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Abstract—Centralized photovoltaic (PV) systems have different
fault characteristics from distributed PV systems due to the
different system structures and controls. This makes the fault
analysis and protection methods used in distribution networks
with distributed PV not suitable for a centralized PV power plant.
Therefore, a consolidated expression for the fault current within a
PV power plant under different controls was calculated
considering the fault response of the PV array. Then, supported
by the fault current analysis and the field-testing data, the
overcurrent relay (OCR) performance was evaluated in the
collection system of an 850 MW PV power plant. It reveals that
the OCRs at PV side on overhead lines may malfunction. In this
case, a hew relay scheme was proposed using directional distance
elements. In PSCAD/EMTDC, a detailed PV system model was
built and verified using the field-testing data. Simulation results
indicate that the proposed relay scheme could effectively solve the
problems under variant fault scenarios and PV plant output
levels.

Index Terms—centralized photovoltaic power plant, distance
relay, fault current analysis, overcurrent relay (OCR), relay
scheme

. INTRODUCTION

UE to the increasing energy crisis and environmental

problems, the grid-connected PV generation has grown
rapidly [1]. The worldwide solar installation capacity is 59GW
(mostly in the power plant form) in 2015 and another 64GW
will be installed in 2016 [2]. Within a large-scale PV power
plant, PV units are collected via overhead lines and cables. The
limited fault current characteristics within the plant challenge
the existing protective relays. Once a fault occurs within the
plant, the relay's incorrect operation may lead to disconnection
of the non-fault sections and the fault may be remained for a
relative long time.

Grid codes require PV plants with the fault-ride-through
(FRT) ability [3], [4]. For the FRT accomplishment, variant
controls in the PV inverter have been investigated. The fault
current characteristics of the PV inverter show diversity due to
different FRT controls. The maximum fault current allowed
through power electronic devices is limited for the device
safety. Therefore, it is difficult to estimate the exact fault
current and this brings challenges to current based protection
designs.

The current controllers under a double synchronous rotating
frame (DSRF) [5] are widely used in centralized PV inverters.
In this control frame, several FRT controls have been
investigated: 1) the control that eliminates the active output

power oscillation results in injection of the negative-sequence
current and the reactive output power oscillation [6]; 2) the
control that suppresses the negative-sequence current causes
both the active and the reactive output power oscillations [7]; 3)
the control that eliminates both the active and the reactive
output power oscillations has the problem of current distortions
[8]. The diverse controls lead to variant fault current
characteristics and the flexible control is investigated to make a
tradeoff between the current quality and the power oscillation
[9]. Researches on the fault current calculation of
inverter-interface sources took the assumption that the active
power supply from dc side keeps constant after a grid-side fault
[10]-[12]. Those papers held the view that the slow dc-link
voltage control loop provides a constant power reference and
the fast response of the PV panel to the grid voltage variation is
ignored. In [13] the PV panel characteristic was considered to
help enhance the FRT ability but those effects on the fault
current were not analyzed.

Relay designs are based on the fault current analyzing.
Investigations on the protective relays in consideration of PV
penetrations are focused on the distribution level with
distributed generations (DGs). The performance of the
traditional overcurrent relays (OCRs) is evaluated by
considering the unique renewable source features, locations and
penetration capacity of DGs [14]-[16]. The original protection
coordination is challenged due to the massive renewable
sources integration, thus directional OCR was introduced to
solve this problem [17], [18]. Directional OCRs with
communication capabilities are used to minimize the number of
disconnected DGs once faults occur [19]. The protection
schemes based on the steady-state fault current calculation
from steady-state network equivalent reduction and the current
phase angle comparison have been also proposed in [20] and
[21], respectively.

