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The low voltage ride-through (LVRT) requirements demand large-scale photovoltaic
(PV) power generation system remain connected to the grid during faults. It results in
considerable impact on the characteristics of fault current. This paper combines
charge-discharge characteristics of the energy storage (ES) with PV generation
system to enhance the LVRT capability. Based on the inverter control strategy
and specific LVRT requirements, fault current characteristics of the PV-ES power
generation system is discussed in this paper. In order to analyze the fault
characteristic, the fault current expression as three-phase short-circuit faults
occurs on both sides of the main transformer is calculated. Furthermore, taking
the winding connection of the transformer into account, the ratio of differential
current to braking current is further derived to find out the factors influencing the
performance of the transformer differential protection. It is found that factors
influencing the transformer differential protection include the rated capacity of
the PV-ES generation system, fault severity, the length of transmission line and so
on. And as the rated capacity of the PV-ES power generation system increase, the
transformer differential protection would experience reduced sensitivity or even do
not trip. The findings of this paper can lay a foundation for further improvement of
the transformer differential protection. The elaborate performance evaluation of
transformer differential protection, including the operation condition of the second
harmonic braking element, is presented and verified by simulation using MATLAB/
Simulink.

KEYWORDS

energy storage, photovoltaic (PV), low voltage ride-through, grid-connected PV,
transformer protection, differential protection

Abbreviations: CT, current transformer; PV, photovoltaic; PV-ES, photovoltaic-energy storage; LVRT, low
voltage ride-through; IIDG, inverter-interfaced distributed generator; GCPPP, grid-connected photovoltaic
power plant; GC, grid code; ESS, energy storage system; SCR, short-circuit capacity ratio; PCC, point of
common coupling.
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1 Introduction

Nowadays, more and more PV generation systems have been
connected to the power grid. Most of the countries are committed to
increase the use of renewable energy, and the installed capacity of PVs
is increasing year by year (Das et al., 2018). In 2021, the new installed
capacity of PVs has reached 170 GW, and more than 140 countries
and regions have proposed carbon neutrality goals. PV installations
are expected to grow by around 30% year-on-year to 200-220 GW
in 2022.

In recent years, there have been many researches on the fault
analysis of IIDG (Baran and El-Markaby, 2005; Boutsika and
Papathanassiou, 2008; Liu et al, 2017), and some improved
protection methods (Nimpitiwan et al., 2007; Perpinias et al., 2015;
Wang et al., 2015; Cohen and Callaway, 2016; Gao et al., 2017) have
been proposed. For example, a new short-circuit current calculation
method for IIDGs has been proposed, which can determine the short-
circuit current of a multi-IIDG distribution network regarding the
ride-through time and sequence current control (Wang et al., 2015).
The high penetration of IIDGs brings new characteristics to grid, such
as multisource, multibranch, bidirectional power and fault current
flow, as well as weak infeed (Gao et al, 2017). Yet, as centralized
inverter-interfaced generation systems, the GCPPPs inherit some of
the above characteristics, but also have some own peculiarities.

On the one hand, the capacity of GCPPPs usually up to the order
of several hundred megawatts, resulting in their non-negligible
proportions of the generation in the transmission networks
(Hooshyar et al, 2015). On the other hand, as the increasing
capacity of GCPPPs, the need for these plants to be more effective
contributors to keep the stability, operability, and reliability of the
power grid increases (Almeida et al., 2016; Al-Shetwi et al., 2019;
Haidar et al., 2022). In line with this, many countries have proposed
PV grid-connected specifications, clarifying the requirements that
GCPPPs need to remain connected to the grid and provide reactive
power support to the grid during grid faults. These requirements in
modern GCs are defined as LVRT requirements (Neumann and
Erlich, 2012). However, due to the reduction of the active power
demand of the power grid during LVRT, the input power and output
power on the DC-link are unbalanced. It will lead to a sharp increase in
the DC-link voltage of the PV power system, which will affect the
safety of the inverter. Literature (Al-Shetwi et al., 2019) has presented
an overview and comparison of several LVRT capability enhancement
approaches during grid fault conditions. Among those approaches, the
LVRT capability improvement utilizing ESSs is adopted in this paper,
which is the common solution to mitigate the PV systems generated
power variability (Al-Hilfi et al., 2021). Since the ESSs have the feature
of absorbing and releasing energy, the problem of overvoltage on DC-
link can be well improved by connecting the ESSs to the DC-link
through the buck-boost DC-DC converter. In the case that the DC-
link voltage can be considered as nearly constant, the control of
inverter can be considered as decoupled with generator side
(Alepuz et al., 2009). So, the fault current characteristics of PV side
mainly depend on the control strategy of the inverter and the modern
GCs employed.

