗𝑖𝑑𝑞 as
discussed next.

2.1.5. Current controller
The current controller takes the difference between the output

currents 𝑖ref𝑜𝑑𝑞 obtained after applying the current limiting strategy and
the input currents of the filter to calculate the commanded voltages
𝑣∗𝑖𝑑𝑞 . The dynamic equations that describe the behavior of the current
controller include the state variables 𝛾𝑑𝑞 as follows

∗
𝛾̇𝑑 = 𝑖𝑜𝑑 − 𝑖𝑖𝑑 (7a)
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𝛾̇𝑞 = 𝑖∗𝑜𝑞 − 𝑖𝑖𝑞 (7b)

The outputs of the current controller are defined as
∗
𝑖𝑑 = −𝜔𝑛𝐿𝑓 𝑖𝑖𝑞 + 𝑘𝑖𝑐,𝑑𝛾𝑑 + 𝑘𝑝𝑐,𝑑 𝛾̇𝑑 + 𝑣𝑜𝑑 (8a)

𝑣∗𝑖𝑞 = 𝜔𝑛𝐿𝑓 𝑖𝑖𝑑 + 𝑘𝑖𝑐,𝑞𝛾𝑞 + 𝑘𝑝𝑐,𝑞 𝛾̇𝑞 + 𝑣𝑜𝑞 (8b)

where 𝑘𝑖𝑐,𝑑𝑞 and 𝑘𝑝𝑐,𝑑𝑞 are the gains of the PI controller. The outputs
𝑣∗𝑖𝑑𝑞 of the current controller appear at the input of the LCL filter,
i.e., 𝑣𝑖𝑑𝑞 = 𝑣∗𝑖𝑑𝑞 . The dynamic state vector corresponding to the current
controller block is defined as 𝒙CC =

[

𝛾𝑑 , 𝛾𝑞
]𝑇 .

Next, the equations for source, transformer, line, and load in the
global synchronous reference frame 𝐷𝑄 are discussed.

2.2. Source

The slack bus is a positive sequence voltage source denoted as
𝑣1,𝑎𝑏𝑐(𝑡) = [𝑉𝑠 cos𝜔𝑛𝑡, 𝑉𝑠 cos(𝜔𝑛𝑡−120◦), 𝑉𝑠 cos(𝜔𝑛𝑡+120◦)]𝑇 . Three-phase
variables of the network are transformed to a global synchronous DQ
frame rotating at the grid nominal frequency 𝜔𝑛 with initial angle
0◦ [22]. The slack bus voltage equations in global 𝐷𝑄 frame are given
as

𝑣1,𝐷 = −
√

2𝑉𝑠 sin(0) (9a)

𝑣1,𝑄 =
√

2𝑉𝑠 cos(0) (9b)

he source also includes an equivalent system impedance modeling the
rid behind the substation. If the short-circuit MVA is given, then the
quivalent positive-sequence impedance can be calculated [23]. The
mpedance can be modeled in the same fashion as a distribution line,
s described in the sequel.

.3. Transformer

Consider a grounded wye-grounded wye step-down transformer be-
ween bus 𝑖 and bus 𝑗. The differential equation pertaining to variables
f phase 𝑎 is obtained by applying KVL between nodes 𝑖 and 𝑗 as follows
𝑗,𝑎 =

1
𝑛𝑡
𝑣𝑖,𝑎 −𝑅𝑇 𝑖𝑇𝑋,𝑎 −𝐿𝑇 𝑖̇𝑇𝑋,𝑎, and likewise for phases 𝑏 and 𝑐, where

𝑡 is the transformer ratio, 𝑖𝑇𝑋 is the current on the low-voltage side,
nd 𝑅𝑇 + 𝑗𝜔𝑛𝐿𝑇 is the leakage impedance referred to the low-voltage
ide. The dynamics in the 𝑎𝑏𝑐 frame are then converted to the global
𝑄 frame by applying the transformation given in [22, Ch. 3] and are
iven as follows:

̇𝑇𝑋,𝐷 = 1
𝐿𝑇

(−𝑅𝑇 𝑖𝑇𝑋,𝐷 +
𝑣𝑖,𝐷
𝑛𝑡

− 𝑣𝑗,𝐷) + 𝜔𝑛𝑖𝑇𝑋,𝑄 (10a)

𝑖̇𝑇𝑋,𝑄 = 1
𝐿𝑇

(−𝑅𝑇 𝑖𝑇𝑋,𝑄 +
𝑣𝑖,𝑄
𝑛𝑡

− 𝑣𝑗,𝑄) − 𝜔𝑛𝑖𝑇𝑋,𝐷 (10b)

he dynamic state vector corresponding to the transformer is 𝒙T =
𝑖TX,𝐷, 𝑖TX,𝑄

]𝑇 .