The distributed PVs generally use the control in the
positive-sequence frame and an unbalanced fault may cause
current distortions and harmonics [22]. The centralized PVs
have different fault current characteristics from the distributed
PVs due to an additional negative-sequence control loop and
the unique single-stage topology (without the DC/DC boost
circuit). The fault analysis methods and protection principles in
distribution networks can hardly be applied within the PV
power plant. For the single-stage PV system, the PV panel
characteristic should be considered. The output power of the
PV panel changes with its interfaced dc-link voltage.
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In this paper, in order to comprehensively evaluate the
performance of the existing protection design within the PV
power plant, a consolidated expression of the fault current,
suitable for different inverter controls is calculated and
analyzed. The analysis is confirmed using both the fielding
testing and simulation results. Based on this, the existing OCRs
within the plant are examined and the problem of malfunction
is revealed. A distance relay based scheme is proposed to
improve the existing OCR and is highly robust to different fault
scenarios and output levels of the PV power plant.

The remaining paper is organized as follows. Section Il
discusses the fault current characteristics within a large PV
power plant. In Section Ill, the performance of the existing
OCRs within the PV power plant is evaluated and a distance
relay based protection scheme is proposed. In Section IV the
field-testing results verify the above analysis and simulation
results show that the proposed relay scheme can protect the
system effectively. Conclusions are drawn in Section V.

Il. CHARACTERISTICS OF FAULT CURRENT

A. Overview of the Collection System

One of the collection systems within an 850 MW PV power
plant is discussed here. The collection system collects 64 PV
units totally, 1 MW for one generation unit, as shown in Fig. 1.
Every 4 cables feed into one 35 kV bus and each cable collects
8 PV units. The collection system is connected with the main
transformer through 35 kV overhead lines.

B. Control Strategy

The fault characteristics within the collection system are
dependent on the control of PV inverters and the fault current
analysis is based on the proper representation and modelling of
the inverter control system.

The DSRF-based control scheme is widely used in
commercial products, since the reference current estimation can
be simplified for the decoupling relation between the active and
reactive powers [23]. In order to realize the more flexible
fault-ride-through (FRT) control, the inner-loop current control
uses the regulators under a DSRF, and the outer-loop voltage
control regulates the dc-link voltage to realize maximum power
point tracking (MPPT) that is used in [24]. In the control system,
a synchronous reference frame phase-locked loop (SRF-PLL)
is important for grid synchronization and control performances
[25]. However, the SRF-PLL might bring unsatisfying results
for unbalanced fault conditions [26]. Here, a notch filter (NF), a
band-rejection filter with a narrow stop bandwidth, is integrated
into the conventional PLL system to eliminate undesired
harmonic components, as used in [27]. The detailed control
system is presented in Fig. 2.

Considering unbalanced grid voltage conditions, the
instantaneous active and reactive power injection from the PV
inverter can be expressed as [5]

P =P, +P, cos(2at) + P, sin(2at)
Q =Q, +Q,, cos(2mt) +Q,, sin(2at)

where Py and Q, are the average values of the active and
reactive output powers, and P, Ps,, Q¢ and Qs are the power
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amplitudes of the individual second harmonic components.
Using the sequence components of voltages and currents in the
DSRF, the above six power amplitudes can be calculated as [5]
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Fig. 1. A collection system within a Iargejscgle PV plant.
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Fig. 2. The block diagram of the inverter control system.

The coefficient matrix in (2) is not reversible and the four
current freedoms cannot control the six power amplitudes at the
same time. It is only possible to set the four of them and two
variables are set to zero. In view of practical applications, the
negative-sequence currents are usually set to zero [7]. With a
factor K denoting the used control strategy, the current
references under different controls can be rearranged and
calculated as [28]

+

iy el e .
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i -Ke; -Key |LE

where K =0, . D = (eg")*+(eq)*-K [(e4)*+(eq)’],
E = (es")*+(eq")+K [(8d)*+(e)’]:
By tracking the current references in (3), the control aims of
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injecting three-phase symmetrical currents under unbalanced
voltage conditions (if K=0), eliminating reactive power
oscillations (if K=-1), and eliminating active power
oscillations (if K = 1), can be accomplished. The equation (3) is
suitable for the analysis under both balanced and unbalanced
voltage conditions.