Many studies have analyzed some fault current characteristics of
GCPPPs, but most of them are studies on the fault analysis of the
transmission line of GCPPPs and focus on line protection (Jia et al.,
2018; Alsafasfeh et al., 2019; Liang et al., 2020). Both (Alsafasfeh et al.,
2019; Jia et al., 2018) have calculated expressions of fault current under
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different control targets, which are suppressing negative sequence
current, suppressing active power fluctuation and suppressing reactive
power fluctuation respectively. Literature (Alsafasfeh et al., 2019) has
discussed applicability of phase selector, and analyzed the relationship
between the difference and the sequence component of phase current
considering different control aims. In literature (Jia et al., 2018), the
performance of the overcurrent relay within the collection station of
an 850 MW GCPPP was evaluated, and a new relay protection design
with directional distance elements was proposed, supported by the
fault current analysis. Literature (Jia et al., 2018) has derived the ratio
of differential current over restraint current based on the fault current
characteristics, and drawn conclusions that the current phase angle
difference might cause maloperation of the current differential
protection for transmission line. However, all of them did not take
the effect of actual LVRT requirements on the fault current
characteristics of PV systems into account.

In the meantime, the analysis of fault characteristics of the main
transformer in the transmission network involved GCPPPs needs to
be further improved. The mechanism of second harmonic
generation of GCPPPs during grid faults and its impact on
transformer protection has been analyzed in (Wang et al., 2020).
However, the simulation results of paper (Wang et al., 2020) shows
that only when the SCR is very low that the percentage second
harmonic of differential current would consistently be above
threshold during the fault. And second harmonic braking element
is just a part of the transformer main protection. The impact of
GCPPPs on the entire main protection of the transformer needs to be
further analyzed. Literature (Jin et al., 2020) offered the view that the
output current of GCPPPs during grid faults would probably lead the
decreasing sensitivity of transformer differential protection, but lack
of corresponding theoretical analysis.

This paper comprehensively evaluates the performance of the
differential protection for the main transformer in the PV-ES power
plant when symmetrical faults occur in the protection zone of the
main transformer. The ratio of differential current over braking
current has been mathematically calculated and analyzed, based on
the LVRT requirements in Chinese latest GCs and the control
strategy of the grid-connected inverter. To determine the actual
change trend of the ratio, the phase angle of the grid voltage is further
derived, and the factors influencing the performance of the
differential
comprehensively. Finally, by combining the second harmonic

transformer protection  are  found  out
component of fault currents and the change of the ratio of
differential current over braking current in the simulation results,
a complete transformer differential protection applicability analysis
is obtained.

The remaining parts of this paper are organized as follows.
Section 2 describes the topology of the PV-ES power plant under
study, and discusses the characteristics of the output current of the
PV-ES power generation system during symmetrical faults on both
sides of the main transformer. The fault analysis of the three-phase
short-circuit faults on the both ends of the main transformer is
carried out in Section 3, on the basis of the ratio braking principle
of the transformer differential protection. And Section 4 discusses
the impact of the PV-ES power generation system access on the
protection of the main transformer under three-phase short-circuit
faults. Simulation results and validation by comparing theoretical
analysis are in Section 5. Finally, conclusions are presented in
Section 6.
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FIGURE 1
Topology of the PV-ES power generation system.

2 Fault current characteristics of the PV-
ES power generation system

2.1 Overview of the photovoltaic-energy
storage power plant

The topology of PV-ES power generation system under study is
illustrated in Figure 1. A number of PV-ES units in the PV-ES power
generation system are each connected in parallel to the PCC, which is
also the 35 kV bus, through a grid-connected transformer. And then
the PCC is connected to the low-voltage side of the main transformer,
while the high-voltage side of the main transformer connecting to the
110 kV system through the transmission line. Typically, either grid-
connected transformer or main transformer is YNdI11 connection.

The inner structure of the PV-ES unit is showed in Figure 2.
Within the PV-ES unit, the battery is connected to the DC-link
through the bidirectional DC-DC converter. Its function is to
suppress the fluctuation of the DC-link voltage and improve the
LVRT capability by protecting the DC-link and inverter from an
overvoltage during grid faults (Liu et al., 2017).

During the grid fault period, the duty cycle of the bidirectional DC-
DC converter is adjusted to absorb the excess active power of the PV
array to overcome the overvoltage incident on the DC-link. After the
grid fault, the energy stored in the battery energy storage is injected to
the grid. In this scenario, the DC-link voltage during grid faults is nearly
constant and can be considered decoupled with inverter’s control.

2.2 Control strategy

The PV-ES unit is connected to the grid by the inverter which
converts the direct current into the three-phase alternating current
and has a strong non-linear output. Therefore, the output

Inverter
PVunit | w'= 4[35
Battery
unit

FIGURE 2
Inner structure of the PV-ES unit.
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characteristics of the PV-ES power generation system are basically
determined by the control strategy of the inverter. That means
considering the impact of the control strategy on the output
characteristics of PV-ES power generation system is a necessary
prerequisite for the fault characteristics analysis.

Moreover, LVRT requirements have been put into effect by
modern GCs. GCs in various countries explicitly have demand for
the injection of reactive power during the grid fault period in order to
recover grid voltage as well as assist the power system to overcome the
fault incidents. As a whole, the analysis of fault characteristics of the
PV-ES power generation system is mainly based on the grid-
connected inverter control strategy and the LVRT control strategy.

