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Abstract

As the complexity of power systems continues to increase and the penetration rate of dis-
tributed generation (DG) rises, traditional distance protection schemes face a dual, severe
challenge. Specifically, the non-negligible fault transition resistance in grounding faults
often leads to underreach, compromising protection speed, while the fault current contri-
bution from integrated DG units severely distorts the measured impedance, increasing the
risk of maloperation or failure to trip. To overcome these critical limitations, this study
proposes an improved distance protection scheme that simultaneously accounts for and
effectively compensates for both fault transition resistance and the impact of DG integration.
By leveraging the known R/ X ratios of transmission lines and employing voltage—current
phasor analysis, the proposed method enables the accurate and rapid estimation/correction
of the line impedance between the relay and the fault point. This work provides a robust
and low-cost solution for protective decision-making in contemporary power systems.

Keywords: distance protection; transition resistance; distributed generation

1. Introduction

In power systems, line faults are common safety hazards that pose a significant threat
to the stable and reliable operation of power systems. To ensure the safety of power systems,
effective protective measures must be taken. Distance protection, as a method of protection
based on fault distance, has advantages such as accurate fault location and rapid action,
and has been widely applied in power systems [1].

Meanwhile, with the continuous growth of energy demand and the transition and
upgrading of the energy structure, the application of distributed generation (DG) in
distribution networks has become a research focus within the power system field [2].
The widespread deployment of DG has resulted in numerous dispersed small-scale power
generation points within the power system. Consequently, power flow no longer flows
unidirectionally from power plants to consumers but exhibits bidirectional movement
between different nodes.

Traditional distance protection schemes may exhibit non-operation or misoperation
when addressing faults and abnormal conditions within distribution networks incorpo-
rating distributed generation, rendering them unsuitable for such configurations [3,4].
These changes impact existing distance protection principles, configurations, and operating
characteristics, thus requiring enhancements and refinements to current relay protection
systems [5,6].
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A primary challenge for traditional distance protection is its susceptibility to fault
transition resistance. Conventional algorithms, which calculate impedance simply by taking
the ratio of local voltage to current (U/I), inherently assume zero transition resistance.
In reality, transition resistance (e.g., arc resistance, material resistance) introduces significant
errors, always increasing the measured impedance and potentially causing protection non-
operation [7,8]. Single-phase-to-ground (phase-to-earth) faults are among the most common
unbalanced faults in power systems, and the symmetrical components method remains
a classical analytical tool for their study. In particular, Toader and Vintan [9] presented
a mathematical model for a single-phase-to-ground fault on high-voltage busbars while
explicitly considering the resistance at the fault location. Their work analyzed the influence
of fault-location resistance on the fault current and on the phase voltages of the high-,
medium-, and low-voltage busbars in a substation. However, the focus of that study was
on fault analysis and busbar-voltage evaluation in a substation environment, rather than
on relay-side apparent-impedance correction and distance protection operating criteria in
transmission systems with distributed generation.

Considerable research efforts have been dedicated to mitigating this issue. For in-
stance, improved virtual measurement voltage schemes [10] and adaptive methods based
on voltage drop equations [11] have been proposed to enhance immunity to fault resistance.
Other approaches include employing distributed parameter models for long lines [12],
fault impedance compensation algorithms [13], and methods based on active power moni-
toring [6,14]. Furthermore, adaptive adjustment of relay characteristics based on system
conditions [15,16] (e.g., [16] proposes controlling the current of the HVDC-interfaced dis-
tributed generation’s grid-side voltage source converter (GVSC) to be proportional to the
AC line current (Ipg = alys) to enable accurate local impedance measurement and achieve
simultaneous immunity to DG effects and fault resistance [16]), including for parallel
lines with mutual coupling [17,18] and series-compensated lines [19], represents another
significant direction for improvement.

