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ARTICLE INFO ABSTRACT
Keywords: This paper addresses the challenges posed by high Grid-Following (GFL) Photovoltaic (PV) penetration on the
Grid following PV dynamic performance of memory-polarized mho relays, crucial for close-in fault protection in power systems.

Inverter-based resources
Memory-polarization
Mho relay

Traditional memory-polarized mho relays, designed for synchronous generator-dominated systems, utilize a
scalar weight to dynamically expand their mho characteristics based on memory voltage, enhancing resistive
reach. However, the unique transient behavior of Inverter-Based Resources (IBRs) like GFL PV during faults can
disrupt this mechanism, compromising relay reliability. To overcome this limitation, this research introduces
a novel algorithm that employs a complex weight parameter in the memory polarization process, replacing
the conventional scalar approach. This complex weight allows for more precise and adaptable control of the
mho characteristic’s dynamic expansion, enabling the relay to better respond to the complex voltage and
current transients introduced by GFL PV. The study investigates the dynamic expansion of the mho element’s
maximum diameter (d,,,,) and memory vector angle (6,,) under various fault scenarios (three-phase, single-line-
to-ground, and line-to-line) to evaluate the algorithm’s effectiveness. The proposed complex weight algorithm is
validated across diverse fault types, varying complex weight factors, and different fault resistances, considering
GFL PV generators with reactive power priority and IEEE Standard 2800-2022 compliant Low/High Voltage
Ride-Through capabilities. The results demonstrate significantly enhanced reliability and stability of memory-
polarized mho relays in systems with high GFL PV penetration, showcasing the superior performance of the
complex weight approach.

1. Introduction electronic converters inherently limit fault current magnitudes [2]. This

reduction can compromise the effectiveness of traditional protection

Integrating power electronic converters into bulk power systems
has significantly transformed operational characteristics. The growing
penetration of Inverter-Based Resources (IBRs), such as wind and solar
power plants, introduces notable changes to the dynamic behavior
of the grid. Historically, synchronous generators have served as the
cornerstone of power systems, providing inertia and playing a critical
role in ensuring system stability. In contrast, IBRs are connected to
the grid via power electronic converters and exhibit different char-
acteristics. Typically, they function in Grid Following (GFL) mode,
synchronizing their output to the grid’s voltage and frequency [1]. The
increasing presence of IBR poses several challenges to power system
protection. A primary concern is reducing fault current levels, as power

schemes designed for Synchronous Generator (SG) only systems with
higher fault currents [3]. Additionally, the lower inertia associated with
IBRs can also impact system stability during fault conditions. These
evolving system dynamics underscore the need for a comprehensive
review and potential redesign of existing protection schemes. Advanced
protection algorithms and technologies are essential to ensure the
reliable and secure operation of power systems with high levels of
IBR penetration. Refs. [3-6] document the challenges posed by IBRs to
distance protection elements, including maloperation stemming from
reduced fault current, low fault voltage affecting polarizing voltages
and the change in source voltage phase angle with respect to prefault
voltage.

* This article is part of a Special issue entitled: ‘IPST 2025’ published in Electric Power Systems Research.
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Memory polarization techniques are extensively utilized in mho
elements for transmission line protection to detect close-in faults [7].
These elements operate on the principle that, during a fault, the voltage
magnitude changes rapidly while the phase angle and frequency remain
largely stable. Another critical assumption is the steady and predictable
nature of the source impedance magnitude behind the relay, which
allows for an accurate estimation of the increased resistive reach [7].
While this assumption is valid for systems dominated by synchronous
generators (SGs), it may not hold for systems incorporating Inverter-
Based Resources (IBRs), as the phase angle can deviate significantly
from its pre-fault value [6].

