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ABSTRACT A spot network is a special low-voltage distribution network with multiple sources supplying it
in parallel. It can significantly enhance supply reliability and is beneficial for integrating a distributed energy
resource (DER). However, because traditional reverse power protection in spot networks cannot identify
the reverse power cause, DERs, especially photovoltaic (PV) hosting capacity, are limited. Meanwhile,
no uniform method exists for assessing the PV injection capacity in spot networks. Based on comparing
the positive sequence current phase, this article presents an improved reverse power protection and PV
hosting capacity assessment method for spot networks. Current variation is adopted to identify the reverse
power cause, and a spot network equivalent model with PV is built. The positive sequence current phase
relationship at the reverse power protection location is analysed when different types of short circuit faults
occur. A short circuit fault section can be determined by comparing the positive sequence current phase.
The influence of the PV output current on the improved reverse power protection performance is analysed.
Then, a PV hosting capacity assessment method with improved reverse power is presented based on the
PV influence on protection instead of on node voltage. A simulation model based on an actual project is
constructed using PSCAD software. The simulation results show that the improved reverse power protection
significantly enhances the ability to inject PV into the spot network and operates correctly under faults. The
theoretical PV hosting capacity agrees with the simulation results.

INDEX TERMS Spot network, reverse power protection, photovoltaic, hosting capacity, assessment method.

I. INTRODUCTION

The rapid development of the social economy, has caused the
need reliable electrical supply to become increasingly urgent
[11, [2]. Medium voltage (MV) distribution networks are usu-
ally operated in a radial configuration Equipped with simple
and inexpensive protection and control measurements [3].
However, the load will suffer short interruptions when the
fault section is isolated and while the normal area is recov-
ered. Thus, it cannot meet the load demands and maintain
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a reliable supply [4], [S]. Meanwhile, distributed energy
resource (DER), research—especially photovoltaic (PV), has
been widely applied in recent years because of the energy
crisis and environmental problems. However, PV usually
operates with random and intermittent output characteris-
tics; consequently, conventional distribution networks cannot
incorporate PV in a friendly manner [6], [7]. This problem has
become a major bottleneck that limits PV hosting capacity in
distribution networks.

A spot network is a special low-voltage (LV) secondary
network used in interconnected distribution networks. Gen-
erally, 3~8 medium voltage feeders supply energy in parallel
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to one spot network. Spot networks are considered the most
reliable and flexible LV distribution mode for extremely
important loads and they are beneficial for integrating PV
[8]-[10]. Spot networks have been successfully used in the
USA [11].

Generally, reverse power protection is set on the LV side
to prevent loop power from occurring between the feeders.
Reverse power protection can locate and isolate faults quickly
when short-circuit faults occur in the feeders and can also
improve the sensitivity of low-voltage side protection. How-
ever, the conventional reverse power protection and control
method in spot networks cannot adopt friendly DER tech-
niques, which seriously limits the PV hosting capacity.

Reverse power protection in the spot network is usually
set to 0.1%-0.5% of the transformer capacity and does
not consider the influence of injected PV [12], [13]. Thus,
when PV is connected to a spot network, the traditional
reverse power protection will misoperate frequently because
of power fluctuations. Reverse power protection misoperation
can be actively prevented by limiting the actual output power
of PV [16]. An improved reverse power protection for spot
networks with PV amounts was introduced in [13] based on
the current variation and the power direction of the positive
sequence fault component. This approach enhances opera-
tional reliability and is helpful for improving the PV host-
ing capacity. However, the PV hosting capability under this
improved reverse power protection scheme was not analysed
in detail. The authors of [14] constructed a reverse power
protection method for a spot network that incorporated a
reverse time-limit idea. This approach reduces the tripping
probability caused by a power reversal. However, that study
did not consider the inherent correlations between reverse
power size and duration, load characteristics, PV output and
other factors, or of protection settings. In [15], a reverse
power protection method was proposed based on the idea
of bus differential protection. This method improved the PV
hosting capacity to a certain extent by utilizing all the power
supply input, load and PV output information. However, there
was no coordination between automatic reclosure and reverse
power protection. The phenomenon of a “switch jump” still
exists under large PV and load fluctuations. A power flow
control method was presented in [16] to tackle the loop
power problem. However, the influence of PV fluctuations
on reverse power protection was not considered.