The integration of distributed generation (DG) introduces another layer of complexity
by altering power flow and fault current paths, leading to further inaccuracies in impedance
measurement [20-22]. The presence of Flexible AC Transmission System (FACTS) devices
like SVC and STATCOM can improve system stability but also introduce measurement
errors, potentially causing relay maloperation [23,24]. Adaptive protection methods, such
as those utilizing neural networks to dynamically adjust relay settings, have been explored
to counteract the effects of DG integration [25]. Another strategy involves controlling
grid-side converters to establish a proportional relationship between grid-side and line
currents, aiming to express all relevant current terms using local measurements [26].

Although previous studies have investigated fault-resistance-aware ground-fault anal-
ysis and several approaches have been proposed to mitigate the effects of fault resistance
or DG integration on impedance-based protection, a practical distance protection scheme
that simultaneously addresses fault transition resistance and DG-induced impedance-
measurement distortion remains insufficiently studied, especially when converter-current
control is unavailable or difficult to enforce. Motivated by this need, this paper develops
a relay-oriented distance protection scheme for AC transmission systems that corrects
the measured impedance under the combined influence of fault transition resistance and
distributed generation.

Therefore, motivated by the limitations of existing methods, this paper proposes
a novel distance protection scheme specifically designed for AC transmission systems
that simultaneously accounts for the impacts of both fault transition resistance and dis-
tributed generation.

The main contributions are as follows:

https://doi.org/10.3390/ electronics15071431


https://doi.org/10.3390/electronics15071431

Electronics 2026, 15, 1431

30f15

1. A new distance protection scheme is proposed that effectively eliminates the mea-
surement errors caused by both fault transition resistance and the integration of
distributed generation (DG).

2. Unlike the adaptive method in [16], the proposed scheme does not require control
of the Grid-Side Voltage Source Converter (GVSC) current. Instead, by utilizing
known line parameters and measurements at the point of common coupling (PCC),
the system with DG is equivalently transformed into a system without distributed
generation, thereby significantly simplifying the protection criteria.

The rest of this paper is organized as follows: Section 2 formally defines the problem
and presents the theoretical formulations. Section 3 details the proposed distance protection
scheme. Section 4 details the simulation setup and results. Finally, Section 5 concludes
the paper.

2. Related Works and Problem Formulation

This section presents the theoretical underpinnings and mathematical formulation of the
challenges outlined in the Introduction, providing the foundation for our proposed solution.

2.1. Limitations of Traditional Distance Protection Algorithms

Traditional distance protection algorithms are based on short-circuit models that often
neglect fault transition resistance. The short-circuit model of a transmission line without
considering fault resistance is shown in Figure 1.
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Figure 1. Short-circuit model of transmission lines without considering short-circuit resistance.

In this model, F denotes the fault point. The section MP defines the designated
protection zone, where the line impedance of this zone is the set value Zg. If a fault
occurs between M and P, the distance relay will operate. The relay will trip when the
measured impedance Z at the relay location is smaller than Zg. For clarity, all voltages
and currents with an overdot in this paper denote RMS phasor quantities. Accordingly,
Up, Ur, Upcc, Iy, and Ipg are complex phasors. The impedances Z, Z;, Zp, and Zget are
complex quantities, which can generally be written as Z = R 4+ jX. By contrast, Rr denotes
the fault transition resistance and is a real-valued quantity. The notation | - | represents
the magnitude of a phasor or complex quantity, Z(-) denotes its phase angle, and Real(-)
and Imag(-) denote its real and imaginary parts, respectively. Unless otherwise stated,
no instantaneous quantities are used in the derivation. Under the assumption of zero
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transition resistance (Ur = 0, where Ur is the voltage at the fault point), the measured
impedance Z is calculated as:
u
z=-M (1)
Im
where Uy and Iy represent the measured voltage and current, respectively, at the measur-
ing point M. However, when a transition resistance Rr is present and Ur # 0, as shown in

Figure 2, the observed impedance becomes:
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Figure 2. Short-circuit model of transmission lines considering short-circuit resistance.

: =Z7Z+R 2
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Equation (2) clearly indicates that the measured impedance Z is increased by the
transition resistance R, which can lead to protection non-operation (underreach) when the

fault occurs near the protection zone boundary.