The mathematical equation for the inverter in the two-phase
synchronous rotating d-q coordinate system is shown in (1).

dig . .
Uy = Lﬁ + Rig + w Lig + ugq
. (1)
dig
——+ Rig —w Lig +uy,

uq:Ldt

The inverter usually adopts the closed-loop method containing
voltage outer loop and current inner loop, in which the voltage outer
loop aligns the d-axis of the synchronous reference frame with the
positive-sequence vector of the grid voltage (Baran and El-Markaby,
2005), called the grid voltage directional vector control technology, so
that the grid voltage satisfies the following relationship:

{

The vector control strategy based on the grid voltage orientation

Ugd = |Ug| =U,
Uy =0

(@)

can decouple the active power and reactive power output of the
inverter. The relationship between output power and d-q axis
currents of the inverter is shown in (3).

{

It can be seen from (3) that control of the output active power of

P = uggig + ugiy = Ugiy
Q = uggiy — Ugaig = —Uyly

(©)

the inverter can be realized through i, and the control of the output
reactive power of the inverter can be realized through i, (Boutsika and
Papathanassiou, 2008).

To improve the response speed of the inverter during LVRT, the
voltage outer loop is disconnected, and the current inner loop is
directly controlled. According to the LVRT requirements, the PV
power generation system needs to guarantee the injection of reactive
power during grid faults preferentially, to support the grid voltage. At
the same time, in order to ensure inverter’s safety and maintain the

Grid-connected
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active power balance of the power grid, the inverter should emit as
much active current as possible under the maximum output current
allowed.

In accordance with the principle of reactive power priority, during
power grid faults, when the positive sequence of the grid voltage drops
below 90%, the reference value of reactive current needs to be
adaptively adjusted according to the degree of grid voltage fall.
According to Chinese latest standard in 2019, the reference value
expression of reactive current during LVRT is shown in (4).

0 0.9<U;
iy=125(09-U;)Iy 048<U;<0.9 (4)
1.05Iy U; <048

Due to the grid voltage drop, the required active power of the grid
needs to be reduced. Accordingly, the reference value of output active
current changes with it. As a result of the limitation of the inverter’s
maximum output current and reactive power priority, the actual
reference value of active current after calculation is shown in (5).

In 0.77 < Ug <1
iy =4 V(LOSIN (i) 0.48<U; <0.77 (5)
0 U; <0.48

2.3 Fault current analysis

The output current of the inverter is oriented to the grid voltage
under normal operating conditions. However, increasing the
output of reactive current during the fault period leads to the
output current lagging behind the grid voltage. The relationship
between the three-phase fault current outputted by the PV-ES
power generation system and grid voltage (Wang et al., 2015)
can be expressed as (6).

Tiw = (Id cos ¢, + 1, sin (pu) + j(Id sin ¢, — I, cos (pu) (6)

As discussed earlier, when there is a fault on the grid side, the
output current of the inverter only contains three-phase symmetrical
currents. Under this condition, the PV-ES power generation system
can be equivalent to the voltage-controlled positive sequence current
source for fault analysis. Consequently, the functional relationship
between the positive sequence current v =1 inv£¢; and the positive
sequence voltage of the power grid Ug =Ugzg, can be obtained
in (7).

Liny = In»
0.9<U,
P =P =9, =0,

Iinv =\ 12 + Az IN,
¢,, = —arctan (1),
I = 1.051y,

O.77£U;§r <0.9

+
1 ) 0.48$Ug <0.77

Piy = —arctan<7
V1.05° - 1*
Iinv = IOSIN,
U; <0.48

_ T
P = 2’

Where A = 2.5(0.9 - Ug).
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| Ratio braking
| Second harmonic braking H >1
—> Trip
Differential quick-break
protection

FIGURE 3
Schematic wiring diagram and logic diagram of transformer
differential protection.

To sum up, it is clear that the fault current characteristics of the
PV-ES power generation system are very different from those of the
traditional synchronous generator in the case of grid faults.

3 Applicability analysis of transformer
differential protection

3.1 Composition of transformer differential
protection

The transformer differential protection is composed of three
components, including ratio braking component, second harmonic
braking component and differential quick-break protection component
(Perpinias et al., 2015). Schematic wiring diagram and logic diagram of
transformer differential protection are shown in Figure 3.

3.1.1 Ratio braking protection
The action equation of two-fold ratio braking protection is
represented as:
Top = Lset mi I Iies mi
{ op = set. min res < res. min (8)

Iop 2Isetmin + k(Ires - Ires4 min) Ires > Ire&min

Where k is usually taken as 0.5-0.8.
The operation quantity and braking quantity of transformer
differential protection are defined as (Perpinias et al., 2015):

IOP = |Il +j2|
1., . &)
Lies = ElII _IZ|

Where the positive direction of the current is flow into the
transformer.

The general operating characteristic curve of ratio braking
protection is shown by the solid black line in Figure 4.

For conventional two-ended power supply networks, the positive
direction of current is the direction into the transformer. When three-
phase short-circuit faults occur inside the protection zone of the
transformer, the direction of current flowing through the CTs on
both sides of the transformer is the same and amplitudes vary not
greatly. So, the ratio of differential current to braking current in the
event of a fault can be calculated as (10).

I,
m:—f’zz[

res

i i
1+.—1/‘1—.—1
I I

2

] >2 (10)

GCPPPs bring a phenomenon called weak-infeed, when the rated
capacity of PV-ES power generation system is small (about 1/30-1/
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Operation area P Top=mlres

>
0 Ires

FIGURE 4
Operating characteristic curve of ratio braking protection.