The ability to calculate the PV hosting capacity is critical to
the design and operation of spot networks. The authors of [17]
presented a method to determine the PV hosting capacity
in a distribution network by considering a minimum load
operation level constraint, and in [18], a maximum hosting
capacity evaluation method was proposed. Several probabilis-
tic indices were introduced in [19] to evaluate the potential
operational effects of the increasing penetration of renew-
able DER units on rural distribution networks by evaluating
technical benefits and risk tradeoffs. In [20], power quality
variations and events that may arise due to high PV were
assessed. This method considers the likely impacts due to
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DER integration under worst-case scenarios. In [21], a bilevel
programming model was built to calculate the maximal
allowable DER penetration capacity while considering load
uncertainty and voltage constraints, and an active distribution
network management approach was proposed in [22] to max-
imize DER hosting capacity. A novel method based on linear
programming was proposed [23] to attenuate steady state
over voltage problems and determine a good approximation
of the maximum DER penetration level in radial distribution
networks. The authors of [17]-[23] considered the maximal
allowable DER penetration mainly from the perspective of
the original system structure, which limits the development
of DER access. However, the above research results did not
address PV hosting capacity in spot networks with reverse
power protection.

Based on comparing the positive sequence current phase,
this article presents an improved method for reverse power
protection and PV hosting capacity assessment in spot net-
works. Current variation is adopted to identify the reverse
power cause. First, a spot network equivalent model is built
that includes PV. Then, the positive sequence current phase
relationship at the reverse power protection location is anal-
ysed when different types of short circuit faults occur. By
comparing the positive sequence current phase, a short circuit
fault section can be determined. The influence of the PV
output current on the improved reverse power protection
performance is analysed in detail. Then, a PV hosting capac-
ity assessment method that includes the improved reverse
power scheme is presented based on the influence of PV on
protection instead of on node voltage. A simulation model
based on an real project is constructed using PSCAD soft-
ware. The simulation results show that the improved reverse
power protection significantly enhances the ability to inject
PV into a spot network that maintains correct operation under
fault. The theoretical PV hosting capacity agrees with the
simulation results.

Il. COMPARING POSITIVE SEQUENCE CURRENT
PHASE-BASED IMPROVED REVERSE POWER
PROTECTION IN SPOT NETWORKS

A. TRADITIONAL REVERSE POWER PROTECTION IN SPOT
NETWORKS

The feeders in a spot network, may have different equivalent
source voltages and impedances. The load distribution on the
medium voltage side may be uneven. This situation results
in uneven output from each feeder and causes loop power to
occur between each feeder. In severe cases, the power will be
reversed in some feeders, greatly affecting the economy, sta-
bility and safety of system operation. Consequently, the low-
voltage side of the spot network is generally configured with
reverse power protection. In traditional reverse power protec-
tion, when reverse power is detected, the system judges that
the feeder has a short circuit fault or loop power and sends
a trip signal to the circuit breaker. This approach prevents
loop power from occurring between feeders and improves the
sensitivity of the low-voltage side protection.
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However, traditional reverse power protection in spot net-
works is typically set to 0.1%—0.5% of the transformer
capacity and does not consider the influence of injected
PV. Therefore, when large amounts of PV are connected to
the spot network, the traditional reverse power protection
will misoperate frequently because of power fluctuations.
Moreover, traditional reverse power protection systems are
equipped with an automatic reclosing device, which may lead
to the “jump”” phenomenon, causing continuous tripping and
closing of the circuit breaker and reducing the reliability of
the spot network. Misoperation of reverse power protection
can be actively prevented by limiting the actual output power
of the PV; however, to some extent, that approach limits the
development of PV in the spot network and is not conducive
to fully utilizing renewable energy.