2.2. The Impact of Distributed Generation Integration on Distance Protection Algorithms

The integration of distributed generation further complicates the impedance measure-
ment. Figure 3 shows the high-voltage direct current (HVDC) transmission system with
integrated distributed generation, where Ipg represents the GVSC current. This DG current
injection is an important factor that cannot be neglected in short-circuit fault impedance
measurements. Figure 4 shows a short-circuit model of a high-voltage AC transmission
system with distributed generation.

U
M Relay VPCC

Figure 3. HVDC transmission system with integrated distributed generation.
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Figure 4. Short-circuit model of a high-voltage AC transmission system with distributed generation.

In this model, Z; is the impedance from the relay to the point of common coupling
(PCC), and Z; is the impedance from the PCC to the fault point. The measured impedance
at M is derived as follows:

Uv _ (Re+2Z5)(Im + Ing) + ZiIm
Ipm Iy 3)

I
—Z+RP+(RF+Z2)<PG>
Im

where Z = Z; + Z,. Equation (3) reveals an additional error term (R + Z)(Ipg/Im)
compared to (2), which cannot be ignored and complicates the accurate fault location.

3. Proposed Novel Distance Protection Scheme
3.1. Accurate Impedance Estimation Under Fault Transition Resistance

As shown in Figure 2, in the short-circuit model considering fault transition resistors,
there are transition resistors. In this circuit, Uy, Ur, Z, Rp and Iy satisfy:

{UMIjMZ+UF )

Ur = IyRr

To achieve accurate distance protection, it is essential to obtain the precise value of Z.
Based on the information above, knowing Upjand Uf, it is also specified that Iy = |[j1|£0°,
and the following relationships can be established.

Real(Uy;) = |Iy|Real(Z) + |UF|
Imag(Uy) = |Im[Imag(Z) (5)
Ur = |Im|RE

Thus, we obtain: Imag(Z) = Imag(Uy)/|Iy|. If the line’s R/X ratio is known,
the impedance Z can be determined. This paper proposes a simplified method based
on precise harmonic analysis to solve for Z.

The phasor diagrams of Uy, Ur, and Iy are shown in Figure 5. Here, @jine denotes
the phase angle of the transmission line, and ¢@,; is the phase-angle difference between U,
and Iy;.
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Figure 5. Vector diagram of voltages Uy, Ur, and current Iy.

Note that because the line R/ X ratio is known, @y, is determined. Uy, [y, and ¢,
are the measured quantities of the relay protection device.
Applying the law of sines to triangle AOFM yields:
|OM| |MF|

Sin(ﬂ - Z(PIine) B sin Z(Pui (6)

According to Figure 5, it is known that |[OM| = |Uy| and |[MF| = |Ij||Z|. Substituting
these expressions into (6) yields:

_ |Unm| sinZeui.

Z| == - 7
| | |IM‘ Ssin éq)line ( )
Therefore, the impedance Z can be expressed as:
Uyl sinZey; .
— [t sin 29w (cos Z@iine + j Sin £ Prine) ®)

B |IM| Sinl(Pline

Consequently, the fault criterion in a single-DG system can be expressed as follows:
when |Z| < |Zset|, a short-circuit fault is identified and the corresponding protective action
is triggered.

3.2. Distance Protection Algorithm Considering Distributed Generation Integration

As shown in Figure 4, let Upcc represent the voltage at the point of common coupling
(PCC). The mathematical relationship among Uy, Ur, and Upcc can be formally defined
by the following expressions:

Um = ImZy + Upcc,
Ur = (Ipc + Im)RF, ©)
Urcc = (Ipg + Im)Z> + Ur
The phasor relationships among Uy, Ur, and Upcc are illustrated in Figure 6. Evi-
dently, the voltage phasor relationship is more complex than that in Figure 5. Due to the

presence of Ipg, it is not possible to directly determine Uy, solely based on the locally
measured current [ and the impedances Z1, Z, and Rr.
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Figure 6. Voltage and current phasor diagram.