.4. Distribution line

Consider a line connected between bus 𝑖 and bus 𝑗. Self and mutual
mpedances between phases are respectively denoted as 𝑅𝜙,𝜙 + 𝑗𝜔𝑛𝐿𝜙,𝜙
nd 𝑅𝜙,𝜓 + 𝑗𝜔𝑛𝐿𝜙,𝜓 , where 𝜙, 𝜓 ∈ {𝑎, 𝑏, 𝑐} and 𝜙 ≠ 𝜓 . The present
ection gives for simplicity the dynamical model of a symmetrical line,
here the self and mutual reactances are defined as 𝐿𝑠 = 𝐿𝑎𝑎+𝐿𝑏𝑏+𝐿𝑐𝑐

3
nd 𝐿𝑚 = 𝐿𝑎𝑏+𝐿𝑏𝑐+𝐿𝑎𝑐

3 and likewise for the resistances 𝑅𝑠 and 𝑅𝑚. The
ifferential equation for phase 𝑎 of the line is obtained from KVL as
𝑖,𝑎−𝑣𝑗,𝑎 = 𝑅𝑠𝑖line,𝑎+𝑅𝑚𝑖line,𝑏+𝑅𝑚𝑖line,𝑐 +𝐿𝑠 𝑖̇line,𝑎+𝐿𝑚 𝑖̇line,𝑏+𝐿𝑚 𝑖̇line,𝑐 ; and
likewise for phases 𝑏 and 𝑐. The dynamics are converted to the global
𝐷𝑄 frame by applying the transformation in [22, Ch. 3]. The resulting
equations are

𝑖̇line,𝐷 = 1 (−𝑅line𝑖line,𝐷 + 𝑣𝑖,𝐷 − 𝑣𝑗,𝐷) + 𝜔𝑛𝑖line,𝑄 (11a)
4

𝐿line
l

Fig. 3. 5-Bus distribution system.

𝑖̇line,𝑄 = 1
𝐿line

(−𝑅line𝑖line,𝑄 + 𝑣𝑖,𝑄 − 𝑣𝑗,𝑄) − 𝜔𝑛𝑖line,𝐷 (11b)

here 𝑅line+𝑗𝜔𝑛𝐿line = (𝑅𝑠−𝑅𝑚)+𝑗𝜔𝑛(𝐿𝑠−𝐿𝑚) is the positive-sequence
impedance of the line. The dynamic state vector corresponding to the
line is 𝒙line =

[

𝑖line,𝐷, 𝑖line,𝑄
]𝑇 .

2.5. Load

The differential equations for a load connected to bus 𝑖 are obtained
in the 𝑎𝑏𝑐 frame by applying KVL between bus 𝑖 and the ground, and
hen converted to the global 𝐷𝑄 frame [5]. Supposing a load given by
load + 𝑗𝜔𝑛𝐿load is connected per phase, the resulting dynamical model
s

̇load,𝐷 = 1
𝐿load

(−𝑅load𝑖load,𝐷 + 𝑣𝑖,𝐷) + 𝜔𝑛𝑖load,𝑄 (12a)

𝑖̇load,𝑄 = 1
𝐿load

(−𝑅load𝑖load,𝑄 + 𝑣𝑖,𝑄) − 𝜔𝑛𝑖load,𝐷 (12b)

The dynamic state vector corresponding to the load is 𝒙load =
[

𝑖load,𝐷, 𝑖load,𝑄
]𝑇 .