B. POSITIVE SEQUENCE CURRENT PHASE-BASED
IMPROVED REVERSE POWER PROTECTION IN SPOT
NETWORKS

The intermittent output of PV are mainly caused by the insta-
bility of primary energy; the fluctuating cycles of PV output
power are determined by its energy varying characteristic.
The durations of such variations are usually considerably
longer than that of a fault—on the order of 1 s or more. How-
ever, the transient current under fault is very fast: on the order
of 1 us or even less. Obviously, there are clear differences
between the current variations caused by PV fluctuation and
those caused by system faults. Therefore, the cause of reverse
power can be determined by assessing the current variation
within a short time window.

Protection based on fault components has many advantages
for analysing all types of faults, including overcoming the
influence of load current, improving protection sensitivity,
and so on. The limitation of PV injection in the distribution
system is related to the minimum operational load [13]. In this
article, the minimum load is assumed to be 0 kW. The PV
hosting capacity is lower in this case. The positive sequence
component is equal to the positive sequence fault component
if a fault occurs at the moment a PV accesses the spot net-
work. Therefore, in this study, a positive sequence component
is used to design the reverse power protection theory instead
of a fault component.

Because the number of feeders does not affect the fault
characteristics of the spot network, three feeders are analysed
as examples in this paper. An example spot network is shown
in Fig. 1, where Usg; is the voltage of source I, Zg; is the equiv-
alent impedance of source I, Zj; is the equivalent impedance
of Feeder i,1 = 1-3, and f] and f, are the fault locations.

This spot network with a PV interface to the inverter can be
simplified as shown in Fig. 2, where Us is the source voltage,
Zy = Zs + Z;. Zr is the equivalent impedance of each
transformer, and Z;y p is the equivalent impedance of the load.
The positive protection direction is defined from the feeder to
the low-voltage bus, namely, I'r,“ , I',,lz and ir,l3, and I; I,
I 1—2 and I'r,lg are the true current.
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FIGURE 1. Spot network with PV and three feeders.
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FIGURE 2. Equivalent circuit of a spot network with PV and three feeders.
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FIGURE 3. Positive sequence network under faults at Feeder 1 upstream.

When a fault occurs at fj in Fig. 2, namely, at MV
Feeder 1, the current variations at various transformer sec-
ondary sides will exceed the protection threshold, and reverse
power protection will launch. The positive sequence network
diagrams under the three-phase short-circuit fault are shown
in Fig. 3, and the positive sequence current phase relation of
each feeder is shown in Fig. 4. With the reference phase of
Feeder 1, the positive sequence current relationship between
the normal feeders and the faulting Feeder 1 is as follows:
90° < argl.l_l1

L

90° < argl.l_l1
L3

—-90° < argl.l_l2

h-i3

< 270°

< 270°

< 90°

The positive sequence current direction of the fault feeder
is from the voltage bus to the fault point. The direction of the
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FIGURE 4. Phasor diagram of the positive sequence component under
faults.
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FIGURE 5. Positive sequence network under fault at the low-voltage bus
downstream.

normal feeder is from the medium voltage feeder to the low
voltage (LV) bus feeder. All the phase differences between
the fault feeder and normal feeders meet these conditions,
as shown in Equation (1). Then, the reverse power protection
will trip the faulting feeder. Meanwhile, the phase difference
of the positive sequence current between normal feeders does
not satisfy Formula (1). The protection will not operate for the
normal feeders; they will return automatically after a certain
delay time:

I
90°<arg1.—ll<27O°(1§i§n;1§j§nandj7£i) 1)
lj

where I;; and ilj are the current vectors of Feeders i and j as
measured by the reverse power protection.

In addition, if the fault occurs at f> in Fig. 2, namely, at the
LV bus bar, the positive sequence network diagrams under the
three-phase short-circuit fault at the LV bus bar are shown
in Fig. 5. The positive sequence current phase relation of
each feeder is shown in Fig. 6. As can be seen from Figs.
5 and 6, the positive sequence current relationships between
the feeders are as follows:

—90° < arg].lfl1
Li_p
—90° < arg].lfl1
L3
—90° < arg].lfl2
I

< 90°

< 90°

< 90°

The positive sequence current direction of all feeder pro-
tection points is from the LV bus to the fault point. None of
these positive sequence current phases meets Equation (1);
thus, the protection does not fire, and these feeders return
automatically after a certain delay time.
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FIGURE 6. Phasor diagram of the positive sequence component under
fault at the low-voltage bus.
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FIGURE 7. Logic diagram of improved reverse power protection based on
comparing the positive sequence phase.