20 times or less of the short-circuit capacity of the power system). Due
to this phenomenon, the contribution of PV-ES power generation
system in the fault current can be ignored, and I,p/I, is almost equal
to 2, making the sensitivity of traditional transformer protection
decrease. But for a large-scale GCPPP, it has non-negligible effect
on the fault current. It is possible that fault current characteristics of
the PV-ES power generation system further reduce m, resulting in the
worse performance of transformer differential protection in this new
scenario. As shown by the red dotted line in Figure 4, when m is less
than k, it may not only reduce the sensitivity of transformer
protection, but even make the protection refuse to operate.

3.1.2 Second harmonic braking protection

It is usually determined whether it is the transformer magnetizing
inrush current by detecting the second harmonic content of
differential current, so as to achieve the purpose of timely blocking
differential protection to prevent maloperation. The criterion of
second harmonic braking protection is shown in (11).

Iy > Kyl (11)

Where K, is generally taken as 0.15-0.20.

To reliably block differential protection under the condition of
inrush current, when difference current of any phase satisfies (11), it is
judged as excitation surge current and three-phase differential
protection is blocked.

3.1.3 Differential quick-break protection

When a serious fault occurs inside the transformer, the CT may be
saturated and its secondary side current waveform may be distorted to
contain a large number of harmonic components. This case is possible
to be misjudged as excitation surge current, making differential
protection do not trip or delay action, and resulting in serious
damage to the transformer. So, the differential quick-break
protection is configured to quickly remove the catastrophe internal
fault of the transformer. If any phase current is greater than the
differential quick-break current setting value, it will trip the breaker on
each side.
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FIGURE 5
Diagram of equivalent three-phase short-circuit fault for the fault
on the high-voltage side of the transformer.

3.2 Analysis of symmetrical faults within the
transformer protection zone

First assuming that a three-phase short-circuit fault occurs on the
high-voltage side of the main transformer T2, the diagram of the
equivalent three-phase short-circuit fault after the fault occurs is
shown in Figure 5.

According to Kirchhoff’s law of voltage and current, the following
equation can be obtained in (12).

Ugl - .I.invl (Zm + ZTZ). = Ufl

Esl - I§1 (Zy+Z) =Up

(12)
Un = 'Iflel .
Ifl = Iinvl + Isl
I and If; can be calculated from:
I‘ _ Esl _jinlegl
T ZU+Z+ Ry
(13)

I = jinvl + jsl = %

According to the definition of differential current and braking
current in (9), the differential current and the braking current can be
calculated with (13) for fault on the high-voltage side. What is needed
to be clear is that, the calculated I, and Iy actually both refer to the
current on the high-voltage side (Y-side) of the transformer.

What’s more, it should be noted that since the main
transformer adopts the winding connection of YNdII. In the
actual  transformer protection calculation, the phase
compensation must be carried out according to the winding
connection. And for transformer of YNdII connection, the
current phase angle of the D-side of the transformer is 30°
ahead of the Y-side during normal operation. Because of this
current phase difference, the calculated differential current of
the transformer under normal operation conditions or an
external fault is not 0. Corresponding compensation methods
are required to eliminate the unbalanced current caused by the
different phases of the current on both sides of the transformer.

Taking phase A as an example and considering the phase
adjustment as well as the ratio of transformation, the expressions
of transformer differential protection after phase compensation are

shown in (14).
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I S AY -1 s BY
> s BY — I s CY
Ist.Y Isz.Y
I s CY — I s AY
FIGURE 6
Diagram of current relationship on the both ends of the main
transformer which adopts YNd11 connection.
; ; nl s_AY ~ ni s_B.Y
Iop_A = Iinv_AAD + \/g
. . (14)
; ; nl_ay —nls gy
Lies_a = E Liny_ap — T

Due to the three-phase symmetry, the phase adjustment of the
Y-side current of corresponding phase is equivalent to advancing the
phase of it by 30°, as shown in Figure 6.

Therefore, for three-phase short circuit faults (14) can be finalized
as shown in (15).

jop_A = ljinv_A.D + njs_A.Yej%|
. . . , (15)
Les.a = 3 |Iinv_A.D - nIs_A.YeJ%|

Based on the above analysis, for three-phase short-circuit faults on
the high-voltage side of the main transformer, the differential current
and braking current after phase adjustment are simplistically
calculated as shown in (16). Since the calculation of fault analysis
adopts per unit value, the following equations do not contain ratio of
transformation and only reflect

the phase relationship of

transformation.

Iop_H = IIinvAD + nIsAYejgl = |Iinvlej% + Islejgl
| (ZL + Z mvlej% + E.slej%!l
| Zi+Z + Ry |

J . L L 16
Ires_H =3 |IinvAD - nISAYejgl = E |Iinvle]3 - Islejgl ( )

1 | ZL + Zs + 2Rg1 )anlej% - Eslej%
- E| Zy+Z,+ Ry |

Following the same line of thinking, the three-phase short-circuit
fault occurs on the low-voltage side of the main transformer is
analyzed too. The diagram of the equivalent three-phase short-
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FIGURE 7
Diagram of equivalent three-phase short-circuit fault for the fault
on the low-voltage side of the transformer.

circuit fault after the fault occurs on the low-voltage side of the
main transformer is shown in Figure 7.