To realize the local measurement of the impedance between the relay and the fault
point, the following assumptions are made:

1.  The impedance Z; from the relay to the point of common coupling (PCC) is known;

2. The R/ X ratios of Z; and Z, are identical under the homogeneous-line assumption
adopted in this paper;

3. The PCC point is assumed to be unloaded, and all loads are connected to the system
bus P.

In practice, the distance between the relay and the PCC point is fixed, and its
impedance can be pre-measured. Assumption 2 follows from the homogeneous-line model
adopted in this paper. If the relay, PCC, and fault point are located on the same transmis-
sion line type, the per-unit-length impedance can be written as z’ = r + jx. Then, for two
line sections with lengths I; and I, we have Zy = I1(r + jx), Zy = I(r + jx). Therefore,
% = % = I, which means that Z; and Z, have the same impedance angle.

For clarity, the current phasor Iy is taken as the angular reference, i.e., ZIj; = 0.
The angle ¢,,; denotes the measured phase-angle difference between Uy and ;. Since
Z1 and Z, are assumed to have the same R/ X ratio, both line sections share the same
impedance angle ¢y;,,.. Accordingly, the voltage drop ImZy forms an angle ¢y;,, with
respect to Iy.

Based on Figure 6, the auxiliary angles are defined step by step as follows. First, § is
the included angle in triangle AOMP between the phasors Uy and [y;Z;, and therefore
B = 70 — (¢1ine + Pui)- Second, 7 is the angle between Uy and Upcc, obtained from triangle
AOMP by the law of sines. Third, ¢ is the phase-angle difference between Upcc and the
reference current Ij;, which can be written as 6 = ¢,; — 7. Finally, « denotes the angle
between the total current flowing through Z,, namely (Iy + Ipg), and the reference current
Ip. Therefore, a + 6 represents the phase-angle difference between Upcc and the total
current through Z,. The available quantities are |Upy|, |Ip|, ¢ui, Prine, the known line
impedance Z;, and the synchronized current magnitude |Ipg + Ij]-

According to Figure 6, |[OM| = |Uy| and |MP| = |I}1Z;|. The included angle between
Uy and [yZ; is denoted by B, and from the phasor geometry it follows that

p=m— (‘Pline + (Pui)' (10)
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Therefore, in triangle AOMP, application of the law of cosines yields the magnitude
of the PCC voltage:

Upcc| = \/|UM|2+IfMZ1|2+2|UM||szl|COSﬁ (11)

To establish the phase relationship at the PCC, the law of sines is applied to trian-

gle AOMP
IMP| _ [Upcc|

12
sin vy sin 8 (12)
The angle v is therefore determined as:
,)/ — arCSin( |Ile| Slrll(q)line + q)uz)) (13)
|[Upccl

Consequently, the phase difference § between the PCC voltage Upcc and the measured
current Iy is derived from the phasor geometry:

0= qui—" (14)

In triangle AOPF, the voltage drop across the unknown impedance Z; is
|FP| = |(Ip + Ipg)Z2|. Here, a denotes the angle between the total current phasor
(Ip + Ipg) and the reference current Iy;. Therefore, the included angle at vertex P is
« + 6. Reapplying the law of sines provides:

\(Im + Ipc)Za|  |Upcc|

sin(a+6)  sin(@ine) (15)

Solving for the magnitude of the faulted line impedance yields the core result of this
analysis:

|Z2| _ |Upcc\sin(0c+5)
|IM + IDG| Sin(¢line)

The short-circuit criterion is defined as follows: when |Z| + |Z;| < |Zset|, the fault is

(16)

determined to be a short-circuit fault, and the corresponding protection action is triggered.