The fault location can be determined by comparing the
phase differences of the positive sequence current between
the two feeders. Under the condition of permissible PV per-
meability, equation (1) is the protection criterion to identify
a short circuit fault feeder. To reduce the amount of required
computation, the positive sequence current phase of a certain
feeder can be taken as a reference value. Then, the phase
differences between the other feeders and the reference feeder
can be calculated. The operational logic of this reverse power
protection in the spot network is shown in Fig. 7, where S,
is the phase difference between feeder N and the reference
feeder. When the current phase difference between feeder N
and the reference feeder is within the range of —90° ~ 90°,
it is marked as a ““1”, and when it is within the range of
90° ~ 270°, it is marked as a “0”".

Compared with traditional reverse power protection,
the improved reverse power protection judges the operational
state via current variations. It takes the current variation as the
starting amount of the protection, uses the positive sequence
current phase to identify the fault location, and yields the
setting principle and the protection realization logic. This
protection method is effectively able identify the difference
between reverse power caused by a feeder fault and larger
variations in PV output, and it will not misoperate when the
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FIGURE 8. Positive sequence fault component equivalent network with a
fault at f.

PV output is too large. Therefore, it can make full use of the
advantages of spot networks in power supply reliability and
PV-friendly access.

Ill. PV HOSTING CAPACITY ASSESSMENT METHOD IN
SPOT NETWORKS WITH IMPROVED REVERSE POWER
PROTECTION

Traditional reverse power protection relies solely on limiting
the PV output to maintain reliable system operation. In this
study, the influence of PV output on the positive sequence
current phase is studied, and a method to assess PV host-
ing capacity assessment in spot networks that considers the
improved reverse power protection method presented in this
article is proposed.

A. INFLUENCE OF PV ACCESS TO REVERSE POWER
PROTECTION PERFORMANCE

Generally, the output current of a PV inverter follows the
positive sequence voltage phase at its access point. Its max-
imum output current amplitude is limited to (1.2~1.5)Iy,
where Iy is the rated current of the PV inverter. The inverter
control strategy usually affects the transient parameters.
The reverse power protection in this paper uses the stable
fault current, on which the PV control strategy has little
influence.

According to [13], the equivalent network for the positive
sequence fault component is as shown in Fig. 8§ when the
fault occurs at f. U; is the positive sequence voltage fault
component at fault location f, Aipv is the current variation
of the PV inverter, I.F] is the positive sequence current fault
component in the fault feeder, /r,,_1 is the corresponding fault
current in the normal feeders. /py| is the current variation
caused by the PV inverter in the fault feeder, ipvfn_l is the
current variation in the normal feeders, and n is the number
of feeders in the spot network. The other parameters are the
same as those shown in Fig. 2.

As shown in Fig. 8, in the fault feeder, the direction of the
current variation caused by the fault is the same as that caused
by the PV. The direction of the positive sequence current fault
component Ir,_; caused by the fault is the opposite of the
current direction / pva—1 by the PV output of the normal feed-
ers. Therefore, the phase difference between the fault feeder
and normal feeder increases with increasing PV output. When
the PV output current is large enough, this phase difference
will fail to meet Equation (1), and the corresponding reverse
power protection will misoperate.
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(a) Composite sequence diagram under a three-phase short circuit fault
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(b) Composite sequence diagram under a two-phase short circuit fault
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(c) Composite sequence diagram under a two-phase-to-ground
short circuit fault

FIGURE 9. Composite sequence diagrams under different types of short
circuit faults.

B. METHOD FOR ASSESSING PV TOLERANCE CAPACITY
Fig. 9 (a)—(c) shows the composite sequence network under
different types of faults in the MV feeder, where Z = Zr +Zs.
A single-phase ground fault on the MV side is not addressed
in this paper; those types of fault characteristics are related to
the neutral grounding mode.