2.6. Algebraic equations of the system

In this section, the algebraic equations describing relationships
among the state variables and the bus voltages are discussed. The
algebraic equations include the relations among the currents of the
inverter, load, and line are determined by Kirchoff’s Current law (KCL)
at each bus. In addition, the algebraic equations for transforming
the 𝑑𝑞 synchronous reference frame that is local to each inverter to
he global 𝐷𝑄 frame are needed. This is because the inverter output
urrents are represented in the 𝑑𝑞 frame local to the inverter as shown
n Sections 2.1.2 and 2.1.4, and the current injections to each node
re represented in the global 𝐷𝑄 frame. Note that for simplicity, the
qs. (13)–(16) are written assuming only one inverter is connected to
the system.

The 𝑑𝑞 frame to 𝐷𝑄 frame transformation is given next [6]

𝑜𝐷 = cos(−𝛿)𝑖𝑜𝑑 + sin(−𝛿)𝑖𝑜𝑞 (13a)

𝑖𝑜𝑄 = − sin(−𝛿)𝑖𝑜𝑑 + cos(−𝛿)𝑖𝑜𝑞 (13b)

he PCC bus voltage in the inverter’s LCL filter dynamics in Sec-
ion 2.1.2 is in 𝑑𝑞 frame, but the bus voltages of the system are
alculated in the global 𝐷𝑄 frame. The global 𝐷𝑄 frame to 𝑑𝑞 frame
ransformation equations are given by [6]

PCC,𝑑 = cos(−𝛿)𝑣PCC,𝐷 − sin(−𝛿)𝑣PCC,𝑄 (14a)

𝑣PCC,𝑞 = sin(−𝛿)𝑣PCC,𝐷 + cos(−𝛿)𝑣PCC,𝑄 (14b)

Assume that the inverter and a load are connected to bus 𝑗. The KCL
quation represented in the global synchronous reference frame 𝐷𝑄 for
he non-faulted bus 𝑗 is given as

𝑖𝑗,𝐷𝑄 −
∑

𝑗𝑘∈
𝑖𝑗𝑘,𝐷𝑄 = 𝑖𝑜𝐷𝑄 − 𝑖load,𝐷𝑄 (15)

here the left hand side of (15) includes the currents of distribution

ines and transformer connected to bus 𝑗. For a faulted bus 𝑗 where
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Fig. 4. Simulink PV Inverter and protection system.
he inverter and a load are connected, the KCL equation the global 𝐷𝑄
frame is stated as

𝑖𝑖𝑗,𝐷𝑄 −
∑

𝑗𝑘∈
𝑖𝑗𝑘,𝐷𝑄 = 𝑖𝑜𝐷𝑄 − 𝑖load,𝐷𝑄 + 𝑖fault,DQ (16)

here 𝑖fault,DQ is the fault current. The overall NDAE model of the
nverter-based distribution system is summarized as

DAE: 𝒙̇ = 𝒇 (𝒙,𝒂, 𝒖) (17a)

𝟎 = 𝒈(𝒙,𝒂) (17b)

where the dynamic state vector is 𝒙 = [𝒙PLL,𝒙LCL,𝒙CC,𝒙load,𝒙𝑇 ,𝒙line]𝑇 ;
the algebraic variables are included in 𝒂 = [{𝑣𝑗,𝐷, 𝑣𝑗,𝑄}𝑛𝑗=1, 𝑣PCC,𝑑 ,
𝑣PCC,𝑞 , 𝑖𝑜𝐷, 𝑖𝑜𝑄]𝑇 ; and the vector 𝒖 = [𝑃ref , 𝑄ref ]𝑇 is defined. The non-
linear vector-valued functions 𝒇 and 𝒈 respectively collect the dynamic
and algebraic equations of the system.

3. Numerical results for the NDAE model

In this section, simulation results for the inverter-integrated distri-
bution system NDAE model are presented.