Studies such as [8] and [9] examine the impact of IBRs on mho
characteristics-based relay elements. A novel polarizing logic for dis-
tance protection element has been presented in [10] for low inertia
systems. An enhanced distance relay algorithm for converter-dominated
network has been discussed in [11]. Ref. [12] proposes a novel offset-
mho characteristic for memory-polarized relays. Additionally, the ef-
fects of PV generation with ¥,,Q control and PQ control on Positive
Sequence Memory Polarized (PSMP) mho relays are analyzed in [13,
14], respectively. A novel method to find the offset mho character-
istics of memory and cross-polarized distance elements is presented
in [15]. However, these studies [8-15] do not account for the perfor-
mance requirements outlined in IEEE Standard 2800-2022 [16], which
are critical for IBR-dominated systems. The benefits of implementing
the IEEE Standard 2800-2022 to enhance various transmission line
distance protection functions, including mho elements, are explored
in detail in [17]. Ref. [18] considers the IEEE Standard 2800-2022
and analyzes the dynamic mho expansion during IBR integration for
varying phase-locked loop parameters. A notable observation in IBR-
integrated systems is a reduction in the resistive reach of dynami-
cally expanded memory-polarized mho relay elements, as documented
in [13,18]. This phenomenon has been identified, however, it has
not been extensively investigated in the existing literature. To address
this limitation, this paper introduces an adaptive memory polarization
algorithm specifically designed to mitigate the previously mentioned
challenges associated with memory-polarized mho relays operating
within IBR-integrated power systems.

The major contributions of this work are presented below.

+ The dynamic mho expansion of memory-polarized mho relay
has been studied for three-phase-to-ground, single-line-to-ground,
and line-to-line fault scenarios. Two different relay locations are
considered, where the fault current seen by the relays, R1 and R2,
is fully supplied by the PV generators.

The diameter of the dynamic memory-polarized mho element’s
maximum expansion, d,,,,, and the angle of the memory vector,
0,,, have been examined.

A novel algorithm that enhances the reliability of memory-
polarized mho relays in the presence of GFL PV generation has
been proposed.

The proposed adaptive algorithm has been verified for close-
in faults in a GFL PV integrated system by varying fault types,
weight factors of memory polarization, and fault resistances.

2. Memory-Polarized Mho relay

In mho relay elements, Z,, and Z,, represent the polarizing and
operating impedances, respectively. The relay’s reach setting, Z,, cor-
responds to the transmission line segment impedance that is being
protected. The apparent impedance, Z,,,, as observed by the relay,
is determined using system voltages and currents. The mho element
calculates its operating impedance as Z,, = Z,-Z,,.. The characteristics
of self-polarized mho relays are discussed in [13,14]. However, their
limitations under close-in fault conditions necessitated the development
of memory polarization techniques.
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Fig. 2. Dynamic mho expansion for GFL PV integrated system.

In a self-polarized mho relay, the polarizing quantity in the voltage
plane is the faulted phase voltage. During close-in faults, this voltage
may approach or equal zero, making it insufficient to polarize the
relay element. To address this, memory polarization is employed to
enhance reliability. Memory polarization uses positive-sequence mem-
ory voltage or pre-fault voltage as the polarizing quantity. Positive
Sequence Memory Polarized (PSMP) mho relays, widely utilized in
transmission line protection, use the positive sequence pre-fault voltage
instead of the faulted voltage as the polarizing quantity. Since the pre-
fault voltage remains close to its nominal value even during faults, it
provides adequate polarization for the relay, unlike the self-polarized
variant. The term “memory voltage” refers to this pre-fault voltage
generated by a memory filter [19,20]. The memory voltage experiences
a gradual and progressive shift towards the actual fault voltage over
time. For a memory-polarized mho relay, Z,, is computed using the
fault current (Z, ) and the positive sequence memory voltage (V;m) or
pre-fault voltage. In the ith iteration of the protection pass, the memory
voltage is defined as:

Vi@ =w, VI + A -a,)V] (-)) 1

where V;fm is the positive sequence memory voltage phasor, V' denotes
the positive sequence faulted phase voltage phasor, and ,, is the
weight factor, ranging between 0 and 1. The voltage from the i — j
protection pass serves as the memory voltage for the ith protection
pass. The polarizing memory voltage also serves to dynamically expand
the mho characteristic. The dynamic expansion of the PSMP mho
characteristic for a three-phase-to-ground fault in a system with only
SGs is illustrated in Fig. 1. The vector b,, represents the memory vector
and 6, is the angle of the memory vector relative to the positive
resistance axis (R-axis). The apparent impedance (Z,,,) and polarizing
impedance (Z ol) AT€ computed as follows:

V) . V7,0
T L)’ P L)

app

(2)

Z 4pp(0)
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The fault current, fault voltage, and the polarizing voltage used for
different types of faults considered in this paper are detailed in Table
1 where @ = 1£120° and zero sequence compensation factor K, =
0.5, where K, = (Z, — Z,)/Z, [14]. The memory vector, b,,, and the
diameter of the dynamic mho circle, d,, are calculated as

b)) = Z oy @) = Zpo(D): - dyy(i) = | Z,() = b, D) ®)

The maximum value of the dynamic mho expansion, denoted as
d,ax> Tepresents the upper limit of d,(i). The corresponding angle of
b,, for the positive R-axis (measured anti-clockwise) at this maximum
expansion is denoted as 6,,. The mho circle’s dynamic expansion is pri-
marily influenced by b,, as shown in Fig. 1. This dynamic characteristic
has been observed to enhance the mho element’s resistive coverage. The
steady-state operating point of the system before a fault occurrence is
designated as “prefault” in Figs. 1 and 2.

2.1. SG-only system

During close-in faults, SGs exhibit voltage source behavior. Owing
to the inertia of the SG, the voltage phase angle remains relatively
unchanged from its pre-fault value. In Fig. 1, the magnitude of Z,,
is low for an SG-only system due to low pre-fault voltage and high
fault current. Consequently, Z,,, observed by the relay exhibits a small
magnitude closer to the positive R-axis for the close-in fault with a fault
resistance. Z,, calculated from fault current and pre-fault voltage will
be lower than pre-fault impedance and should be aligned more closely
to the positive R-axis. This, in turn, makes b,, small, which is a result for
Z,, and Z,,,. This results in a dynamic mho expansion with a diameter
close to the actual mho circle.

2.2. GFL PV-integrated system

In a GFL PV-integrated system, the power electronics within the
system impose a limit on the fault current. Consequently, the converter
control will result in a fault voltage characterized by a reduced magni-
tude and a phase angle deviating from its pre-fault condition. Here Z,,,
will still be low and close to the positive R-axis, and Z,, will have a
magnitude and angle closer to pre-fault impedance. Thus, as shown in
Fig. 2, b,, is much longer, and its angle, 6,,, is higher than that for the
SG-only system, which reduces its resistive reach during positive power
flow direction [7,13,18]. However, the initial dynamic mho expansion
will be much bigger than that for the SG-only system.

Henceforth, within this work, a higher value of 6,, signifies that the
memory vector b,, is moving away from the positive R -axis or negative
X -axis and vice versa. The angle 6,, is measured from the positive
R-axis in the anti-clockwise direction as shown in Figs. 1 and 2.

3. Test system details

The IEEE 39-bus system, operating at 345 kV and 60 Hz, is adapted
and simulated in PSCAD to ensure that the relays experience fault
currents entirely supplied by PV generators, as depicted in Fig. 3. The
Q-priority control strategy for the GFL PV generator is illustrated in
Fig. 4 [18]. This research utilizes phasor domain analysis, focusing on
the 60 Hz fundamental frequency phasor observed by the relay while
neglecting high-frequency switching dynamics, as harmonic behavior
near switching frequencies is not within the study’s scope. Conse-
quently, the PV system is represented using an averaged model, and
its control employs a Synchronous Reference Frame PLL with a Low
Pass Filter (LSRF PLL) [18,21]. The PV inverter is equipped with Low
Voltage Ride-Through (LVRT) and High Voltage Ride-Through (HVRT)
capabilities, implemented via dynamic voltage support, as shown in
Fig. 5 [16]. For this analysis, solar irradiance and temperature are
assumed to be constant.