Fig. 9 (a)—(c) can be simplified into a unified structure,
as shown in Fig. 10. The equivalent compound sequence
impedance Z, includes positive, negative and zero sequence
components, and is determined by the fault type as shown
in Table 1

TABLE 1. Z, expression under various types of fault.

Fault type Z,
Three phase short 0
circuit fault
ng ph?se short Z,+R,
circuit fault : ’
Two-phase-to- 7
ground short circuit 3R, + 7f

fault

_ ZM[ZZr+7ZZ1p+(n—1)Zr Z1p]
where Z = Z(Z+nZ1p) :
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FIGURE 10. Unified compound sequence network under short circuit
fault.

Suppose we have

Z - ZAZy _ _ZwZ/n—-1)
ZA +Zu and Zip+Z/(n—1)

Z = Zip(Zy + Z1) Zi = ZaZr + Z3) .
Zip+Zr +7; IN+Zr + 73

According to the superposition theorem, the voltage U;, at
the PV access point can be expressed as follows:

. Zn Z4 Z3 .
Uin = + : Us
D+Z/n—=1) Zsy+Zs Zz+Zr
Z/(n—1) .
——Irvyy (2
H+Z/n—1)
Then, suppose that
Z Z V4 .
ArM%=< 2= O )%
D+Z[/(n—1)  Zs+Zy Z3+Zr 3)
_ 2Z/n-1)
A3 +jAs= —F
T+ Z/(n—1)

Generally, the output current of a PV inverter follows the
phase of a positive sequence voltage at its injection point,
namely,

arg U, = arg Ipyy. 4

We set the phase of the positive sequence voltage at the
injection point as 6. Then, substituting Equations (2) and (3)
into Equation (4), we obtain Equation (5) as follows:

Aulpyr = /A? + AJcos (0 + ). (5)

where,
Ay
cosSet = ——o
/42 2
A7+ A5
) Ay
sina = —

2 2
JA2 + A

The positive sequence current expressions of the fault
feeder and normal feeders are
: ZaU, Zs :
Ln=- Ipvy
(Zs +Zm)ZA + 25 + Z1) Zl +Z3+Z7
ZipUs
(Zz +Z/(n—D)ZL + Zr +Z1)
ZaZipUs
(Za+2Zm)Za + 23+ Z1) (Zip + Z3)
Uy Zip (Z1+Z7)

C D+Z/n—1) %+&+hﬂ&miﬂnlb

lpp1=

(6)
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Now suppose that

. ZA Zip -
Bi +jB; = : Us
(Z4 + Z]M)(ZA +Z3+7Zr) Zip+2Z3
b g
Z+ 7/ =) ,
B3 +jBy = — LT LD
L+ 23 +ZT Zip +Z/(n -1
. VAN
Cy+jC
A @+AM%+&+&)
Us
(Zz + Zé(n - ))Zp +7Zr +7y)
Cy+jCh= -
3T Zy\+2Z3+Zr

According to the operational principle of the improved
reverse power protection, Equation (7) can be met:

tan (arg /1 —jy—1) - tan (arg /1) = —1. @)

Substituting Equation (6) into Equation (7), we obtain
Equation (8), as shown at the bottom of the next page, where,

B>C4 + B4Cy + B1C3 + B3(Cy

cosy =
(B2C3 + B3Cy — B1Cy — B4C1)?
+ (B2Cy 4 B4Cy + B C3 + B3C))?
. B>C5 + B3Cy — B1C4 — B4C
siny = —

(B2C3 + B3Cy — B1Cy — B4C1)?
+ (B2Cy + B4Ca + B1C3 + B3Cy)?