The 5-bus distribution network depicted in Fig. 3 is modeled, con-
sisting of a 13-kV slack bus (designated as 000) with a grid resis-
tance of 0.237 Ω and grid inductance of 0.0082 H. A 13 kV/480
V grounded wye-grounded wye step-down transformer is connected
between buses 100 and 200 with resistance and inductance of 4.15 mΩ
and 357mH, respectively, referred to the low-voltage side. The positive-
sequence impedance of the lines is determined from configuration 601
of the IEEE-13 test feeder. Line lengths for lines 000–100, 200–300, and
300–400, are 800 ft, 300 ft, and 300 ft, respectively. We consider constant
impedance loads of 650 kW and 15 kvar on bus 300 and 450 kW and 15
kvar on bus 400. A 900-kW inverter at unity power factor is connected
on bus 300. The LCL parameters of the inverter are given in Table 1.
The proportional and integral constants of the PLL block are 0.6 and
20 respectively. The proportional and integral constants of the current
controller block are 𝑘𝑝𝑐,𝑑 = 10, 𝑘𝑖𝑐,𝑑 = 300, 𝑘𝑝𝑐,𝑞 = 20, and 𝑘𝑖𝑐,𝑞 = 50.
The dynamic factor is set to 𝐾 = 2. MATLAB’s 𝚘𝚍𝚎𝟷𝟻𝚒 solver is used.
The NDAE simulation is performed for a timespan of 0.6 s and step
size 1 μs, and the LLLG fault at bus 400 is applied at 𝑡 = 0.3 s. The
transformation to convert the variables from the 𝐷𝑄 global frame to
𝑎𝑏𝑐 is given in [22].

To verify the accuracy of the NDAE simulation, a simulink switching
model of the inverter for a solar PV system connected to the 5-bus DN is
setup as shown in Fig. 4. The two models are validated with the same
LLLG fault at 0.3 s The inverter output current and the inverter PCC
voltage (bus 300) in 𝑎𝑏𝑐 frame from the NDAE and Simulink simulations
5

Fig. 5. NDAE simulations for a LLLG fault at bus 400.

Fig. 6. Simulink simulations for a LLLG fault at bus 400.

are shown in Figs. 5 and 6, respectively. Under fault conditions, if
the change in PCC voltage is more than 5%, the inverter must inject
reactive current up to the maximum transient current capacity 𝐼limit
according to the DRC control discussed in Section 2.1.4. From the
figures, it is seen that during fault conditions, the inverter injects
current close to the maximum transient current limit, but does not
exceed this value. The pre- and post-fault PCC voltage and current
magnitudes for the NDAE and Simulink simulations are listed in Ta-
ble 2. The inverter output current magnitude error between the NDAE
and Simulink simulations is 2.7% (pre-fault) and 5% (post-fault). The
PCC voltage magnitude error for the two simulations is 0.2% (pre-fault)
and 16.5% (post-fault). The post-fault error is due to ripple voltage in
Simulink’s switching model which was observed to be approximately
28 V.

The inverter-integrated DN model is further extended with protec-

tion elements in the sequel.
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Table 1
LCL filter parameters.
Lf Rf Lc Rc Cf Rd

600 μH 1 μΩ 10 μH 1 μΩ 10 μF 1 μΩ

Table 2
PCC voltage and inverter current magnitudes for NDAE and simulink simulations.
Fault condition Voltage/current NDAE Simulink

Pre-fault PCC voltage 394 V 395 V
Inverter current 1500 A 1580 A

Post-fault PCC voltage 167 V 200 V
Inverter current 1825 A 1800 A

Fig. 7. Blinding misoperations.

4. Protection system study

Protection misoperations for OCRs in DNs are well known as blind-
ing and sympathetic-tripping, and they can be categorized as a failure-
to-trip and as an undesired-trip, respectively. There must also be coor-
ination between OCRs, where for every protection zone, there is a
esignated primary and backup relay. For each primary backup pair,
here must be a minimum delay, called the coordination time interval
CTI), which is held in between the operation time of relays. For
lectronic relays, the CTI is taken as 0.2 s. Discrimination time is
efined as 𝛥𝑡 = 𝑇𝑏 − 𝑇𝑝, where 𝑇𝑏 and 𝑇𝑝 are the operation times of
he backup and primary relays, respectively. To coordinate the relays,
he following should hold true: 𝑇𝑏−𝑇𝑝 ≥ 𝐶𝑇𝐼 , that is the discrimination
ime should always be greater than or equal to the CTI. The operating
ime 𝑇 of a relay is defined in Eq. (18), where 𝑇𝐷𝑆 is the time dial
etting, 𝐼𝐹 is the fault current, 𝐼𝑃 is the pickup setting, and 𝐴,𝐵, 𝑎𝑛𝑑 𝜌
re the relay curve characteristic coefficients.