At the Reference Point of Applicability (RPA), the voltage remains
between 0.9 p.u. and 1.05 p.u. during steady-state operation [16].
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Fig. 3. Modified IEEE-39 bus system.
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Fig. 4. Control logic for the GFL PV generator.
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Fig. 5. Low Voltage/High Voltage Ride-Through characteristics.
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Under these conditions, the Maximum Power Point Tracker (MPPT) Dividing(7) by I, ,(i) we get,

output, Pse,,. is treated as P,,,, while Q,,, is initialized as 0.3287P,,. Vi) V(i) Vi = )

The Proportional-Integral (PI) controller parameters for the PV control 2 =0, —— +(l —w,)—— 9)
are fixed at K,; = K, = 0.05and K;; = K, = 1 and T, = L0 rr(0) L0

0.02 s. When the voltage support feature is enabled, reactive power
is provided to support grid stability according to the grid codes. If o
the voltage deviates from acceptable limits, Egs. (4)-(6) are applied Z h=w Z (H+( - )Vf (= J) (10)
to determine the updated real and reactive power references. The pol mearp K A 0))

voltage support mechanism generates additional reactive power, Q,,,

proportional to the deviation of the RPA voltage (V,,,) from the nominal

Using Zapp from (2) and Z 1 from (8) in (9), we get

Now, using (3)

i v ,m(i - j )
voltage (V,,minat) Using a K-factor [16,18]. Zoot(D) = @ { Zyo (D) + b)) + (1 = 0,) fI 5 a1
rf
Qs = KViominal = I/pb) @ -
N R . Vf ,m(’ J) 12
The K-factor can vary between 1 and 10 [17]. When the voltage support Zpot () = O Z oy () + @y by (1) + (1 = ) 1, (i) a2
feature is enabled in Q-priority mode, Vi = J)
(i) = Z o (i) = @y Z (D) — (1 = @) L= 13
Orey = Qus + Oy %) @nbn() ol (1) = O Zpo () = (1 = o) (i) s
Now, substituting Z,, from (8) and rearranging, we get
P =Wy Tpa)* — Qfgf ©) & L pol ging 8
. Vi m(@) Vim(—J)
Here, I,,, is limited to 1.2 p.u. to constrain the inverter’s output @b, () =1 -0,)— -1 -0,)———— as
s - . : . I, (i) 1, (i)
current [22]. All variables in the equations above are expressed in ] o
per-unit values. L _ U -y Vim® _ Vim@ =1
b, (i) = - - (15)
@y Irf(’) Irf(l)
4. Proposed algorithm formulation 1—
by = L) (409, 16)
,
The positive sequence parameters in the memory voltage Eq. (1) are "
replaced with the phase voltage values as where
. . . ALO. = Vim@  VewG—J) an
Vi) =@,V () + (1 —o,)V;,, (= j) @) 0 = 1,0 1,0
where, V,  is the fault voltage and V; , is the memory voltage. All the )
voltages in (7) are phase values. Using phase memory voltage, Z,, in by (D) = by, 20,, 18)
(2) becomes (16) can be written as
Vi) -
. fom (1 -w,)
z = 8 = m
pot () 1,0 (€] by 28, o {Az0,} 19
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Table 1
Polarizing quantities of relay elements.
Fault type Relay Fault Positive sequence memory polarization Proposed algorithm
element voltage (V,,) Polarizing voltage Fault current (/,,) Polarizing voltage Fault current (7,,)

Three-phase-to-ground ABCG Vy V;m 1, v /’t‘m 1,

Single-line-to-ground AG v, Vi I, + Ky I VA, I, + Ky I,

Line-to-line AB V=V —jra-vi 3 1,1, —jra-vi 3 I, -1,

In (19), w,, is considered as a scalar value between 0 and 1. As a ' _—
result, the angle of the memory vector b,,, 6,,, will be the angle of the 0 /X ’ |
vector A, 0,. However, if w,, is considered as a complex value, »,,20,, N
the angle of the vector b,,, 6,,, will depend on both 6, and 6,,. The Eq. = 10
(19) can be modified with complex weight factor as, E’ 2 4 8 10
S 50
by 20 (i) = SO0 4 40 (20) g
®,, 26, 8
Hence, the angles of the vectors in (18) can be written as, —
— -100 1 S(’elf pol
0 = A o, e | e
-50 0 50
0,=2 {(WLL -0,)— 1} +46, 22) Resistance ()
m

When 6, is zero, when w,, is a scalar, from (22)
. =0, (23)

Hence, the initial value of ¢, can be obtained from the angle, 6,,, of the
first memory vector keeping w,, as a scalar value. After obtaining the
0,, it can be substituted in (22).