According to Kirchhoff’s law of voltage and current, the following
equation can be obtained:

(:ng - jinvZZTl = Ufz .
Esz - I§2 (ZL+Zi+Zn) =Up (17)
Up =InRy

Ity = Iipy + Iy
Similarly, I, and If, can be calculated from (17), as shown in (18).

Esz - jinVZRgZ

= 2T imete
2 Zi+Zg+ Z1y + Ry

. . (18)
(Zy+ Zs + Zo)inwe + Eg

Fo = Fo 4 T =
f2 ? 2 ZL+ZS+ZT2+Rg2

The only difference is that, for three-phase short-circuit faults on
8) has
already been equivalently calculated as the current on the D-side. And

the low-voltage side of the main transformer, the Iy in (1

the Iin in (18) is exactly the equivalent output current of the PV-ES
power generation system on the D-side of the transformer. So, the
differential current and the braking current can be expressed as:

Iop_L = |jinv.D + njs.Yej%| = |jinv2 + szI
— | (ZL + Zs + ZTZ)anZ + Eszl

| Zi+Z+Zn+Ry |

9 1,. A . (19)
Ires_L = E |Iinv.D - ”I&Yejgl = E |Iinv2 - 152|

_ 1 |(ZL + Zs + ZTZ + 2Rg2)jinv2 - Esz
2| Zy+ Zy+ Zn + Ry |

4 The impact on transformer differential
protection

The differential quick-break protection is mainly aimed at the
saturation of CTs caused by devastating faults in the transformer.
However, the focus of this paper is analyzing the influencing factors of
the PV-ES power generation system access on the differential
protection. Thus, this paper concentrates on the
performance of the second harmonic braking component and ratio

mainly

braking component.
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The mechanism of second harmonic generation and its impact on
the transformer protection have been analyzed in very great detail in
(Cohen and Callaway, 2016). That is, under grid-connected control
scenarios, the drop of the grid voltage causes the inverter generating
second harmonic current during transient adjustment. And this leads
to more second harmonic content in grid voltage, in return affecting
the output current, and forming a mechanism similar to positive
feedback. Especially in the scenario where PV station is connected to a
weak-grid, the short-circuit current contains a lot of second harmonic
component (more than 15%), which makes the differential protection
do not trip.

As for the impact of PV-ES power generation system access on
ratio braking protection, detailed quantitative analysis is carried out
via calculating the ratio of differential current to braking current in
this paper.

Considering that three-phase short-circuit fault is the most serious
fault type, it is necessary to analyze it in the first place. Besides, when
the three-phase short-circuit fault occurs, the grid voltage sag is usually
severe (less than 0.48). On the basis of (8), the relationship between the
grid voltage and output current of the PV-ES power generation system
can be obtained in (20). That’s to say, the scenario assumed in this
paper is that only reactive power is output on the PV-ES side during
LVRT. Therefore, the grid voltage and output current of the inverter
satisfies the following relationship:

jinv = Iinv4(¢u - E) (20)
2
Assuming Eg = Eq£0°, Eg, = E 200, the ratio of the differential

current to the braking current can be simplified as (21) and (22):

Lopr _ 5 [Tio1 Zsum + Eq (sin @, + jcos @y, )] 1)
Liesn L (Zsum + ZRgl) — Eq (sing,, + jcos ¢u1)‘
Iop_L =2 IIinv2Z;u'1*ﬁ ESZ (Sin ¢u2 + jCOS ¢u2)| (22)
Tes 1 I im,z(Z;ujﬁ 2Rg2) —Equ(sing,, + jcos¢,,)

Where Zy, = Zp + Zg, and Zym = Z1 + Zg + Zro.

It can be seen from (21) and (22) that the ratio of the differential
current to the braking current mainly related to the rated capacity of
the PV-ES power generation system (reflected by I;,,,), the transition
resistance Ry, the phase angle of the grid voltage ¢, and the length of
the transmission line (namely the value of Z;).

In order to calculate the variation range of the differential current
to the braking current, the relation formula of ¢, when the three-phase
short-circuit faults occurs on the both sides of the main transformer
can be analyzed first. By deriving (12) and (17), ¢,; and ¢, can be
denoted as shown in (23) and (24).

Tt (Rgi Rie = X1Xz) + Ug Xz
Lot [Rgt (X1 + X7) + RiXr | = Ug (Rgs + Ry

by = arctan(

+km k=01
(23)
IinvZ(RgZRls - X”I‘X’Z) + U82X’Z
¢u2 = arctan ; ] 7
Linva [RgZ (Xp+X5) + RISXT] - UgZ(REZ + R’S)
+km,k=0,£t1
(24)

Where R denotes the resistance value in the impedance and X denotes
the reactance value in the impedance. R = Ry + Ry, X7 = X1 + X, X1 =
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FIGURE 8
Changing law of lop_H/Ires_H under three-phase short-circuit
fault.

X1 + Xt, in the case of the three-phase short-circuit faults on the
high-voltage side of the main transformer, and X, = X| + X, + Xro,
X'y = X7, in the case of the three-phase short-circuit faults on the low-
voltage side of the main transformer.