= 𝑇𝐷𝑆

⎛

⎜

⎜

⎜

⎝

𝐴
(

𝐼𝐹
𝐼𝑃

)𝜌
− 1

+ 𝐵

⎞

⎟

⎟

⎟

⎠

(18)

There are two types of blinding misoperations, namely, complete
linding and backup blinding, as shown in Fig. 7. Complete blinding
ccurs when there is a fault current which is lower in magnitude
ompared to the pickup setting, meaning the relay will not operate
or that fault current. Backup protection blinding can be defined as
failure-to-trip within a specified time, for a relay which is acting
s backup protection. This time can be referred to as the blinding
hreshold, and for a well coordinated relay pair, it would hold that
𝑇 𝐼 ≤ 𝛥𝑡 ≤ 𝑡𝑏𝑙𝑖𝑛𝑑 . Blinding is more likely to occur due to increased IBR
urrents, which reduce the fault current contributed by the upstream
ine [24, Fig. 4], potentially moving fault currents below the pickup
etting, or causing delayed operation past the threshold for blinding.
his work studies the impact of the current limiting model on potential
ackup blinding events.

. DN & PV inverter system for protection study

The distribution network used in this study is same as shown in
6

ig. 3. The line and load parameters are the same as presented in a
Fig. 8. Operation time with irradiance 1000 W∕m2.

Fig. 9. Discrimination times.

Section 3. The protection elements added to the network are described
next. Lines 200–300 and 300–400 each have an OCR placed at the send-
ing bus. The relays follow the IEEE Moderately Inverse characteristic
with coefficients 𝐴 = 0.0515, 𝐵 = 0.114, and 𝜌 = 0.02, taken from IEEE
Standard C37.112-201 [25]. The relay on line 200–300 is R1, and the
relay on line 300–400 is R2. The CT ratio for R1 is 1800 ∶ 1, and the
ratio for R2 is 900 ∶ 1. The pickup currents for R1 and R2 are 1.6 and
3 p.u., respectively, and the TDS is set to 0.131 and 0.05, respectively.

The grid-following inverter, rated at 900 kW, is extended with a PV
ystem. The inverter filter parameters are listed in Table 1. The active
ower reference to the inverter comes from the active power output of
he PV array. The reactive power setpoint is set to zero during normal
peration.

. Simulation results with protection system

The distribution network, PV inverter system, and inverter control
ith current limiting have all been implemented in MATLAB/Simulink
ith a discrete time-step of 1 μs. For this study, relay R2 is bypassed,
o emulate the failure of the primary protection, and to observe the
peration time of the backup protection R1. The complete system is
ested by placing a three-phase fault on bus 400, at 𝑡 = 3 s and removing
he fault at 𝑡 = 3.8 s. Relay R1 is also reset at 𝑡 = 3.8 s.
Fault ride through standards, such as the German grid code [26],

state that inverters must remain connected for up to 0.7 s for a 45%
voltage drop, and may require sustained connection for up to 1.5 s
depending on the voltage drop. A simple fault ride through strategy is
implemented in the PV inverter, where after 150 ms any voltage drop
below 30% will cause the inverter to disconnect [26]. If the fault is
cleared and the voltage recovers above 90%, the inverter is connected
back to the network.

The fault is applied and the discrimination time is recorded, for
frozen-control and DRC limiting with dynamic factors 𝐾 = 2 and
𝐾 = 6. The 𝐾 factor controls the rate of how much reactive current
is injected for a given voltage drop, with 𝐾 = 2 and 𝐾 = 6 being the
ypical minimum and maximum values, respectively. Additionally, the
rradiance is varied in five discrete points {650, 700, 800, 900, 1000}
∕m2. In the present case study, we consider 𝑡𝑏𝑙𝑖𝑛𝑑 to be 0.5 s, thus
ny discrimination time greater than 0.5 s is considered to be backup
rotection blinding.
Fig. 8 depicts the actual operation times for backup relay R1 (blue)
nd the expected operation time of primary relay R2 (orange), for the
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Fig. 10. Power measurement with irradiance 1000 W∕m2 and 𝐾 = 6.