C. Fault Current Analysis
Based on the current references determined by (3), the

amplitudes of positive- and negative-sequence injection
currents can be calculated as
2
I3 1= =|Efl-
dq 3 dq
(4)
_1 2 _
\qu\—§|K|-\Edq\-

where [lgg"[=li™ +jig" |, [Eaq"I=lea"+ieq"l, (M=+,-).

The power reference signals in (4) are substituted with the
actual apparent power provided by the PV unit during a fault
and (4) can be rearranges as

2 (e V(%Y
3E, \1-K B2 1+ K B2

2 2
—_ 2B R Qo
‘qu‘_?’}’Em'K'\/{l—Kﬂzj +[1+K,82J

where y is the coefficient of the positive-sequence voltage sag,
K is the control factor, E,, is the pre-fault voltage amplitude at
the point of common coupling (PCC), B=|Euq/|Eaq’| is a
measure of the voltage unbalance, Py’ and Q. are the average
values of the active and reactive powers supplied by the PV unit
during a fault.

In a three-phase three-wire system, grid currents consist of
the positive- and negative-sequence components

cos(wt—67)

+
ldgq

®)

I, :|I§q|cos(a)t+0+)+|lgq

Ib:

5ol cos(et —27/3+67) + | 5 | cos(at +27/3-607) (6)

I, =

1a|cos(at+27/3+ 6%) +||gq|cos(a>t—27r/3—9*)
where §"=arctan(iy"/ig") and ¢'=arctan(iy /ig).

Substitute (5) into (6) and the three-phase instantaneous fault
currents can be calculated as

I, =l sin(ot+9,)
Iy = lpy Sin(et +¢y) ()
lo = lgn Sin(at + ;)

The amplitudes loy, lpm, and ley, in (7) are detailed as
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where g=0"+0=arctan (e,/es), is the phase shift of the

negative-sequence voltage at the PCC.

3

The phases ¢, ¢, and ¢, in (7) are detailed as (9). The
analysis above implicates that the PV fault current is
determined by several factors: y, 8, Py’ and Qo'. The converter
has fast dynamic response for current profile under the current
control scheme, in which the fault transient can be almost
ignored, as proved in [29]. The positive and negative sequences
are controlled separately in the inner loops and the PV inverter
can achieve stable positive and negative sequence impedances
quickly once a fault occurs. The PV panel itself has no
rotational inertia. Then the PV source can provide stable
current shortly after the grid disturbance, and no current
distortions appear in fault conditions, as described in (7). The
PV panel's I-V characteristic can help restore the dc-link power
balance [13], which makes the fault current enter into the steady
state smoothly.

cos@" +|K|Bcos6™

—sin@" +|K|Bsing"

cos(27/3-0")+|K| Bcos(2z/3-607) )
sin(2z /3-60%) K| Bsin(2z /13- 67)
cos(27/3+6") +|K|Bcos(2z13+67)
—sin(27z /3+6%)—|K|Bsin(2z 13+ 67)

In PV power plants, static var generators (SVGs) are
equipped to offset reactive power losses on the circuit elements
and support the bus voltage during voltage sags. Thus PV units
work at unity power factor during faults (Qq' in (5) is zero). The
control that allows the injection of symmetrical three-phase
currents (K=0) can avoid current distortions and overcome the
converter overcurrent effectively, which assists the FRT
accomplishment. The disconnection of a large-scale PV power
plant may jeopardize the system stability. Therefore, this
control is used within the plant (In Section 1V, the field-testing

data can confirm this). The post-fault currents in (7) are further
simplified as

@, = arctan

@, =arctan

@, =arctan

1, =20 sin(ot+Z +0%)
3WE, 2
R . T
sin(wt——=+6")
E, 6
I, = Gl sin(cot+7—”+¢9*)
3E, 6

lp = (10)

With the control (K=0), the post-fault currents from the
inverter are symmetrical during both balanced and unbalanced
fault conditions and the amplitude is determined by factors Py’
and y. The active power Py’ is dependent on the output power
from the PV array during the fault and the PV array output is
determined by the operating point on the 1-V characteristic
curve of the PV panel [30].