From (23) and (24), it is clear that whether the three-phase
short-circuit fault occurs at the low-voltage side or high-voltage
side of the main transformer, the change of ¢,,; and ¢, satisfy the
same law. What’s more, the variation of Z; and I;,, have the same
effect on I,p/I,,. Increasing Z;, means the system side becoming
weaker, while adding I;,, means the PV-ES system side becoming
stronger. Overall, the core idea is to compare the relative
contribution to fault current of the two systems on both ends.
Therefore, assume the length of the transmission line is a constant.
And it can be known from (23) and (24) that the change of ¢, is
related to Uy, the rated capacity of the PV-ES power generation
system as well as R,. Nevertheless, Uy is affected by I;,, and R, at the
same time. When R, is unchanged under the same rated capacity,
the corresponding U, can be determined uniquely. Moreover,
within a certain range, R; has a much weaker effect than I;,, on
the value of Iop/I;es. Thus, the law of ¢, changing with the rated
capacity of the PV-ES power generation system is obtained as:
when Ry is certain, ¢, decreases as the rated capacity of the PV-ES
power generation system increases.

For more accurate analysis of the changing laws, taking that the
rated capacity of the PV-ES power generation system is 100MVA to
600MVA. The impedance value per unit length of the line is Z; = 0.130
+j388 Q2/km and the length is 25 km, Z; = 0.893 + j5.210 €, and the
rated capacity of the main transformer is also 100MVA to 600MVA
with short-circuit impedance of 10.5%.

For symmetrical faults on the high-voltage side, it is calculated
under above setting and Ry is taken as 5. The corresponding
variation range of ¢,; is about (-120°, —60°). Then the range of
Iop nif/lies_p variation can be obtained. The changing law of I, 1/
Les_p is shown in Figure 8. As for symmetrical faults on the low-
voltage side, the variation range of ¢y, for Ry = 0.5Q is about
(-150°, —60°) with the same settings as the high-voltage side. In
this case, the variation range of I, /I es 1 is shown in Figure 9.

Making a comparison between Figures 8, 9, it can be seen that the
values of the differential current to the braking current under non-
metallic symmetrical faults on the both ends of the main transformer
are all mainly below 2. What’s even more remarkable is that as the low-
voltage side is closer to the PV-ES side, the fault current portion of the
PV-ES side is larger. So, it has a greater impact on the performance of
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FIGURE 9
Changing law of lop_L/Ires_L under three-phase short-circuit fault.

TABLE 1 PV-ES power generation system parameters.

Components REIEINEE

Inverter of a PV-ES unit 500 kW
Grid-connected transformer short-circuit impedance of 4%
Main transformer short-circuit impedance of 10.5%

Transmission line 7y, = 0.130 + j388 Q/km length L = 25 km

110 kV system Zs = 0.893 +j5.210 Q

Three-phase short-circuit faults on the high-voltage side.

transformer differential protection, resulting in lower value of the
differential current to the braking current.

Figures 8, 9 both show that the PV-ES power generation system
access would decrease the sensitivity of transformer differential
protection or even make it refuse to operate during three-phase
short-circuit faults inside the protection zone of the main
transformer. As mentioned above, when the value of differential
current to the braking current is less than k, the differential
protection has the possibility of refusing operation.

5 Simulation results

5.1 Three-phase short-circuit faults on the
high-voltage side

To verify the accuracy and effectiveness of the applicability
analysis of the differential protection of the main transformer, a
PV-ES power generation system was established by using
MATLAB/Simulink. The topology is shown in Figure 1. And the
rated capacity of PV-ES power generation system is correspondingly
ranging from 100 MVA to 600 MVA. The other parameters of each
component in the model are presented in Table 1.

Considering the worst-case scenario, the ratio braking coefficient k
is set as 0.8. And the second harmonic braking coefficient K, is taken
as 0.15. It should be noted that the operating time of differential
protection is usually considered to be after 20 m. In this case, the
relationship between the rated capacity of PV-ES power generation
system and the performance of differential protection is verified by
simulation. Considering the symmetry of the three-phase current, the
following simulation results are all based on phase A as an example.
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In this case, a non-metallic three-phase short-circuit fault occurs
on the high-voltage side of the transformer at £ = 0.2s to ¢ = 0.3s, and
the rated capacity of PV-ES power generation system is 600MVA,
transition resistance Ry = 502. The voltage dips about 0.31 p.u., the
output current of the PV-ES power generation system is increased to
about 1.05 times.

Figure 10A illustrates the second harmonic content of fault current
and (b) shows the variation of I, yi/I;es 1 during the non-metallic
three-phase short-circuit fault on the high-voltage side of the main
transformer.

In addition, Figure 10 illustrates the point that at the beginning of
the fault period, the second harmonic component would block the
transformer differential protection. As mentioned before, when the
second harmonic content of any phase is greater than 0.15, the
differential protection of the main transformer would be blocked.
So, until about t = 0.248 s, the second harmonic content dropped
below the setting value. At the same time, the sensitivity of the ratio
braking component decreases gradually closer to the braking zone and
finally below 0.8 slightly. Although at the point t = 0.248 s, Io, ti/Ires 1t
is a little higher than the setting value, this phenomenon suggests the
non-negligible influence of the PV-ES power generation system access
on the sensitivity of the transformer differential protection and implies
the possibility of rejecting operation.