rradiance case of 1000 W/m2; 1 means the breaker is closed and 0
eans the breaker is open. Operation time for R2 is said to be expected
ecause the relay is bypassed but the time is still computed and plotted.
Inverter power measurements are shown in Fig. 10. At 0.5 s the

inverter is connected to the network and the active power goes to 900
kW. At 3 s, the fault is applied and the reactive power injection by the
inverter can be observed. At 3.56 s, the backup relay opens and the
voltage drops below 30%, at which point the inverter stops operating.
After 3.8 s, when the fault is removed and the breaker is reset (closed),
the voltage goes above 90% and the inverter is connected again.

Results of the discrimination times for frozen control and DRC
limiting are shown in Fig. 9, where the left axis has the DRC dis-
rimination times and the right 𝑦-axis has the frozen discrimination
times. For frozen control, the discrimination times are all between
the CTI and 𝑡𝑏𝑙𝑖𝑛𝑑 , 0.2 s and 0.5 s respectively, and it can be said
that the relay settings are reasonably coordinated. Both DRC lines,
𝐾 = 2 and 𝐾 = 6, are following the same trend, where as the
irradiance increases, discrimination time also increases. This is because
as irradiance increases, so does the PV current contribution, which
decreases the current contributed through line 200–300. The trend of
the line for 𝐾 = 2 looks similar to that of 𝐾 = 6, with a vertical
hift upwards. Higher currents, in the case of 𝐾 = 6, will result in
aster operation times of the backup relay, thus lower discrimination
imes. Conversely, lower currents, in the case of 𝐾 = 2, will result in
7

elayed or longer operation times, thus increased discrimination times. t
or dynamic factor 𝐾 = 6 and the last two irradiance points, the
iscrimination time has exceeded the blinding threshold, potentially
ffecting the safe DN operation. With dynamic factor of 𝐾 = 2, the
elay settings under all irradiance cases have resulted in blinding. From
hese results, it is evident that protection system which is coordinated
hrough fault analysis performed with simplified fault response models,
ay face misoperations when the actual nonlinear fault response occurs
n the network. Further, it is concluded that considering the dynamic
actor setting is also critical in the fault analysis used for protection
ettings coordination.
The transient responses for frozen-control, and dynamic-control

ith 𝐾 = 2 and 𝐾 = 6 modes, are shown in Fig. 11. In Fig. 11a,
he response for frozen control, the current magnitude during the
ault remains very close to the prefault magnitude. In Fig. 11b and
, under DRC control, it can be seen the current magnitude during
ault is increased in compared to the prefault magnitude. Fig. 12 shows
he current through line 200–300, without the inverter, and with the
nverter under irradiance values of 650 W∕m2 and 1000 W∕m2. The
mpact of the inverter current on the upstream line 200–300 is evident
y comparing the no inverter plot to the ones with inverter. With the
nverter connected, the upstream current is reduced, which is the cause
f the delayed operation of backup relay R1.

. Conclusions and future work

A nonlinear differential and algebraic equation model for inverters
ith DRC limiting connected to a distribution network under faulted
onditions is developed. The PV inverter control system with DRC
imiter has been implemented in Simulink and coupled with a 5-
us distribution network, which has a protection system consisting of
wo OCRs. Discrimination times are recorded for various irradiance
cenarios for fault response following frozen control as well as dynamic
ontrol with 𝐾 = 2 and with 𝐾 = 6. It is observed that increasing
rradiance causes increased discrimination time between primary and
ackup relays for dynamic limiting mode. Further, if 𝐾 factor for the
nverter current limiter is changed, discrimination times can increase,
otentially causing blinding scenarios. It is thus of critical importance
o properly model the current limiter when performing fault analysis,

o protect the network from potential blinding events.
Fig. 11. Inverter output current for different current limiting modes.
Fig. 12. Impact of the inverter current on the upstream line 200–300.
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Future research includes analysis of larger networks, introducing
unbalanced faults, and investigating DRC limiter strategies with simul-
taneous positive- and negative-sequence current control.
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