Normally the PV array operates at or around the maximum
power point (MPP). However, voltage disturbances can cause
the PV array to deviate away from the MPP and reduce the
output power. For a balanced fault, the dc-link voltage will
increase and the PV array operates away from the MPP. For an
unbalanced fault, the active power from the PV inverter is
superimposed with a second harmonic oscillation. This
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oscillation will induce dc-link voltage fluctuations and cause
the PV array operation to deviate from the MPP as well. The
PV output power reduction is related to the fault severity.
Considering the PV panel's special characteristic and the factor
y dependent on the fault position and type, it is hard to
quantitate the relationship between Py’ and the fault severity
and impossible to perform precise calculation of PV fault
currents.

Although the PV panel's special I-V characteristic makes the
accurate calculation of the fault currents difficult, it helps
reduce the fault currents and enhance the FRT ability. This
feature can quickly balance the power difference at dc side in
fault conditions, which results in short transients at ac side and
almost no harmonic and attenuation components. The
abovementioned fault current analysis indicates that it is hard to
establish an accurate PV fault calculation expression. Therefore,
the conventional current protection that relies on fault current
setting calculations is unable to apply. However, the PV fault
current characteristics provide potential applications for the
distance relay based on the system frequency measurement.

I1l. EVALUATION ON PROTECTION WITHIN THE COLLECTION
SYSTEM

Based on the fault current analysis in Section Il, the
performance of the existing current protection is evaluated in
Section 111 and some deficiencies are revealed. Then a distance
protection scheme is proposed to effectively isolate PV side
from faults on overhead lines.

A. Existing Protection Scheme

The existing protection scheme of the collection lines within
the PV power plant are as follows: 1) overcurrent and
zero-sequence current relays are equipped on the cable; 2) pilot
current, overcurrent and zero-sequence current relays are
equipped on the overhead line.

B. Performance of the Overcurrent Relays

The coordination principles of the OCRs are detailed in
Table I. The performance of the existing OCRs is evaluated
considering the fault analysis in Section II.

For a fault on one cable, as f; in Fig. 3, the relay measured
current is supplied by the grid, the neighboring overhead lines
and cables. This current is large enough to trigger the OCR on

4

the cable due to the grid-side large short-circuit capacity.
Similarly, the OCR on the overhead line, which links the
faulted cable, can initiate its zone Il and Il protection. The
downstream OCR's zone | has a sensitivity higher than 2
(covers a longer distance) in case of a three-phase fault at the
end of the protected line. This might cause the downstream
OCR on the overhead line in malfunction when a close-end
fault occurs.

For a fault on one overhead line, as f, in Fig. 3, the fault
current from the upstream side is supplied by the grid and the
adjacent overhead lines and then the upstream OCR can operate
correctly due to the grid-side large short-circuit current. On the
opposite side of the overhead line, the fault current from the
downstream side is contributed by the linked PV units. The
OCRs on the overhead lines have the setting values higher than
the maximum fault current supplied by the PV inverters
(1.1-1.2 times the rated current in commercial products). Thus
the OCRs on the neighboring lines are prevented from
malfunction. However, the downstream OCR of the faulted
overhead line cannot operate due to the limited fault current.
When the pilot relay is out of service, the downstream OCR
cannot operate and the fault cannot be isolated from the PV
units either. This results in the PV units contributing currents to
the point of failure, which may damage the circuit elements and
bring risk to the maintenance personnel.

In summary, the existing OCR at downstream side on the
overhead line has two problems: 1) mal-operation in case of a
fault close to the breaker on the cable; 2) mis-operation in case
of a fault on the overhead line.
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Fig. 3. Schematic diagram of the collection system.