Figure 11 shows that ¢, eventually stabilizes at about —105°. As the
phase angle of the grid voltage change from about 48 to —105, Iop,
first increases and then decreases while I, y firstly decreases and then
increases. Combining the changing trend in Figure 8, when the rated
capacity of the PV-ES power generation system is 600 MV A and ¢ul is
below —105°, the value of Iop_H/Ires_H is below 0.8. It not only proves
the correctness and effectiveness of (21) and (23), but also indicates
that the transformer differential protection has a risk of not tripping in
this case.

It can be seen in this case that the impact of PV-ES power
generation system access on the main transformer current
differential protection is the extension of protection time and
reduction of the protection sensitivity, or even rejecting operation.

Table 2 supplements the steady-state values of Iop_1/Ies_p1 in the
case of three-phase short-circuit faults with different Ry, on the high-
voltage side when rated capacity of the PV-ES power generation
system is 100MVA to 600MVA.

5.2 Three-phase short-circuit faults on the
low-voltage side

This case shows that a three-phase short-circuit fault occurs on the
low-voltage side of the main transformer at £ = 0.2 s to t = 0.3 s, the rated
capacity of PV-ES power generation system is still 600 MVA, transition
resistance Ry, = 0.5 (). The voltage dips about 0.22 p.u., the output current
of the PV-ES power generation system is increased to about 1.05 times.

Figure 12A illustrates the second harmonic content of fault current
and (b) shows the variation of I, 1/Ies 1 during the non-metallic
three-phase short-circuit fault on the low-voltage side of the main
transformer. It can be seen from Figure 12A that, as the voltage sag is
smaller than the last case, the second harmonic content is less, and the
positive feedback effect is weaker.

As analyzed before, with the phase angle of the grid voltage
change from about 48" to —128°, I,, 1 first increases and then
decreases while I, 1 firstly decreases and then increases. Thus,

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1115110

Yang et al. 10.3389/fenrg.2023.1115110

T T 1 T T
A : ——Phase A
= ] | —— Phase B
S | Phase C| |
S5 |
TE |
§ 80.5 : .
@ |
0. 1(5) ______ QQ,»(W —;\;—;—_’:7— —-—;
0.2 0.22 0.24Ti1Pe(S) 0.26 0.28 0.3
B , , I , ,
|
3L | 4
= |
I |
8 |
= 2r [ .
I‘ |
) |
=~ |
1r 4
08/ "~~~ T T T T T
|
0 L . | L L
0.2 0.22 0.24 0.248 0.26 0.28 0.3
Time(s)

FIGURE 10
(A) Second harmonic component of differential current (B) Variation trend of /o, w/lves_1 (high-voltage side).

TABLE 2 Differential protection operation condition of the main transformer
under symmetrical faults on high-voltage side.

~ 50
:gn 0 Rated capacity Rg1/Q  lop_w/les v Operation condition
2 5 100 MVA 1 1.91 Delayed&Sensitivity
= decrease
-100 3 1.93
02 0.22 024 o) 028 0.28 0.3 5 193
FIGURE 11 200 MVA 1 1.71 Delayed&Sensitivity
The change of ¢,1. 3 175 decrease
5 1.70
Iop_1/11es_1 shows a sharp decrease in Figure 12 during the transient 300 MVA 1 143 Delayed&Sensitivity
process. , L5 decrease
Besides, after the second harmonic braking, the value of I, 1/l 1.
has reached steady state and is less than 0.8. This phenomenon also 5 144
represents that the differential protection of the main transformer 400 MVA 1 119 Delayed&Sensitivity
would first be blocked by the second harmonic braking component decrease
and then as the differential current decreases and the braking current 3 1.23
increases, it would refuse to operate. 5 1.18
Figure 13 shows that ¢, eventually stabilizes at around —128°. It o
. . 500 MVA 1 0.94 Delayed&Sensitivity
can refer to Figure 9 that when rated capacity of the PV-ES power decrease
generation system is 600 MVA, Ry, = 0.5 Q and ¢, is —128°, the value 3 0.93
of Iy 1/Ies 1 is about 0.4, which again proves the correctness and 5 0.89
effectiveness of (22) and (24).
It can be seen that the impact of PV-ES power generation system 600 MVA ! 065 Not trip
access on the main transformer current differential protection is not 3 0.78
only the extension of protection time and reduction of the protection 5 07

sensitivity, but also rejecting operation.
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(A) Second harmonic component of differential current (B) Variation trend of /o, /lres_ (low-voltage side).
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The change of ¢».

Table 3 supplements the steady-state values of I, 1/I;es_1, in the
case of three-phase short-circuit faults with different Ry, on the low-
voltage side when rated capacity of the PV-ES power generation
system is 100 MVA to 600 MVA.

Table 2 and Table 3 show the contrast of different fault location at
the same rated capacity, which indicates that the fault on the low-
voltage side has a greater impact on the performance of transformer
differential protection. The reason is that its location is closer to the
PV-ES power generation system. In addition, it also indicates that on
the same fault location, as the rated capacity of the PV-ES power
generation system increases, the values of differential current to
braking current all gradually decrease. These simulation results are
consistent with the trends analyzed in Section 4.

5.3 Other influencing factors

In order to further analyze the operation performance of
transformer differential protection, three-phase short-circuit faults
were set at both sides of main transformer under different length
of the transmission line.