A significant practical simplification is attainable under specific measurement
conditions. If synchronized measurements at the PCC provide the load-side current
lioad = Inm + Ipc and its phase difference ¢!,; with respect to Upcc, then the relationship
« + 8 = ¢! . holds. Substituting into (16) yields a simplified calculation:

12| = sin(¢/,;) [Upcc|

_ s . (17)
Sln(q’line) ‘ Iload |

It should be noted that the relay does not require the individual DG current Ipg.
Instead, it only requires the total current flowing through 7, i.e., [j,00 = Ip + Ipg, whose
magnitude and phase difference with respect to Upcc can be obtained directly from synchro-
nized measurements at the PCC and transmitted to the relay through the communication
link. In practice, synchronized measurements at the PCC and the relay can be implemented
by equipping both locations with a common time reference, so that the sampled voltage and
current phasors are time-aligned and can be used directly for the impedance calculation.

This formulation is formally analogous to the standard impedance calculation for
radial systems without DG (c.f. (8)). This demonstrates that with appropriate synchronized
measurements, the adverse effects of DG integration can be effectively neutralized, restoring
the reliability of the distance protection principle.

https://doi.org/10.3390/ electronics15071431
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Therefore, as long as the voltage amplitude at the PCC can be measured, the prob-
lem can be equivalently transformed into the case where no distributed power source
is connected. Consequently, regardless of how many distributed generation systems are
integrated or where they are connected, the impedance-based fault identification criterion
remains valid.

As shown in Figure 7, if there are n Points of Common Coupling (PCC) access points
(PCCq,PCCy, ..., PCCy), the transmission line is divided into # + 1 segments. The intrinsic
impedance of the k-th segment is denoted as Z. A synchronization measurement unit is
installed at the downstream side of every distributed power source access point. This device
collects and measures the voltage magnitude, current magnitude, and their phase angles
at the node in real-time. The system communicates through a dedicated communication
link to transmit the distributed measurement data back to the primary protection device.
The generalized formula for the equivalent impedance |Z| for a measurement node is
as follows:

‘Upuu nl Sm((ﬂ i) & . .
IfZZ I+ T S ;E,\,then send trip signal.

If I|z|+ \z\+‘U’“"‘ ::((Z Y <|z)+z,|+|z| , then send trip signal.

[Upcai| sin(o,
+—== <|Z,|+\Z,
If 1z, Tl St ) <|z|+|z,|, then send trip signal.
Relay ‘ v
M t U ——  rctr PCCY ccx —— PCCn P
Z > | V/3 l— >eee >  Zn .
7 ) Ly
I’W lv{easurement Measurement Measurement
[f\UW\ sm(p) ‘ ‘ Point 1 Point 2 Point n
[, | sin(g,)

, then send trip signal.
Figure 7. Topology of optimized distance protection for multiple DG connections.

The logic of the distance protection scheme proposed in this paper is as follows:
When a system fault occurs, the corrected impedance Z; calculated from the synchronized
measurement data is compared to a pre-set fixed impedance Zs;. If Z) < Zggy, it is
determined that the fault occurred within the current line protection zone. At this point,
the measurement unit transmits a trip signal to the terminal circuit breaker through the
communication channel, driving the breaker to operate and clear the fault.

[Un| | sin(pu) 4 _
‘IM| Sm((l’lme) k=1

|2y | 4 lGcar] sintein) 4y

|Zy| = ' [linea | sinCrme)”™ = (18)
pcck-1)|  sin(@,;_1))
Z|Z] | ) ' . (ul(],( l)) ,k:3,.../n+1
‘Ilme(k 1)‘ ST Pline

where Ry is the resistance setting value, and X, is the reactance setting value. If the
measured impedance falls within the quadrilateral region, the relay will operate to provide
protection. The operating criterion for the relay is as follows.

Where |Z;| is the known intrinsic impedance magnitude of the j-th segment.
|UPCC(k—1)‘ is the synchronized measured voltage magnitude at the (k — 1)-th PCC.
|jline(k—1)| is the measured current magnitude difference (i.e., the current flowing into
the k-th segment) after the first k — 1 PCC nodes. ¢y (x_1) is the phase angle between the
voltage and the injected/out flowing current measured at the (k — 1)-th PCC node. ¢y is
the phase angle of the transmission line impedance.

https://doi.org/10.3390/ electronics15071431
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The overall implementation procedure of the proposed distance protection scheme
is summarized in Figure 8, including synchronized measurement acquisition, impedance
calculation, protection decision, and breaker operation.