TABLE | Coordination principles of the OCRs in the collection system

Location Protection Coordination Principle Setting Value Delay

. Zone | Sensitivity of 2 in case of a fault at the end 0.866113)/2 0.1s

Overhead line —— -
(Upstream, System side) OCR Zone Il Coordination with next zone | 1.2>6l, 0.6s
P e Zone Il Maximum load current 1.3nl, 0.9s
. Zone | Coordination with upstream zone | (0.866153)/2)/1.1 0s

Overhead line — -
(Downstream, PV side) OCR Zone |l Coordination with next zone | 1.2>6l, 0.3s
' Zone Il Maximum load current 1.3nl, 0.6s
Zone | Step-up transformer inrush current 6l 0s
Cable OCR Zone |l Maximum load current 1.3l 0.3s

ly3) means the short-circuit current from the upstream in case of a three-phase fault at the overhead line end.

le is the rated current supplied by PV units on one cable.
n means the number of cables linked with one overhead line.
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C. Proposed Protection Scheme

When the fault position is close to the upstream side on the
overhead line, the faulted overhead line and the neighboring
overhead lines share the similar voltage profile and then it is
difficult to distinguish the fault current from the PV side on the
faulted overhead line from those on the adjacent overhead lines.
In addition, the currents through the downstream relay on the

faulted and non-fault overhead lines have the identical direction.

Hence it is impossible to pick out the faulted section using just
the current information at the local relay measurement.

The communication based protection cannot avoid the
reliability problem (in case of communication failure), so that
the local information based solution is preferred. The analysis
in Section Il indicates that the PV unit provides the stable
fundamental-frequency fault current, and based on that a
two-zone directional distance relay (shown as the dashed
circles in Fig. 3) is proposed to replace the OCR at the
downstream side on the overhead line.

The 35 kV side of the main transformer connects N overhead
lines. For a fault such as f, on overhead line 1%, as shown in Fig.
3, the fault current from the PV side on overhead line i* is
denoted by 7%; (i=1, ..., N), and the short-circuit current from
the grid side is denoted by 1"

The current flowing to the point of failure via the upstream
relay location can be expressed as

N
A 4 W
17 =17+ 1%,
i=2

The measured voltage at the downstream relay p* can be
obtained with the line impedance and the fault current through
the relay

11)

N
Upp =1t 02+ 17aZy =1 2 +[D 11 +111aZy (12)
i=2
where « is the ratio of the distance between the fault position
and the relay location to the whole overhead line (0<a<1), and
Z, is the positive-sequence impedance of the overhead line.
Considering that the neighboring non-fault lines can see the
same voltage distribution, the PV units on those lines have
identical fault behaviors as: I ,=I" 3= --=I* \.
The measured impedance at relay p* can be calculated with
the measured current 7y, ,=I%,,

W

7 Um.p 7 I f
mp="T7 = 1[1+o:(n—1)+oa|.,—] (13)
m.p f.p
where N=7 within this plant, and then Zp, ,=Z,[1+a(6+1"/I’,)].
Because the grid capacity is much greater than the rated PV
capacity on one overhead line, |/"/I",| is a large value. The
value of |7"I',| will become larger in case of the PV output
power at a lower level. Influenced by the grid-side short-circuit
current, the measured impedance at relay p” is much larger than
the actual impedance between the relay installation and the
fault position. Therefore, it can be used to discriminate the
faulted overhead line from the non-fault ones.
In consideration of an extremely serious situation that the
fault is almost at the upstream relay on the overhead line (¢=0),
the measured impedance at the downstream relays will be the

5

respective line impedances. If the distance relay is set with only
one zone, in order to prevent the neighboring lines from
mal-operation, zone | should not operate until the opposite
OCR operate and isolate the neighboring overhead lines from
the fault. This leads to the distance relays operating with a time
delay (>0.9 s, as the real system's relay settings shown in Table
1) wherever the fault occurs on the overhead line.

In order to isolate the PV side from the fault as soon as
possible, zone Il with a time delay is coordinated with zone I.
Zone | covers part of the overhead line, in which the fault can
be isolated without delay, whereas zone Il covers the whole line
and has a time delay longer than the upstream OCR's to deal
with the extremely serious situation («=0). For faults on the
cable, it is seen by the directional distance relay as outside the
operation region. At this moment, the upstream OCR on the
overhead line coordinates with that on the cable and this can
ensure the correct relay operation.