According to the output characteristics of PV, assume that
Ipyr = 1.5Ipy. )

Now suppose that

_ [ (B2C3 4 B3Cr = BiCy — BaCy)?
V4 (B2C4 + BsCr + Bi C3 + B3 (1)
B\Ci + ByCy +2.25B3C313, + 2.25B4Cal},,
1.5[va

o=-
Combining Equations (5), (8) and (9), the PV access limi-
tation /py can be obtained as shown in Equation (10).
1.5Ipy Ay

2 2
JA? + A

To guarantee the reliability of the reverse power protection
operation, the PV hosting capacity can be obtained as follows:

arccos( ) —arccoso = o — y, (10)

Ipvset = Krer2Ipv mins (11

where Ipy min is the minimum limit of the PV maximum
capacity tolerance under all types of short circuit conditions,
Ipyser is the actual PV hosting capacity, and K. is the
reliability coefficient.

This approach improves the stability of the spot network
system and is conducive to the development of distributed
energy generation.
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TABLE 2. Simulation parameters.

Element Parameters

Eg, = Eg,=E4,=13.290°%V
Source f=60HZ

Zy =2, =2, = (1.122+]1.496)x 10°Q
Feeder Z,=2,,=Z,, = (0.8485+j0.8478)Q

Zpy =2y, = Z,py =(2.98+]13.82) x10° Q
Transformer k =k, =k =132/0.48

Spy =Sy = Spy =0.75MVA

Transition resistance R, =2Q

IV. SIMULATION AND ANALYSIS

The simulation, which is based on PSCAD software, models
an actual project at Colorado Convention Center in Denver,
Colorado. The simulation model includes three MV feeders
as shown in Fig. 11. The simulation parameters are listed
in Table 2.

A. OPERATING PERFORMANCE OF TRADITIONAL
REVERSE POWER PROTECTION

The traditional reverse power protection in the spot network
is set to 0.5% of the transformer capacity, namely, 0.01 kW.
When t = 1 s, PV is put into operation, and its output
is gradually increased. The relationship between the active
power and PV output current detected during the reverse
power protection of feeders is shown in Fig. 12, where P1,
P2 and P3 represent the positive sequence power detected by
the three feeder relays. IPV_a_RMS is the effective value of
the current output by the PV inverter. From Fig. 12, it can be
seen that when the PV output current reaches approximately
0.46 kA, the reverse power detected at the protection site
is approximately 0.01 kW. In other words, it reaches the
threshold value of the traditional reverse power protection,
causing the protection to misoperate.

B. IMPROVED OPERATING PERFORMANCE OF REVERSE
POWER PROTECTION

To avoid the influence of low-voltage load start-up on positive
sequence variation, the protection threshold is set based on
the value of the current flowing through the protection when
the low-voltage bus is connected to the maximum three-phase
load:

2 \/gKrellesP max
—KrellesIL.max = s
N —1 3(N —=1)Upcos¢
where K. is the reliability coefficient, K is the starting
coefficient of the load. Iy max 1s the maximum unit load
current, Prmax 1S the maximum unit load power, Ul is the rated
voltage at the low voltage bus bar, and cos ¢ is the load power
factor.

12)

Lser =

[uyo]€8S8 0

[HU]¥918 2
=2

FIGURE 11. Simulation model structure.
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FIGURE 12. Output waveforms of the feeders and PVs.

Suppose that the maximum three-phase load of the low-
voltage bus is 0.1 MW, the power factor is 0.85, the system
has three feeders, and the equivalent voltage of the low-
voltage side is 0.48 kVK,.;; = 1.1. The protection threshold
can then be calculated according to Formula (12) as shown
below:

I, = V6x1.1x7x0.1 _oTHA  (13)
3x(3—1)x0.48 x 0.85

When t = 1 s, the PV is accessed by the low voltage bus
of the spot network, and its output is increased gradually.
The PV output and the current variation are observed. The
waveform is shown in Fig. 13, where All_1, AI2_1 and
Al3_1 are the single-phase current variations of each feeder.
The traditional reverse power protection method misoper-
ates when the output current of PV reaches 0.46 kA. From
Fig. 13, the current variation is much less than the start-up set-
ting value of the improved reverse power protection. Never-
theless, the protection does not start and will not misoperate.