Fault detected

I

Measure local relay quantities: U, I, D

A 4

Acquire synchronized PCC measurements: Upcer Liurr @

Y

Calculate corrected impedance Zx using (18)

A 4

Compare Zx with Zset
Zk S Zse’ < q Zk = ert
Send trip signal continue monitoring

v

Circuit breaker operates

Figure 8. Flowchart of the proposed distance protection scheme.

4. Simulations

To validate and evaluate the distance protection scheme proposed herein, two opera-
tional scenarios were constructed within MATLAB 2016b simulations: a single distributed
power source system and a dual distributed power source system. A series of faults with
varying transition resistances were simulated on the transmission lines to verify whether
the proposed distance protection algorithm enables the distance protection relays to oper-
ate correctly.

The core of protective decision-making in the simulations is the impedance relay, which
has a directional quadrilateral operating characteristic. This characteristic is commonly
used in distance protection to discriminate between forward and reverse faults; therefore,
the operating zone may extend into the second quadrant (negative R) to provide reliable
blocking for reverse faults. Its operating region, defined as a quadrilateral area, serves as
the fixed boundary for fault identification. The four sides of this quadrilateral represent
different fault conditions, and the operation of the relay is related to these boundary
conditions, as shown in Figure 9, where R is the resistance setting value, and X, is the
reactance setting value. In Figure 9, the angles 60, 6,, and 63 are independent parameters
that define the shape of the quadrilateral: 6; is the angle between the lower-left boundary
and the R-axis, 6 is the angle between the lower-left boundary and the X-axis, and 63 is the
angle between the right-hand boundary and the horizontal line. These three angles are set
independently according to the protection requirements. If the measured impedance falls

https://doi.org/10.3390/ electronics15071431
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within the quadrilateral region, the relay will operate to provide protection. The operating
criterion for the relay is as follows.
Rytanty < X < Xet, (19)
Xmcottr < Ry < Rger + Xy cOt 03.

0,
0 92 Rset R

Figure 9. The operating characteristics of quadrilateral characteristic impedance components.

In the formula, 61, 6,, and 83, are the predefined parameters; X;,, R;; are the measured
resistance and reactance in the impedance relay.

4.1. Single Distributed Generation System

Simulations were conducted on the single distributed generation system depicted in
Figure 10. A 300 kV AC transmission system was established, with the DG connected to
PCC1 via a grid-connected voltage-source converter (GVSC). All line sections employed
identical cable types with consistent R/ X ratios, thereby satisfying Assumption 2, and the
line impedance angle was set to ¢y, = 67.3°. The equivalent impedance from the relay to
PCClis Zy = 7.6 + j18.2 (), while the equivalent impedance from the fault point to PCC1 is
Zy = 13.3 4 j31.850). The system’s input quantities comprise solely the voltage magnitude
at PCC1, the magnitude of the primary-side current after grid connection, and the phase
angle between these two quantities. Accordingly, for the quadrilateral relay shown in
Figure 9, the settings are chosen as Rset = 20.9 () and Xset = 50.05 (3, which correspond to
the total line resistance and reactance from the relay location to the fault point.

LYYY\ PCCl K P
M Z > Z 4w

| i,

Relay @ Z

Figure 10. Single distributed power supply system architecture diagram.