Considering the appropriate margin, the detailed principle of
the proposed distance relay is set as

{Zslet =KperZy (K, =85%) Aty =0s
Zs”t =KreinZy (K =1.2) At >0.9s

€l

(14)
where K, is the reliability factor.

IV. FIELD-TESTING AND SIMULATION RESULTS

A. Comparison Between Field-Testing and Simulation Results

A real short-circuit test was carried out within the plant, and
the fault was imposed on one overhead line near to the
downstream relay (a is close to 1), marked as f3 in Fig. 3. The
network and line parameters of the collection system in Fig. 1
are listed in Table A.l and Table A.ll of Appendix. The cable
length between two PV units ranges from 0.14 km to 0.17 km,
and that between the 35 kV bus and the first PV unit ranges
from 0.17 km to 0.43 km.

The voltage on the upstream bus of the faulted overhead line
is shown in Fig. 4(a). The fault applied at 8.86 s was phase B to
ground (BG), then changed into phases B and C to ground
(BCG) at 9.09s. At 9.17 s, the faulted overhead line was
isolated by the relay operation. Before the artificial test, the PV
units output about 0.6 pu the rated power and worked at unity
power factor. The step-up transformers (35/0.3 kV) have Y/d
connections and the main transformer (330/35 kV) has YN/d
connections. The grounding transformer was not working
during the test (In normal operation, the ground transformer is
in service all the time.), so the secondary side of the step-up
transformers did not experience any significant increase in the
current during the period of single line to ground (SLG), as
shown in Fig. 4(b). The currents in Fig. 4(b) were recorded by
the measurement at the upstream relay on a neighboring
overhead line and they were supplied only by the PV units.

As shown in the Fig. 4(b), during the period of BCG fault
(9.095-9.17 s), the fault currents from the PV side keep
symmetrical and have no obvious attenuation and harmonic
components. In case that the fault current amplitude does not
reach the upper limit (1.1-1.2 pu in commercial products), the
fault current increase is not in proportion to the voltage sag
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degree. This is related to the reduction of output power from the
PV arrays which operated away from their MPP during the
fault. With the voltages and currents of the above measurement,
the active and reactive powers from the PV side are calculated
as shown in Fig. 5.
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Fig. 4. Voltages and currents recorded during the short-circuit test. (a) Voltages
on 35kV bus. (b) Currents through the upstream relay on the neighboring
overhead line.

In the duration of BCG, the dc component P, of the active
power experiences an obvious decrease. The conventional fault
analysis regards that PV sources can provide a constant power
after a fault, which is not suitable for a centralized PV power
plant. The field-testing results show that under unbalanced the
fault, the fault currents from PV side keep symmetrical and
have short transients. The fault current amplitude is affected by
the PV panel's |-V characteristic. The field-testing results
verified the analysis on fault currents contributed by the PV
unit as described in Section 11.
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Fig. 5. Instantaneous power flow at the measuring point.

In PSCAD/EMTDC, a detailed model of the collection
system in Fig. 1 was built with the same control. The PV
inverter model parameters are given in Table A.111 of Appendix,
instead of those in the real inverter which is packaged for
commercial confidentiality. The above field-testing scenario
was reproduced in the model and the simulation results are
shown in Fig. 6.

Compared with the field-testing results in Fig. 4, the PV
model produces highly similar fault current characteristics. The
fault transient in Fig. 6(b) experiences a little longer time for
about 20 ms, which is mainly caused by notch filters rather than

6

the current controllers. It is hard to fully duplicating the real
inverter control performance for the unknown parameters
inside of a commercial inverter. The relatively small transient
differences in the simulations are acceptable. The transient will
make the measured impedance at PV side unstable slightly. In
order to ensure the reliability of the proposed protection, the
distance element uses the stable information to determine the
impedance. This slight delay has no significant effect on
protection coordination.