\/(Bzca + B3Cy — B1Cy4 — B4C1)? 4 (B2C4 + B4C> + B1C3 + B3C1)?
Ipyy cos (0 + y) = —(B1C1 + B2Ca + B3Calpys + BaCalpyy)  (8)
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FIGURE 13. Waveforms of feeder output current variations and PV output.
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FIGURE 14. The instantaneous waveform of current variation under a
three-phase fault occurring on Feeder 1.

Therefore, the reverse power protection method presented in
this article allows a larger PV hosting capacity for a spot net-
work system than does the traditional reverse power protec-
tion method. Namely, this improved reverse power protection
can greatly enhance the PV hosting capacity.

A three-phase short circuit is taken as an example to verify
that the improved reverse power protection operates reliably
when a feeder fails. The short circuit fault occurs in Feeder 1
at 6 s. The circuit breaker operates at 6.1 s. The instantaneous
waveform of current variation detected by the feeder relays at
the secondary side is shown in Fig. 14. The phase difference
of the positive sequence current between feeders is shown
in Fig. 15, where ph12 is the phase difference of the positive
sequence current between Feeder 1 and Feeder 2; ph13 is the
phase difference between Feeder 1 and Feeder 3; and ph23 is
the phase difference between Feeder 2 and Feeder 3.

As shown in Fig. 14, the current variation in each feeder
exceeds the threshold value and the improved reverse power
protection starts.

From Fig. 15, for a fault in Feeder 1, both phl2 and
ph13 satisfy Equation (1); consequently, the improved reverse
power protection trips the circuit breaker. However, for Feed-
ers 2 and 3, ph23 does not satisfy Equation (1) and the
protection does not operate. Therefore, it can reliably isolate
fault points.
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FIGURE 17. The instantaneous waveform of the positive sequence
current phase difference under various faults at the LV bus bar.

In this case, the short circuit fault occurs in the low voltage
bus at 6 s. The instantaneous waveform of the current varia-
tion detected by the incoming relays is shown in Fig. 16, and
the phase difference of the positive sequence current between
the feeders is shown in Fig. 17.

As shown in Fig. 16, the current variation in each feeder
exceeds the threshold; therefore, the improved reverse power
protection starts.

Finally, as shown in Fig. 17, none of phl2, phl3 and
ph23 satisfy Equation (1). Consequently, the protection does
not start, and the improved reverse power protection will not
misoperate.

To verify the reliability of the improved reverse power
protection, the maximum load and capacitor are used as
interference. The capacitance compensation is set to 30% of
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TABLE 3. Theoretical value of PV tolerance capacity in each short-circuit
fault state (Unit: KA).

Fault type PV tolerance capacity
Vs 22.62
f 9.16
i 475
Fon 12.86
W 9.73
< oaNl1 OaAR1 A 1
é 040 AN AR NI<)
£ 030
= 020
3 010
S 0
= 000
D
£ 010
© 3960 3980 4000 4020 4040
t(s)

FIGURE 19. Current variation during the capacitor input.

the load capacity, namely, 0.105 kVar. When t = 4 s, the sys-
tem experiences maximum load, and the current variation is
shown in Fig. 18. When t = 4 s, the capacitor is put into the
system, and the current variation is shown in Fig. 19.

As seen from Figs. 18 and 19, when the maximum load
and capacitor are put into the system, the current variation
remains well below the threshold for protection. In this case,
the improved reverse power protection will not misoperate.

C. VERIFICATION OF THE ASSESSMENT METHOD FOR PV
TOLERANCE CAPACITY
Based on Equations (4) and (8) and the simulation parameters
in Table 2, the coefficient in Equation (12) can be obtained,
and the PV access limitation can be calculated under dif-
ferent fault conditions by solving Equation (10), as shown
in Table 3, where £ is a three-phase short circuit fault, £
is a two-phase short circuit fault, fléz) is a two-phase short
circuit fault with a transient resistance of 2 €2, f LD is a two-
phase to ground short circuit fault, and flgl’l) is a two-phase
ground short circuit fault with a transient resistance of 2 €.
A single-phase ground fault on the MV side is not addressed
in this paper because its fault characteristics are related to the
neutral grounding mode.