The problem with the maximum expansion of PSMP mho relay
in the presence of IBR is the reduction in resistive reach due to the
increased b,,46,,. One of the solutions is to bring the memory vector b,
along the line of Z, such that |6|+6,,| = 180°. Both angles are measured
from the positive R axis and are of opposite sign. 6 is positive while 6,
is negative. Hence, for the memory vector to be along Z,,

0, =0—180° @9

On using (23) and (24) in (22), we get

0—180"—0”:4{(L4—9m)—1} (25)

wm

Expanding the right hand side of (25), we get

0-180°-0,=z« { Lcos(—ew) + jism(—aa,) - 1} (26)
wm wm

1 .
L sin(-0,
0 —180° — 0, = tan™" ﬂ (27)
w—cos(—Hw) -1

mLsin(—ew)
tan(@ — 180° — 6,,) = l"’— (28)
Ecos(—gm) -1

where, 0 is the phase angle of Z,, the impedance reach of the protected
line, and 6, is obtained from (23). Both the angles are known to solve
the (28) to get 6,,. Once 6, is obtained, we use this value to calculate
the complex weight factor ,, 20, for the remaining protection passes.
The magnitude of the weight factor, ,,, is kept the same in all the
protection passes.

For the different types of faults considered, the polarizing quantities
for positive-sequence memory polarization and the proposed phase
memory polarization are shown in Table 1. Subscripts ‘A’, ‘B’, and ‘C’
represent phases A, B, and C, respectively. The superscript ‘+’ repre-
sents the positive-sequence component, and the subscript ‘m’ represents
the memory component.

Fig. 9. Maximum dynamic mho expansion for single-line-to-ground fault seen
by relay Rl when w,, = 0.5 for R, =0.
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Fig. 10. Maximum dynamic mho expansion for single-line-to-ground fault
seen by relay R1 when w,, = 0.5 for R, =5 Q.
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Fig. 11. Maximum dynamic mho expansion for line-to-line fault seen by relay
R1 when o,, = 0.5 for R, =0.

5. Analysis of results

Post-processing calculations were performed on fault data extracted
from simulations conducted at a sampling rate of 3.84 kHz, capturing
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Fig. 12. Maximum dynamic mho expansion for line-to-line fault seen by relay
R1 when w,, = 0.5 for R, =5 Q.

64 samples per cycle. The analysis considered eight protection zones
within each cycle. To determine the memory voltage for the preceding
two cycles, j is set to 16 in the memory voltage calculation equations,
(1) and (7). The study investigated the maximum attainable expansion
of the dynamic mho characteristic of the PSMP mho element in a
PV-integrated system. This was achieved by comparing the maximum
dynamic mho expansion for the positive-sequence memory polarization
and the proposed phase memory polarization algorithms while also
examining self-polarized mho characteristics.

For this analysis, the existing generator G9 of the IEEE 39 bus
system connected to Bus 38 was substituted with an 870.5 MVA, 33
kV GFL PV generator. Subsequently, line 26-29 was removed from
the system model. A load flow analysis was then conducted on this
modified system configuration. This specific arrangement isolates the
fault current experienced by relay RI1, ensuring its sole contribution
originates from the PV generator (refer to Fig. 3). The pre-fault power
flow direction seen by relay RI is positive. A fault, designated as FI,
was simulated on lines 28-29 at a distance of 2% from relay RI1 for a
duration of 0.07 s.