In order to demonstrate the influence of the PV panel, for a
line-to-line (CA) fault, the output characteristics of the PV
array are shown in Fig. 7. The dc-link voltage U(t), the output
power P(t) against time and the PV array's operating point on
its P-U curve are plotted. These all fluctuate at a double system
frequency, which are consistent with the analysis in Section II.
The fluctuation of the dc-link voltage U(t) makes the PV array
operate from the MPP and leads to an obvious decrease in the
output power. This can help reduce the fault current but makes
the fault current estimation challenging.
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Fig. 6. Voltage and current waveforms of simulation results. (a) Voltages on
the 35kV bus. (b) Currents through the upstream relay on the neighboring
overhead line.
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Fig. 7 Output characteristics of the PV array in case a CA fault at grid side.

B. Fault Characteristic under Variant Controls

The equation (3) is obtained from three typical control cases
(K=0, #). In practice, the control scheme used may not be
limited to those and the factor K may be varying to make a
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tradeoff between the fault current amplitude and the power
oscillations. The simulation results with K increasing smoothly
are illustrated in Fig. 8. The fault is employed between phases
A and B, and the power references are Py’ =0.5 MW, Q, =0.5
MVar.

During the period of 0.1 s-0.2 s, K is increasing evenly from
-1 to +1. As Fig. 8(b) shows, the active power oscillation
decreases gradually to zero, meanwhile an oscillation in the
reactive power grows and eventually up to the initial level of
the active power. The grid current is not distorted during the
dynamic tuning of K. The changes in the fault current are only
the amplitudes of each phase. The proposed protection at the
PV side is based on system frequency measurement. As shown
in Fig. 8(c), the grid current with K varying experiences no
frequency deviation and then the proposed protection has no
phasor extraction problem. Therefore, the proposed protection
is not affected by the coefficient variation and generally
suitable for flexible control schemes.

PV power plants should have the capability of offsetting
reactive power losses and supporting the grid voltage when the
grid voltage experiences sags. In Fig. 8, the inverter works with
the reactive power supplying to meet the voltage support
requirement. The grid currents do not experience any current
distortion with the variant value of K. Therefore, the proposed
protection design is immune to the voltage support requirement
for the inverters.

Specially, when K is equal to zero, the minimum fault current
appears. Meanwhile, the active and reactive powers share the

power oscillations equally, which have the minimum amplitude.

Due to this performance, the control scheme with K=0 is used
in those on-site inverters, as proved in Fig. 4 and Fig. 5. The
situation is a typical case where the proposed protection is

applied in next section but not limited to this application.
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Fig. 8 Simulation results of the flexible control with -1<K<+1. (a) Grid voltage.
(b) Inverter output powers. (c) Grid current. (d) The factor K.

C. Verification of the Proposed Protection Scheme

It has been confirmed that the simulation PV model has
consistent fault current characteristics with those within the
plant. The simulation model is used to comprehensively
evaluate the performance of the existing OCR design and the
proposed distance relay design.

The PV units operated at 0.6 pu the rated power and a BC
fault occurred at midpoint on one overhead line. As shown in
Fig. 9, the PV fault current on the faulted line is about 1 pu and

7

that on the neighboring line is about 0.8 pu. The fault currents

cannot even reach zone II and III of the downstream OCR,

whose zone I has a higher setting value and is not plotted in Fig.

9. The downstream OCRs on both the faulted and neighboring

overhead lines cannot operate and then the PV units continue to

contribute fault currents to the faulted point.
5

25 [—nal 2 —
Iset.I1 b b
2 \ -==lc 2 Iset'“\ -=-c
215 Iset1] 215
E g lset. T
5 1 5 1
O , O s
05 AN 05
fault occurrence fault occurrence
0 0.75 0.8 0.85 0.9 0 0.75 0.8 0.85 0.9
time(s) time(s)
(a) (b)

Fig. 9. OCRs operation results at downstream side on the overhead lines
in case a BC fault at midpoint of one overhead line. (a) Results of the
OCR operation on the faulted overhead line. (b) Results of the OCR
operation on the neighboring overhead line.