To prove that the PV capacity limitation is a boundary
condition for reverse power protection operation, the relation-
ship between the positive sequence current phase of feeders
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TABLE 4. Phase information corresponding to the corresponding PV
tolerance capacity (Unit: Degree).

]:;;: D1, P D1 s (0% gﬂ%
fe -65.44 24.69 24.69 90.13 90.13
e 261.77 -8.21 -8.21 90.02 90.02
Ui 268.31 -1.83 -1.83 89.86 89.86
£ 267.65 3.14 3.14 89.21 89.21
S 264.03 -5.58 -5.58 90.39 90.39

TABLE 5. Phase Information of the positive sequence current under
various faults in feeder 1 (Unit: Degree).

T
fo 232.38 27.12 27.12 154.74  154.74
7@ 240.01 12.39 1239 13238 132.38
Vi 264.95 11.11 11.11 106.16  106.16
£ 236.91 19.51 19.51 142.60  142.60

o 241.89 16.43 16.43 134.54 13454

is simulated and shown in Table 4, where I1_;; is the pos-

itive sequence current in fault feeders, /;1_;; is the positive

sequence current in normal feeder 2, I7_;3 is the positive

sequence current in normal feeder 3, ¢j,_,, is the phase
. . h-n

difference between I1_;> and I1_;1, and ¢j,_,,, is the phase
. . Li-n

difference between I1_;3 and ;1.

The simulation result in Table 4 shows that the improved
reverse power protection in the normal feeders might misop-
erate because ¢,_,, and @y,_,; is near 90°. To enhance the

Ii-1n I
reliability of the improved reverse power protection, the PV

hosting capacity should be calculated according to Equa-
tion (12), where the reliability coefficient K, is 0.85:

Ipyset = Kiei2Ipy min = 4.04kA. (14)

Namely, the maximum PV hosting capacity is 4.04 kA.

Suppose that the maximum three-phase load unit is
0.1 MW and its power factor is 0.85, K1 = 1.1, Kgs = 7.
According to Equation (13), the operational value of the
reverse power protection is I, = 0.77kA. When a fault
occurs at the feeder, the positive sequence current phase of
reverse power protection is as shown in Table 5. This result
shows that the improved reverse power protection with PV
access maximum capacity can operate correctly and reliably.
When a fault occurs at the secondary bus bar, the positive
sequence current phase measured by all the reverse power
protection is as listed in Table 6, which shows that the
improved reverse power protection with PV access maximum
capacity will not misoperate.

From the above analysis, it can be concluded that compared
with the traditional reverse power protection, the improved
reverse power protection does not directly judge the opera-
tional status of feeders by the reverse power. Instead, it allows
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TABLE 6. Phase information of various faults occurring at the LV bus bar
(Unit: Degree).

l:;;it P, Pr ., P, (D?I:’I : (pﬁ
fe 75.45 75.45 75.45 0 0
[ 75.94 75.94 75.94 0 0
1 95.48 95.48 95.48 0 0

the spot network system to have reverse power, which can
significantly improve the PV hosting capacity. The PV host-
ing capacity can be assessed based on the reverse power
protection operation criterion.

V. CONCLUSION

In this article, a spot network equivalent model with PV
is established and the characteristics of short circuit faults
of feeders and low voltage buses are analysed. Combined
with the principle of current variation, an improved reverse
network power protection method based on positive sequence
current phase comparison is proposed. Then, a PV hosting
capacity assessment method based on this protection method
is proposed, and the following conclusions are drawn:

1) Considering the PV injection limitation of traditional
protection, the improved reverse power protection locates the
fault section correctly by performing phase comparisons of
the positive sequence fault component. This scheme allows
reverse power due to the high PV output in spot networks
during normal operation, which greatly enhances the PV
penetration capability.

2) The PV hosting capacity assessment method based
on the improved reverse power protection considers the
influence of PV output on the characteristics of various short-
circuit faults in the spot network, and the maximum PV host-
ing capacity of the system is derived. This method improves
the stability of the spot network system and is conducive to
the development of distributed energy generation.

3) The PV hosting capacity is closely related to the min-
imum load. The heavier the minimum load is, the larger the
PV hosting capacity is.
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