5.0.1. Three-phase-to-ground fault

Three-phase-to-ground faults have been analyzed in this section.
Here, fault F1 is a three-phase-to-ground fault. The reduction in re-
sistive reach during the first dynamic mho expansion after fault initi-
ation and subsequent maximum dynamic mho expansion for positive
sequence memory polarization and the proposed phase memory po-
larization are shown in Fig. 6. While the maximum mho expansion
exhibits a reduced resistive reach compared to the initial mho ex-
pansion, it is crucial to acknowledge potential negative ramifications.
Notably, the proposed algorithm demonstrates a clear enhancement in
the resistive reach of the mho circle, even from the first dynamic mho
expansion. Henceforth, only the maximum dynamic mho expansion
in terms of maximum diameter, d,,,,, and memory vector angle, 6,
have been compared for the positive sequence memory polarization
and the proposed phase memory polarization techniques. Results have
been presented for a varying weight factor (w,,), fault resistance (R/),
and fault location. The maximum mho expansion seen by relay R1 for
weight factors of w, = 0.25, 0.5 and 0.75 and zero fault resistance
are shown in Figs. 7(a), 7(b) and 7(c), respectively. Analysis reveals
that maximum mho expansion utilizing positive sequence memory
polarization (red curve) results in a curtailed resistive reach for the GFL
PV-integrated system. Conversely, the proposed algorithm (blue curve)
demonstrates the capability to effectively restore the resistive reach.
The observed outcomes remain consistent across the range of weight
factors investigated. The proposed algorithm has also been verified for
a fault resistance of 5 Q. The results are shown in Figs. 8(a), 8(b) and
8(c).
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5.0.2. Single-line-to-ground fault

Here, fault F1 is a single-line-to-ground fault at phase A. The
comparison of maximum dynamic mho expansion for positive sequence
memory polarization and proposed method considering »,, = 0.5 is
shown in Figs. 9 and 10 for R, = 0 and R, =5 Q, respectively. It has
been observed that the proposed method improves the resistive reach
as in the previous cases. The results have been verified for w,, = 0.25
and 0.75 for both the fault resistances.

5.0.3. Line-to-line fault

Here, fault F1 is a line-to-line fault between phases A and B. A
comparative analysis of the maximum dynamic mho expansion for both
the positive sequence memory polarization and the proposed method
for w,, = 0.5 are shown in Figs. 11 and 12 for R, =0 and R, =5 Q, re-
spectively. Consistent with previous observations, the proposed method
demonstrates an improved resistive reach. These findings were further
validated for w,, = 0.25 and 0.75 across both the fault resistances.

A comparison of the positive-sequence memory polarization and
the proposed algorithm for a GFL PV integrated system for varying
fault types with @, = 0.5 and R, = 0 is presented in Table 2. The
results have also been verified for a second location, L2, shown in
Fig. 1.

6. Conclusions

This paper comprehensively investigates the dynamic performance
of memory-polarized mho relays in power systems with significant
GFL PV generation. This paper delves into the dynamic behavior of
these relays, analyzing the impact of IBR transients on the maximum
expansion of dynamic mho (d,,,,) and memory vector angle (6,,) of the
expanded mho characteristic. Through rigorous simulations of various
fault scenarios, including three-phase-to-ground, single-line-to-ground,
and line-to-line faults, the study identifies a possibility of decline in the
resistive reach of positive-sequence memory-polarized mho relays in
the presence of GFL PV generation. To address these challenges, a novel
algorithm incorporating a complex weight factor is proposed. This
approach shifts the memory vector more towards the positive R-axis
and hence helps to recover the resistive reach. The proposed method is
power priority agnostic. The effectiveness of the proposed algorithm is
rigorously evaluated across a range of fault types, weight factor values,
fault resistances, and locations, demonstrating its potential to improve
overall system security.
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Table 2
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Comparison of positive-sequence memory polarization and proposed algorithm for a GFL PV integrated system for varying fault

types and ,, = 0.5, R, =0.

Fault type Positive sequence memory polarization Proposed algorithm

wm dmax em wm 400) dmax gm
Three-phase-to-ground (ABCG) 0.5 111.01 -120.412 0.1749 — 0.1787; 179.15 -108.23
Single-line-to-ground (AG) 0.5 175.83 -131.95 0.4267 — 0.2606, 135.001 -94.37
Line-to-line (AB) 0.5 169.63 -133.72 0.3985 — 0.3020, 157.49 —96.56
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