In order to verify the proposed distance relay at PV side, all
the factors that includes the system capacity, the PV output
level and fault types, are considered in the simulations. Here
gives two typical cases:

Case 1

When the ratio of the PV power plant's rating capacity to
the external grid's is 1:10 and the plant works at 0.6 pu, an
ABG fault occurs on the overhead line 10% / away from the
downstream relay location (/ is the line length). The
protection zones of the ground distance relay and the phase
distance relay are depicted in Fig. 10(a) and Fig. 10(b),
respectively. The similar results from the neighboring line
are shown in Fig. 10(c) and Fig. 10(d). The measured
impedances of the ground distance elements (AG and BG)
and the phase distance element (AB) on the faulted
overhead line fall in zone I constantly, as shown in Fig.
10(a) and Fig. 10(b). The measured impedances of the
distance elements on the neighboring overhead line all fall
outside the protection zones as shown in Fig. 10(c) and Fig.
10(d). Therefore, AG, BG and AB distance elements on the
faulted overhead line can operate correctly.
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Case 2

When the ratio of the PV power plant's rating capacity to
the external grid's becomes 1:30 and the plant increases the
output power to 0.8 pu, a CA fault occurs on one overhead
line 90% [ from the downstream relay location. As shown
in Fig. 11, only the measured impedance of the phase
distance element (CA) on the faulted overhead line falls in
zone II whereas the distance relay on the neighboring
overhead line cannot operate.

In practice, the relay with the quadrangle characteristic
should be used to enhance the relay performance to the fault
resistance. Faults on the cable are regarded as external
faults by the directional element and this guarantees no
mal-operation.

In Table II, the performances of the existing and the
proposed relays are presented when different fault positions,
fault types and output levels of the PV power plant are
considered. In the table, the symbol + (-) represents the
protection can (not) operate and the Roman number represents
the corresponding operation zone. For faults near the relay
installation on the cable, the directional distance element
detects the faults outside the protection zone whereas the OCR
at downstream side on the faulted overhead line can operate.
For faults on the overhead line, the distance relay responses
correctly to the fault positions and isolates the fault whereas the
OCR cannot. The proposed distance relay can operate correctly
in case of different fault positions, PV output levels and fault
types. In case the pilot relay is out of service, the distance relay
can isolate the PV system from the fault correctly. The SLG
faults within the plant are not included in Table I1, because fault

8

currents from the PV side do not experience significant increase
and the OCRs do not operate (as shown in Fig. 9). However, the
distance relay still has a good performance due to the correct
impedance estimation.

Affected by the variant control strategies, the PV inverter
impedance is unregulated and the positive sequence may be not
equal to the negative sequence any more. The distance
protections based on the known PV source impedance, such as
the fault component based method, are not suitable for the
application at PV side. However, the proposed protection
scheme is not affected by the irregular PV impedance.

Since the external grid has a larger capacity than the PV
capacity on one overhead line, the high-value fault resistance
can increase the measured impedance at PV side. This may lead
the relay to operating failure. The challenges caused by the
high-value fault resistance are our future work.
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Fig. 11 Operation results of the distance relays at downstream side on the
overhead lines in case of a CA fault 90% | away from the downstream
relay location. (a) (c) The ground distance relay operation results on the
faulted and neighboring overhead lines, respectively. (b) (d) The phase
distance relay operation results on the faulted and neighboring overhead
lines, respectively.

V. CONCLUSION

The fault current characteristics within a large PV power
plant are analyzed considering the control used in practice.
Both the field-testing and the simulation results show that the
PV panel characteristic can help reduce the fault current, which
challenges the conventional method of fault analysis and the
existing coordination of OCRs. By comparing the field-testing
results with the simulation results, the existing OCR are proved
to have the problems of mis-operation and mal-operation. A
distance relay based protection design is proposed to substitute
for the defective OCR scheme. Simulation results show that the
proposed relay can effectively solve the existing OCR's
problems. Apart from being highly robust to variant fault
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scenarios, the proposed protection has a good performance in
case of different output levels of the PV power plant and so can

(1

[2]

(3]
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meet the requirements for industrial applications.
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