Frontiers in Energy Research

TABLE 3 Differential protection operation condition of the main transformer
under symmetrical faults on low-voltage side.

Rated capacity Ry2/Q  lop (/es . Operation condition

100 MVA 0.1 1.81 Delayed&Sensitivity decrease
0.3 1.86
0.5 1.90

200 MVA 0.1 1.52 Delayed&Sensitivity decrease
0.3 1.62
0.5 1.66

300 MVA 0.1 1.26 Delayed&Sensitivity decrease
0.3 1.31
0.5 1.39

400 MVA 0.1 0.96 Delayed&Sensitivity decrease
0.3 1.02
0.5 1.18

500 MVA 0.1 0.64 Not trip
0.3 0.70
0.5 0.77

600 MVA 0.1 0.28 Not trip
0.3 0.30
0.5 0.41

What can be clearly seen in Figure 14 are the values of differential
current to braking current all gradually decrease with length of the
transmission line increases. Just as mentioned above, extending the
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Comparison of variation trend of Iop_(/lres_ and lop_ni/lres_n With the different lengths of the transmission line. The shows the influence of the length of the
transmission line on the operation performance of the transformer differential protection Figure 14.

length of the transmission line has the same effect as increasing the rated
capacity of the PV-ES power generation system (namely weaken the 110 kV
system). So, it means that the sensitivity of the transformer differential
protection decreases as the length of the transmission line increases.
Overall, these cases support the view: considering the second harmonic
braking component and the ratio braking component, the influence of the
PV-ES power generation system access on the transformer differential
protection is prolonging the operation time of differential protection,
reducing the sensitivity of it or even making it reject operation.

6 Conclusion

This paper deduces the ratio of differential current over braking current
for three-phase short-circuit faults at both sides of the main transformer,
analyzes the impact of grid-connected PV-ES power generation system on
the differential protection of the main transformer in detail, and combines
operation of the second harmonic braking component in simulation results
to comprehensively present the applicability analysis of traditional
transformer differential protection. The following conclusions are finally
reached.

The factors that affect the differential protection operation are the
scale of PV-ES power generation system, fault severity, the length of
transmission line and so on. Among these factors, the most important
factor is the scale of PV-ES power generation system. With the scale of the
PV-ES power generation system becoming larger, the contribution of the
PV-ES power generation system to fault current cannot be ignored. As a
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result, the large-scale grid-connected PV-ES power generation system
would make the sensitivity of transformer differential protection decrease
significantly, or even refuse to trip. Especially when the faults are on the
low-voltage side of the main transformer, the transformer differential
protection is more likely to refuse operation. Which will cause serious
damage to the main transformer.

As an indispensable power equipment in the transmission system, the
safe operation of the main transformer is very important for the
transmission system. In the scenario of clean energy access, the study
on the adaptability of the differential protection of the main transformer
can provide a necessary theoretical basis for improving the principle of
differential protection and avoid major accidents in practical projects. To
sum up, these findings of this paper contribute in providing a basis for
further progress in transformer differential protection.
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Nomenclature

ug, 4, d axis component and g axis component of the inverter output
voltage

Ugg, Ugg d axis component and g axis component of the grid voltage

P, Q Output active and reactive power of the PV-ES power generation
system

Iy Rated output current of inverter

U, U, Vector of the grid voltage and positive sequence of the grid
voltage amplitude (Subscripts “1” and “2” donate the fault on the high-
voltage side and low-voltage side)

I, I Amplitude of the d axis and q axis component current of PV-ES
power generation system

Iops Ires Differential current and braking current (Subscripts “_H” and
“_L” donate the fault on the high-voltage side and low-voltage side)

k Ratio braking coefficient
m Ratio of differential current to braking current

Lset.min> Ires.min Setting value of minimum operating current and
braking current

I, I Current on the system side for the fault on the high-voltage side
and low-voltage side

Rg1, Ry, Transition resistance at the fault point for the fault on the
high-voltage side and low-voltage side

Uy, Uy, Fault voltage for the fault on the high-voltage side and low-
voltage side

n Ratio of transformation
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I sy, Is sy Current of phase A and phase B on the Y-side of the main
transformer

ig, ig d axis component and q axis component of inverter current

ig* ig* d axis component and g axis component of inverter reference
current

R, L Filter resistance and inductance
w; Synchronous angular velocity

¢@u> @i Phase angle of the grid voltage and the current of PV-ES power
generation system (Subscripts “1” and “2” donate the fault on the high-
voltage side and low-voltage side)

Iiny Output current vector of PV-ES power generation system
(Subscripts “1” and “2” donate the fault on the high-voltage side and
low-voltage side)

@iy Angle of current of PV-ES power generation system lagging behind
the grid voltage

K, Second harmonic braking coefficient
I,, I, Currents at both sides of transformer

Iy, Iy Amplitude of the fundamental current and second harmonic
current of the differential current

Eq, Eq Equivalent source of the 110 kV system for the fault on the
high-voltage side and low-voltage side

It1, Ir» Fault current for the fault on the high-voltage side and low-
voltage side

Zg, Zy, Zty, Zt» Equivalent impedance of the 110 kV system,
transmission line, parallel grid-connected transformers T1;-T1,, and
main transformer T2

Linv_a.p Current of phase A on the D-side of the main transformer
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