Y

When a single-phase ground fault occurs at point F, the results of three distance
protection schemes are compared: the conventional scheme Z = Uy /Iy, the method
in [16] that controls the GVSC to achieve Ipc = a I}, and the scheme proposed herein.
The comparison is shown in Figure 11 below. Three transition resistances are tested: 50 (),
100 O3, and 150 Q). These values are selected to represent low, medium, and relatively high

https://doi.org/10.3390/ electronics15071431
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transition-resistance conditions, so that the effectiveness and robustness of the proposed
scheme can be examined under increasingly severe fault-resistance effects. In the figure,
the quadrilateral represents the relay setting boundary; the red asterisk denotes the mea-
sured value obtained by the proposed extreme-protection algorithm, the yellow asterisk
indicates the measured value from the conventional distance protection algorithm, and
the blue asterisk shows the result of the method in [16]. Figure 11 demonstrates that the
conventional distance protection scheme exhibits significant errors due to the superposition
of DG backflow and transition impedance. In the tested cases of this paper, the reproduced
benchmark from [16] exhibits an impedance-estimation error of about 10%. In contrast,
the scheme proposed herein achieves adaptive protection measurements that consistently
fall within the relay operating zone under various transition resistances, thereby enabling
the relay to operate correctly.

X X »* . ) #*
# — The method in Sanaye-Pasand et al., 2011 > The method in Sanaye-Pasand et al., 2011
50 S0
* .
The conventional method
The conventional method *
The proposed method The proposed method
21 21 N
R R
(@) (b)
=
#»*
X The mJ'ethod in Sadeghi, 2012
50
The conventional method
*

The proposed method

21

(o)

Figure 11. Comparison of three distance protection schemes under varying transition resistance
(single-DG system). (a) 50 Q2. (b) 100 €2. (c) 150 Q2 [15,16].

4.2. Dual Distributed Generation System

A system incorporating dual distributed generation (DG) sources was constructed,
as shown in Figure 12. Similarly, no control was applied to the converter side in this system.
The magnitude and phase angle of the DG injection current varied spontaneously with
operating conditions, and the relationship Ipg = aly no longer held.

‘2 i > Z3 ‘ ]

Figure 12. Dual distributed power supply system architecture diagram.

As with the single distributed generation system, the input quantities for this system
are solely the voltage magnitude at PCC2 and the phasor of the primary-side current follow-
ing grid connection (magnitude and phase angle). The transition impedance and other line
parameters remain consistent with those described previously. To preserve the same total
relay-to-fault line impedance as that in the single-DG case, the line section from PCC1 to the
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fault point is divided into two homogeneous subsections, and thus the quadrilateral relay
settings remain Rget = 20.9 Q and Xset = 50.05 Q). When Ipg = alys cannot be enforced,
« can only be passively estimated, and its error increases significantly with phase-angle
drift and the grid connection ratio. As shown in Figure 13, under dual-source conditions,
substantial deviations occur. The distance protection algorithm proposed herein ensures
that all protected measurements remain within the operating zone in dual distributed
generation systems, thereby enabling the distance protection to function correctly.
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Figure 13. Comparison of three distance protection schemes under varying transition resistance
(Dual-DG system). (a) 50 Q2. (b) 100 Q2. (c) 150 Q2 [16].

5. Conclusions

This paper proposes a novel distance protection method that effectively compensates for
impedance measurement errors caused by fault transition resistance and the integration of
distributed generation. By constructing an improved fault model and incorporating voltage
and current phasor diagrams, the method achieves accurate estimation of fault impedance.
The study demonstrates that, under known R/ X ratios and measured voltage and current at
the point of common coupling (PCC), the system with distributed generation can be equiva-
lently transformed into a traditional unidirectional power flow system. This transformation
simplifies the protection criteria and enhances the sensitivity and selectivity of the protection
scheme. Moreover, the proposed method is applicable to resistive, capacitive, and inductive
transition impedance scenarios, exhibiting strong generality and robustness.

Nevertheless, some limitations of the present work should be noted. The proposed
derivation is established under the homogeneous-line assumption, i.e., the relevant line sec-
tions are assumed to share the same impedance angle. In addition, the method relies on
synchronized measurements and communication support at the PCC, and the impacts of
practical non-ideal factors such as measurement noise, synchronization error, and commu-
nication delay have not been fully investigated in this paper. Future work will therefore
focus on extending the proposed method to heterogeneous line configurations, evaluating its
robustness under non-ideal measurement and communication conditions, and validating its
performance through real-time simulation or hardware-in-the-loop experiments.
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